
 

 

 

 

 

 

Iron-sulfur cluster coordinating Glutaredoxins in 

neuroinflammatory degeneration and regeneration 
 

 

 

 

Inaugural - Dissertation 

 

 

Zur Erlangung des Doktorgrades 

der Mathematisch-Naturwissenschaftlichen Fakultät 

der Heinrich-Heine-Universität Düsseldorf 

 

 

 

 

vorgelegt von 

 

Klaudia Maria Lepka 

aus Menden (Sauerland) 

 

 

 

 

Düsseldorf, Januar 2017 

 



 

Aus der Klinik für Neurologie 

der Heinrich-Heine-Universität Düsseldorf 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gedruckt mit der Genehmigung der 

Mathematisch-Naturwissenschaftlichen Fakultät der 

Heinrich-Heine-Universität Düsseldorf 

 

 

 

  

Referent: Univ.-Prof. Dr. Orhan Aktas 

(Klinik für Neurologie der Heinrich-Heine-Universität Düsseldorf) 

 

Korreferent: Univ.-Prof. Dr. Dieter Willbold 

(Institut für Physikalische Biologie der Heinrich-Heine-Universität Düsseldorf) 

 

Tag der mündlichen Prüfung:   07.02.2017 

  



 

Data of this thesis have been published: 

 

In published manuscripts: 

 

Bräutigam L., Jensen LD, Poschmann G, Nyström S, Bannenberg S., Dreij K, Lepka K, 

Prozovoski T, Montano SJ, Aktas O, Uhlén P, Stühler K, Cao Y, Holmgren A, Berndt C, 

Glutaredoxin regulates vascular development by reversible glutathionylation of sirtuin 1. 

Proc Natl Acad Sci U S A. 110: 20057-20062 (2013) 

 

 

Gellert M, Hanschmann EM, Lepka K, Berndt C, Lillig CH, Redox regulation of 

cytoskeletal dynamics during differentiation and de-differentiation. Biochim Biophys Acta. 

1850: 1575-1587 (2015) 

 

 

Lepka K, Berndt C, Hartung HP, Aktas O, Redox Events As Modulators of Pathology and 

Therapy of Neuroinflammatory Diseases. Front Cell Dev Biol. 4: 63 (2016) 

 

 

Lepka K, Volbracht K, Bill E, Schneider R, Rios N, Hildebrandt T, Ingwersen J, 

Prozorovski T, Lillig CH, Hartung HP, Radi R, Holmgren A, Aktas O, Berndt C, Iron-sulfur 

Glutaredoxin 2 protects oligodendrocytes against damage induced by nitric oxide release 

from activated microglia (accepted in GLIA; see attachment)  

 

 

 

Published manuscripts not included in this thesis: 

Ingwersen J, Wingerath B, Graf J, Lepka K, Hofrichter M, Schröter F, Wedekind F, Bauer 

A, Schrader J, Hartung HP, Prozorovski T, Aktas O, Dual roles of the adenosine A2a 

receptor in autoimmune neuroinflammation. J Neuroinflammation.  13: 48 (2016) 

  



 

As oral presentation (selected from abstract): 
 

Lepka K, Volbracht K, Voevodskaya N, Bill E, Hartung HP, Aktas O, Berndt C, 

Glutaredoxin2 protection against oligodendroglial cell death during neuroinflammation. 

Society of Free Radical Research International (SFRRI 2014; Kyoto- Japan) 

 

 

 

As poster contribution: 
 

Lepka K, Volbracht K, Voevodskaya N, Bill E, Radi R, Hartung HP, Holmgren A, Aktas O, 

Berndt C, Holo Glutaredoxin2 protects oligodendrocytes during neuroinflammation. 

Current Topics in Myelin Research (2015, Kassel- Germany) 

 

 

Lepka K, Volbracht K, Voevodskaya N, Bill E, Aktas O, Holmgren A, Berndt C, Holo 

Glutaredoxin2 protects against nitric oxide-mediated oligodendroglial cell death. 66. 

Mosbacher Kolloquium- “Metals in Biology- Cellular Functions and Diseases“ (GBM 2015, 

Mosbach- Germany) 

 

 

Lepka K, Volbracht K, Schaberg E, Hartung HP, Goebels N, Aktas O, Berndt C, 

Glutaredoxin2 increases oligodendroglial capacity for regeneration. XII European Meeting 

on Glial Cells in Health and Disease (GLIA 2015, Bilbao- Spain) 

 

 

Lepka K, Volbracht K, Voevodskaya N, Bill E, Radi R, Hartung HP, Aktas O, Holmgren A, 

Berndt C, Holo Glutaredoxin2 protects oligodendrocytes against neuroinflammatory cell 

death using an unconventional thiol switch. Thiol-based Redox Switches in Life Sciences 

(EMBO 2015, San Feliu de Guixols- Spain)  

 

  



 

Table of content  
 

Abstract............................................................................................................................................. I 

Zusammenfassung ....................................................................................................................... II 

 

1. Introduction ................................................................................................................................ 1 

1.1 Redox biology ...................................................................................................................... 1 

1.1.1 Reactive oxygen and nitrogen species ...................................................................... 1 

1.1.2 Redox signaling and Glutaredoxins ............................................................................ 4 

1.1.2.1 Grx2 and its iron sulfur cluster ................................................................................. 6 

1.2 Neuroinflammation in Multiple Sclerosis ..................................................................... 7 

1.2.1 Neuroinflammation-mediated demyelination ............................................................. 7 

1.2.2 Remyelination ................................................................................................................ 9 

1.2.2.1 Redox dependent events in neural differentiation ............................................... 10 

1.2.3 Model systems for neuroinflammatory demyelination and remyelination ........... 11 

1.2.4 Therapeutic approaches and redox signaling ......................................................... 12 

1.3 Aims of the study .............................................................................................................. 14 

 

2. Materials and methods .......................................................................................................... 15 

2.1 Devices and chemicals ................................................................................................... 15 

2.1.1 Chemicals and supplements ...................................................................................... 15 

2.1.2 Laboratory equipment ................................................................................................. 16 

2.1.3 Kits ................................................................................................................................. 17 

2.2 GSNO preparation ............................................................................................................ 18 

2.3 Grx2 purification and treatment .................................................................................... 18 

2.4 Cell culture ......................................................................................................................... 18 

2.4.1 BV2 and OLN-93 cell lines ......................................................................................... 19 

2.4.2 Primary mouse oligodendrocyte progenitors ........................................................... 20 

2.4.3 BV2 and A2B5 co-culture ............................................................................................. 20 

2.5 CellTiter-Blue® cell viability assay ............................................................................... 20 

2.6 Differentiation assay ........................................................................................................ 21 

2.7 Transmigration assay ...................................................................................................... 22 

2.8 ONOO- quantification ....................................................................................................... 22 

2.9 Cerebellar organotypic slice cultures ......................................................................... 23 

2.10 Active EAE implementation ......................................................................................... 24 



 

2.11 RNA isolation and quantitative RT-PCR ................................................................... 25 

2.12 Western blot analysis .................................................................................................... 26 

2.13 Immunohistochemistry and immunocytochemistry ............................................. 27 

2.14 EPR spectroscopy .......................................................................................................... 29 

2.15 Protein activity measurements ................................................................................... 30 

2.16 Software ............................................................................................................................ 30 

2.17 Ethical approvals ............................................................................................................ 31 

2.18 Statistical analysis ......................................................................................................... 31 

 

3. Results ....................................................................................................................................... 32 

3.1 Grx levels and the activity of iron-dependent enzymes are altered in human 
MS and mouse EAE ................................................................................................................ 32 

3.1.1 Grxs 2, 3 and 5 are enriched at active lesion areas of human MS brain tissue  32 

3.1.2 Grx2 staining reveals morphological characteristics of astrocytes and co-
localization with GFAP .......................................................................................................... 34 

3.1.3 Expression levels of Grxs 2, 3 and 5 are altered during EAE disease 
progression ............................................................................................................................. 36 

3.1.4 The activity of iron-dependent enzymes is altered during EAE disease 
progression ............................................................................................................................. 37 

3.1.5 Grx2 can reverse NO-mediated alterations in the localization pattern of the 
transferrin receptor in OLN-93 cells .................................................................................... 40 

3.2 Recombinant Grx2 protects oligodendrocyte lineage cells against NO-
mediated cell death ................................................................................................................. 42 

3.2.1 Recombinant Grx2 treatment results in increased Grx2 protein concentrations in 
cell cultures as well as OSCs .............................................................................................. 42 

3.2.2 Influence of recombinant Grx2 on NO-mediated OSC myelin damage .............. 43 

3.2.3 Influence of Grx2 on NO-mediated cell death of primary A2B5-positive 
progenitors and HeLa Grx2 overexpressing cells ............................................................ 46 

3.2.4 Recombinant Grx2 treatment shows no alteration of NO release and iNOS 
expression in activated BV2 cells ....................................................................................... 47 

3.3 Grx2 promotes oligodendrocyte cell survival by FeS-dependent detoxification 
of NO ........................................................................................................................................... 49 

3.3.1 Recombinant Grx2 protects against NO but not ONOO- ....................................... 49 

3.3.2 Recombinant Grx2 decreases ONOO- formation ................................................... 50 

3.3.3 Recombinant Grx2S38P has no protective effect on NO-mediated alterations in 
OLN-93 cells ........................................................................................................................... 52 

3.3.4 NO donors disassemble the FeS cluster of recombinant Grx2 leading to 
formation of dinitrosyl-iron-complexes ............................................................................... 53 



 

3.3.5 MRP1 inhibition increases the level of intracellular DNIC in OLN-93 cells ......... 54 

3.4 Recombinant Grx2 alters the ability for differentiation and migration of 
oligodendrocyte progenitors in OSCs and primary cell cultures ............................... 57 

3.4.1 Recombinant Grx2 treatment affects MBP-positive cell morphology and the 
number of NG2 expressing cells in an OSC remyelination model ................................. 58 

3.4.2 Grx2 is not regulated during the differentiation of primary A2B5-positive 
progenitors .............................................................................................................................. 60 

3.4.3 Differentiation capacity of primary A2B5-positive progenitors is altered by 
recombinant Grx2 .................................................................................................................. 61 

3.4.4 Possible molecular mechanism of Grx2-dependent oligodendrocyte 
differentiation block ............................................................................................................... 63 

3.4.5 Recombinant Grx2 influences the migration capacity of primary A2B5-positive 
progenitors .............................................................................................................................. 64 

 

4. Discussion ................................................................................................................................ 66 

4.1 Grxs in neuroinflammatory degeneration and regeneration ................................. 66 

4.1.1 Microglia and astrocytes ............................................................................................. 66 

4.1.2 Oligodendrocyte lineage cell survival ....................................................................... 69 

4.1.2.1 Grx2-dependent detoxification of NO .................................................................... 71 

4.1.3 Oligodendrocyte progenitor migration and differentiation ..................................... 75 

4.2 Perspectives for therapeutic applications ................................................................. 80 

4.3 Summary ............................................................................................................................. 81 

 

5. References ................................................................................................................................ 83 

 

6. Appendix ................................................................................................................................. 106 

6.1 List of Figures .................................................................................................................. 106 

6.2 List of Tables ................................................................................................................... 107 

6.3 Abbreviations .................................................................................................................. 108 

6.4 Manuscript ........................................................................................................................ 111 

 

7. Acknowledgements .............................................................................................................. 146 

 

8. Declaration .............................................................................................................................. 147 

 



 

I 

 

Abstract 

Multiple Sclerosis (MS) is a chronic inflammatory disease and the major cause for 

sustained neurological disabilities among young adults in western countries. Its pathology 

is characterized by focally appearing neuroinflammation via invading immune cells as well 

as focal demyelination. The concomitant activation of microglia, the resident immune cells 

of the central nervous system, leads to increased production of reactive oxygen and 

nitrogen species. Subsequent oxidative damage of lipids, nucleotides and proteins 

contributes to oligodendrocyte degeneration and hence, to demyelination. The oxidation of 

proteins can be reversed by oxidoreductases. Proteins of this family, like Glutaredoxins 

(Grxs), control various important signaling pathways via regulation of the protein thiol 

redox state. Grx2, for example, essentially contributes to brain development in 

vertebrates. However, the role of Grxs in neuroinflammatory diseases remains to be 

investigated. The aims of this study are firstly, to investigate the role of Grxs in 

neuroinflammation-mediated degeneration of oligodendrocytes and secondly, to examine 

the role of Grx2 in oligodendrocyte progenitor migration and differentiation, which are key 

properties for functional remyelination. 

Our findings demonstrate that modulation of Grx2, via treatment with recombinant Grx2 or 

Grx2-specific si-RNA, affects the viability of primary mouse oligodendrocyte progenitors 

challenged by nitric oxide (NO). Decreased Grx2 levels enhanced the vulnerability of 

oligodendrocytes for NO while Grx2 treatment improved their viability in presence of NO. 

Of note, this was independent from the enzymatic activity of Grx2. UV-VIS spectroscopy 

and electron paramagnetic resonance spectroscopy revealed the NO-dependent 

disassembly of the Grx-specific iron-sulfur cluster (FeS) to result in formation of dinitrosyl-

diglutathionyl-iron complexes. Thus, the Grx2-dependent NO-detoxification decreased 

nitrosative as well as oxidative damage in oligodendrocytes. Our results further 

demonstrate that Grx2 affects regeneration properties of oligodendrocytes. Treatment with 

Grx2 increased the transmigration of primary oligodendrocyte progenitors and blocked 

their differentiation in the migrating NG2-state. The systemic importance of the cell 

culture-based findings was verified using different ex vivo approaches. The expression of 

Grx2 was upregulated in acute human MS lesions as well as in the acute phase of 

experimental autoimmune encephalomyelitis, an animal model for MS, in mice. In 

cerebellar organotypic slice cultures, treatment with Grx2 protected against NO-mediated 

degeneration of myelin and increased the number of NG2- as well as ramified myelin-

expressing cells under remyelinating conditions. 

In conclusion, recombinant Grx2 enhanced oligodendrocyte progenitor migration and 

decreased their differentiation. Moreover, Grx2 is the first example to demonstrate a 

beneficial role of FeS disassembly, thus promoting cell survival via NO-detoxification.  

We hypothesize FeS-coordinating Grxs to play a promising role in future therapies for 

inflammatory demyelinating diseases, such as MS.  
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Zusammenfassung 

Multiple Sklerose (MS) ist eine chronisch-entzündliche Erkrankung des zentralen 

Nervensystems und stellt die Hauptursache für irreversible neurologische 

Beeinträchtigungen unter jungen Erwachsenen in der westlichen Welt dar. Pathologische 

Charakteristika sind fokale durch eingewanderte Immunzellen vermittelte Inflammations- 

sowie Demyelinisierungsherde. Die einhergehende Aktivierung der Mikroglia, der 

residenten Immunzellen des zentralen Nervensystems, führt zu einer verstärkten 

Produktion reaktiver Sauerstoff- und Stickstoff-Spezies. Diese Spezies tragen über 

oxidative Schädigungen von Lipiden, Nukleotiden und Proteinen in Oligodendrozyten zu 

deren Degeneration und somit zum Demyelinisierungsprozess bei. Entstandene 

Proteinoxidationen können durch Oxidoreduktasen aufgehoben werden. Mitglieder dieser 

Proteinfamilie, wie die Glutaredoxine (Grx), regulieren über den Protein-Thiol-Redox 

Status eine Vielzahl an wichtigen Signalwegen. Beispielsweise trägt Grx2 wesentlich zu 

der Hirnentwicklung in Vertebraten bei, doch ist der genaue Einfluss der Grx auf 

neuroinflammatorische Krankheitsverläufe bisher nicht untersucht. Die Ziele der 

vorliegenden Arbeit sind zum einen, die Untersuchung der Rolle von Grx in 

neuroinflammatorischen Degenerationsprozessen der Oligodendrozyten und zum 

anderen, die Untersuchung der Rolle von Grx2 auf die Migration und die 

Differenzierungsfähigkeit der Oligodendrozyten-Vorläuferzellen, Schlüsseleigenschaften 

für eine funktionsfähige Remyelinisierung.  

Unsere Ergebnisse belegen einen Einfluss der Grx2-Konzentrationen auf die 

Stickstoffmonoxid(NO)-Resistenz primärer Oligodendrozyten-Vorläuferzellen aus der 

Maus, welche durch Behandlung mit rekombinantem Grx2 oder Grx2-spezifischer si-RNA 

moduliert wurden. Reduzierte Grx2-Konzentrationen verstärkten die Vulnerabilität von 

Oligodendrozyten gegenüber NO, während erhöhte Grx2-Konzentrationen die 

Überlebensfähigkeit der Oligodendrozyten in Gegenwart von NO steigerten. Zu beachten 

ist, dass dieser Vorgang nicht auf der enzymatischen Aktivität, sondern auf der NO-

abhängigen Umwandlung des Grx-spezifischen Eisen-Schwefel-Zentrums (FeS) in 

Dinitrosyl-Diglutathionyl-Eisen-Komplexe beruht. Auf diese Weise schützt die Grx2-

abhängige NO-Entgiftung Oligodendrozyten vor nitrosativen und oxidativen 

Schädigungen. Weiterhin belegen unsere Daten, dass Grx2 die 

Regenerationseigenschaften von Oligodendrozyten modifiziert. Die Behandlung primärer 

Oligodendrozyten-Vorläuferzellen mit Grx2 erhöhte die Fähigkeit zur Transmigration und 

blockierte deren Differenzierung im migrierenden NG2-Stadium. Zusätzliche ex vivo 

Ansätze verifizierten die systemische Relevanz der oben genannten zellkulturbasierten 

Resultate. Die Expression von Grx2 war sowohl in humanen MS-Läsionen wie auch in der 

akuten Phase der Experimentellen Autoimmunen Enzephalomyelitis, einem Tiermodell 

der MS, in Mäusen gesteigert. In organotypischen Schnittkulturen des Kleinhirns inhibierte 

eine Behandlung mit Grx2 die NO-induzierte Degeneration von Myelin und erhöhte die 
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Anzahl an NG2- sowie verzweigten myelinexprimierenden Zellen unter remyelinisierenden 

Bedingungen.  

Zusammenfassend steigerte rekombinantes Grx2 die Migration von Oligodendrozyten-

Vorläuferzellen und blockierte deren Differenzierung. Darüber hinaus stellt Grx2 das erste 

Beispiel eines FeS-koordinierenden Enzyms dar, dessen Cofaktor-Abbau über die 

beschriebene NO-Entgiftung einen protektiven Effekt auf die Zellviabilität hervorruft.  

Die vorliegenden Daten bieten eine vielversprechende Grundlage für neue 

Therapieansätze in der Behandlung inflammatorisch demyelinisierender Ergkrankungen 

wie der MS. 
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 1. Introduction 

 

1.1 Redox biology 

 

1.1.1 Reactive oxygen and nitrogen species 

Reactive species comprise radicals like superoxide (O2
·-), hydroxyl- and nitric oxide-

radicals (OH·; NO·) as well as non-radicals, such as hydrogen peroxide (H2O2) and 

peroxynitrite (ONOO-). Every reactive molecule has its own chemical characteristics and 

thus distinct cellular reaction profiles (Gutteridge and Halliwell 1989). Under physiological 

conditions, they are mainly produced as side products of enzymatic reactions, 

predominantly by mitochondrial adenosine triphosphate (ATP) production. Under 

pathological conditions, for example upon inflammation, reactive oxygen species (ROS) 

and reactive nitrogen species (RNS) are increasingly produced. Immune cells (such as 

macrophages and microglia) enhance the generation of ROS/RNS after pathogen 

recognition of, for example, invading microbes as first cellular response (Paiva and Bozza 

2014). This mechanism is known as “oxidative burst”, firstly discovered in plants, and 

represents both a toxic defense-machinery as well as an activator of further defense 

pathways (Doke et al. 1996). In general, pathological production of ROS and RNS is 

known as oxidative stress. The term “oxidative stress” was introduced in 1985, describing 

the imbalance between cellular pro- and antioxidant systems (Sies and Cadenas 1985). 

Pathological features comprise increased oxidative modifications of nucleotides, proteins, 

carbohydrates and lipids, which accumulate upon inflammation-mediated disorders of the 

central nervous system (CNS) like Multiple Sclerosis (MS) (Haider et al. 2011). Upon 

neuroinflammation (inflammatory processes in the CNS) extensive amounts of reactive 

species are generated by three major pathways: (I) Glial/macrophage iNOS upregulation 

leading to excessive NO synthesis, (II) mitochondrial alterations resulting in increased O2
·- 

formation and further formation of H2O2 through superoxide dismutase (SOD) as well as 

(III) the Fenton reaction between H2O2 and metal ions generating OH·. 

  (I) One characteristic hallmark of inflammatory CNS lesions, as observed in the 

pathology of the autoimmune demyelinating disorder MS, is the increased generation of 

NO (Zipp and Aktas 2006). Remarkably, iNOS is significantly upregulated in lesion areas 

of MS patients (Bö et al. 1994; De Groot et al. 1997) and underlines its contribution to 

disease progression. NO is a gaseous and highly potent free radical that participates in a 

variety of chemical reactions and can freely diffuse across cell membranes. In this study, 

the term "NO" represents all three redox-active forms including the nitroxyl anion (NO-), 
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the nitric oxide radical (NO·) and the nitrosonium cation (NO+). In the brain, NO is 

synthesized by three different nitric oxide synthases (NOS): endothelial eNOS, neuronal 

nNOS and microglial iNOS, with iNOS being highly upregulated upon neuroinflammatory 

conditions (Hill et al. 2004). Via S-nitrosylation and cGMP modulation, NO functions as an 

intracellular messenger molecule and plays a role in neuronal functions such as memory, 

synaptic plasticity and sleep-wake rhythm (Palmer et al. 1987; Garthwaite et al. 1988; 

McCann et al. 1996; Xu et al. 1998; Guix et al. 2005). Increased concentrations of NO 

affect these signaling pathways detrimentally. Notably, since the 1990s a variety of reports 

have stressed the importance of NO-mediated degradation of FeS cluster proteins as an 

additional signaling pathway (Kennedy et al. 1997). FeS clusters are essential cofactors 

for a variety of cellular functions. One example is the iron regulatory protein 1 (IRP1). 

IRP1 is an FeS cluster protein itself that functions as active aconitase (ACO) in its holo-

form or as iron regulatory element (IRE) in its apo-form. IREs regulate iron-dependent 

protein expression (Hirling et al. 1994). The FeS cluster degradation of ACO is modulated 

by NO and superoxide (Gardner et al. 1995; Kennedy et al. 1997), illustrating a correlation 

between increased NO concentrations and the regulation of iron homeostasis. Therefore, 

the concentration of NO determines its possible cell-toxic effect. Furthermore, NO can 

rapidly react with O2
·- forming ONOO- by a diffusion-limited reaction (Huie and Padmaja 

1993). There is evidence that most of the cytotoxic features of NO are rather caused by 

ONOO- and not by NO itself as NO is efficiently removed by the reaction with 

oxyhemoglobin to form nitrate (Joshi et al. 2002). Whether or not this mechanism is 

present in the CNS is yet unknown. ONOO- is able to damage nucleotides, to induce lipid 

peroxidation and to nitrate tyrosine residues of proteins leading to irreversible 

modifications. Pathologically, increased levels of both NO and ONOO- contribute to the 

loss of neural cells in vitro and in vivo (Jonnala and Buccafusco 2001; Li et al. 2005; Jack 

et al. 2007; Desai et al. 2016).  

(II) Due to the enrichment of polyunsaturated fatty acids, the CNS parenchyma is 

highly sensitive to oxidative damage like lipid oxidation (Bazinet and Layé 2014). The low 

level of antioxidant molecules like SOD in comparison to other tissues is not sufficient to 

protect CNS tissue against oxidative damage. Thus, damage of mitochondrial 

deoxyribonucleic acid (DNA) is highly accumulated upon increased concentrations of 

ROS/RNS (Dringen 2000). The high metabolic activity of neural cells depends on 

oxidative phosphorylation in mitochondria, the energy producing organelles. Mitochondria 

constantly generate ROS as a byproduct of oxidative phosphorylation in the respiratory 

chain. This process leads to increased generation of O2
·- and further to H2O2 catalyzed by 

SOD. Mitochondria themselves are highly vulnerable to oxidative DNA damage due to 
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their limited DNA repair capacity (Bohr et al. 2002). Dysfunctions of the respiratory chain 

are common consequences and cause impaired energy production as well as additional 

generation of reactive species. Extensive dysfunction of mitochondria was reported to 

contribute to the induction of apoptosis in neural cells under neuroinflammatory conditions 

in a variety of CNS disorders (Smigrodzki et al. 2004; Johri and Beal 2012) and in chronic 

progressive MS (Mahad et al. 2008; Campbell et al. 2011).  

(III) Another important mechanism associated with pathological oxidative 

conditions is the Fenton reaction. H2O2 reacts with metal ions, mainly iron, to form highly 

reactive OH·. Therefore, iron uptake, distribution, storage and release are highly regulated 

in regard to its availability and need. In the CNS, these basics of iron homeostasis yet 

remain elusive. Iron, as a cofactor, is essential for basic processes like DNA replication, 

oxygen as well as electron transportation, glucose metabolism and ATP production (Beard 

et al. 1996). In regard to the CNS, iron is a cofactor for the synthesis of neurotransmitters 

and myelin, signal transduction and thus normal brain function (Youdim and Green 1978; 

Connor and Menzies 1996). For example, iron deficiency in rats led to hypomyelination 

and disturbance in brain function (Badaracco et al. 2008). Upon human aging, iron 

accumulates in brain tissue (Hallgren and Sourander 1958). However, the iron deposits 

observed under neuroinflammation are more pronounced compared to age-matched 

control groups (Craelius et al. 1982). It is yet unknown whether iron contributes to disease 

progression in MS and other neurodegenerative disorders such as Parkinson’s disease 

Dexter et al. 1987) or iron depositions are a consequence of disease pathology. In 

contrast to MS, no comparable accumulation of iron in the CNS has been reported in an 

animal model of MS, the experimental autoimmune encephalomyelitis (EAE). However, 

iron chelation effectively decreases EAE severity in mice (Mitchell et al. 2007). Further 

evidences suggest a role of iron in disease pathology. Alterations in the expression levels 

of proteins, involved in iron homeostasis, have been reported. Here, concentrations of 

transferrin and ferritin, essential proteins for iron transport and uptake, were found to be 

elevated in the cerebrospinal fluid (CSF) of MS patients (Sfagos et al. 2005). Taken 

together, iron can contribute to MS pathology in two suggested ways: by increasing the 

formation of highly reactive OH· molecules or by disturbance of essential cellular functions 

like myelin synthesis upon failure of iron homeostasis. 

Although the term "oxidative stress" is still frequently used in science to describe general 

pathological oxidative processes, current research starts to specifically discriminate 

between the role of different reactive species and their different reduced forms in 

pathological and physiological cellular processes (Jones and Sies 2015). 
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1.1.2 Redox signaling and Glutaredoxins 

During the last decade the importance of reactive species has shifted from an entirely 

detrimental view, when generated under pathological conditions, towards the increasingly 

accepted function of ROS and RNS as signaling molecules under physiological conditions 

(Jones and Sies 2015). At physiological concentrations, reactive species participate in 

cellular signaling as specific second messengers. The most important identified reactive 

second messengers are H2O2, NO and H2S (Culotta and Koshland 1992; Bruce King 

2013; Hancock and Whiteman 2014). Specific ROS/RNS-dependent signaling and in 

general aerobic life require the detoxification of reactive species including prevention, 

interception, repair and reversion of intended and unintended oxidative modifications. 

These mechanisms comprise non-enzymatic (ascorbic acid, flavonoids and α-Tocopherol) 

as well as enzymatic antioxidants (superoxide dismutases, glutathione (GSH) 

peroxidases, catalases and oxidoreductases). Specific redox events take place in all 

organisms. Under physiological conditions, reactive species act as specific and locally 

restricted prooxidant messengers. Thereby, they reversibly modulate protein stability, 

structure and activity. Thiol groups of cysteinyl residues are the major target 

(Hanschmann et al. 2013). Modifications include nitrosylation, thiol disulfide formation and 

glutathionylation. Essential cellular functions like proliferation (Zhang et al. 2008), 

differentiation (Gellert et al. 2013) as well as apoptosis (Enoksson et al. 2005) were 

already shown to be regulated by reversible redox events. Extrapolation by Go and Jones 

further suggested almost every signaling pathway to contain at least one redox regulated 

element (Go and Jones 2013).  

Redox-dependent modification can be reversed by oxidoreductases like Thioredoxins 

(Trxs) and Glutaredoxins (Grxs). Grxs are members of the Trx family of proteins. This 

family comprises numerous enzymes and isoforms that differ in their active site 

composition as well as cellular localization (Fig. 1b). However, they share a structural 

motif, named the Trx fold. This motif consists of four stranded β-sheets and three 

surrounding α-helices. In higher organisms this motif can be expanded by additional 

helices and sheets. Grxs were first discovered as alternative electron donors for 

ribonucleotide reductase (RNR) (Holmgren 1979; Luthman et al. 1979). Recent findings 

indicate a participation of Grx2 in the susceptibility to apoptosis by preventing cytochrome 

c release (Enoksson et al. 2005) as well as a regulatory function in vascular and brain 

development (Bräutigam et al. 2011; Bräutigam et al. 2013). In detail, Grx2 is involved in 

the regulation of the thiol redox state of  the collapsing  response  mediator protein 2 

(CRMP2), an  intracellular phosphoprotein  
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Figure 1. Reaction 
mechanism and cellular 
localization of Grxs in 
mammals. (a) The final 
electron source for Grxs 
is NADPH. The NADPH-
dependent enzyme 
glutathione reductase 
(GR) generates two 
molecules of reduced 
glutathione (GSH) via the 
reduction of glutathione 
disulfide (GSSG). GSH 
delivers electrons to 
oxidized Grx. Thereby, 
Grx is able to reduce 
either a protein disulfide 
(dithiol mechanism; I) or  
a GSH-mixed disulfide 
(monothiol mechanism; 
II). (b) The isoforms and 
cellular localizations of 
mammalian Grxs are 
illustrated in addition to 
the active site sequence. 
C= cytosol, N= nucleus, 
M= mitochondrion, E= 
extracellular space 
(Hanschmann et al. 
2013). 

 

 

interacting with microtubules and involved in axon formation (Bräutigam et al. 2011). So 

far, four different Grxs were identified in mammalian cells: Grx1, Grx2, Grx3 and Grx5 

(Fig. 1). Their active site motif enables the reaction of a dithiol (Grxs 1 and 2) or a 

monothiol mechanism (Grxs 3 and 5) involving either one or two active site cysteines. The 

monothiol reaction mechanism reduces glutathionylated substrates and the dithiol 

mechanism catalyzes the reduction of protein disulfides. The reconstruction of the 

reduced cysteines is ensured via two molecules of GSH (see Fig. 1a) (Johansson et al. 

2004). Monothiol Grxs were shown to primarily contribute to iron homeostasis and 

biosynthesis of FeS clusters. Furthermore, they have a weak catalytic activity compared to 

the dithiol reaction mechanism. Cytosolic and nuclear located Grx3 was reported to be 

involved in iron trafficking and being a prerequisite for iron availability in zebrafish 

(Mühlenhoff et al. 2010; Haunhorst et al. 2013). Grx5 is located in mitochondria and is 

required for FeS cluster biosynthesis (Wingert et al. 2005). Besides Grx2, the monothiol 
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Grx3 and Grx5 are able to incorporate Grx-specific FeS clusters (Rodríguez-Manzaneque 

et al. 2002; Haunhorst et al. 2010).  

 

 

1.1.2.1 Grx2 and its iron sulfur cluster 

The active site of Grx2 is composed of a Cys-Ser-Tyr-Cys motif enabling Grx2 (I) to fulfill 

dithiol reaction mechanisms, (II) to be reduced not only by GSH but also by thioredoxin 

reductase (TrxR) and additionally (III) to coordinate an FeS cluster (Johansson et al. 

2004; Enoksson et al. 2005). There are three different transcripts of Grx2 in mammalian 

cells: Grx2a, Grx2c and Grx2d, with Grx2d being only reported in mice and being unable 

to coordinate an FeS cluster (Lönn et al. 2008; Hudemann et al. 2009). So far, the specific 

function of Grx2d has not been investigated. Grx2a and Grx2c differ only in their 

localization with Grx2a in the mitochondria and Grx2c present in the cytosol and the 

nucleus. The mitochondrial translocation motif of Grx2a is finally cleaved resulting in an 

identical protein constitution of Grx2a and Grx2c. In contrast to other Grxs, Grx2 was not 

reported to be located in the extracellular space (Lundberg et al. 2004). The Grx-specific 

FeS cluster consists of two iron and two sulfur atoms, two Grx molecules and two non-

covalently bound GSH molecules (Lillig et al. 2005; Berndt et al. 2007). Notably, this 

composition was not found in other FeS cluster coordinating protein so far. The cluster is 

bound via the N-terminal active site cysteine. Therefore, holo Grx2 dimers are 

enzymatically inactive (Berndt et al. 2007). In HeLa cells, more than 70 % of the 

intracellular Grx2 proteins are present in the holo-form (Lillig et al. 2005). However, the 

function of the cluster is still under debate. It is assumed to function as a redox sensor 

allowing the protein to switch between its enzymatically active and inactive form (Lillig et 

al. 2005). As mentioned before, the other FeS cluster coordinating Grxs 3 and 5 were 

shown to be essential for physiological iron homeostasis. A possible involvement of Grx2 

in iron homeostasis was proposed in a cellular model of Parkinson’s disease. Here, Grx2a 

silencing was connected to a decrease in free iron and an inefficient FeS cluster 

biosynthesis (Lee et al. 2009). A role of the cytosolic Grx2c in iron homeostasis has not 

been reported yet. Under physiological conditions immunohistochemical analysis revealed 

the expression of Grxs in all mouse tissues including the brain with predominant presence 

in neurons (Godoy et al. 2011). In addition, Grx2 was demonstrated to be ubiquitously 

expressed in glial cells in both mouse and human brain (Karunakaran et al. 2007). The 

participation of Grxs and oxidoreductases in general upon neuroinflammation is yet 

unclear although peripheral immune cell activation and guidance were shown to depend 

on oxidoreductase, for instance Trx1 (Bertini et al. 1999).   
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1.2 Neuroinflammation in Multiple Sclerosis 

 

Neuroinflammation is characterized by the increased production of chemokines and 

cytokines, activation of the CNS-specific immune cells as well as peripheral immune cell 

infiltration. For a restricted period of time after disease onset, inflammation has clear 

beneficial effects and is essential for tissue regeneration (Morganti-Kossman et al. 1997; 

Finnie 2013). However, persistent neuroinflammation leads to neurodegeneration and 

neurological impairments (Lucin and Wyss-Coray 2009). The underlying cellular signaling 

mechanisms are yet barely understood. Oxidative events were reported to predominantly 

contribute to degenerative processes in neuroinflammatory disorders like MS, the 

prototype for a disorder of the CNS with inflammatory and degenerative aspects (Greco et 

al. 1999; Koch et al. 2006; Aktas et al. 2007; van Horssen et al. 2011). MS is a 

lymphocyte-mediated autoimmune disorder of the CNS (Hemmer et al. 2002a and b). It is 

the major cause of sustained neurological disability among young adults affecting 

approximately 2.5 million people worldwide. The early onsets, around the age of 30, as 

well as the subsequent life-long obstructions, underline the clinical as well as social 

importance of MS research. To this date, MS is not curable and existing therapeutic 

approaches are directed towards the suppression of immune attacks, omitting the 

regeneration of neural tissue. The etiology of MS is commonly believed to be related to 

genetic predisposition (indicated by familial aggregation of disease predisposition 

(Oksenberg 2013) and unknown environmental factors triggering autoimmunity against 

CNS myelin structures (Weinshenker 1996; Lutton et al. 2004). In line, a genome-wide 

association study (GWAS) verified previously suggested MS-specific genes and further 

identified 20 additional risk genes. These genes code for cytokine pathways, signaling 

molecules of immunological relevance and environmental MS risk factors such as vitamin 

D dependent metabolism (Sawcer et al. 2011). Notably, the involvement of viral infections 

as contributing factor to disease initiation and progression is under debate (Ascherio et al. 

2001; Hernán et al. 2001). However, the molecular mechanisms as well as the exact 

antigen structure driving the specific immune reactivity towards myelin/oligodendrocytes 

are unclear (Hohlfeld et al. 2016).  

 

 

1.2.1 Neuroinflammation-mediated demyelination 

The most apparent pathological characteristic of MS is demyelination, the degradation of 

myelin. Oligodendrocytes are the myelinating cells of the CNS and maintain the myelin 
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sheets ensuring a saltatory signal transduction of action potentials. MS lesion areas are 

highly diverse. However, based on histological analyses they can be classified grossly into 

acute and chronic lesion areas (Fig. 2) (Frohman et al. 2006). Acute lesion areas are 

characterized by the presence of activated CNS immune cells (microglia and resident 

dendritic cells), reactive astrocytes, infiltrating peripheral immune cells (T cells, B cells and 

macrophages) and blood brain barrier (BBB) damage (Hemmer et al. 2002b; Alvarez et al. 

2011). Chronic lesions show enhanced astrogliosis (hypertrophy of astrocytes), extended 

oligodendrocyte and neuronal/axonal loss and inefficient remyelination (Trapp et al. 1998; 

Zipp and Aktas 2006). Although MS is believed to be lymphocyte-driven, the contribution 

of microglia (CNS-resident immune cells) and astrocytes is gaining more and more 

attention regarding MS disease initiation and progression.  

Under physiological conditions, astrocytes are required for the BBB integrity and control 

the glutamate as well as water homeostasis in the brain. In their activated state they were 

considered to contribute to failed regeneration via the formation of a glial scar with little 

influence in lesion formation or repair (Brosnan and Raine 2013). However, recent 

findings stress additional pro- as well as anti-inflammatory properties of reactive 

astrocytes potentially participating in lesion formation and demyelination (Farina et al. 

2007; Correale and Farez 2015). Astrocytes show alterations already in early MS disease 

stages. They accumulate at acute inflammatory lesion borders and participate in the 

breakdown of the BBB, reinforcing peripheral immune cell infiltration (Chapouly et al. 

2015). Therefore, their contribution to MS disease initiation is highly discussed but needs 

further investigations.  

Similar to the involvement of astrocytes, the contribution of microglia to MS initiation and 

progression is controversial. Microglia represent the major inflammatory resident cell type 

of the CNS (Hanisch and Kettenmann 2007). They are likewise activated under 

pathological conditions and contribute to neuinflammatory disease progression via the 

release of pro-inflammatory factors such as cytokines, chemokines, proteases as well as 

ROS and RNS (Li et al. 2008; Di Penta et al. 2013). For example, increased iNOS 

expression in human MS lesion areas correlates with the amount of myelin damage (Hill 

et al. 2004). Furthermore, extensive secretion of NO by microglia is known to contribute to 

neural tissue damage and degeneration (Pacher et al. 2007). However, activated 

microglia are additionally contributing to the removal of myelin debris promoting 

regeneration (Kotter et al. 2006; Neumann et al. 2009). Clearance of myelin is an 

essential prerequisite for remyelination and axonal outgrowth that fail upon disease 

progression (Takahashi et al. 2007). 
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1.2.2 Remyelination  

Regeneration after CNS demyelination is accomplished by migration and differentiation of 

oligodendrocyte progenitor cells (OPCs) (Adams et al. 1989; Franklin and Robin 2002). 

During embryonic development, OPCs arise in the ventral and later the dorsal 

neuroepithelium from neural progenitors. They proliferate and migrate throughout the CNS 

and finally differentiate via sequential stages into postmitotic, premyelinating (expressing 

2',3'-cyclic nucleotide 3'-phosphodiesterase (CNPase), O4 and O1 proteins) and finally to 

myelinating oligodendrocytes (expressing myelin genes like myelin basic protein (MBP), 

proteolipid protein (PLP) and myelin oligodendrocyte glycoprotein (MOG). In the adult 

brain, PDGFα+, A2B5
+ as well as NG2+ OPCs persist in all brain structures and maintain 

their proliferative capacity throughout lifetime. In response to damage, OPCs proliferate, 

migrate and differentiate. However, under persistent neuroinflammatory conditions, as 

represented in chronic progressive MS, these properties are severely diminished. In the 

peripheral nervous system (PNS), remyelination is a quick and efficient process. After 

PNS demyelination, mature Schwann cells, the myelinating cells of the PNS, proliferate 

and contribute to regeneration (Arthur-Farraj et al. 2012). In the CNS, mature 

oligodendrocytes lose their capacity for remyelination after the process of demyelination 

(Keirstead and Blakemore 1997) and therefore OPC migration, differentiation and cell 

survival in lesion areas are crucial steps for functional remyelination. 

MS lesions are characterized by an accumulation of multiple factors like myelin debris, 

chemokines, cytokines, growth factors, reactive species and semaphorins that reduce 

regeneration (Robinson and Miller 1999; Costa et al. 2015; Kremer et al. 2016). Thus, 

inhibition of OPC recruitment or extensive cell death of OPCs within lesion areas are 

discussed as crucial factors in remyelination failure (Fig. 2). Here, soluble factors 

expressed and secreted by activated astrocytes, like platelet-derived growth factor 

(PDGF) (Noble et al. 1988; Richardson et al. 1988), fibroblast growth factor (FGF) (Bögler 

et al. 1990) and leukemia inhibitory factor-like protein (LIF) (Gard et al. 1995) facilitates 

oligodendrocyte survival and proliferation and thereby protect oligodendrocytes  as  well  

as  neurons  from  inflammatory  damage  (Bush  et  al.  1999; Sofroniew 2005). On the 

other hand, upon persistent activation of astrocytes, the extracellular matrix composition is 

changed via secretion of inhibitory factors (Back et al. 2005), leading to restricted 

migration of OPCs (Bannerman et al. 2007) and inhibition of neuronal and 

oligodendrocyte regeneration (Sabo et al. 2011). Semaphorins, for example, are repulsive 

guidance molecules especially important in embryonic brain development, regulating the 

direction of cell migration and axonal outgrowth. Semaphorins3a and 7a are highly 

present in demyelinated lesion areas (Costa et al. 2015). In vitro experiments revealed a 
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Semaphorin3a-dependent inhibition of OPC migration as possible cause for impaired 

remyelination (Syed et al. 2011). However, several other in vivo studies reported the 

presence of OPCs in both acute and chronic lesions accompanied with an absence of 

postmitotic as well as premyelinating OPCs (Cui et al. 2013). Further, therapeut 

application of antibodies against leucine rich repeat and immunoglobulin-like domain-

containing protein 1 (LINGO-1), a negative regulator of myelin gene expression, revealed 

increased remyelination in vitro and in vivo (Rudick et al. 2008). These studies stress a 

possible misregulation in the process of differentiation as reason for failed remyelination. 

Comparable to embryonic differentiation, OPC differentiation in the adult brain involves 

sequential steps whose regulation is not yet fully understood. However, it is well 

established that histone methylation and acetylation are crucial initiation steps (Copray et 

al. 2009).  

 

 

Figure 2. Oligodendrocyte lineage cells in MS progression. Under physiological conditions 
oligodendrocytes wrap their myelin-rich processes around axons and thus, ensuring saltatory 
signal transduction. Further, OPCs are present throughout the CNS (a). In MS peripheral immune 
cell infiltration, the activation of microglia and the activation of astrocytes trigger demyelination 
affecting myelin integrity and viability of mature oligodendrocytes (b). Depending on the 
progression of MS pathology either OPCs in the lesion area survive and remyelinate axons (d) or 
the accumulation of above mentioned inhibitory factors leads to impaired remyelination (c). Finally, 
the amount of dissected axons leads to persistent neurological disabilities. axons= orange; mature 
oligodendrocytes= light grey; OPCs= dark grey 

 

   

1.2.2.1 Redox dependent events in neural differentiation 

The contribution of different ROS/RNS to adult neural cell fate decision and neural stem 

cell maintenance was frequently reported. Here, reactive species contribute in a 

concentration-dependent manner to either maintain neural stem cell population or to 
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induce differentiation (Yuan et al. 2015). For example, anti-inflammatory treatment with 

minocycline that attenuates microglial activation (Henry et al. 2008) induces regenerative 

oligodendrogenesis from neural progenitors in a mouse Parkinson model rather than 

neurogenesis (Worlitzer et al. 2012). In addition, exposure to NO shifts the cell fate of 

neural progenitors from neurogenesis towards astrogliosis (Covacu et al. 2006). These 

observations stress the importance of redox regulated signaling pathways in early stem 

cell decision. Here, H2O2 was identified as essential signaling molecule, mediating self-

renewal and thus maintaining neural stem population in the brain (Dickinson et al. 2011; 

Le Belle et al. 2011). In detail, increased neural progenitor proliferation and generation of 

both neurons and oligodendrocytes is regulated via H2O2-dependent up-regulation of the 

deacetylase Sirt2 (Pérez Estrada et al. 2014). As already mentioned in 1.1.1, activated 

microglia highly contribute to extensive ROS/RNS generation upon neuroinflammation 

and were thus, reported to induce both neurogenesis and oligogenesis (Butovsky et al. 

2006a; Butovsky et al. 2006b). In contrast, extensive release of inflammatory mediators by 

activated microglia and immune cells was also found to decrease adult neurogenesis in 

mammals (Ekdahl et al. 2003; Packer et al. 2003). As already mentioned, concentration-

dependent effects could explain these controversial results.  

Concentrating on the oligodendrocyte lineage, a redox-dependent element in signaling 

pathways involved in glial precursor maintainance and differentiation is likely existing 

(Smith et al. 2000). In particular, myelin gene expression of mature oligodendrocytes was 

shown to be redox-sensitive (Jana and Pahan 2005). However, most reports showing 

alterations in oligodendrocyte maturation as cause of increased ROS and RNS levels are 

based on changes in early neural progenitor fate decision towards or against 

oligodendrocyte lineage with little direct effect on the oligodendrocyte lineage. Still, all 

mentioned references consider changes in the cellular overall redox state affecting 

ROS/RNS generation or depletion. Modulations in specific redox-dependent signaling 

pathways are yet not identified. 

 

  

1.2.3 Model systems for neuroinflammatory demyelination and 

remyelination 

MS pathogenesis is generally studied using animal models that manifest different 

characteristics of MS disease onset, progression and remission. EAE is the most 

frequently used animal model in rodents and primates, sharing MS-like disease 

progression as well as clinical symptoms of human MS (Mix et al. 2010). EAE is further 

the prototype for T cell-mediated autoimmune disorders in general. There are two ways to 
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induce EAE in rodents (active and passive). Active EAE is induced by the injection of a 

myelin-specific peptide in combination with Complete Freund’s adjuvants and pertussis 

toxin. Similar to MS, the infiltration of peripheral immune cells triggers the activation of 

microglia and astrocytes, leading to severe neuroinflammation, demyelinated brain lesions 

and motoric impairments. Symptoms manifest within the first ten to fifteen days. Although 

the immunological backgrounds of rodents and humans differ (Mestas et. 2004) and a 

variety of medications show beneficial impact on EAE disease severity but fail to improve 

MS disease progression (Kipp et al. 2012), this model is the most useful model for MS 

therapeutic research as both diseases share common signaling events like accumulation 

of ROS/RNS ('t Hart et al. 2011). However, as the onset of MS is unknown, further animal 

models simulate the involvement of CNS resident cells as primary cause for 

demyelination. For example, toxin-induced (Ethidiumbromide, Cuprizone, Lysolecithin) as 

well as viral-induced (Theiler’s murine encephalomyelitis virus) demyelination models are 

used to investigate pathogenic mechanisms leading to demyelination and being 

independent from the adaptive immune system. Notably, the underlying mechanisms of 

demyelination differ in each of these approaches. 

Due to the complexity of animal models and to replace animal experiments, additional ex 

vivo systems like organotypic slice cultures (OSCs) are frequently used to study 

processes of demyelination and remyelination, omitting the influence of peripheral 

immune cells (Bin et al. 2012). OSCs represent a suitable interface between primary 

cultures and in vivo animal models (Cho et al. 2007) and possess a preserved 

multicellular physiology and cell connectivity. Furthermore, the experimental environment 

is easy to manipulate and thus diverse pathological situations can easily be simulated. 

Finally, the combination of in vivo, ex vivo and in vitro data combined with newly approved 

magnetic resonance studies in MS patients led to the approval of several disease 

modifying drugs for relapsing-remitting MS. Here, the increase in the CNS regeneration is 

a highly dedicated chalange in the present MS drug development.  

 

  

1.2.4 Therapeutic approaches and redox signaling 

Although none of the approved therapeutic treatments for relapsing-remitting MS is able to 

increase the repair of lesion areas in a direct manner, treatments may increase 

regeneration in an indirect manner via the modulation of redox processes. Therefore, new 

as well as existing therapeutic approaches were tested for possible antioxidant cellular 

defense mechanisms (Dubey et al. 2015). Here, recent findings underlined a redox-based 

neuro-protective effect of fingolimod (Ingwersen et al. 2012) and dimethyl fumarate (DMF) 
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(Albrecht et al. 2012). DMF was reported to act in a neuronal- and myelin-protective 

manner (Dubey et al. 2015) functioning via the translocation of nuclear factor like 2 (Nrf2) 

into the nucleus (Johnson and Johnson 2015; Buendia et al. 2016). Nrf2 is a transcription 

factor enhancing the expression of enzymes of the cellular antioxidant defense, like heme 

oxigenase-1 and glutathione S-transferase. In line, treatment with antioxidants like lipid 

peroxyl scavengers showed benefits in EAE disease progression, but so far a translation 

to MS patients only showed inefficient results. An insufficient supply to the CNS through 

the BBB is a possible explanation (Carvalho et al. 2016). It is worth mentioning that these 

clinical studies do not consider possible side effects of antioxidant donation. One example 

is reductive stress: In contrast to oxidative conditions that boost oxidative processes, 

molecules are pathologically reduced upon reductive stress (Rajasekaran et al. 2007; 

Zhang et al. 2010). However, both conditions can lead to cytotoxicity (Zhang et al. 2012; 

Korge et al. 2015). Furthermore, side effects on redox signaling events are not 

investigated yet. Specific targeting of redox dependent events represents promising new 

approaches, possibly overcoming the mentioned side effects (Fig. 3). Oxidoreductases 

participate in highly specific redox-dependent protein modifications. Here, Peroxiredoxins 

(Prxs) 3 and 5 as well as Trx2 were shown to be upregulated in MS lesions (Holley et al. 

2007; Nijland et al. 2014). These studies stress the importance of specific redox events 

during MS disease progression. 

 

 
 
Figure 3. Global treatment against oxidative stress in comparison to targeted modulation of 
enzym-based thiol redox modifications. Increasing concentrations of ROS and RNS upon 
neuroinflammation affect the survival and function of neural cells. The current clinical studies aim in 
a overall change in the amount of ROS and RNS illustrated in a with a simplified view on the 
intracellular effects. A more specific approch is illustrated in b. The detailed intracellular redox 
responses to neuroinflammation introduces potential therapeutic strategies aiming rather in the 
control of specific enzym-based redox events (Lepka et al. 2016).  
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1.3 Aims of the study 

 

Redox events are considered as major contributors to neuroinflammatory disease 

progression. In MS, ROS/RNS, such as peroxynitrite, participate in acute relapsing-

remitting as well as in chronic progressive disease stages. The pathological increase of 

iron further accelerates the formation of ROS and RNS. Grxs were already connected to 

both redox regulation and iron homeostasis. However, the regulation and impact of Grxs 

upon neuroinflammation are not investigated so far. This study aims at: 

(I)  Characterizing the expression profiles of Grxs 2, 3, 5 and iron-dependent enzymes 

as well as their activities during neuroinflammatory disease progression.  

(II) Elucidating the impact of Grx2 on neuroinflammation-mediated oligodendrocyte 

cell death. 

(III) Investigating the effect of Grx2 on oligodendrocyte differentiation and migration as 

well as on oligodendrocyte regeneration capacities in vitro and ex vivo. 

 

  

 

 

 
Figure 4. Contribution of CNS cell types to acute and chronic MS lesion progression with 
possible Grx2-dependent processes indicated in red. In acute lesion areas, the impact of Grx 
on NO-mediated demyelination will be investigated. Its role in oligodendrocyte progenitor migration, 
differentiation and cell death will be analyzed to determine the impact of Grx on the regeneration 
capacities of oligodendrocytes.   
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2. Materials and methods 

 

 2.1 Devices and chemicals   

 

2.1.1 Chemicals and supplements 

Table 1: List of chemicals and supplements  

Chemicals and supplements Company 

Accutase 

Agarose 

Albumin fraction V, biotin-free 

Thermo Fisher Scientific 

Biozym Scientific 

Sigma Aldrich 

Anti-A2B5 MicroBeads Miltenyi Biotech 

CPTIO Sigma-Aldrich 

DMEM Thermo Fisher Scientific 

DMEM/F12 Thermo Fisher Scientific 

DMSO Sigma Aldrich 

DNA ladder PeqLab Biotechnologie 

DNA loading buffer 6x PeqLab Biotechnologie 

Dulbecco's Phosphate Buffered Saline Invitrogen Life Technologies 

Envision+ Dual Link System  Dako 

Ethidium bromide Sigma-Aldrich 

FCS Thermo Fisher Scientific 

Formaldehyde (4 %) Sigma Aldrich 

Glucose Sigma Aldrich 

Glutamax Invitrogen Life Technologies 

Griess Reagent Molecular Probes 

Grx2siRNA and fluorescent control siRNA Thermo Fisher Scientific 

Horse serum Invitrogen Life Technologies 

IFN gamma Immuno Tools 

Immunomount Thermo Fisher Scientific 

Lipopolysaccharide from E.coli O26B6 Sigma-Aldrich 

Mini-PROTEAN TGX precast gels Biorad 

MK-571 Sigma-Aldrich 

Modified Eagle's Medium Invitrogen Life Technologies 

MOG35-55 peptide Pepceuticals 
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Chemicals and supplements Company 

NGS Life Technologies 

Nitrocellulose membrane Biorad 

NOC-5 Cayman Chemical 

NOC-7 Cayman Chemical 

NP40 Sigma Aldrich 

PDGFα Immuno Tools 

Penicillin/Streptomycin Invitrogen Life Technologies 

Pierce 10x RIPA buffer Thermo Fisher Scientific 

Power SYBRGreen Applied Biosystems 

Prestained Protein Marker V peqGold PeqLab Biotechnologie 

Protease inhibitor cocktail tablets Roche 

Protein Loading buffer 4x BioRad 

SDS Loading Buffer Biorad 

SIN1 Cayman Chemical 

StemPro Accutase Invitrogen (GIBCO) 

SYBRGreen PCR Master Mix  Applied Biosystems 

TaqMan Reverse Transcription  Applied Biosystems 

TaqMan Universal PCR Master Mix Applied Biosystems 

Tissue Tek Sakura Fintek Europe B.V. 

Triton-X-100 Merck 

Tris/Glycerin running buffer Biorad 

Trypsin Thermo Fisher Scientific 

Tween 80 Sigma-Aldrich 

 

 

2.1.2 Laboratory equipment 

Table 2: List of used laboratory equipment  

Laboratory equipment  Company 

6 well Millicell-CM culture plate inserts Millipore 

7500 Pro Real-Time PCR Systems Carl Zeiss Microscopy GmbH 

Centrifuge 5417R Eppendorf 

Centrifuge Minispin Eppendorf 

CO2 cell culture incubator Thermo Scientific 

F-View fluorescence camera Soft Imaging System 
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Laboratory equipment  Company 

HiTrap chelating column GE healthcare 

Horizontal laminar Flow Heraeus 

iBlot Dry Blotting System Invitrogen 

Leica CM1900 UV Leica Microsystem 

MACS Separation columns Miltenyi Biotech 

Microplate Reader Tecan Group Ltd. 

Nanodrop 2000 Spectrophotometer Thermo Fisher Scientific 

Neural Tissue Dissociation Kit Miltenyi Biotech 

Odyssey CLx Imaging System LI-COR Biosciences 

Olympus BX51 Olympus 

Olympus U-RFL-T Burner Olympus 

Sonicator, UW 2070 Bandelin electronic 

Standard Power Pack P25 Biometra 

Sub Cell System BioRAD 

TC10 Automatic Cell Counter BioRAD 

Thermocycler T Gradient Biometra 

T-Personal Thermocycler Biometra 

Trans-O FLEX 24 well inserts (0.4 µm) Greiner Bio-One 

Trans-O FLEX 24 well inserts (8 µm) Greiner Bio-One 

 

 

2.1.3 Kits 

Table 3: List of Kits used for sample analysis 

Kit Company Cat # 

Anti-A2B5 MicroBeads MACS, Miltenyi Biotec 130-093-388 

BC Assay Protein Quantification Interchim UP40840A 

CellTiter-Blue® Cell Viability Assay Promega G8082 

Fluor de lys-Green HDAC assay Kit Enzo AK555-0001 

Multiscribe Reverse Transkriptase Invitrogen 18064-014 

Neural Tissue Dissociation Kit (P) MACS, Miltenyi Biotec 130-092-628 

Oxyblot Protein Oxidation Detection Kit Merck Millipore S7150 
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2.2 GSNO preparation 

 
S-Nitrosoglutathione (GSNO) was synthesized following an adapted protocol published by 

(Hart 1985).  Briefly, 1.54 g of glutathione was dissolved in 620 µl of concentrated HCl and 

diluted in 5.9 ml H2O. Separately, 0.346 g NaNO2 was dissolved in 1 ml H2O and slowly 

added to the glutathione solution (vigorously stirring). After 5 min of stirring, the pH was 

set to 6.0 by addition of freshly prepared 10 M NaOH. For 500 mM GSNO the volume was 

adjusted to 10 ml using H2O. The GSNO concentration was verified by spectroscopic 

analysis (mM extinction coefficient of GSNO= 0.92 at 335 nm). Preparation was 

performed in a light-protected environment as GSNO is highly light sensitive. Aliquots 

were kept at -80°C.  

 

 

2.3 Grx2 purification and treatment 

 
Mouse Grx2 as well as the Grx2-mutants mGrx2C37S and mGrx2S38P were 

recombinantly expressed in the BL21-CodonPlus-(DE3)-RIL E. coli strain (Stratagene) 

with an N-terminal 6xhistidine tag (pet15b, Novagen). Purification was performed using 

HiTrap chelating columns as described by (Lillig et al. 2005). Grx2-mutants were 

synthetized using site-directed mutagenesis with designed oligonucleotide primers 

introducing a single point mutation at the active site (Bosch 2015). Imidazole was 

exchanged via dialysis against 50 mM NaCl and 200 mM Na2PO4 (pH 7.6) over night.  

Finally, purity was examined by SDS-PAGE and concentration was determined using 

NanoDrop. Recombinant proteins were stored at -80 °C. 

 

 

2.4 Cell culture 

 
Cell culture work was performed under a sterile bench. Cell lines were cultured in DMEM 

culture medium and primary mouse cells were either cultured in proliferation or 

differentiation medium (Table 4). For cell de-attachment, Trypsin (for cell lines) or 

Accutase (for primary cells) was used. The reaction of Trypsin was stopped by addition of 

twice the amount of medium containing 10% fetal bovine serum (FCS). Accutase was 

diluted with twice the amount of phosphate buffered saline (PBS). Cultures were 

incubated at 5% CO2 and 37°C. Poly-O coated dishes and plates were incubated with 
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0.001 % Poly-O overnight and thereafter washed three times with twice the amount of 

PBS. All experiments were performed in duplicates or triplicates. 

 
 

2.4.1 BV2 and OLN-93 cell lines 

Murine BV2 cells (mouse, microglia), rat OLN-93 cells (rat, oligodendroglia) as well as 

human HeLa wild type and Grx2c overexpressing cells (Enoksson et al. 2005) were 

cultured on un-coated petri dishes to a density of 80% confluence and splitted as 

described before. Cells were seeded at a density of 15,000 cells per cm2. According to the 

read-out, experiments were terminated by either cell lysis in RIPA-Buffer for Western blot 

analysis (2.12), cell lysis in Trizol for quantitative real time PCR (q RT-PCR) analysis 

(2.11) or addition of CellTiter-Blue reagent for cell viability analysis (2.5). Further, BV2 

cells were activated by addition of 1 µg/ml lipopolysaccharide (LPS) 2 h prior to co-culture 

experiments (2.4.3) triggering the release of chemokines, cytokines and NO. For the 

quantification of NO release, an additional condition of 1 µg/ml LPS and 10 units 

Interferone γ (IFNγ) was chosen as positive control. Griess Reagent was used following 

manufacturer’s recommendation (absorbance measurement of culture supernatants at 

540 nm using TECAN reader). 

 

Table 4: List of cell culture media  

DMEM culture medium 
A2B5 proliferation 

medium 

A2B5 differentiation 

medium 

DMEM DMEM/F12 DMEM/F12 

100 U/ml Penicilin G 100 U/ml Penicilin G 100 U/ml Penicilin G 

100 µg/ml Streptomycin 100 µg/ml Streptomycin 100 µg/ml Streptomycin 

10% FCS 1x Glx 1x Glx 

10 ng/ml mFGF 400 ng/ ml T3  

 20 ng/ml PDGFα 400 ng/ ml T4 

1x B27- (without vitamin A) 1x B27+ 
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2.4.2 Primary mouse oligodendrocyte progenitors 

OPC-enriched cultures were derived from total brain single cell suspension of P1-P3 

C57BL/6 wildtype mice using the Neuronal Tissue Dissociation Kit. Mice were 

decapitated, the brain was extracted, meninges were removed and tissue was further 

handled as described in manufacturer’s protocol for manual dissociation. Single cell 

suspension was cultured for 3-5 days in A2B5 proliferation medium on poly-O coated petri 

dishes and afterwards sorted for A2B5-positive cell population using Anti-A2B5 MicroBeads 

obeying manufacturer’s recommendation. Sorted cells were plated at 25,000 cells per cm2 

on Poly-O coated petri dishes and cultured in A2B5 proliferation medium (Table 4). 

Differentiation assays were only performed using cells from passage 1/2 whereas survival 

and migration assays were performed using cells up to passage 3. 

     
 

  2.4.3 BV2 and A2B5 co-culture 

25,000 A2B5-positive progenitors per cm2 were seeded in 24 wells. After 24 h under 

proliferating culture conditions, medium was replaced by DMEM supplemented with 5% 

FCS and 1% P/S generating tolerable culture conditions for both cell types. 2 h prior to co-

culture, A2B5-positive progenitors were pretreated with 2 µM of recombinant mouse Grx2 

and BV2 cells were pretreated with 1 µg/ ml LPS. Thereafter, BV2 cells were co-cultured 

on filter inserts with a pore size of 0.4 µm, allowing diffusion of soluble factors but 

preventing direct cell contact. Recombinant mouse Grx2 was additionally added 4 h after 

LPS treatment. After 24 h, filter inserts with the BV2 cells were removed and A2B5-positive 

progenitors were further cultured in 200 µl medium containing 20 % of CellTiter-Blue 

reagent (2.5). Here, absorbance of 100 µl conditioned mediun was measured in 96 well 

plates. 

 
 
 

 2.5 CellTiter-Blue® cell viability assay 

 
Unless otherwise mentioned, A2B5-positive progenitors as well as OLN-93 and HeLa cells 

were plated at 25,000 cells per cm2 in 96 wells. After 24 h under respective culture 

conditions, 2 µM Grx2 was supplemented 2 h prior and 4 h after treatment. Treatment 

comprised either the addition of NO-donors (GSNO, NOC5 and NOC7) or peroxynitrite 

donors (SIN1). After 24 h 20 % CellTiter-Blue reagent (Promega) was supplemented to 

the culture medium. After additional 4 h, absorption at 562 nm and at 612 nm (reference 
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wavelength) was measured using the TECAN microplate reader and survival rates in 

respect to untreated controls were determined following manufacturer’s proposals using 

Excel. 

 
  

2.6 Differentiation assay 

 
Primary mouse A2B5-positive progenitors were cultured on petri dishes (for Western blot 

analysis), 6 well plates (for q RT-PCR analysis) or cover slips in 24 well plates (for 

immunocytochemical analysis) as described in 2.4.2. All items were coated with Poly-O 

(2.4). Cells were kept in proliferation medium for 24 h after seeding and further for 

additional 24 h in mixture of A2B5 proliferation medium and A2B5 differentiation medium 

(50:50) including 2 µM recombinant mouse Grx2. Thereafter, medium was replaced by 

100% differentiation medium (see Table 1) either supplemented with or without 2 µM 

recombinant mouse Grx2. Cells were kept in A2B5 differentiation medium for no longer 

than 5 days due to extensive loss of cell viability. All read-outs were compared to 

untreated A2B5-positive control cells. According to the appropriate approach, cells were 

lysed in RIPA-buffer for Western blot analysis (2.12), lysed in Trizol for q RT-PCR analysis 

(2.11) or fixed with 4 % paraformaldehyde (PFA) for 15 min at room temperature, washed 

twice with PBS and kept in PBS at 4°C until immunocytochemical analysis (2.13). 

Matruration stages were distinguished using 5 distinct oligodendrocyte differentiation 

markers (Fig. 5) 

 

Figure 5. Maturation 
markers used for 
identification of 

oligodendrocyte 
differentiation stages. 
A2B5-postive oligo-
dendrocyte progenitor 
cells (green) were 
MACS-sorted and differ-
entiation was initiated by 
withdrawal of growth 

factors and addition of  thyroid hormones (T3/T4) as well as retinoic acid. NG2 positive cells 
represent migrating progenitor cells, CNPase-positive cells represent premature oligodendrocytes 
and MBP- as well as PLP-positive cells represent mature oligodendocytes with the capacity to 
myelinate axons (organe) (Robinson et al. 2014).  
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2.7 Transmigration assay 

 
Membrane inserts with a pore size of 8 µm were placed in Poly-O coated 24 well plates 

containing 300 µl A2B5 proliferation medium with an elevated PDGFα concentration of 0.1 

µg/ml. 50,000 A2B5-positive progenitors were placed in 200 µl A2B5 proliferation medium 

on top of the insert. Semaphorin-3a was applied at a final concentration of 1 mg/ml into 

the lower chamber considering the final volume of 500 µl medium. 2 µM recombinant 

mouse Grx2 was applied at the beginning of the experiment as well as 4 h after cell 

seeding into the upper chamber. After 24 h the inserts were removed and migrated cells 

on the bottom of the 24 wells were fixed using 4 % PFA for 15 min. Wells were washed 

three times and further incubated with Hoechst (1:5,000 in PBS) for 5 min. To determine 

the amount of migrated cells, five pictures per well were recorded using Olympus 

Fluorescence microscope and stained nuclei were counted.  

 

 2.8 ONOO- quantification 

 
Quantification of ONOO- was based on the reaction of Fluorescein-boronate (weak 

fluorescence) to Fluorescein (highly fluorescent) in the presence of ONOO- (Rios et al. 

2016). The fluorescent probe was a kind gift of Prof. Dr. Rafael Radi, (“Departmento de 

Bioquímica” Universidad de la República, Montevideo, Uruguay). To obtain a stock 

solution of 4.5 mM, Fluorescein-boronate was diluted in dimethylsulfoxid (DMSO) and 

further diluted in PBS to a final concentration of 50 µM. Cells (primary mouse A2B5-

positive progenitors or HeLa wild type as well as HeLa Grx2c overexpressing cells) were 

seeded in 96 wells, pre-incubated with or without 2 µM recombinant mouse Grx2 for 2 h 

and washed twice with PBS. Thereafter, cells were incubated with 50 µM Fluorescein-

boronate for 30 min at 37°C and 5 % CO2. Cells were washed three times with PBS and 

fluorescence was measured in a TECAN microplate reader (absorbance at 492 nm and 

emission at 515 nm) directly after addition of either PBS containing corresponding 

amounts of GSNO or PSB supplemented with 1 mM GSNO or 1 mM SIN1 in presence or 

absence of 50 µM Carboxyl-PTIO potasium salt (CPTIO; NO scavenger).  
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2.9 Cerebellar organotypic slice cultures 

 
Cerebellar organotypic slice cultures (OSCs) were obtained from P9-10 C57BL/6 wild type 

mice. Here, a previously used method of (Stoppini et al. 1991) was slightly modified. 

Briefly, cerebellum and hindbrain were extracted and cut into 4000 µm sagittal sections 

(Mcllwain tissue chopper). Slices were separated in OSC dissecting medium (Table 5), 

washed for 15 min in a mixture of Earle’s balanced salt solution (HBSS) and minimal 

essential media (MEM) (50:50) containing 25 mM HEPES buffer and finally plated on 

Millipore-Millicel-CM culture inserts in OSC culture medium (Table 5). To allow the 

inflammatory processes to subside and the tissue homeostasis to recover, slices were 

cultured in vitro for two days at 5% CO2 and 37 °C followed by 5 days under normal 

culture conditions (5 % CO2 and 33 °C). Medium was exchanged every second day. 

Finally, experiments were initiated with the addition of 2 µM recombinant mouse Grx2 2 h 

prior to treatment. Treatment comprised either 750 µM GSNO or 10 µg/ml LPS for 24 h. 

All compounds were added to the culture medium. 4 h after treatment, 2 µM recombinant 

Grx2 was repeatedly added. Morphological analysis was performed by 

immunohistochemistry (2.13) after fixation with 4 % PFA followed by three washing steps 

using PBS.  

 

Table 5: List of media used for cerebellar OSC preparation and culture 

OSC culture medium OSC dissecting medium 

50 % MEM HBSS +/+ 

25 % horse serum 1 mM kynurenic acid 

25 % HBSS +/+ 100 U/ml Penicilin G 

0.5 % Glucose 100 µg/ml Streptomycinsulfate 

2 mM L-glutamine 

100 U/ml Penicilin G 

100 µg/ml Streptomycinsulfate 

 

Remyelination experiments were performed as described in (Harrer et al. 2009). Briefly, 

OSCs were maintained for 7 days in vitro under normal culture conditions as described 

above. Thereafter, cultures were incubated with 5 % baby-rabbit complement and 5 µg/ml 

MOG-specific hu818C5 antibodies (kindly provided by Christine Baksmeier, AG Goebels, 

Klinik of Neurology, Heinrich-Heine-University Düsseldorf). Complete demyelination was 
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achieved after three days and medium was changed into normal OSC culture medium 

with or without 2 µM recombinant mouse Grx2 for additional three days allowing 

remyelination. Afterwards, OSCs were fixed with 4 % PFA for 30 min, washed for three 

times with PBS and finally stained against axonal, oligodendrocyte and oligodendrocyte 

progenitor structures (2.13).   

 

 

 2.10 Active EAE implementation  

 
C57BL/6 wildtype mice were immunized as described earlier by (Schulze-Topphoff et al. 

2009) and (Aktas et al. 2005). Briefly, six- to eight-week-old female mice were immunized 

subcutaneously on both sides of flanks and tails with 200 µg of recombinant myelin 

oligodendrocyte glycoprotein 35-55 (MOG35-55) and 800 µg mycobacterium tuberculosis 

emulsified in 100 µl complete Freund's adjuvans and 100 µl PBS (Schulze-Topphoff et al. 

2009). Emulsion was performed by sonification. Additionally, 200 ng pertussis toxin (PTX) 

was injected intraperitoneally on the day of immunization as well as 2 days after 

immunization. Disease progression was quantified using a score-system from 0 to 5 with 

intervals of 0.5 evaluating animal mobility (0= no disease; 1= tail weakness; 2= paralysis; 

3= paraplegia; 4= paraplegia with forelimb weakness; 5= moribund or dead animal) 

(Huehnchen et al. 2011). Daily evaluation and the sacrifice of mice were performed by 

several group members. All mice were housed in the animal research facility of the 

University of Düsseldorf under a dark/light cycle of 12 h, a stable temperature of 22- 24 

°C, specific pathogen free conditions and unlimited access to food and water. Mice were 

either euthanized on day 7 (control animals), day 17 or day 27. Mice sacrificed at disease 

peak (d 17) had a score of three. Mice sacrificed at disease remission phase (day 27) 

recovered from a score of three on day 17 to a score of either 0 or 0.5 at the day of 

sacrifice. Mice were euthanized by lethal inhalation of isoflurane and perfused with ice 

cold PBS. Cerebellum was extracted and either directly frozen in liquid nitrogen and 

stored at -80 °C for further Western blot analysis (2.12), enzyme activity measurements 

(2.15) and q RT-PCR analysis (2.11) or handled as described in 2.13 for 

immunohistochemical analysis.   
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  2.11 RNA isolation and quantitative RT-PCR 

 
RNA isolation was performed with TRIzol reagent according to manufacturer’s protocol. 

Quantity and quality of isolated RNA were determined using NanoDrop. cDNA was 

synthesized using TaqMan reverse transcription reagent in a TPersonal Thermocycler. 

Program was chosen as follows: 10 min at 25 °C, 45 min at 48 °C and 5 min at 95 °C. For 

q RT-PCR, Power SYBRGreen PCR Master Mix or TaqMan Universal PCR Master Mix 

was used with corresponding primer pairs (Table 6). Q RT-PCR program was as follows: 

2 min at 50 °C, 10 min at 95 °C, 40 cycles of 15 sec at 95 °C and 1 min at 60 °C. For 

Power SYBRGreen measurements dissociation curve was attached from 60 °C to 95 °C. 

Fold induction values were calculated on the basis of the ∆CT validation. 

Glyceraldehyde3-phosphate dehydrogenase (GAPDH) was measured as housekeeping 

gene. Relative expressions to GAPDH and fold inductions to control were calculated using 

Microsoft Excel. All measurements were performed in duplicates. 

 

Table 6: List of primer sequences for quantitative RT-PCR analysis 

Target gene Sequence 

CNPase Fw: 5'-TGCTGCACTGTACAACCAAATTC-3' 

Rw: 5'-GAGAGCAGAGATGGACAGTTTGAA-3' 

GAPDH Fw: 5'-CTCAACTACATGGTCTACATGTTCCA-3' 

 Rw: 5'-CCATTCTCGGCCTTCACTAT-3' 

Probe: (Fam)TGACTCCACTCACGGCAAATTCAACGT(TAMRA) 

Glrx2a Fw: 5'-GGCGAGCGGGAGGATCTT-3' 

Rw: 5'-ATTGTTTCTTGGATCTGGTTCACA-3' 

  Probe: (Fam)CGTGGCGCGGCTGGAGCT(TAMRA) 

Glrx2c Fw: 5'-CGGGGACCTTTGGCTATGTC-3' 

Rw: 5'-ATTGTTTCTTGGATCTGGTTCACA-3' 

  Probe: (Fam)CGGCTTCGAATGGGAAACAGCACA(TAMRA) 

Glrx3 Fw: 5'-AGCCTTCGCCTGAAAAAGCT-3' 

  Rw: 5'-TCCACCATCTGCTTGCTGAA-3' 

Glrx5 Fw: 5'-GCGACTATGCGGCCTACAA-3' 

  Rw: 5'-TCGCCGTTGAGGTACACTTG-3' 

iNOS Fw: 5'-GGAAGTGGGCCGAAGGAT-3' 

Rw: 5'-ACTGGAGGGACCAGCCAAAT-3' 
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Target gene Sequence 

iNOS  Probe: (Fam)ACCGGGCTGTCACGGAGATCAATG(TAMRA) 

MBP Fw: 5'-CACAGAGACACGGGCATCCT-3' 

Rw: 5'-TCTGCTTTAGCCAGGGTACCTT-3' 

MRP1 Fw: 5'-GTTCCCTCCGCATGAACTTG-3' 

  Rw: 5'-CTGGCTCATGCCTGGACTCTG-3' 

PLP Fw: 5'-GTATAGGCAGTCTCTGCGCTGA-3' 

  Rw: 5'-AAGTGGCAGCAATCATGAAGG-3' 

 

 

2.12 Western blot analysis 

 
Samples were lysed with 1x RIPA supplemented with 10 mM protease inhibitor for 10 min 

at RT. All following steps were performed at 4 °C. After vigorous vortexing, lysates were 

centrifuged for 20 min at 18,000 g. Supernatants were transferred into a new tube and 

kept at -80 °C. After thawing, protein concentration was quantified by BCA assay. 25-100 

µg of boiled samples (5 min at 95 °C) were further separated on SDS-PAGE (150 V, any 

kD Mini-PROTEAN TGX Precast gels in Tris/Glycine/SDS buffer) in presence of 10 mM 

freshly prepared dithiothreitol (DTT) as well as 4x LDS sample loading buffer and blotted 

onto PVDF membranes using Trans-Blot Turbo Transfer System (Blot-program: mix kD). 

Membranes were blocked with 5 % Bovine serum albumin (BSA) in 1x PBS containing 

0.005 % Tween for at least 2 h. Thereafter, membranes were incubated at 4 °C in primary 

antibody solution overnight while shaking moderately. Antibodies are listed in Table 7 and 

were diluted in 2.5 % BSA at respective concentrations. After three steps of washing with 

0.005% PBSTween, membranes were incubated for 1 h at room temperature with IRDye 

secondary antibodies (Table 8). After three times of washing stained protein bands were 

detected using the Odyssey Infrared Imaging System. Quantification of band intensities 

was determined with Image Studio Lite analysis software. All intensities were normalized 

to β-actin as housekeeping protein. Protein carbonylation was detected using the Oxyblot 

protein oxidation detection kit according to manufacturer's protocol.  

 
 
Table 7: List of primary antibodies for Western blot analysis 

Antibody Host Dilution  Company Cat # 

Β-actin mouse 1:5,000 Sigma-Aldrich A5316 
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Antibody Host Dilution  Company Cat # 

COX rabbit 1:2,500 Abcam 

Ferritin rabbit 1:1,000 Abcam 

mACO rabbit 1:250 Abgent 

GFAP guinea pig 1:2,000 Synaptic Systems 173 004 

GPAT rabbit 1:1,000 Santa Cruz Biotech. sc-130698 

Grx2 rabbit 1:400 (Godoy et al. 2011) 

Grx3 rabbit 1:400 (Godoy et al. 2011) 

Grx5 rabbit 1:400 (Godoy et al. 2011) 

MBP rat 1:500 Merck Millipore MAB386 

MRP1 rat 1:500 Enzo Life Science ALX-801-007 

NG2 rabbit 1:500 Merck Millipore AB5320 

Nitrotyrosine rabbit 1:5,000 Merck Millipore 05-233 

SDH mouse 1:1,000 Abcam 

TfR mouse 1:1,000 Merck Millipore GR08L 

 

 

Table 8: List of secondary antibodies for Western blot analysis 

Secondary antibody Host Company Dilution 

rabbit IgG 800 donkey LI-Cor 1:15,000 

rabbit IgG 680 donkey LI-Cor 1:15,000 

 

 

 

2.13 Immunohistochemistry and immunocytochemistry 

 
After fixation using 4% PFA for 30 min (slice cultures) or 15 min (cell culture) at room 

temperature, samples were washed three times with PBS and blocked in PBS containing 

5 % normal goat serum and 0.5 % triton (blocking solution) for 2 h at RT. Samples were 

incubated over night at 4 °C with primary antibodies in staining solution (1:1 = 

PBS:blocking solution). Primary and secondary antibodies are listed in Table 9 and Table 

10. After three steps of washing with PBS, secondary antibodies were diluted likewise in 

staining solution and applied for 1 h at RT. Cell nuclei were visualized via Hoechst diluted 

1:5,000 in PBS and added to samples for 5 min at room temperature. After three steps of 

washing, samples were mounted to preserve fluorescence. Pictures were taken either by 
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confocal scanning microscopy or by fluorescence microscopy. Disturbed myelin and 

neurofilament structures in slice cultures were quantified counting the total amount of 

cerebellar branches and the amount of disturbed branches stained against neurofilament-

m (NF-M) or MBP.  

 

Table 9: List of primary antibodies for immunohisto- and immunocytochemical analysis 

Primary Antibody Host Dilution  Company Cat # 

A2B5 mouse 1:200 Sigma-Aldrich A8229 

Active caspase3 rabbit 1:200 Cell Signaling Tech. 9661 

CNPase mouse 1:500 Sigma-Aldrich C5922 

GFAP guinea pig 1:2,000 Synaptic Systems 173 004 

Grx2 rabbit 1:200 (Godoy et al. 2011) 

Grx3 rabbit 1:200 (Godoy et al. 2011) 

Grx5 rabbit 1:400 (Godoy et al. 2011) 

HisTag mouse 1:200 Merck Millipore 05-531 

MBP rat 1:500 Merck Millipore MAB386 

MRP1 rat 1:500 Enzo Life Science ALX-801-007 

NG2 rabbit 1:200 Merck Millipore AB5320 

Nitrotyrosine rabbit 1:100 Merck Millipore 05-233 

NF-M mouse 1:1,000 Sigma Aldrich N0142 

TfR mouse 1:1,000 Merck Millipore GR08L 

 

 
Table 10: List of secondary antibodies for immunohisto- and immunocytochemical 

analysis 

Fluorophor secondary Antibody Dilution  Company Cat # 

Cy2 goat anti- guinea pig  1:500 Life Technologies A11073 

Cy2 goat anti- mouse IgG 1:500 Merck Millipore AP124J 

Cy2 goat anti- rat IgG 1:500 Merck Millipore AP202J 

Cy3 goat anti- mouse IgM 1:500 Bioscience bs3-0368G 

Cy3 goat anti rabbit IgG 1:500 Merck Millipore AP132C 

Cy5 goat anti-mouse IgG 1:500 Merck Millipore AP124S 

Cy5 goat anti-rat IgG 1:500 Merck Millipore AP136S 
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Staining of human brain paraffin sections was performed in the laboratory of Dr. Jack van 

Horssen (University Medical Center in Amsterdam) using the Dako Envision + Dual Link 

System. Briefly, brain samples were fixed for 10 min in acetone. Primary antibodies were 

diluted in 0.1 % BSA solved in PBS and incubated for 1 h at room temperature in a 

humidity chamber. After three steps of washing with PBS, sections were incubated with 

100 µl Envision-HRP solution (1 h at room temperature) and Substrate Solution (~5 min at 

room temperature) consecutively. Thereafter, slides were incubated in Hematoxilin 

solution for 1 min to visualize nuclei and mounted after alcohol-dehydration procedure. 

Thereby, stained structures appeared brownish and nuclei were stained in blue. Brain 

samples were received from the Netherlands Brain Bank (Amsterdam). Documentation 

was performed with a Leica Microscope using bright field imaging. Paraffin sections for 

cerebellar mouse EAE tissue were stained against iron in the laboratory of Prof. Dr. 

Roland Lill (“Institut für Zytobiologie”, Philipps-University in Marburg) in cooperation with 

Waltraud Ackermann in Marburg obeying Prussian blue staining protocol (potassium 

ferrocyanide reaction). In addition, nuclei were stained using red-aluminum sulfate 

solution.   

 

 2.14 EPR spectroscopy 

 
Electron paramagnetic resonance (EPR) spectroscopy was performed in cooperation with 

Dr. Eckhard Bill (Max Planck Institute for Bioinorganic Chemistry in Mülheim Ruhr). 

Measurements were carried out to detect and quantify dinitrosyl-iron-complexes (DNIC) in 

OLN-93 oligodendrocyte cell line. Therefore, 25 x106 OLN-93 cells per condition were 

collected in 1 ml cell culture medium and treated in presence or absence of 2 µM 

recombinant mouse Grx2 with MK-571 to inhibit the activity of multidrug resistance-

associated protein 1 (MRP1), a DNIC exporter, for 1 h at 37 °C. Afterwards, samples were 

centrifuged and resuspended in 200 µl PBS. In addition, one Grx2 treated sample was 

additionally washed twice to ensure extracellular Grx2 removal. Treatment with 5 mM 

GSNO was performed for 2 min directly before freezing. Samples were directly frozen in 

EPR tubes using a mixture of ethanol and dry ice. X-band EPR spectra were recorded at 

X-band (9.47 GHz) using a Bruker Elexsys E500 spectrometer with an NMR gaussmeter, 

a helium flow cryostat (Oxford Instruments), and a Hewlett-Packard frequency counter. 

Samples were measured at 30 K and deflections were characterized at a g value of 2.03. 

Quantification was calculated considering the double integral of the spectral area.  
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2.15 Protein activity measurements  

 
Measurements were performed in the laboratory of Prof Dr. Roland Lill (“Institut für 

Zytobiologie”, Philipps-University in Marburg) in cooperation with Dr. Ulrich Mühlenhoff. 

Activity measurements for aconitase, succinat dehydrogenase, malate dehydrogenase, 

cyclooxygenase and lactat dehydrogenase were performed as outlined in (Biederbick et 

al. 2006), (Stehling et al. 2009) and (Stehling et al. 2007). Therefore, cerebella of mice 

suffering from EAE (sacrificed at disease peak or at disease recovery phase) as well as 

cerebella from untreated control mice were lysed in SDS free lysis buffer, containing 50 

mM Tris (ph8), 150 mM NaCl, 1% NP40, 0.5 % Deoxycholate, 0.1 mM cis-Aconitate, 5% 

Glycerin and 1x protease inhibitor. Tissue was sonificated three times for 5 sec. Lysates 

were kept on ice for 10 min and further centrifuged at 18,000 g for 20 min. Supernatants 

were transferred into a new tube and protein concentration was determined by BCA 

assay. 10 µg – 100 µg protein of lysed samples were used depending on the 

measurement sensibility and finally, enzyme activity was calculated as units per mg 

protein.  

 

 

2.16 Software 

 
Table 11: Software used for data analysis and presentation 

Software Company 

Adobe Creative Suite 5 Adobe System Inc. 

Citavi 4 Swiss Academic Software 

GraphPad Prism 5 GraphPad Software 

Image J Rasband, W.S. 

Megallan Data Analysis  Tecan Group Ltd. 

Odyssey Image Studio Lite  LI-Cor 

Office 2010 Microsoft Corporation 

Primer Express software Applied Biosystems 
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2.17 Ethical approvals  

 
All animal experiments were conducted according to the guidelines and protocols 

approved by the local animal welfare committee “Landesamt für Natur, Umwelt und 

Verbraucherschutz Nordrhein- Westfalen” (LANUV) under the protocol numbers G363_09 

and G197_09. EAE experimental procedures followed the EAE induction guideline and 

the ARRIVE criteria (Animal Research: Reporting of In Vivo Experiments) (Baker and 

Amor 2012).  

Paraffin-embedded and formalin-fixed brain sections were obtained from patients with 

clinically diagnosed and neuropathologically confirmed MS from the Netherlands Brain 

Bank, Amsterdam. The Netherlands Brain Bank received the permission to perform 

autopsies for research purposes from the ethics committee of the VU Medical Center 

(Amsterdam, The Netherlands). All donors or their next of kin had given informed consent 

for brain autopsy and the use of material and clinical information for research purposes. 

 
 
 
 2.18 Statistical analysis  

 
Statistics were performed using GraphPad Prism 6 (GraphPad Software). Descriptive 

statistic is displayed by the median (location scale) and the interquartile range (measures 

of dispersion). Groups comprising of n≥ 4 are graphically represented in form of Boxplots. 

The Boxplots themselves demonstrate data from the 25th percentile to the 75th percentile. 

The median (50th percentile) is visualized by a horizontal line inside the Boxplot. Error bars 

indicate the range from the 5th percentile to the 95th percentile. For n≤ 3 all data-points are 

presented; here, the median is indicated by a horizontal line.  

A normal distribution of the data could not be assumed since the number of samples was 

insufficient (sample-number smaller than 20). Therefore, the non-parametric Kruskal-

Wallis h-test was performed for statistical analysis to compare three or more unmatched 

groups comprising n≥ 4 followed by Dunn’s post test to compare statistical differences 

between two columns. To compare two unmatched groups the Mann Whitney u-test was 

performed. The level of significance was always set to α≤ 0.05.  
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3. Results 

 

The onset and progression of MS is insufficiently understood in detail. However, the 

importance of reactive species and redox-dependent events in neuroinflammatory disease 

progression was extensively elucidated in the last decade. This study illustrates the role of 

the mammalian iron-sulfur cluster coordinating oxidoreductases Grxs 2, 3 and 5 in 

neuroinflammatory de- and regeneration. 

 
 
 

3.1 Grx levels and the activity of iron-dependent enzymes are 

altered in human MS and mouse EAE 

  

To investigate a potential role of Grxs during neuroinflammation, the protein and mRNA 

expression profile of Grxs 2, 3 and 5 was measured in MS lesion areas and different 

stages of EAE progression. Grxs 3 and 5 are known to play an essential role in the 

assembly of iron-sulfur clusters and iron trafficking (Wingert et al. 2005; Haunhorst et al. 

2013). Furthermore, iron homeostasis is disturbed in neuroinflammatory disorders 

including MS (Craelius et al. 1982). The contribution of iron to EAE progression is still 

under debate. Therefore, we measured the enzymatic activity and protein expression of 

proteins depending on iron cofactors in EAE disease progression. Another hallmark of 

neuroinflammation is the increased generation of NO in acute lesion areas (Oleszak et al. 

1998; Liu et al. 2001). To combine both hallmarks, the impact of Grx2, the third FeS 

cluster coordinating mammalian Grx, on NO-mediated modulations of cellular iron 

homeostasis was analyzed using common parameters like transferrin-receptor localization 

and expression (Pantopoulos and Hentze 1995; Richardson et al. 1995). 

 

 

3.1.1 Grxs 2, 3 and 5 are enriched at active lesion areas of 

human MS brain tissue 

We analyzed the protein expression and localization of Grxs 2, 3 and 5 in human MS 

brain tissue in paraffin embedded sections from MS patients in cooperation with Prof. Dr. 

Jack van Horssen (VU University Medical Center, Amsterdam, Netherlands). Normal 

appearing white matter (NAWM) was used as reference. Here, three different lesion areas 

were analyzed according to their MHC class II HLA-DR (LN-3) and proteolipid protein 

(PLP) expression pattern: early lesions, acute lesions within the white matter and acute 
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Figure 6. Protein expression patterns of Grxs 2, 3 and 5 in human MS white and grey matter 
brain tissue. Human paraffin sections were stained using Dako EnVision + Dual Link System. 
Nuclei were visualized by Hematoxylin staining. Lesion areas (acute lesion border and chronic 
lesion center) were identified using LN3 (antigen presenting cells, monocytes and macrophages) 
and PLP (myelin protein) staining. Three categories of lesion types were distinguished: early 
lesions (a; scale bar 10 µm), acute lesions in white matter brain tissue (b; NAWM: normal 
appearing white matter; scale bars 10 µm and 150 µm) and acute lesions in grey matter (c; scale 
bars 10 µm, 50 µm and 150 µm). The staining pattern for Grxs 2, 3 and 5 illustrates an increased 
level of all three proteins in demyelinated LN-3-positive lesion borders. The positively stained cells 
reveal morphological characteristics of astrocytes and phagocytic monocytes (b, c; star: cells with 
phagocytic monocyte-like morphology; arrow head: astrocyte-like morphology).  
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lesions within the grey matter (Fig. 6). Acute lesion areas were further distinguished into 

inflammatory active and inactive areas. Lesion sides were identified using 

immunohistochemical staining against PLP, a component of the myelin structure, and 

against LN3, illustrating activated antigen presenting cells (B cells, monocytes, 

macrophages, DCs, activated T cells). Inflammatory active lesion areas were 

characterized by LN3-positive staining and PLP-negative staining (Fig. 6 b and c). 

Furthermore, inflammatory inactive lesion centers were identified by double-negative 

staining (Fig. 6 b). Notably, all investigated Grxs showed nearly the same expression 

profile. Grx-positive staining was present in the inflammatory active areas of both early 

(Fig. 6 a) and acute lesions (Fig. 6 b and c). These areas are characterized by immune 

cell infiltration, the activation of microglia and astrocytes as well as an increased 

generation of proinflammatory cytokines and components (McFarland and Martin 2007). 

There was no staining visible for Grxs 2, 3 and 5 in the NAWM as well as in chronic lesion 

areas. However, less intensity of the overall staining pattern was observed in chronic 

lesion areas compared to the NAWM (Fig. 6 b). 

 

 

3.1.2 Grx2 staining reveals morphological characteristics of 

astrocytes and co-localization with GFAP 

The staining for Grxs 2, 3 and 5 in human MS brain tissue revealed increased protein 

levels mainly in acute lesion areas. These lesion areas are characterized, among others, 

by astrocytic and microglial activation and immune cell infiltration (Traugott and Lebon 

1988; Lee et al. 1990). Morphological analyses of Grx-positive cells resembled cellular 

characteristics for activated astrocytes (Fig. 6 b and c, highlighted by arrow heads). These 

characteristics include cellular hypertrophy as well as thickened and shortened processes. 

Moreover, other cell types were identified showing cellular characteristics for phagocytic 

monocytes like macrophages and activated microglia (Fig. 6 b and c; highlighted by stars). 

To further underline the presence of Grxs in astrocytes we performed 

immunohistochemical analyses in MS brain tissue and looked for co-localization of Grx2 

and an astrocytic marker, the glial fibrillary acidic protein (GFAP). As all Grxs revealed a 

similar expression pattern and the availability of human material was limited, we restricted 

the protein co-localization analysis to Grx2. Indeed, we found clear co-localization of Grx2 

in hypertrophic GFAP-positive cells present only in acute lesion areas (Fig. 7). 

Furthermore, similar to the morphological analysis, we identified Grx2-positive but GFAP-

negative cells, showing morphological similarities to phagocytic monocytes (Fig. 7; 

highlighted by arrow heads). 
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Figure 7. Grx2 staining reveals co-localization with GFAP-positive cells in human MS white 
matter brain tissue. Human paraffin sections were stained against GFAP (red) and Grx2 (green). 
Nuclei were visualized by Hoechst staining (blue). Immunohistochemical analysis revealed co-
localization of Grx2 and GFAP-positive cells in lesion borders but not in lesion centers. Arrow 
heads highlight the presence of Grx2-positive but GFAP-negative cells. Scale bar 10 µm. 
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3.1.3 Expression levels of Grxs 2, 3 and 5 are altered during EAE 

disease progression 

To further characterize the expression pattern of Grxs 2, 3 and 5 in the progression of 

neuroinflammatory demyelination we concentrated on EAE, an animal model of MS, 

performed in mice. For additional experiments the access to human MS brain tissue was 

restricted. Therefore, all following analyses are based on EAE samples. We analyzed the 

expression levels of Grxs 2, 3 and 5 on protein and mRNA levels, comparing cerebellar 

brain tissue from EAE mice in acute disease peak (day 17, clinical score 3-4) and in 

chronic disease phase (day 27, clinical score 2.5). Brain tissue from immunized animals 

before disease onset (day 7) was used as control. The applied score system was 

assigned determining symptom manifestation as described in 2.10. Protein and mRNA 

analyses of EAE cerebellar brain tissue demonstrated two different expression patterns. 

Cerebellar Grx2 was upregulated in the acute disease stage on mRNA levels compared to 

control with a significant upregulation for the cytosolic isoform Grx2c (Grx2c p= 0.022) 

(Fig. 8 e). However, the protein level of cerebellar Grx2 showed no upregulation in the 

acute disease phase compared to control. In chronic EAE phase, Grx2 was 

downregulated on both mRNA and protein level. Here, mRNA expression was decreased 

for both isoforms, Grx2a and Grx2c (Fig. 8 d and e). Grx5 protein level was likewise not 

regulated in the acute disease phase and showed a downregulation in the chronic disease 

phase. Unlike, Grx3 showed a different expression pattern (Fig. 8 b and f). On protein 

level, Grx3 was reproducibly downregulated in the acute disease phase. In the chronic 

disease phase Grx5 protein levels returned to control levels. However, mRNA analyses 

for Grxs 3 and 5 allow no conclusions due to high variety of the data (acute phase: Grx3 

p> 0.99; Grx5 p> 0.99; chronic disease phase: Grx3 p> 0.99 ; Grx5 p> 0.99).  

Taken together, Grx2c was significantly upregulated in the cerebellum of EAE mice in the 

disease peak on mRNA level. In chronic disease phase Grx2 was downregulated both on 

protein and mRNA level. Further, protein analysis revealed a reproducible downregulation 

of Grx3 in acute disease phase and of Grx5 in chronic disease phase.    
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Figure 8. Protein and mRNA expression levels of Grxs 2, 3 and 5 in the progression of 
mouse EAE. Mouse EAE cerebellar brain tissue from control (before disease onset, day 7 post 
immunization), acute (day 17 post immunization, mean clinical score 3.5) and chronic (day 27 post 
immunization, mean clinical score 2.5) disease phase was either lysed using RIPA buffer to detect 
protein levels of Grxs 2, 3 and 5 by Western blot and optic density analyses (a, b and c; n= 3) or 
mRNA was isolated by phenol-chloroform extraction and quantified using q RT-PCR (d,e and f, n= 
4 - 8). All data points are shown for n≤ 3; Boxplots are shown for n≥ 4; non-parametric Kruskal-
Wallis h-test (α≤ 0.05).  

 

 

3.1.4 The activity of iron-dependent enzymes is altered during 

EAE disease progression 

As Grxs 3 and 5 are both involved in FeS cluster homeostasis as well as iron trafficking 

(Mühlenhoff et al. 2010), we investigated the activity of several iron-dependent enzymes 

and the function of FeS biosynthesis in the cerebellum during EAE disease progression. 

Notably, the activity measurements were performed from total cellular extracts. Therefore, 

mitochondrial and cytosolic activities cannot be distinguished. Two different activity 

patterns were detected (Fig. 9). The activities of aconitase (ACO, present both in the 

mitochondria and as holo IRP1 protein in the cytosol) and succinat-dehydrogenase (SDH, 

mitochondrial localization) were significantly reduced in disease peak (ACO p= 0.005; 

SDH p= 0.018) and consistently downregulated in the chronic disease phase compared to 
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healthy control tissue (Fig. 9 a and b). The activities of cytochrome C oxidase (COX, 

mitochondrial localization) and lactat-dehydrogenase (LDH, cytosolic localization) were 

decreased in disease peak (COX p= 0.018; LDH p= 0.005) and restored in the chronic 

disease phase comparable to control tissue (Fig. 9 d and e). Malate-dehydrogenase 

(MDH) is present in both the cytosol as well as in the mitochondria. Its enzymatic activity 

is independent from iron. To display the observed changes in enzymatic activity to depend 

on specific alteration in iron cofactors, the MDH activity was measured as reference and 

showed no significant alteration (disease peak: p> 0.99 and chronic disease phase: p= 

0.98) (Fig. 9 c). Further, to exclude variations in protein content like degradation and/ or 

expression upon EAE progression, we examined the protein level for ACO, SDH and 

COX. None of these proteins showed alterations upon disease progression on protein 

level (Fig. 9 a, b and d; illustrated by grey bars). As obstructions in the iron homeostasis 

could result in the observed decrease in iron-dependent protein activity, I further 

investigated whether or not subtle changes in iron homeostasis are present during EAE 

disease progression. A prominent candidate known to be regulated upon alterations in 

iron homeostasis is glycerol-3-phosphate acyltransferase (GPAT). GPAT shows rapid 

protein degradation when its FeS cluster is disassembled in vitro and in vivo (Grandoni et 

al. 1989; Martelli et al. 2007). Furthermore, the IRP pathway is rapidly activated under iron 

starving conditions (Pantopoulos and Hentze 1995), regulating the expression of ACO, 

Ferritin and Transferin receptor (TfR) (Cairo and Recalcati 2007). Western blot analysis, 

using the entire cerebellar protein extract, indicated no significant regulation for any of the 

mentioned iron-dependent proteins (Fig. 9 g- k; illustrated by grey bars). Further, 

potassium ferrocyanide staining displayed no visible iron staining in cerebellar brain 

tissue; neither in animals of the acute EAE state nor in animals of the chronic EAE phase 

(Fig. 9 f).   
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Figure 9. The activities but not the protein levels of iron-dependent enzymes are 
significantly affected during the progression of mouse EAE. Mouse EAE cerebellar brain 
tissue from control (before disease onset), acute (peak of disease, clinical score 3- 4) and chronic 
(remission, clinical score 2.5) disease phase was either lysed using SDS-free lysis buffer for 
Western blot and protein activity analyses or fixed with 4% PFA for histochemical analysis. 
Aconitase (Aco, a), sodium dehydrogenase (SDH, b), malate dehydrogenase (MDH, c), 
cytochrome c oxidase (COX, d) and lactate dehydrogenase (LDH, e) activities were measured in 
total cerebellar extract (n= 4). MDH was measured as an iron-independent control protein. 
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Appropriate protein levels for the mentioned enzymes and further for glycerol-3-phosphate 
acyltransferase (GPAT, k), ferritin (i), iron responsive protein 1/ 2 (IRP1/ 2, g and h) and transferrin 
receptor (TfR, j) were determined using Western blot analyses (grey bars; n= 3-4). Protein levels 
were normalized to respective control samples. Histological iron staining in paraffin sections 
showed no positive staining in neither acute nor chronic cerebellar EAE tissue. Spleen tissue was 
simultaneously stained as positive control to prove proper staining procedure (f; scale bar 50 µm). 
Data show median with range for Western blot analyses. Datasets of the activity measurements 
are illustrated as boxplots; non-parametric Kruskal-Wallis h-test (α≤ 0.05).  
 

 

 

3.1.5 Grx2 can reverse NO-mediated alterations in the 

localization pattern of the transferrin receptor in OLN-93 cells  

One hallmark of MS lesion areas is the increased generation of NO (Oleszak et al. 1998; 

Liu et al. 2001). To verify whether this is also the case for our chosen animal model, the 

EAE, we performed an immunohistochemical analysis for nitrated tyrosines and indeed, 

we found increased nitrotyrosine staining close to cells with enhanced immunoreactivity 

for ionized calcium-binding adapter molecule1 (Iba1). Here, the Iba1 staining was used to 

identify activated microglia and macrophages as hallmarks for lesion areas (Fig. 11). Our 

findings indicate the presence of nitrosative stress in EAE lesion areas. As previously 

reported, the oligodendrocyte lineage is dramatically affected in EAE lesions and exhibits 

a clear histological staining pattern for iron (Benkovic and Connor 1993). Furthermore, as 

increased generation of NO was shown to cause changes in the iron metabolism (Weiss 

et al. 1993; Oria et al. 1995), we investigated a possible impact of Grx2 on NO-mediated 

alterations of iron homeostasis using the rat oligodendrocyte OLN-93 cell line. As the role 

of Grxs 3 and 5 in iron homeostasis is already published (Wingert et al. 2005; Haunhorst 

et al. 2013) and the regulation of both proteins was rather diverse on protein and mRNA 

level during the progression of EAE, we concentrated on a possible impact of Grx2 

(upregulation in disease peak and downregulation in chronic disease phase; Fig. 8). 

Protein analysis of iron-dependent enzymes showed no significant regulation of neither 

TfR nor Ferritin nor GPAT in cultures, treated with GSNO or a combination of GSNO and 

Grx2 (Fig. 10 c, d and e). These results are consistent with the protein expression 

measurements during EAE progression (see 3.1.4), underlining a possible coherence. 

Due to the observed changes in the activity of iron-dependent enzymes during EAE 

progression, we further characterized the subcellular distribution of the TfR in OLN-93 

cells using immuocytochemistry. Confocal microscopy revealed a significant redistribution 

of the TfR from the endosomes to the cytosol induced by non-toxic concentrations of 

GSNO for 24 h (p= 0.001) (Fig. 10 a and b). Quantification of cells with a cellular 
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distribution of the TfR underline the impact of Grx2 on the NO-mediated redistribution of 

the TfR. Here, the addition of 2 µM recombinant Grx2 into the culture medium diminished 

the NO-mediated TfR translocation (p= 0.28). 

 

Summarizing, Grx2 is regulated on protein and mRNA levels in both acute and chronic 

disease phases of human MS and mouse EAE. Further, treatment with recombinant Grx2 

protected against the NO-mediated alteration of the cellular distribution of the TfR pointing 

to an involvement of Grx2 in iron dependent pathways of oligodendrocytes.  

 

 

 

 

Figure 10. GSNO induces alteration of TfR expression and localization in OLN-93 cells. OLN-
93 oligodendroglial cell line was incubated with 500 µM GSNO in presence or absence of 2 µM 
recombinant Grx2. After 24 h cells were either fixed with 4 % PFA (a) or cell lysates were prepared 
using RIPA buffer (c- e, n= 5). Fixed cells were stained against transferrin receptor (TfR, green) 
and nuclei were visualized using Hoechst (blue) (a, scale bar 5 µm). Immunocytochemistry was 
quantified according to the localization of stained protein (b, either concentrated in vacuoles or 
cellular distributed, n= 6). Cell lysates were examined using Western blot analysis against TfR (c), 
Ferritin (d) and GPAT (e). Intensities were calculated using ImageJ and normalized to actin. 
Datasets are illustrated as boxplots; non-parametric Kruskal-Wallis h-test (α≤ 0.05).  



Results 

42 

 

 

Figure 11. Nitrotyrosine is increased in mouse EAE lesion areas. Cryosections of chronic 
mouse EAE brain tissue (clinical score 3-4) were stained for Iba1 (microglia, red) and Hoechst 
(nuclei, blue) to visualize lesion areas and for anti-nitrotyrosine antibody (green) to visualize 
nitrated proteins. Comparison to non-lesion areas reveals accumulation of nitrated proteins in EAE 
lesion areas. Scale bars 100 µm and 50 µm.  

 

 

 

3.2 Recombinant Grx2 protects oligodendrocyte lineage cells 

against NO-mediated cell death 

 

Mature myelinating oligodendrocytes undergo cell death inside MS and EAE lesion areas 

(Dowling et al. 1997). Furthermore, pre-existing mature oligodendrocytes do not contribute 

to remyelination (Keirstead and Blakemore 1997) and oligodendrocyte progenitors are 

highly vulnerable to increased concentrations of NO in vitro (Pang et al. 2010). As NO is 

increasingly produced in MS lesions (Oleszak et al. 1998; Liu et al. 2001), the inhibition of 

oligodendrocyte death became a promising target for therapeutic approaches to inhibit 

degeneration and improve regeneration. In 3.1 we observed a Grx2-dependent inhibition 

of NO-mediated alterations in cellular TfR localization. Hence, we further investigated the 

impact of recombinant Grx2 treatment on the survival of NO-mediated oligodendrocyte 

cell death. 

 

 

3.2.1 Recombinant Grx2 treatment results in increased Grx2 

protein concentrations in cell cultures as well as OSCs  

First, the amount and localization of recombinant Grx2 after supplementation into the 

culture medium was determined using Western blot analysis and immunocytochemistry. 

For all experiments, culture medium was supplemented with 2 µM recombinant Grx2 2 h 
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before treatment with GSNO or LPS. The final readout was performed after 24 h. 

Therefore, primary A2B5-positive mouse cells, OLN-93 cell line and OSCs were analyzed 

using Western blot analysis either 2 h or 24 h after Grx2 treatment. To avoid detection of 

extracellular Grx2, all cultures were carefully washed before cell lysis. Western blot 

analyses revealed an increased level of Grx2 in A2B5-positive progenitors of 144 % and 

120 % (two independent experiments) after 2 h and of 135 % and 150 % after 24 h (n= 2) 

(Fig. 15 b). For OSCs an increased Grx2 protein level of 660 % and 720 % was detected 

(n= 2) (Fig. 12 d) and in OLN-93 cells Grx2 protein level was increased to 473 % ± 113 %. 

To further investigate the localization of externally added recombinant Grx2, we took 

advantage of the hisTag coupled to the recombinant protein and performed immunohisto- 

and immunocytochemical analyses in A2B5-positive progenitors and OSCs. Here, primary 

mouse A2B5-positive progenitors clearly co-localized with the hisTag staining (Fig. 15 a). 

Further, the hisTag staining in OSCs revealed a co-localization with GFAP (astrocytic 

marker), Iba1 (marker for microglial cells) and MBP (oligodendrocyte marker) (Fig. 12 a). 

These results indicate that externally applied recombinant Grx2 accumulates in all 

investigated cell types both 2 and 24 h after treatment. 

 

 

3.2.2 Influence of recombinant Grx2 on NO-mediated OSC 

myelin damage 

OSCs enable simultaneous modulation of the Grx2 concentrations and the amount of 

associable NO in an ex vivo model maintaining the complex multicellular nature of the in 

vivo situation. Here, we increased the concentration of NO, using either 750 µM GSNO as 

physiological NO donor, or 10 µg/ ml LPS, a toll-like receptor 4 agonist, to activate local 

microglia and stimulate NO release (Simmons and Murphy 1992). In both setups, we 

observed a destruction of myelin structures visualized by immunohistochemical staining 

against MBP (Fig. 12 b and Fig. 13 a and b) as well as a reduction in the number of A2B5-

positive OPCs (Fig. 12 e). Untreated control slices revealed a consistent number of 

approximately 40 % damaged white mater branches, whereas GSNO treatment increased 

the number of damaged branches up significantly to approximately 55 % and LPS to 65 % 

(LPS p= 0.001; GSNO p= 0.005). The addition of 2 µM recombinant Grx2 prevented from 

both GSNO and LPS-mediated myelin destruction (LPS p= 0.003; GSNO p= 0.12) (Fig. 12 

c). Further, addition of recombinant Grx2 increased the number of A2B5-positive 

progenitors per white matter branch significantly compared to LPS treated slices (p= 

0.001). In OSCs treated with LPS alone the number of A2B5-positive progenitors 

decreased significantly to approximately 65 % (Fig. 12 e). To underline that the observed 
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LPS induced myelin destruction is mediated by NO, we additionally applied the NO 

scavenger CPTIO. Here, the experiments indicated a concentration-dependent protection 

of CPTIO from LPS-mediated myelin damage (Fig. 13 d). Notably, despite myelin 

damage, neuronal structures were not affected by the increased generation of NO (p> 

0.99) (Fig. 13 b). To further investigate the role of Grx2 in oligodendrocyte survival, 

viability measurements with primary mouse A2B5-positive OPCs were performed. 

 

 

Figure 12. Recombinant Grx2 is taken up by organotypic slice cultures and protects mature 
oligodendrocytes as well as oligodendrocyte progenitors from NO-mediated cell death. 
Cerebellar organotypic slice cultures (OSCs) were treated with 750 µM GSNO or 10 µg/ ml LPS in 
the presence or absence of 2 µM recombinant Grx2. After 24 h, OSCs were stained against MBP 
(myelin), A2B5 (oligodendrocyte progenitors), GFAP (astrocytes), Iba1 (microglia) or hisTag 
(recombinant Grx2). Immunohistochemical analysis illustrated the uptake of recombinant Grx2 into 
astrocytes, microglia and oligodendrocytes (MBP) (a, scale bar 10 µm) which was further 
underlined by Western blot analysis (d). Percentage of damaged myelin branches per slice was 
analyzed and quantified via MBP staining (b and c, GSNO: n= 5- 6; LPS: n= 12- 18; scale bar 80 
µm). The number of A2B5-positive progenitors was quantified per myelin branch (e, n= 11, scale bar 
25 µm). Datasets are illustrated as boxplots; non-parametric Kruskal-Wallis h-test (α≤ 0.05). 
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Figure 13. LPS treatment affects myelin structure but not axonal structure and can be 
rescued by NO scavenging. Cerebellar OSCs were treated with 10 µg/ ml LPS in the presence of 
0, 5, 10 or 25 µM CPTIO. After 24 h OSCs were stained against MBP (myelin) and NF-M (axons) 
(a, scale bar 100 µm and 25 µm). The integrity of both axonal and myelin structure was calculated 
per slice (b and c, n= 7- 11). Additional treatment with the NO scavenger CPTIO revealed a 
concentration-dependent decrease in myelin destruction (d, n= 3- 6). All data points are shown for 
n≤ 3. Boxplots are shown for n≥ 4; non-parametric Mann Whitney u-test (α≤ 0.05). 
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3.2.3 Influence of Grx2 on NO-mediated cell death of primary 

A2B5-positive progenitors and HeLa Grx2 overexpressing cells 

First, the sensitivity of primary mouse A2B5-positive progenitors against GSNO treatment 

was investigated. The concentration-dependent cell viability revealed an IC50 value of 1.1 

mM after 24 h (Fig. 14 a). Therefore, all further viability experiments were performed using 

1 mM GSNO. To ensure that our observations are NO-dependent, we performed control 

experiments using the NO scavenger CPTIO. Treatment with CPTIO decreased GSNO-

mediated cell death in a concentration-dependent manner underlining direct contribution 

of NO to the observed effects (Fig. 14 b). To mimic the condition present in the OSC 

setup, A2B5-positive cells were co-cultured with LPS activated BV2 cells. Direct cell-to-cell 

contact was prevented by Trans O FLEX 24 well inserts with a pore size of 0.4 µm. LPS 

treatment induced iNOS expression and increased microglial NO release measured by 

Griess reagent reaction (Fig. 16 a and b). Here, LPS-induced secretion of NO decreased 

the survival rate of A2B5-positive progenitors to approximately 65 % in the co-culture 

system (Fig. 15 c). Similar to the observations in the OSC, treatment with recombinant 

Grx2 prevented BV2-induced cell death similar to untreated control cultures (Fig. 15 c). 

Next, we investigated whether knockdown of endogenous Grx2 promotes NO-mediated 

cell death. Grx2-specific siRNA silencing emphasized the repellent effect of Grx2 on NO-

mediated cell death (Fig. 15 f). The decreased expression of Grx2 (mRNA level: Grx2a 27 

% and Grx2c 33 %; n= 3) diminished the viability of A2B5-positive progenitors in the BV2 

co-culture system (p= 0.085). To further strengthen this observation, we repeated the 

GSNO toxicity experiments using Grx2c overexpressing HeLa cells (Fig. 14 c). The 

GSNO-dependent cell death of HeLa cells revealed an increase in the IC50 value from 1.1 

mM to 3.4 mM based on the 3 fold overexpression of Grx2c (Enoksson et al. 2005) (Fig. 

14 c).  
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Figure 14. GSNO-mediated oligodendrocyte cell death is attenuated by NO scavenging and 
intracellular Grx2c. Primary mouse A2B5-positive progenitors (a, b), HeLa wt or HeLa Grx2c 
overexpressing cells (c) were incubated with increasing amounts of GSNO (a, n= 4, IC50= 1.1 mM; 
b, n= 3; c, n= 3, HeLa wt: IC50= 1.1 mM, HeLa Grx2c: IC50= 3.4 mM). Cell survival rate was 
measured using CellTiter-Blue® assay and normalized to control condition. The influence of CPTIO 
was investigated in the presence of 1 mM GSNO (b). Datasets are illustrated as median with range 
for n≥ 4 or by all data points presented for n≤ 3. 

 

 

 

3.2.4 Recombinant Grx2 treatment shows no alteration of NO 

release and iNOS expression in activated BV2 cells 

The evaluation of the A2B5/ BV2 co-culturing experiments assumed an influence of 

recombinant Grx2 on primary mouse A2B5-positive progenitors. However, it is unknown 

whether or not Grx2 has an effect on microglia activation. To exclude a direct influence of 

Grx2 on LPS-activated BV2 cell functions in our experimental co-culture setup, the impact 

of recombinant Grx2 on cell viability, iNOS transcription and NO release was investigated. 

Here, LPS alone significantly increased iNOS mRNA expression two-fold (p= 0.012) and 

further raised NO release to approximately to 380 % compared to untreated control cells 

but showed no influence on BV2 cell viability. Additional treatment of recombinant Grx2 

showed no significant effect on the observed readouts (iNOS expression: p> 0.9) (Fig. 16 

a, b and c). These results underline a Grx2-dependent increase in A2B5 cell viability 

independent of the modification of BV2 cell functions.   

 

Summarizing, the findings revealed a protective effect of recombinant Grx2 against NO-

mediated cell death of mature oligodendrocytes and their A2B5-positive progenitors in 

OSCs. No effect was detectable on neuronal NF-M immunohistochemical integrity in 

OSCs upon NO challenge.  
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Figure 15. Intracellular Grx2 is required for the detoxification of NO in primary A2B5-positive 
progenitors. Primary mouse A2B5-positive progenitors were treated with either 1 mM GSNO or co-
cultured (without direct cell contact) with LPS activated BV2 microglial cells (1 µg/ ml LPS, 50.000 
BV2 cells) in the presence or absence of 2 µM recombinant Grx2 (c, BV2 co-cultured: n= 5) or 
Grx2-specific siRNA (f, BV2 co-cultured: n= 5; GSNO treated: n= 4). Immunocytochemistry (a) and 
Western blot analyses (b) reveal an uptake of recombinant Grx2 by cultured A2B5-positive 
progenitors. The uptake of siRNA is visualized using fluorescent siRNA (d). Transcription levels of 
the cytosolic (Grx2c) and the mitochondrial (Grx2a) Grx2 isoform after incubation with Grx2-specific 
siRNA for 3 days was analyzed by q RT-PCR (f, n= 5, dashed line: Grx2a, dotted line: Grx2c). Cell 
survival rate were quantified after 24 h using CellTiter-Blue® assay and normalized to untreated 
control cells. LPS treatment as well as Grx2 treatment alone showed no influence on the survival 
rate of A2B5-positive progenitors (e, n= 3). Boxplots are shown for n≥ 4; non-parametric Kruskal-
Wallis h-test (α≤ 0.05). 
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Figure 16. Recombinant Grx2 has no effect on LPS-induced NO secretion by BV2 cells. The 
influence of recombinant Grx2 treatment on the amount of NO released by BV2 microglial cell line 
was analyzed according to three readouts: LPS (1 µg/ ml +/- 100 U/ ml IFNγ) induced NO release 
in the presence or absence of 2 µM Grx2 was quantified using Griess reagent (a, n= 2, measured 
in triplicates). iNOS mRNA expression level was analyzed by q RT-PCR (b, n= 6) and BV2 survival 
rate was measured using the CellTiter-Blue® assay (c, n= 8). All data points are shown for n≤ 3. 
Boxplots are shown for n≥ 4; non-parametric Kruskal-Wallis h-test (α≤ 0.05). 

 
 

 

 

3.3 Grx2 promotes oligodendrocyte cell survival by FeS-

dependent detoxification of NO 

 

This chapter further characterizes the connection between the enzymatic activity of Grx2 

and the cell-protective effects observed in 3.2. We purified two Grx2 mutants: One being 

enzymatically hyper-active without the ability to coordinate FeS clusters (Grx2S38P) and 

one being enzymatically inactive and further lacking the ability to generate FeS clusters 

(Grx2C37S) (Berndt et al. 2007). Surprisingly, Grx2S38P although hyper-active showed 

no protective effect stressing the importance of the Grx2 feature to assemble an iron-

sulfur (FeS) cluster. Finally, we further characterized the protective mechanism of Grx2 

and its influence on NO-dependent ONOO- formation. 

 

 

3.3.1 Recombinant Grx2 protects against NO but not ONOO-  

Exposing cells to an increased amount of NO resulted in diverse protein modifications like 

formation of nitrotyrosine that was previously reported to be increased in MS (Bö et al. 

1994) as well as EAE lesions (Fig. 11). Western blot analysis using both primary mouse 
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A2B5-positive progenitors and the oligodendrocyte OLN-93 cell line revealed increased 

protein nitration and carbonylation in presence of GSNO and SIN1, a ONOO- donor (Fig. 

17 a-d and 18 a and b). Following GSNO treatment the formation of nitrotyrosine 

increased to approximately 170 % in OLN-93 cells compared to untreated control cells. In 

presence of recombinant Grx2 the formation was significantly repealed (p= 0.016) (Fig. 17 

c). A similar pattern was observed measuring the amount of protein carbonyls (Fig. 17 a). 

GSNO treatment increased protein carbonyls to approximately 170 % in OLN-93 cells 

compared to control cultures, whereas the addition of recombinant Grx2 significantly 

decreased the amount of protein carbonyls almost to control level (p= 0.046). 

Examinations were confirmed in A2B5-positive progenitors (147 % protein carbonyls in 

presence of GSNO and 62 % after the addition of recombinant Grx2) (Fig. 18 b). Since 

NO reacts rapidly with O2
·- forming ONOO-, oxidative as well as nitrosative protein 

damage is thought to be mainly mediated by ONOO- (Pacher et al. 2007). Treatment with 

SIN1, as ONOO- donor, displayed a comparable increase in oxidative and nitrosative 

protein damage in OLN-93 cells (amount of protein carbonyls: 210 %; protein nitration: 

145 %). However, recombinant Grx2 treatment showed no protective effects on cells 

exposed to SIN1 (amount of protein carbonyls: 190 %; protein nitration: 155 %). Again, 

the limited protection of recombinant Grx2 against SIN1 induced protein nitration was 

validated in A2B5-positive progenitors (SIN1 treatment: 170 %; SIN1 and Grx2 treatment: 

180 %) (Fig. 18 a). Conclusively, Grx2 showed a limited effect on SIN1-mediated cell 

death. A2B5-positive progenitors displayed a concentration-dependent sensitivity in cell 

survival against SIN1 without protective effects in presence of recombinant Grx2 (Fig. 18 

c). Next, we analyzed the immunohistochemical reactivity of active caspase3, as marker 

for apoptotic cell death, in OLN-93 cells. In line, recombinant Grx2 reduced the amount of 

active caspase3 after GSNO treatment but not after SIN1 treatment (Fig. 17 e). These 

results indicate that recombinant Grx2 prevents from NO-mediated protein damage and 

further inhibits the induction of apoptosis. 

 

 

3.3.2 Recombinant Grx2 decreases ONOO- formation 

The results described in 3.3.1 stress a Grx2-dependent detoxification of NO and the 

subsequent inhibition of ONNO- formation. In this case Grx2 treatment should reduce the 

amount of ONOO- formation in presence of GSNO. Indeed, a newly developed probe 

(Fluorescein-boronate, kindly provided by Prof. Dr. Rafael Radi, Universidad de la 

República, Uruguay (Rios et al. 2016) for ONOO- detection revealed a Grx2-dependent 

inhibition of ONNO- formation in GSNO treated A2B5-positive progenitors (n= 2; 70 % and
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Figure 17. Grx2-dependent detoxification of NO protects against protein nitration and 
carbonylation via inhibition of peroxynitrite formation and caspase-dependent apoptosis. 
OLN-93 oligodendrocyte cell line was incubated with 500 µM GSNO or 500 µM SIN1 in presence 
or absence of 2 µM recombinant Grx2. After 24 h cells were fixed with 4 % PFA (e) or cell lysates 
were prepared using RIPA buffer (a- d). Cell lysates were examined using Western blot analyses 
and nitrotyrosine-specific antibody (c- d, normalization to actin, GSNO: n= 4, SIN1: n= 6) or using a 
protein carbonylation detection assay (a- b, GSNO: n= 5, SIN1: n= 3) to visualize protein bound 
carbonyl groups. Intensity was calculated using ImageJ. Fixed cells were stained against active 
caspase3 (green) and nuclei were visualized using Hoechst (blue) (e, scale bars 50 µm and 10 
µm). All data points are shown for n≤ 3. Boxplots are shown for n≥ 4; non-parametric Kruskal-
Wallis h-test (α≤ 0.05). 
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52 % compared to GSNO treated cells). Notably, treatment with recombinant Grx2 alone 

revealed no impact compared to control cells (n= 2; 119 % and 71 %) (Fig. 18 d). 

Collectively, treatment with Grx2 showed no effect on SIN1-dependent ONOO- formation, 

whereas a protective effect was present in cells treated with GSNO (n= 2, 78 % and 92 % 

compared to cells only treated with SIN1). Since Fluorescein-boronate is known to react 

also with peroxides, we verified the impact of NO by addition of CPTIO. Indeed, the 

CPTIO-dependent inhibition of ONOO- formation in SIN1 treated A2B5-positive progenitors 

indicates a NO-dependent effect (n= 2, 48 % and 40 % compared to SIN1 treated cells) 

(Fig. 18 d). These observations were confirmed using HeLa cells (n= 3, Fig. 19 c). Of 

note, experiments with HeLa Grx2c overexpressing cells showed a severe effect after 

GSNO treatment compared to parental HeLa wt cells treated with recombinant Grx2 

underlining the role of intracellular Grx2c (n= 3, Grx2c overexpressing HeLa cells: 27 %, 

wt HeLa treated with recombinant Grx2: 77 % compared to untreated control cells, Fig. 19 

c). 

 

 

3.3.3 Recombinant Grx2S38P has no protective effect on NO-

mediated alterations in OLN-93 cells  

To further clarify the impact of the enzymatic activity of Grx2 on the protective role in 

oligodendrocyte lineage cells, the effects of two Grx2 mutant proteins were analyzed. 

Neither the enzymatic inactive mutant (Grx2C37S) nor the mutant exhibiting an elevated 

level of enzymatic function but missing the ability to coordinate FeS clusters (Grx2S38P) 

showed protective capacities (Fig. 19). Both mutants showed no increase in cell viability of 

A2B5-positive progenitors utilizing the BV2 co-culture model (Fig. 19 b). In line, Grx2S38P 

lacked the ability to reduce the amount of protein carbonyls in OLN-93 cells (GSNO: 210 

%; GSNO and Grx2S38P 240 % and 140 % with the addition of Grx2 wt recombinant 

protein) (Fig. 19 a). Finally, Grx2S38P was not able to abolish the formation of ONOO- 

(Grx2S38P treated HeLa cells: 110 % and Grx2wt: 75 % compared to untreated control 

cells, Fig. 19 c). However, wild type Grx2 was able to modify all three parameters. These 

findings suggest the importance of FeS cluster coordination in Grx2-dependent 

detoxification of NO. 
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Figure 18. Grx2 does not protect A2B5-positive progenitors against peroxynitrite. Primary 
mouse A2B5-positive progenitors were incubated with 250 µM GSNO (b), 50 µM (a+ c) or 100 µM 
(c) SIN1 in the presence or absence of 2 µM recombinant Grx2. After 24 h, cell survival was 
determined using CellTiter-Blue® assay (c, n= 13- 18) or cells were lysed using RIPA buffer. 
Lysates were further analyzed using Western blot analyses and nitrotyrosine-specific antibody (a, 
n= 3) or using a protein carbonylation detection assay (b, n= 1). Intensity was calculated using 
ImageJ and normalized to actin. For the measurement of ONOO- formation, A2B5-positive 
progenitors were incubated with 50 µM Fluorescein-boronate and further incubated with either 1 
mM GSNO or 1 mM SIN1 with or without 2 h pre-incubation of 2 µM Grx2 or 50 µM of the NO-
scavenger CPTIO. ONOO- formation was measured in a TECAN plate reader (d, absorbance= 492 
nm, emission= 515 nm, n= 2 measured in triplicates). All data points are shown for n≤ 3. Boxplots 
are shown for n≥ 4; non-parametric Kruskal-Wallis h-test compared to control (α≤ 0.05). 
 

 

 

3.3.4 NO donors disassemble the FeS cluster of recombinant 

Grx2 leading to formation of dinitrosyl-iron-complexes 

To further analyze the importance of the FeS cluster, recombinant Grx2 protein was 

incubated with different concentrations of two distinct NO donors having customized half-

life times. The destruction of the Grx2-specific FeS cluster by NO was visualized by 

absorbance measurement at 428 nm (Fig. 20 a). In detail, NOC5 with a half-life time of 25 

min and NOC7 with a half-life time of 5 min revealed a time-dependent degradation of the 

FeS cluster that was further dependent of the applied concentration. In presence of 5 mM 
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NOC5 only 93 % of holo Grx2 was detectable and only 87 % of holo Grx2 was detectable 

in presence of 5 mM NOC7 compared to 98 % without the addition of an NO donor. EPR 

spectroscopy from OLN-93 cells treated with GSNO in presence and absence of 

recombinant Grx2 revealed a specific signal at a g value of 2.03. This signal illustrates the 

formation of DNICs upon NO-mediated FeS destruction in OLN-93 cells (Fig. 20 b- h). For 

quantification, the double integral of the spectral area was determined. Further, the double 

integral of OLN-93 cells treated with GSNO and recombinant Grx2 was set to 100 % (Fig 

20 b). Here, cells treated either with GSNO alone or recombinant Grx2 alone displayed a 

decreased EPR signal of 25 % and 32 % (Fig. 20 b, c and e). To underline the 

responsibility of intracellular located Grx2 two washing steps were included prior to GSNO 

treatment. However, this intervention showed on change in the EPR signal (Fig. 20 b and 

g). Finally, we investigated the effect of Grx1, the second mammalian dithiol Grx, on 

GSNO-dependent DNIC formation. Grx1 displays 34 % homology in its sequence 

compared to Grx2 but cannot coordinate FeS cluster due to its active site motif (Berndt et 

al. 2007). EPR measurements revealed an increase in signal quantity compared to GSNO 

treatment alone (GSNO: 33 %, GSNO + Grx1: 52 %). However compared to Grx2, Grx1 

treatment revealed only a signal intensity of 38 % (Fig. 20 b and h).  

 

 

3.3.5 MRP1 inhibition increases the level of intracellular DNIC in 

OLN-93 cells 

To further address the fate of the intracellular located DNICs we characterized the 

expression profile of MRP1 in oligodendrocyte lineage cells. MRP1 was described as 

DNIC exporter in a variety of cell types (Watts et al. 2006; Lok et al. 2012). However, the 

expression of MRP1 in oligodendrogial lineage cell is controversial (Hirrlinger et al. 2002; 

Hartz and Bauer 2011). The examination of the protein level and localization as well as 

mRNA level illustrated the expression of MPR1 using three independent methods in 

primary A2B5-positive mouse cells and oligodendrocyte OLN-93 cell line (Fig. 21).  

Moreover, an involvement of MRP1 in the export of DNICs in OLN-93 cells was displayed 

using EPR spectroscopy. The inhibition of MRP1 increased the intracellular level of DNICs 

slightly to 125 % only in presence of recombinant Grx2 (Fig. 20 b and f). Here, the 

addition of MK 571, an inhibitor of MRP1, without GSNO treatment revealed no change in 

GSNO-dependent DNIC formation (GSNO: 33 %, GSNO + MK571: 33 %) (Fig. 20 b and 

d).  
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Figure 19. FeS cluster coordination, not enzymatic activity, is required for Grx2-dependent 
detoxification of NO. OLN-93 cells were incubated with 1 mM GSNO or 1 mM SIN1 in the 
presence or absence of 2 µM recombinant Grx2 or Grx2S38P (no cluster coordination but 
enzymatic active) (a). Cells were lysed using RIPA buffer and analyzed for protein bound carbonyl 
groups. Intensity was calculated using ImageJ (a, n= 4- 9). Primary mouse A2B5-positive 
progenitors were co-cultured (without direct cell contact) with LPS activated BV2 microglial cells (1 
µg/ ml LPS, 50.000 BV2 cells) in the presence or absence of 2 µM recombinant Grx2 wild type, 
Grx2C37S (neither cluster coordination, nor enzymatic activity) or Grx2S38P. After 24 h cell 
survival rate was measured using CellTiter-Blue® assay (b, n= 6- 8). The amount of ONOO- was 
measured using HeLa wt and HeLa Grx2c overexpressing cells (c). HeLa cells were incubated with 
50 µM Fluorescein-boronate and further incubated with either 1 mM GSNO or 1 mM SIN1 with or 
without 2 h pre-incubation of 2 µM Grx2wt or 2 µM Grx2S38P. ONOO- formation was measured in 
a TECAN plate reader (c, absorbance= 492 nm, emission= 515 nm; n= 3 measured in triplicates). 
All data points are shown for n≤ 3. Boxplots are shown for n≥ 4; non-parametric Kruskal-Wallis h-
test revealed no significance. 
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Figure 20. NO disassembles the FeS cluster of Grx2 leading to the formation of dinitrosyl-
iron-complexes. 50 µM recombinant mouse Grx2 was incubated with 2 or 5 mM of either NOC5 
(t2= 25 min) or NOC7 (t2= 5 min). Decrease in absorbance at 428 nm (detecting holo Grx2) was 
measured over a time period of 7 min using a TECAN plate reader (a). OLN-93 cells (2x 107 cells/ 
condition) were collected and incubated in 1 ml culture medium for 2 h in the presence or absence 
of 100 µM recombinant mouse Grx1 or 100 µM recombinant Grx2 +/- 20 µM MK572 (an inhibitor 
for the MRP1 transporter). Cells were further washed twice with PBS and incubated with or without 
5 mM GSNO for 3 min. EPR spectroscopy revealed a signal at a g-value of 2.03 that is specific for 
dinitrosyl-iron-complexes (c- h, 9.64 GHz, 1 mW, 7.5 G modulation, 20 K). Bars represent 
integrated signal intensity (b). 
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Taking together, these findings indicate a direct detoxification of NO via the disassembly 

of Grx2 FeS cluster resulting in intracellular formation of DNICs. Further, MRP1 inhibition 

showed a slight increase in DNICs levels in presence of Grx2 and GSNO. In line, the 

expression of MRP1 was demonstrated in primary A2B5-positive progenitors and OLN-93 

cell line.  

 

 

 

Figure 21. MRP1 transporter is expressed in oligodendrocyte lineage cells. OLN-93 cells 
were cultured on cover slips and fixed with 4 % PFA. Immunocytochemical analyses against MRP1 
transporter (green) and Hoechst (blue) revealed a cellular staining pattern (a, scale bar 50 µm and 
10 µm). Western blot analyses of both OLN-93 and primary A2B5-positive cell lysates illustrated 
only one band in the previously reported height of MRP1 (~190 kDa) using an MRP1-specific 
antibody (b). In line, using PCR analysis, MRP1 mRNA was debatable (c, neg control= no template 
control). 

 

 

 

 

3.4 Recombinant Grx2 alters the ability for differentiation and 

migration of oligodendrocyte progenitors in OSCs and primary 

cell cultures 

 

Previous findings indicated that Grx2 significantly prevented NO-mediated myelin 

destruction and oligodendrocyte cell death. Thus, we hypothesized a beneficial effect of 

Grx2 treatment in neuroinflammation-mediated demyelination and remyelination. 

Concentrating on regenerative processes following demyelination, we further determined 

the impact of recombinant Grx2 treatment on the myelin repair capacity including 
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migration and differentiation of OPCs. Notably, redox signaling was previously reported to 

play a major role in HeLe cell migration (Hurd et al. 2012; Berndt et al. 2014) and neuronal 

differentiation (Gellert et al. 2015). Its role in oligodendrocyte lineage cells has so far not 

been investigated.  

 

 

3.4.1 Recombinant Grx2 treatment affects MBP-positive cell 

morphology and the number of NG2 expressing cells in an OSC 

remyelination model  

To date, the molecular mechanisms of myelination and remyelination upon MS and EAE 

disease progression are barley understood (Kremer et al. 2016). Here, we assumed and 

further examined an involvement of Grx2 in OPC remyelination capacities. Indeed, using 

an antibody-mediated OSC remyelination model (Harrer et al. 2009), we identified a Grx2-

dependent impact on oligodendrocyte differentiation using immunohistochemical analysis 

against two differentiation markers. MBP was chosen for analysis of mature 

oligodendrocytes, whereas NG2 staining was chosen to illustrate migrating pre-mature 

oligodendrocytes possessing the ability to differentiate into myelinating mature 

oligodendrocytes in vivo (Watanabe et al. 2002). Immunohistochemical analysis after 3 

days of remyelination following complete demyelination revealed Grx2-dependent 

alterations in MBP-positive cell morphology (Fig. 22 a and b). Using quantitative 

fluorescent based remyelination analysis, we could not detect any significant differences 

between Grx2 treated and untreated fluorescence intensity for the MBP myelin gene. 

However, using higher magnifications we could distinguish between two cell 

morphologies: on the one hand, branched MBP-positive cells showing contact to NF-M-

positive axons and on the other hand, roundish and hypertrophic MBP positive cells 

characterized by unramified morphology (Fig. 22 b). Quantification illustrated a significant 

Grx2-dependent decrease in unramified MBP-positive cells compared to untreated control 

slices (p= 0.001) (Fig. 22 c). Additionally, the treatment with recombinant Grx2 

significantly increased the number of NG2 expressing cells per branch (p= 0.004) (Fig. 22 

e). Here, the morphology of the NG2-expressing cells remained unaffected (Fig. 22 d).   
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Figure 22. Recombinant Grx2 shows the capacity to increase proper remyelination in OSCs. 
Cerebellar OSCs were demyelinated for 3 days using MOG-specific hu818C5 antibody (kindly 
provided by Christine Baksmeier, AG Goebels, Klinik of Neurology, Heinrich-Heine-University 
Düsseldorf) and 5- 6 % baby-rabbit complement. Thereafter, slices were kept for additional 3 days 
under normal culture conditions in the presence or absence of 2 µM recombinant Grx2 allowing 
remyelination. Representative images are shown in a, b and d (arrow heads highlight NG2-positive 
cells, scale bars 100 µm and 10 µm). Slices were fixed with 4 % PFA and stained against MBP, 
NF-M and NG2 to visualize remyelination, axons and oligodendrocyte progenitors. Quantification 
was performed using ImageJ (c and e, n= 10 with two independent experiments). Data are shown 
in boxplots; non-parametric Mann Whitney u-test (α≤ 0.05). 
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3.4.2 Grx2 is not regulated during the differentiation of primary 

A2B5-positive progenitors 

To determine whether the alterations in OSC remyelination are based on an influence of 

Grx2 on OPC differentiation, a differentiation assay for primary mouse A2B5-positive OPCs 

was established initiated by mitogen withdrawal (see methods part 2.6). The process of 

differentiation was induced by mitogen withdrawal and monitored by three different 

readouts: Western blot, q RT-PCR and cytochemical analyses. All three read-outs 

revealed a feasible documentation of OPC differentiation. The expression levels of three 

differentiation markers were documented using q RT-PCR and Western blot (Fig. 23 b- i). 

Furthermore, the cell morphology was documented using bright-field microscopy showing 

an increase in process formation until day 3 and an increase in branch formation until day 

5 (Fig. 23 a). The chosen readouts revealed an increase in differentiation markers 

(CNPase, MBP and PLP) until day 5 on both protein and mRNA level (Fig. 23 b- d, f- i), 

whereas NG2 protein expression showed a slight increase on day 1 followed by reduction 

in protein expression until day 5 (Fig. 23 e). To further investigate whether the expression 

level of Grx2 is altered during OPC differentiation, Grx2 protein level was measured using 

Western blot analysis and Grx2 mRNA level was measured by q RT-PCR (Fig. 23 b, h 

and i). Quantification revealed no significant regulation of Grx2 protein expression as well 

as Grx2 mRNA expression during OPC differentiation. Notably, Grx2 demonstrated a high 

endogenous level in differentiated as well as undifferentiated OPCs compared to OSC 

cultures (Fig. 12 d and Fig. 15 b).   
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Figure 23. Identification of oligodendrocyte differentiation stages in primary mouse A2B5-
positive progenitors. Primary mouse A2B5-positive progenitors were differentiated by addition of 
thyroid hormones (T3/T4) and retinoic acid as well as the removal of proliferation factors FGF and 
PDGFα. Differentiation was monitored morphologically using bright-field microscopy (a, day 0- day 
5, scale bar 20 µm), on protein level using Western blot analysis (e, f and i: n= 3) and on mRNA 
level using q RT-PCR (c, d and g: n= 4- 5 and h: n= 1). At indicated time points A2B5-positive 
progenitors were either lysed using RIPA buffer or mRNA was isolated by phenol-chloroform 
extraction. Quantification of GFAP illustrates the presence of astrocytes. The stages of 
differentiation are illustrated by quantification of NG2 (progenitors), CNPase (pre-mature 
oligodendrocytes) and MBP as well as PLP (mature oligodendrocytes). All data points are shown 
for n≤ 3. Boxplots are shown for n≥ 4; non-parametric Kruskal-Wallis h-test revealed no 
significance. 

 
 

 

3.4.3 Differentiation capacity of primary A2B5-positive 

progenitors is altered by recombinant Grx2 

Although, there was no regulation of Grx2 expression level during OPC differentiation the 

treatment with recombinant Grx2 affected remyelination in OSC cultures. To further clarify 
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the influence of Grx2 on OPC differentiation, recombinant protein was externally added 

during the differentiation assay using primary mouse A2B5-positive progenitors. 

Examination of the three mentioned readouts (immunocytochemistry, q RT-PCR and 

Western blot) revealed a Grx2-dependent inhibition of differentiation. Quantification of the 

immunocytochemical analysis after 5 days of differentiation for NG2 (migrating 

progenitor), CNPase (pre-mature oligodendrocyte) and MBP (mature oligodendrocyte) 

expressing cells further demonstrated a Grx2-dependent increase in NG2-positive cells 

(p= 0.012). In line, the amount of CNPase- and MBP-positive cells decreased (CNPase: 

p= 0.057; MBP: p= 0.057) (Fig. 24 a and b). These results were verified by Western blot 

analysis. Here, protein levels for NG2 and MBP were likewise regulated by treatment with 

recombinant Grx2 (Fig. 24 d and e). NG2 protein level was reproducibly upregulated and 

MBP protein level was reproducibly downregulated compared to untreated control cells. In 

line, mRNA levels of same differentiation markers were downregulated after recombinant 

Grx2 treatment (Fig. 24 c). We further distinguished between two different applications for 

Grx2: (1) Differentiation medium was supplemented with Grx2 only on day 1 and (2) 

Differentiation medium was supplemented with Grx2 every day. Both treatments induced 

a reproducible decrease on mRNA level for CNPase, MBP and PLP as markers for 

mature oligodenddrocytes. However, the persistent presence of Grx2 during differentiation 

slightly enhanced the inhibitory effect on differentiation of A2B5-positive progenitors (Fig. 

24 c). Notably, A2B5 expressing progenitors are able to differentiate to GFAP-positive 

astrocytes in vitro. To exclude a possible impact on cell fate decision towards astrocytes, 

Western blot analysis was additionally performed for GFAP (Fig. 24 d and e). The 

quantification illustrates rather a decrease than an increase of GFAP protein level after 

recombinant Grx2 treatment (Fig. 24 e).  

Taking together, these findings illustrate that recombinant Grx2 blocks differentiation of 

A2B5-positive progenitors in a NG2-positive state in vitro.  
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Figure 24. Recombinant Grx2 blocks the differentiation of A2B5-positive progenitors. Primary 
mouse A2B5-positive progenitors were differentiated by the addition of thyroid hormones (T3/T4) 
and retinoic acid and the removal of proliferation factor FGF. Immunocytochemical analysis was 
performed after 5 days of differentiation. Cells were stained against NG2 (progenitor marker), 
CNPase (pre-mature oligodendrocyte) and MBP (mature oligodendrocyte). Representative images 
are shown in a and quantification in b (n= 4). Furthermore, cells were either lysed using RIPA 
buffer to detect protein levels for MBP, NG2 and GFAP by Western blot analysis (d and e; n= 3) or 
mRNA was isolated by phenol-chloroform extraction and CNPase, MBP and PLP transcripts were 
quantified by q RT-PCR (c, d.d.= during differentiation, n= 8; d1= Grx2 supplementation only once 
at differentiation initiation, n= 4- 9). All data points are shown for n≤ 3. Boxplots are shown for n≥ 4; 
non-parametric Kruskal-Wallis h-test or Mann Whitney u-test (α≤ 0.05). 
 

 

 

3.4.4 Possible molecular mechanism of Grx2-dependent 

oligodendrocyte differentiation block 

One identified substrate of Grx2 is the histone deacetylase Sirt1 that was previously 

shown to be involved in redox-dependent cell fate decision of neural progenitors 

(Prozorovski et al. 2008). Furthermore, our group characterized a Grx2-dependent S-

glutathionylation of Sirt1 (Bräutigam et al. 2013). Therefore, we investigated whether the 

Grx2-dependent redox modification of Sirt1 influences the differentiation of A2B5-positive 

oligodendrocyte progenitors. Previously performed Sirt1 activity measurements indicated 

a concentration-dependent correlation between recombinant Grx2 and Sirt1 activity 

(Bräutigam et al. 2013). To examine the role of this redox-dependent enzyme in the 

differentiation of primary mouse A2B5-positive progenitors, mRNA analysis was performed 
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after 3 days of differentiation in presence and absence of recombinant Grx2 or the Sirt1 

inhibitor EX257. We examined three different markers for mature oligodendrocytes 

(CNPase, MBP, PLP) on mRNA level. Here, MBP and CNPase mRNA was non-

significantly downregulated in presence of EX257, whereas, as described before, the 

treatment with recombinant Grx2 decreased all three observed differentiation markers 

(CNPase: p= 0.014; MBP: p= 0.09; PLP: p= 0.019) (Fig. 25, n= 4- 6). Co-treatment with 

Grx2 and EX257 did not further increase the effect of Grx2 alone compared to control 

(CNPase: p= 0.045; MBP: p= 0.0018; PLP: p= 0.063).  

Taken together, treatment with EX257 likewise decreased the differentiation of A2B5-

positive progenitors towards mature oligodendrocytes.  

 

 

 

 

Figure 25. Sirt1 alters A2B5 cell differentiation. mRNA analysis after 3 days of differentiation 
revealed a downregulation of CNPase, MBP and PLP in presence of recombinant Grx2 and the 
Sirt1 inhibitor EX257. Of note, in presence of EX257 alone no significant effect was measured for 
the mRNA level of the observed differentiation markers (a, b and c: n= 4- 6). Datasets are 
illustrated as boxplots; non-parametric Kruskal-Wallis h-test (α≤ 0.05). 
 

 

 

3.4.5 Recombinant Grx2 influences the migration capacity of 

primary A2B5-positive progenitors  

The observation of Grx2-dependent alterations in OSC remyelination could also be 

explained by a promotion in cell migration. Therefore, the migration capacity of primary 

mouse A2B5-positive progenitors was examined using a transmigration assay. Notably, 

repulsive compounds like extracellular matrix components or semaphorins are known to 
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be accumulated in MS (Costa et al. 2015). Furthermore, semaphorin3a was demonstrated 

to contribute to remyelination failure (Syed et al. 2011). The treatment of 1 mg/ ml 

semaphorin3a reduced the ability of A2B5-positive progenitors reproducibly to 

approximately 70 % compared to untreated cells (Fig. 26). Further, supplementation of 

recombinant Grx2 in absence or presence of semaphorin3a increased the transmigration 

capacity significantly (p= 0.045 and p= 0.0034).  

 

 

 
Figure 26. A2B5 cell migration capacity is increased by 
recombinant Grx2 treatment. Primary mouse A2B5-positive 
progenitors were plated on filters with a pore size of 8 µm in 
presence or absence of 2 µM recombinant Grx2 with or without 1 mg/ 
ml Semaphorin3a (oligodendrocyte chemotactic retraction) in the 
lower culture chamber (n= 4- 5). Datasets are illustrated as boxplots; 
non-parametric Kruskal-Wallis h-test (α≤ 0.05). 

 
 

 

 
 
 

Summarizing, the observed effect of recombinant Grx2 on antibody-induced remyelination 

in OSCs is characterized by a decrease in the amount of mature oligodendrocytes with a 

hypertrophic un-ramified morphology (3.4.1). These observations could be explained by a 

Grx2-dependent differentiation block of primary A2B5-positive progenitors in the NG2-

positive migratory differentiation state. Furthermore, treatment with recombinant Grx2 

increased the migration capacity of A2B5-positive progenitors along with the ability to 

overcome the repelling effect of semaphorin3a.   
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4. Discussion 

 

The aim of the present study was to gain insights into the role of FeS-coordinating Grxs in 

the process of neuroinflammatory demyelination and their influence on properties of 

oligodendrocyte progenitors, which are important for remyelination. Therefore, the 

expression pattern of Grxs 2, 3 and 5 upon neuroinflammation as well as the impact of 

Grx2 on oligodendrocyte lineage cell survival, differentiation and migration was 

investigated using neuroinflammatory mouse in vivo and in vitro models as well as in 

human MS samples. 

 

 

 4.1 Grxs in neuroinflammatory degeneration and regeneration 

 

Histologically, MS as well as EAE are characterized by focal demyelinated brain lesions 

associated with neuroinflammation, including the infiltration of peripheral immune cells 

and activated microglia and astrocytes. These areas can be grossly distinguished into 

inflammatory active acute and inflammatory inactive chronic lesion areas. Disturbed 

oxidative events, like the increase in reactive species production, contribute to MS lesion 

formation and lesion maintenance (van Horssen et al. 2011). The Trx family of proteins is 

highly involved in oxidative defense as well as redox-dependent signaling (Hanschmann 

et al. 2013). However, there is only one descriptive study in human MS indicating an 

increase in immunoreactivity of members of the Trx family of proteins, namely Prx3 and 

Trx2, in acute lesion areas (Nijland et al. 2014). The present thesis identified a beneficial 

effect of recombinant Grx2 treatment on OPC survival and myelin integrity upon NO 

challenge. Furthermore, I observed an impact on the regeneration capacity of 

oligodendrocyte progenitors in vitro and in OSCs. Investigating the participating cell types, 

we observed a Grx2-dependent block of oligodendrocyte differentiation, increased 

oligodendrocyte progenitor migration as well as increased Grx2 expression in phagocytes 

and reactive astrocytes.  

 

 

4.1.1 Microglia and astrocytes 

Activated microglia and astrocytes are present in all neuroinflammatory CNS pathologies 

including MS and contribute to the progress of de- and regeneration. Our findings reveal a 

so far unknown regulation of Grxs 2, 3 and 5 in MS lesion progression with predominant 
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levels in activated astrocytes and phagocytes located in acute lesion areas (Fig. 6). 

Further immunohistological studies of our group confirmed a co-localization of Grx2 with 

the microglia/macrophage marker Iba1, classical neuroinflammatory phagocytes, in active 

lesions of EAE mice (Conforti 2014). In chronic MS lesions the histological analyses 

further revealed a decreased staining pattern of all observed Grxs (Fig. 6). Notably, 

chronic lesion areas show extensive astrogliosis with increased neuronal and 

oligodendrocyte cell death (Zipp and Aktas 2006). As the staining patterns for all observed 

markers were decreased in these areas, the extensive cell loss could result in an overall 

decreased immunoreactivity. Therefore, the downregulation of Grx2 in the chronic stage 

as well as the upregulation in the inflammatory active acute stage was further verified in 

EAE brain tissue by Western blot and q-RT PCR analysis (Fig. 8). The increased 

expression of Grx2 in inflammatory active lesions is in line with a study reporting the 

upregulation of Grx2 only in the acute phase of the MTPT-induced animal model for the 

neuroinflammatory and neurodegenerative Parkinson’s disease (Karunakaran et al. 2007). 

Similar to the inflammatory reaction in Parkinson’s disease, acute MS lesion areas are 

characterized by a strong neuroinflammatory reaction comprised of microglia activation 

(Hemmer et al. 2002a). Upon inflammatory-mediated activation, both cell types, 

astrocytes and microglia, were reported to upregulate proteins important for the cellular 

oxidative defense including members of the Trx family of proteins like Trxs 1 and 2 as well 

as Prxs (Wang et al. 2007; Nijland et al. 2014; Wang et al. 2016). Recent findings 

illustrating a higher resistance against ROS/RNS displayed by a delayed cell death of 

astrocytes and microglia compared to oligodendrocyte lineage cells and neurons support 

the results of Wang et al. (Oshiro et al. 2000). In line, upon ischemia in mouse 

hippocampus, areas of increased survival rates correlated with increased expression of 

Prx3 and Trx2, while in comparison Prx3 and Trx2 non-expressing areas showed high 

neural cell death (Hwang et al. 2010). Grxs 3 and 5 catalyze the monothiol reaction 

mechanism possibly contributing to antioxidant defense as monothiol Grxs regulate stress 

resistance in yeast (Rodríguez-Manzaneque et al. 1999). In detail, Grx3 was shown to 

deglutathionylate Sir2, the yeast homologue of Sirt1, and thereby increases stress 

resistance (Vall-Llaura et al. 2016). Furthermore, Nrf2, a transcriptional activator of the 

cellular redox defense mechanism, contributes to the ability of astrocytes to increase 

neuronal survival (Jimenez-Blasco et al. 2015). Taking these findings into account, the 

increased expression of Grxs 2, 3 and 5 in activated astrocytes and microglia could be 

part of the previously reported upregulated cellular defense against increased amounts of 

reactive species in neuroinflammatory lesion areas. Therefore, Grxs in activated 

astrocytes could either act via ROS/RNS detoxification (see 4.1) or modification of specific 
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redox events. I suggest to further address the impact of specific redox-dependent protein 

modifications during Grx upregulation in EAE or MS in the future.  

Notably, the activation of both astrocytes and microglia ambivalently contributes to lesion 

progression. The expression of Grx2 in reactive astrocytes present in acute but not in 

chronic lesion areas underlines the possibility of a redox-dependent regulation in the 

manifestation of an activated astroglial phenotype. Research on microglial activation 

revealed specific factors regulating the activation towards either the M1 (IFNγ, TNFα) or 

the M2 (IL-4, IL-13) phenotype. For astrocytes, possible trigger molecules are yet 

unknown. Depending on the microglial M1 or M2 activation stage, the cells can promote 

regeneration through debris clearance and secretion of anti-inflammatory cytokines or 

they can contribute to tissue degeneration by secretion of pro-inflammatory molecules and 

ROS/RNS. A recent study stresses the involvement of redox regulated components in the 

production of NO by activated microglia. In detail, the activity of endothelial NOS (eNOS) 

was found to be inhibited by S-glutathionylation which was reversed by Grx1 in mice 

(Chen et al. 2013; Shang et al. 2016). A possible regulatory mechanism based on S-

glutathionylation is not reported for microglial iNOS yet. Our experiments using LPS 

activated BV2 cells (microglial mouse cell line) show no effect of recombinant Grx2 

treatment (Fig. 16). However, further experiments need to investigate a possible influence 

of Grx1. Unlike Grx2, Grx1 is deactivated by addition of GSNO (Hashemy et al. 2007), 

indicating a controversial regulation of the two mammalian dithiol Grxs upon 

neuroinflammation. During EAE, the expression of Grx2 is decreased in the chronic stage 

of the disease, whereas the Grx1 expression is increased (Lepka et al., submitted). 

Research by Miller et al. indicate a Grx1-dependent activation of microglia leading to 

increased neurodegeneration (Miller et al. 2016), which would correspond to the microglial 

M1 proinflammatory phenotype. However, Miller et al. did not consider the M2 phenotype 

at all and thus, further experiments have to clarify the role of Grxs 1 and 2 in microglia 

activation with a defined distinction between M1 and M2 manifestation.  

Our data underline a redox-dependent component in the mechanism of astrocyte and 

microglia activation. However, based on our data and the present literature, further 

investigations need to evaluate whether the upregulation of redoxins is indeed a regulator/ 

prerequisite for glial activation and activation state decision or only a consequence 

causing higher resistance to pathological ROS/RNS concentrations. 
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4.1.2 Oligodendrocyte lineage cell survival 

It is evident that next to inflammatory stimuli, such as INFγ and TNFα (Horwitz et al. 1997; 

Owens et al. 2001), the generation of NO and ONNO- contributes to demyelination 

promoting MS pathology in a multitude of ways. For instance, NO induces oligodendrocyte 

cell death and inhibits remyelination (Kremer et al. 2011; Miron et al. 2011; Miron et al. 

2013). In line, oligodendrocyte cell death occurs in MS lesions (Ozawa et al. 1994) 

accompanied by increased expression of iNOS and increased generation of NO, detected 

in chronic active MS lesions and the cerebrospinal fluid of MS patients (Bö et al. 1994; 

DeGroot et al. 1997; Hill et al. 2004). Using the EAE mouse model of MS, we and others 

were able to confirm the involvement of NO in EAE pathology by immunohistochemical 

analysis of nitrotyrosine protein modifications inside cerebellar brain lesions (Fig. 11) 

(Ljubisavljevic et al. 2012). A recent publication further supports the contribution of NO to 

demyelination (Desai et al. 2016): Here, LPS injection into the CNS white matter of mice 

led to microglial activation and increased expression of iNOS in early disease phase 

resulting in demyelinated lesion areas (Desai et al. 2016). To investigate the impact of 

Grx2 on previously reported microglia-mediated oligodendrocyte damage (Pang et al. 

2010), I performed viability assays co-culturing LPS activated microglial BV2 cells and 

primary mouse cultures of OPCs. Furthermore, to address the impact of Grx2 on 

demyelination, I established a GSNO- as well as LPS-mediated demyelination model in 

cerebellar OSCs. I could confirmed the major impact of NO in LPS-/GSNO-mediated OPC 

toxicity since CPTIO, a NO scavenger, was able to prevent OSC demyelination and 

GSNO induced cell death of primary mouse A2B5-positive progenitors in a concentration-

dependent manner. Notably, unlike in humans, in mice only microglia express the LPS-

specific toll-like receptor 4 and thus, a direct effect of LPS on oligodendrocytes can be 

excluded (Bsibsi et al. 2002). The effect of LPS and increased levels of NO on neuronal 

cell viability is controversial. Studies in hippocampal OSCs underlined a NMDA-mediated 

neuronal cytotoxicity upon NO treatment, whereas others stressed a high resistance of 

neurons to NO treatment (Dawson et al. 1991; Keynes et al. 2004). In our OSC model, 

neither LPS nor GSNO treatment led to neuronal destruction and morphological changes, 

assessed by histological analysis using the neuronal marker NF-M (Fig. 13). Changes on 

molecular level in neurons were not investigated and require further analysis. However, 

the NO-mediated changes on myelin integrity in OSCs challenged with GSNO as well as 

LPS were profound. These results confirm the vulnerability of oligodendrocytes and their 

progenitors to NO and ONOO- previously reported in vitro and in vivo (Li et al. 2005; Jack 

et al. 2007; Pacher et al. 2007) and stress a beneficial effect of recombinant Grx2 against 

NO-mediated oligodendrocyte toxicity. The mechanism is based on the detoxification of 
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NO preventing nitrosative cell damage. However, NO-mediated alterations in 

oligodendrocyte iron homeostasis are also possible.  

Oligodendrocytes are more robustly stained for iron than any other cell type of the CNS 

(Benkovic and Connor 1993). One reason could be that myelin maintenance requires high 

amounts of iron as essential cofactor in its synthesis (Connor and Menzies 1996). 

However, free iron is detrimental for brain function stressing the importance of functional 

iron homeostasis including chelation and storage in physiological and pathophysiological 

processes. Under neuroinflammatory conditions, NO can mobilize iron from its ferritin-

bound storage and increase ROS generation and cytotoxicity through the Fenton reaction 

(Reif and Simmons 1990). The contribution of iron to neuroinflammatory progression is 

further stressed by the beneficial effect of deferiprone, an iron-chelator, on EAE 

progression (Mitchell et al. 2007). Although iron accumulations increase in the brain upon 

aging, additionally increased iron deposits were reported for numerous chronic diseases 

of the CNS, including Parkinson’s disease, Alzheimer’s disease and MS (Stankiewicz et 

al. 2007; Rouault 2013). Due to the delay between the onset of MS, MS symptoms 

manifestation and the diagnosis, the contribution of dysregulated iron homeostasis in MS 

initiation and early MS stages is unknown. Similar to other studies, we could not observe 

massive iron depositions in mice suffering from EAE, neither in the acute, nor in the 

chronic EAE disease stage (Fig. 9 f) (Schuh et al. 2014). However, this does not exclude 

the involvement of subtle alterations in iron homeostasis. Our findings demonstrate a 

significant breakdown of the activity of iron-dependent enzymes upon EAE disease 

progression (Fig. 9). However, the reason for the decrease in enzymatic activity needs to 

be further analyzed. Global metabolic failure is rather unlikely, as the activity of MDH, an 

iron-independent key enzyme in the citric acid cycle, was not affected at all. A specific 

effect on FeS cluster biosynthesis is also not supported by our data as GPAT, a protein 

that is rapidly degraded upon disassembly of its FeS cluster (Grandoni et al. 1989; Martelli 

et al. 2007), showed no regulation on protein level. Furthermore, whether or not the IRP 

system is affected remains elusive. The breakdown of ACO activity most likely results in 

the disassembly of its FeS cluster resulting in IRP1 protein. However, IRP1 regulated 

proteins showed no significant changes on protein level. Notably, we performed our 

analyses in total cerebellar EAE mouse lysates. As mentioned before, oligodendrocytes 

are robustly stained for iron (Benkovic and Connor 1993). Therefore, we hypothesized 

that the observed changes in enzyme activity and protein expression occur most likely in 

oligodendrocytes. We further estimated the presence of unaffected cell types in the lysate 

to obscure the specific effect on oligodendrocytes. This hypothesis is supported by our in 

vitro experiments. Immunocytochemical analysis revealed a shift in cellular TfR 
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localization in OLN-93 cells upon GSNO treatment which is characteristic for iron 

starvation conditions (Haunhorst et al. 2013). Treatment with recombinant Grx2 repealed 

this effect (Fig. 10). In line, the analysis of two different mouse MS models previously 

revealed a significant upregulation of TfR but not IRP1 and 2 (Sands et al. 2015). Our 

Western blot analyses demonstrated on regulation of TfR in OLN-93 cells treated with NO. 

Furthermore, the TfR was likewise not regulated upon EAE on protein level (Fig. 9). 

Although the determination of TfR expression in EAE mice showed no significant 

alterations, we hypothesize that the major effect of neuroinflammation-mediated 

alterations of TfR expression is on oligodendrocytes and are, as mentioned before, 

obscured by the usage of total cerebellar lysates. The observed downregulation of Grx3 in 

the acute phase of EAE further underlines alterations in iron trafficking (Haunhorst et al. 

2013) and points towards the dysregulation of iron uptake and transport upon 

neuroinflammation. In a cell model of Parkinson's disease an interaction between 

mitochondrial Grx2a, free iron and FeS cluster biosynthesis was already hypothesized 

(Lee et al. 2009). Although our findings point towards a contribution of Grx2 as modulator 

for NO-mediated alterations in oligodendrocyte-dependent iron homeostasis, we 

hypothesise the protective effect to be based on a Grx2-specific detoxification of NO 

rather than on an involvement of Grx2 in iron homeostasis. 

Taken together, Grx2 decreases NO-mediated oligodendrocyte cell death and myelin 

disturbance by either the inhibition of cytotoxic ONOO- generation or the prevention of 

NO-mediated alterations in iron homeostasis. For both mechanisms, the detoxification of 

NO is a prerequisite. 

 

 

  4.1.2.1 Grx2-dependent detoxification of NO   

Peroxynitrite is a highly potent oxidant that interacts with DNA, lipids and proteins. Upon 

neuroinflammation, increased levels of ONOO- result in extensive nitration of protein 

tyrosine residues and mitochondrial dysfunction leading to induction of cell death in 

oligodendrocytes and neurons (Li et al. 2005; Mander and Brown 2005). Peroxynitrite is 

formed by the reaction of NO and O2
•-. Vice versa, the prevention of either NO or O2

•- 

formation inhibits ONOO- generation and cytotoxicity (Mander and Brown 2005). Our 

findings demonstrate a so far unknown Grx2-dependent mechanism for detoxification of 

NO. The mechanism depends on the ability of Grx2 to coordinate an FeS cluster. My 

experiments showed that the NO-mediated disassembly of the FeS cluster results in the 

inhibition of ONOO- formation and prevention of ONOO--mediated cytotoxicity. In this 

regard we showed that the physiological NO donor GSNO leads to protein nitration as well 
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as protein carbonylation in oligodendrocytes subsequently inducing cell death. This was 

demonstrated in primary mouse A2B5-positive progenitors and OLN-93 cells. Here, 

recombinant Grx2 affected both GSNO-mediated protein damage and cell viability of 

cultures treated with GSNO. In contrast, we did not observe any effects of recombinant 

Grx2 in cultures treated with the ONOO- donor SIN1. These findings suggest that the 

protective effect of Grx2 takes place before formation of ONOO-. 

Next, we verified the importance of FeS cluster disassembly for the Grx2-dependent 

detoxification of NO. Like Grxs 3 and 5, Grx2 is able to coordinate FeS clusters. 

Intriguingly, due to the coordination of the cluster via their N-terminal active site cysteine 

(Berndt et al. 2007), Grxs are the only FeS cluster proteins that are enzymatically inactive 

in their holo-form. The FeS cluster of Grxs 3 and 5 is well-known to function in iron 

homeostasis of both eukaryotes as well as prokaryotes. In particular, Grx3 participates in 

iron trafficking (Haunhorst et al. 2013) and Grx5 is involved in the FeS cluster biosynthesis 

(Rodríguez-Manzaneque et al. 2002; Mühlenhoff et al. 2003; Wingert et al. 2005). First 

evidence by Lee et al. in 2009 indicated an involvement of Grx2 in mitochondrial FeS 

cluster biosynthesis. Here, silencing of mitochondrial Grx2a was associated with changes 

in FeS cluster biosynthesis in yeast and mammalian dopaminergic cells (Lee et al. 2009; 

McDonagh et al. 2011). However, whether the FeS cluster or the enzymatic activity of 

Grx2a led to the observed alterations in iron homeostasis was not investigated. Until now, 

only a single further function of the FeS cluster of Grx2 is hypothesized: as redox sensor 

allowing Grx2 to switch between its enzymatically active apo-form (protein lacking its 

cofactor) and enzymatically inactive holo-form (protein conjugated with cofactor) (Lillig et 

al. 2005; Berndt et al. 2007). This function is based on experiments in cell-free systems 

and has not been studied in cell cultures yet. Our findings indicate an additional function 

of the Grx2-coordinated FeS cluster that was verified in both cell-free systems and in vitro 

cultures. NO was previously reported to react with metal centers including FeS clusters 

(Foster and Cowan 1999). In our experimental setup, the treatment with the NO donors 

NOC5 and NOC7 led to the disassembly of the FeS cluster coordinated by Grx2 in a 

concentration- and time-dependent manner, indicating the NO-dependent decrease in 

Grx2 FeS cluster stability. We confirmed the importance of FeS cluster disassembly for 

the detoxification of NO using the Grx2 mutant Grx2S38P. In this mutant, the active site 

motif was exchanged to that of Grx1 (Johansson et al. 2004) retaining its enzymatic 

activity while lacking the ability to coordinate FeS clusters (Berndt et al. 2007). Here, the 

Grx2S38P mutant showed no protective role against GSNO-mediated protein nitration and 

cytotoxicity in oligodendrocytes. Due to the Grx-specific cluster coordination that involves 

two non-covalently bound GSH molecules as non-protein ligands (Berndt et al. 2007), we 
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propose the NO-mediated disassembly to result in two apo Grxs (I) (Hashemy et al. 2007; 

Johansson et al. 2007), the formation of dinitrosyl-diglutathionyl-iron-complexes (DNGICs) 

(II) and most likely H2S (III) (Fitzpatrick and Kim 2015) (Fig. 27). In the following 

paragraphs, all mentioned reaction products are discussed in detail. 

(I) The cytotoxic effect of ONOO- is partly mediated via cytochrome c-/caspase 3-

dependent apoptosis (Shacka et al. 2006). We confirmed that GSNO treatment leads to 

apoptotic events in oligodendrocytes. Furthermore, our immunocytochemical analysis of 

OLN-93 cells revealed a GSNO-mediated accumulation of active caspase 3. Co-treatment 

with recombinant Grx2 inhibited GSNO-mediated apoptosis. Our data are in accordance 

with findings that demonstrate Grx2 to inhibit apoptosis in a variety of cell types including 

cerebellar granule neurons (Daily et al. 2001). In HeLa cells, the enzymatic activity of 

Grx2 prevents apoptosis via the inhibition of cytochrome c release (Lillig et al. 2004; 

Enoksson et al. 2005). Although the treatment with the Grx2S38P mutant showed no 

protective effect against GSNO-mediated protein nitration and cytotoxicity in 

oligodendrocytes, the incorporation of a point mutation could inhibit the reduction of 

protein GSH disulfides (Johansson et al. 2004) and thereby result in a failed substrate 

recognition. It was previously reported that a change in the active site composition 

prevents cluster assembly and results in a 2.3 times higher enzymatic activity compared 

to wild type Grx2 (Berndt et al. 2007). However, the binding efficacy of interaction partners 

could be specifically important for the Grx2-dependent protective function against GSNO-

mediated oligodendrocyte apoptosis and could be inhibited. Therefore, although our data 

underline a minor involvement of the enzymatic activity, its contribution cannot be 

excluded completely. 

 (II) Similar to the enzymatic active Grx2, the formation of DNGICs, DNIC with 

thiolate ligands, decrease the induction of apoptosis (Kim et al., 2000; Giliano et al. 2011). 

However, the underlying mechanism is yet unknown. DNGICs were previously reported to 

beneficially influence diverse pathological conditions like MS (Chazov et al. 2012; Tsai et 

al. 2015). Even though NO reacts with other FeS cluster proteins to form DNICs (Ren et 

al. 2008), their functionality is limited to global NO transport and storage as well as iron 

mobilization (Tsai et al. 2015). To our knowledge, non-protein ligands of FeS clusters are 

only used by Grxs. Their FeS clusters possess two molecules of GSH (Berndt et al. 2007; 

Johansson et al. 2007) and thereby highly support the formation of DNGICs upon FeS 

cluster disassembly. To verify the formation of DNGICs rather than of DNICs upon Grx2 

FeS disassembly, we exploited the DNGIC-specific inhibition of GST activity (Keese et al. 

1997; Cesareo et al. 2005). Here, in HeLa cell extracts and in cell-free systems, the 

enzymatic inhibition of GST upon GSNO treatment was increased in a Grx2-dependent 
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manner (Lepka et al., submitted). Furthermore, GST is known to support the cellular 

export of iron via the MRP1 iron exporter (Lok et al. 2012). MRP1-mediated iron export is 

GSH-dependent (Watts and Richardson 2001) and exports iron in form of DNGICs (Watts 

et al. 2006; Lok et al. 2012). In line, our EPR analysis with GSNO treated OLN-93 cells 

revealed a DNGIC-specific signal at g= 2.03 (Vanin et al. 1998) that is increased upon 

pharmacological inhibition of MRP1. However, in tumor cells the MRP1-mediated efflux of 

iron and GSH induced apoptosis (Lok et al. 2012). Furthermore, the formation of DNGICs 

protects from iron-mediated DNA damage (Lewandowska et al. 2015) and OH· formation 

via the inhibition of the Fenton reaction (Lu and Koppenol 2005). Therefore, it has to be 

clarified whether the formation and export of DNGICs or its contribution as signaling 

molecule participate in the observed effects.  

(III) In addition, the disassembly of holo Grxs results in the release of sulfur. The 

present study did not investigate a possible contribution of the released sulfur to the 

observed effects. However, recent synthetic modeling studies by Fritzpatrick and Kim 

revealed the formation of H2S upon NO-dependent disassembly of FeS cluster proteins 

(Fitzpatrick and Kim 2015). In the last two decades H2S has been described as regulatory 

molecule in a variety of neurodegenerative and neuroinflammatory disorders, such as 

Alzheimer's disease and MS (Whiteman et al. 2004; Whiteman et al. 2005; Gong et al. 

2011; Kida and Ichinose 2015). Increased concentrations of H2S via the donation of NaHS 

inhibit apoptosis in early brain lesions in rats (Kida and Ichinose 2015; Li et al. 2016). In 

our study, the release of H2S upon NO-mediated FeS cluster disassembly may provide an 

additional mechanism to suppress apoptotic cascades. However, similar to NO, H2S is 

highly toxic and its contribution as signaling molecule is barely understood. For example, 

H2S competes with ROS and RNS affecting a multitude of signaling pathways (reviewed 

by (Hancock and Whiteman 2016)). 

Taken together, the Grx-specific FeS cluster provides iron, GSH and sulfur molecules in 

close proximity, favoring the formation of DNGICs and H2S upon detoxification of NO 

along with the release of enzymatic active apo Grx. All three components have the 

potential to be responsible for the Grx2-dependent inhibition of ONOO--mediated 

cytotoxicity in oligodendrocytes. However, further experiments need to clarify their 

contribution to our proposed mechanism. If merely the generation of H2S is essential for 

the inhibition of apoptosis, any FeS cluster coordinating protein could replace the role of 

Grx2 in the observed detoxification mechanism of NO. If the formation of DNGICs is 

needed, GSH as non-protein ligand is essential. Here, the function of Grx2 could be 

replaced by the two other FeS cluster coordinating Grxs 3 and 5 or the [[Fe2S2]
2+(GS-)4]2- 

complex in which GSH molecules alone coordinate an FeS cluster (Qi et al. 2012). The 
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third possibility is the contribution of Grx2's enzymatic function. In this case only Grx2-

coordinated FeS clusters could prevent ONOO--mediated cytotoxicity.  

 

 

 

 

 
Figure 27. Grx2-dependent detoxification of NO protects oligodendrocyte progenitors from 
ONOO--mediated cell death. Upon neuroinflammation, activated microglia secrete toxic amounts 
of NO that lead to oligodendrocyte cell death based on the formation of ONOO-. In the presence of 
holo Grx2, NO is detoxified by the disassembly of the FeS cluster, resulting in the formation of 
DNGICs which are further exported from the cell via the MRP1 transporter. Also and most likely 
H2S is formed. The release of enzymatic active apo Grx2 as well as DNGICs and H2S could in 
parallel contribute to the observed increase in cell viability.   

  
 

 

4.1.3 Oligodendrocyte progenitor migration and differentiation 

Functional remyelination requires, besides the survival of OPCs, their efficient migration 

into demyelinated areas and differentiation into myelin-producing oligodendrocytes. In 

contrast to Schwann cells of the peripheral nervous system that undergo a de-

differentiation program, pre-existing mature oligodendrocytes do not contribute to 

remyelinaiton (Crawford et al. 2016). Hence, the existence of OPCs inside lesion areas is 

essential for proper regeneration, as shown in EAE mice (Crawford et al. 2016). 

Examination of the OPC differentiation state inside lesion areas after lysolecithin-mediated 

demyelination in mice identified OPCs inside lesion areas as NG2-expressing cells 

(Kucharova and Stallcup 2015). Our experiments revealed that upon recombinant Grx2 

treatment the number of NG2-positive cells increased in remyelinated OSCs. This 
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increase is not linked to enhanced proliferation of OPCs but is rather related to a Grx2-

dependent inhibition of OPC differentiation. Thus, the number of mature oligodendrocytes 

that express myelin genes is decreased upon Grx2 treatment in vitro, supporting the 

hypothesis of a Grx2-mediated differentiation block. The process of oligodendrocyte 

differentiation is complex and still under investigation. Redox modifications are able to 

regulate glial differentiation (Smith et al. 2000) and myelin gene expression of mature 

oligodendrocytes (Jana and Pahan 2005). However, these studies only investigated 

changes in the global cellular redox state without the identification of specific redox 

regulatory events. Our findings introduce a so far unexplored Grx2-dependent 

differentiation block of oligodendrocytes. Western blot analyses underline a high basal 

level of Grx2 in primary A2B5-positive progenitors (Fig. 23) and stress the contribution of 

Grx2 in OPC progenitor maintenance and/or differentiation. Notably, we did not observe 

any changes in the level of Grx2 expression during OPC differentiation, underlining the 

involvement of additional regulatory factors. Among other regulatory mechanisms, histone 

deacetylation is a well-established and frequently reviewed initiation process for 

differentiation in general and especially in neural cell fate (Teng et al. 2009; Hu et al. 

2014). Previous results of our group identified the activity of Sirt1, a histone deacetylase, 

to regulate neural stem cell differentiation under oxidative conditions (Prozorovski et al. 

2008). In addition, our findings revealed the activation of Sirt1 via Grx2-dependent 

deglutathionylation in both HeLa cell lysates and zebrafish (Bräutigam et al. 2013). Sirt1 is 

the only histone modifying enzyme so far known to be Grx-regulated and thus, I examined 

its contribution to oligodendrocyte differentiation. In our A2B5 differentiation assay, 

recombinant Grx2 treatment decreased the amount of mature oligodendrocytes. Based on 

these findings I hypothesized that the inhibition of Sirt1 would increase the number of 

differentiated mature oligodendrocytes in this assay. However, the treatment with Ex571, 

a Sirt1 inhibitor, induced the same differentiation block as recombinant Grx2 treatment, 

underlining active Sirt1 as initiator for OPC differentiation. Interestingly, cell fate decisions 

in glial restricted progenitors and neural progenitors differ in their molecular mechanism. 

The current literature on the role of Sirt1 in differentiation is restricted to neural stem cell 

decision. Research by Rafalski and colleagues showed the inactivation of Sirt1 to 

ameliorate remyelination and to delay EAE symptom progression by the increase of OPC 

generation from neural stem cells (Rafalski et al. 2013). However, this study did not detect 

an influence of Sirt1 on OPC differentiation (Rafalski et al. 2013). Sirt1 was further shown 

to promote Wnt signaling (Holloway et al. 2010) whose contribution to OPC differentiation 

is likewise controversial (Guo et al. 2015). Although our findings are in contrast to current 
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publications neglecting an involvement of Sirt1 in OPC differentiation, the complexity of 

the involved signaling pathways stress the need for further investigations.  

As the NG2-positive cell population failed to continue differentiation upon recombinant 

Grx2 treatment, another possible mechanism for the Grx2-dependent differentiation block 

is the modulation of NG2 protein expression or degradation. NG2 cells generate mature 

myelinating oligodendrocytes as well as astrocytes (Rivers et al. 2008; Zhu et al. 2008). 

Moreover, NG2 is essential for cell migration and cytoskeleton interactions (Jamil et al. 

2016; Sakry and Trotter 2016). In particular, guided OPC migration is NG2-dependent 

(Chatterjee et al. 2008). Furthermore, in the adult brain this cell type shows additional 

functions: NG2 cells migrate towards lesion areas and contribute essentially to wound 

closure and healing (Dimou and Götz 2014). Inside lesion areas, the majority remains 

NG2-positive and does not differentiate (Dimou and Götz 2014; Viganò et al. 2016). 

Summerizing, the current literature supports the direct involvement of NG2-expresing cells 

in regeneration and therefore stresses migration rather than differentiation as essential 

feature of this cell type for primary regeneration. Our experiments revealed a Grx2-

dependent increase in the migration capacity of mouse OPCs. In our OSC remyelination 

model the number of NG2 cells increased per demyelinated branch upon Grx2 treatment, 

indicating an enhanced migration capacity towards areas of demyelinated axons (Fig. 22). 

Notably, we previously excluded the influence of recombinant Grx2 on OPC proliferation 

(Volbracht 2012). Regarding oligodendrocyte differentiation, recombinant Grx2 treatment 

decreased the number of MBP expressing cells in vitro. Although, the number was not 

affected ex vivo, we observed a Grx2-dependent alteration in the morphology of MBP 

expressing cells upon remyelination. Grx2-dependent redox signaling is highly established 

in the process of migration. The identification of interaction partners in brain tissue for 

Grx2 revealed a variety of proteins involved in cytoskeletal rearrangement (Schütte et al. 

2013). Next to Trx1, cytosolic Grx2 was confirmed as regulator of CRMP2 affecting the 

migration capacity in HeLa cells (Bräutigam et al. 2011; Gellert et al. 2013). Interestingly, 

not only the structure and function of CRMP2 is known to be regulated via a dithiol-

disulfide switch but also other cytoskeletal components like actin as well as tubulin were 

shown to be redox regulated downstream of the semaphorin3a signaling pathway (Gellert 

et al. 2015) (Fig. 28). Semaphorin3a is highly accumulated in neuroinflammatory MS and 

EAE lesions, inhibiting OPC migration (Costa et al. 2015; Gutiérrez-Franco et al. 2016). 

Further, semaphorin3a contributes to immune cell activation, to neural degeneration and 

failed regeneration (Syed et al. 2011; Eixarch et al. 2013; Gutiérrez-Franco et al. 2016). A 

promising approach for drug development in MS regeneration is to overcome the 

semaphorin3a-dependent repellant effect on OPC migration (Villoslada 2016). Our 
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experiments reveal a semaphorin3a-dependent inhibition of A2B5 cell migration. This 

observation was abolished by recombinant Grx2 treatment. In line, recombinant Grx2 

treatment alone increased the transmigration of A2B5-positive progenitors significantly 

(Fig. 26). Whether or not the previous identification of a CRMP2-Grx2 interaction is the 

basis for our observations has to be further analysed. In line with our findings of GSNO-

mediated protein modification in EAE lesion areas, S-nitrosylation of actin as well as 

tubulin contributes to EAE progression (Smerjac and Bizzozero 2008; Bizzozero and 

Zheng 2009). We identified a Grx2-dependent detoxification mechanism of NO (discussed 

in 4.1) that could prevent NO-dependent S-nitrosylation of cytoskeletal proteins. This 

could likewise increase the oligodendrocyte progenitor migration capacity in vivo. The 

application of a global approach to identify interaction partners of Grx2 in OPCs and 

mature oligodendrocytes could identify new pathways important for both Grx2-dependent 

oligodendrocyte progenitor migration and differentiation. 

Our ex vivo experiments in OSCs supported our in vitro results regarding migration as well 

as differentiation. Here, Grx2-dependent alterations on OPC maturation and remyelination 

were detected but not reflected in the fluorescence based quantification of the MBP 

staining. Although co-localization and quantitative fluorescence studies are commonly 

used for the quantification of remyelination, current research is discussing the reliability of 

this method (Keough et al. 2015). Alternatively, the number of mature oligodendrocytes 

per defined area was taken into consideration for quantification. However, the number of 

internodes per oligodendrocyte is inconsistent underlining the limitation of this method to 

quantify functional remyelination (Keough et al. 2015). In our experiments the overall cell 

number of MBP-positive mature oligodendrocytes was neither changed by the treatment 

of recombinant Grx2 nor was the fluorescence intensity of the MBP signal. However, we 

faced clear differences in cell morphology of MBP expressing cells and considered the 

existence of mature oligodendrocytes that do not contribute to functional remyelination. 

This fact though is not included in the mentioned quantification methods. Our experiments 

highlight that the maturation alone is insufficient to ensure remyelination. Untreated 

control slices revealed the presence of mature non-myelinating oligodendrocytes, 

underlining the essential impact of the defined time- and place-dependent initiation of 

OPC differentiation. Hence, the induction of OPC maturation without an axon in close 

proximity would not lead to remyelination. In our experimental setup, the existence of 

mature, non-myelinating oligodendrocytes therefore distort and prohibit fluorescence 

based quantification of remyelination. Counting the number and length of internodes is 

another commonly used method to quantify remyelination which considers the existence 

of mature oligodendrocytes not contributing to remyelination. In future evaluations of our 
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experiments we will consider the quantification of connection points between NG2-positive 

cells and axons (quantifying migration capacity) as well as the number and length of the 

nodes of Ranvier co-localized to axonal structures using additional caspr staining for 

functional paranodes (quantifying functional remyelination).  

Taken together, Grx2 regulates the migration capacity of various cell types including 

OPCs. The underlying mechanism most likely suppresses the differentiation of OPCs in 

the state of NG2 expression. Later differentiation stages discard migratory capacity along 

with the termination of NG2 expression (Nishiyama et al. 2009; Kukley et al. 2010). 

Therefore, Grx2 could simultaneously increase migration capacity while preventing 

differentiation of OPCs, resulting in an increased regeneration capacity upon different 

neuroinflammatory pathological situations like CNS wound healing after stroke or trauma.  

 

 

 

 

Figure 28. Redox-dependent modifications in cytoskeletal components downstream of 
semaphorin3a signaling. Semaphorin3a binding to its specific receptor leads through MICAL1/2 
and/or cofilin to actin de-polymerization. Through CRMP2, Semaphorin3a induces growth cone 
collapse and axon repulsion. The Grx2-dependent reduction leads to conformational changes of 
the homo-tetramer, causing the polymerization of actin and tubulin. Absence of Sema3a leads to 
axonal outgrowth and further enables migration (Gellert et al., 2015). 
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4.2 Perspectives for therapeutic applications 

 

Grx2 is an FeS cluster coordinating oxidoreductase affecting neuroinflammatory 

degeneration and oligodendrocyte progenitor migration and differentiation - two major 

processes for functional remyelination. This study underlines distinct roles of Grx2 for both 

features: NO-detoxification and inhibition of ONOO--formation via FeS cluster disassembly 

as well as increased migration capacity via its enzymatic activity. These data stress a 

possible application of Grx2 as therapeutic compound against neuroinflammatory 

diseases characterized by increased NO production, including Parkinson’s disease and 

MS. Previous therapeutic MS research already focused on the detoxification of reactive 

species. For example, the administration of NOX-100, a NO scavenger, beneficially 

affected EAE disease progression (Jolivalt et al. 2003). However, these results were not 

translated to human disease models yet underlining the challenge of a successful 

translation from animal models to humans (Mix et al. 2010). Neglected side effects of 

ROS/RNS scavenger donation are unexplored but meight interfere with essential redox-

dependent signaling pathways (Lepka et al. 2016). Therefore, possible side effects of 

Grx2 have to be investigated. Grx2 is a specific redox-active enzyme involved in a variety 

of cellular processes. Our findings displayed its contribution to NO-mediated changes in 

iron homeostasis and DNGICs synthesis in oligodendrocytes. However, this effect could 

simultaneously affect other cell types. Previous characterization of a variety of interaction 

partners underlined its contribution to pathways important for cell migration, survival and 

differentiation that are not restricted to one cell type (Hurd et al. 2012; Berndt et al. 2014; 

Gellert et al. 2015). Furthermore, efforts to translate antioxidant treatment from animal 

model to human beings show little success in preclinical MS studies (Carvalho et al. 2016; 

Lepka et al. 2016). Donation of, for instance, low molecular weight antioxidants (Hansen 

et al. 1995) showed beneficial effects in the MS animal models, whereas, a beneficial 

contribution was not reported in preclinical studies. One possible reason could be an 

inappropriate application method. Upon peripheral donation, a successful therapeutic 

agent for CNS diseases, has to cross the BBB in sufficient amounts (Carvalho et al. 

2016). Although recombinant human Trx1, showing structural similarities to Grx2, crosses 

the BBB (Hattori et al. 2004), it is unknown whether or not Grx2 is able to pass the BBB. 

In addition, the cellular uptake of Grx2 is entirely unexplored. However, my results point 

towards a cellular uptake of externally added recombinant Grx2. Likewise to exogen Grx2 

treatment, Grx2c overexpression in HeLa cells as well as Grx2-specific siRNA silencing in 

primary A2B5-positive progenitors modulated cellular NO resistance supporting an 

endogenous existence of the introduced mechanism. Finally, the systemic distribution of 
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exogen Grx needs to be further investigated in vivo. In acute MS lesion areas, Grxs were 

only expressed by reactive astrocytes and activated microglia. Whether or not the Grxs 

are secreted and therefore affect surrounding cells is unknown and has to be further 

investigated. Finally, the translation of recombinant Grx2 treatment into the EAE mouse 

model will help to clarify the impact of Grx2 as therapeutic agent in neuroinflammatory 

disorders like MS. 

 

 

4.3 Summary 

 

Increased production of NO and concomitant nitrosative damage to oligodendrocytes and 

their progenitors is an early event during neuroinflammatory diseases. Therefore, the 

detoxification of NO represents a promissing tool to prevent cellular damage and 

neuroinflammatory demyelination. This study characterizes for the first time the beneficial 

role of Grx2 in the detoxification of NO. Furthermore, it is the first description of a 

beneficial effect of iron-sulfur cluster disassembly. Moreover, within this thesis, I identified 

a new potential function of iron-sulfur cluster coordinating Grxs during neuroinflammation; 

especially of Grx2 in oligodendrocyte progenitor functions important for regeneration. In 

detail, my thesis revealed the following results: 

(I) The expression of Grxs 2, 3 and 5 as well as the activity of various iron-

dependent enzymes was regulated upon neuroinflammation illustrated by human MS and 

mouse EAE disease progression. Immunohistochemical analysis of MS lesion areas 

revealed the presence of Grxs 2, 3 and 5 in activated astrocytes and microglia only in 

acute lesion areas. In line, Grx2 was upregulated in the inflammatory active acute EAE 

phase and down-regulated in the chronic disease phase. Whereas overall protein levels 

were not affected upon EAE, the enzymatic activity of iron-dependent enzymes 

decreased.  

(II) Grx2 promotes oligodendrocyte viability and myelin integrity upon NO treatment 

via a newly identified detoxification mechanism. Our results demonstrate an iron-sulfur 

cluster-dependent detoxification of NO, preventing cytotoxic ONOO- formation. This 

mechanism results in the formation of apo Grx, DNGICs and most likely H2S. All products 

were previously reported to inhibit the induction of apoptosis. Furthermore, Grx2 

attenuated the NO-mediated pathological alteration of the transferrin receptor localization 

in oligodendrocytes. The systemic relevance was further verified in mouse ex vivo and in 

vitro approaches. 
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(III) Grx2 increases OPC migration capacity and decreases their differentiation 

capacity. OPC transmigration was significantly promoted even in presence of 

semaphorin3a, a repellent guidance molecule accumulating in neuroinflammatory lesion 

areas. Oligodendrocyte differentiation capacity was blocked in the state of NG2-

expressing cells. NG2 cells were reported to actively migrate towards lesion areas and to 

contribute significantly to their regeneration, previously shown for wound closure and 

healing.  

These findings indicate a promissing benefit of Grx2 as feasible therapeutic agent for both 

a decrease in neuroinflammatory degeneration and an increase in regeneration.  

 

 

 

 
 
Figure 29. Confirmed contributions of Grx2 to acute and chronic neuroinflammatory lesion 
area progression. Grx2 revealed an increased expression in the acute EAE phase and a 
decreased expression in the chronic phase indicating a function in both the de- and remyelination. 
Grx2 inhibited peroxynitrite generation and was able to prevent NO-mediated alterations in iron 
homeostasis resulting in myelin maintainance. Furthermore, Grx2 promoted oligodendrocyte 
progenitor prerequisites for regeneration including survival, migration and differentiation. 
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Figure 19. FeS cluster coordination, not enzymatic activity is required for Grx2-dependent 

detoxification of NO. 

Figure 20. NO disassembles the FeS cluster of Grx2 leading to the formation of dinitrosyl-

iron-complexes. 
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6.3 Abbreviations 

 

ACO Aconitase 

ATP Adenosine triphosphate 

BBB Blood brain barrier  

BSA Bovine serum albumin 

CNPase 2',3'-cyclic nucleotide 3'-phosphodiesterase 

CNS Central nervous system 

COX Cyclooxygenase 

CPTIO Carboxyl-PTIO potasium salt 

CRMP2 Collapsin response mediator protein 2 

CSF Cerebrospinal fluid 

DMF Dimethylformamid 

DMSO Dimethylsulfoxid 

DNA  Deoxyribonucleic acid 

DNIC Dinitrosyl iron complexes 

DNGIC Glutathionyl dinitrosyl-iron-complexes 

DTT Dithiothreitol 

EAE Experimental autoimmune encephalomyelitis 

EPR Electron Paramagnetic resonance  

FCS Fetal Bovine Serum 

FGF Fibroblast growth factor 

GAPDH Glycerinaldehyd-3-phosphat-dehydrogenase 

GFAP Glial Fibrillary acidic protein 

GR Glutathione reductase 

Glx Glutamax 

Grx Glutaredoxin 

GPAT Glycerol-3-phosphate acyltransferase 

GSH Glutathion 

GSNO S-Nitrosoglutathione 

GSSG Glutathione disulfide 

H2O2 Hydrogen peroxide 

HBSS Hank's Balanced Salt Solution 

Iba1 Ionized calcium-binding adapter molecule 1 

IFN Interferone 
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IL-4 Interleukin-4 

IRP Iron regulatory protein 

LDH Lactat-Dehydrogenase 

LIF Leukemia inhibitory factor 

LINGO-1 
Leucine rich repeat and immunoglobulin-like domain-containing 

protein 1 

LPS Lipopolysaccharide 

MBP Myelin basic protein 

MDH Malate-Dehydrogenase 

MEM Minimum Essential Media 

min minute 

MOG Myelin oligodendrocyte glycoprotein 

MRP1 Multidrug resistance-associated protein 1 

MS Multiple sclerosis 

NADPH Nicotinamide adenine dinucleotide phosphate 

NAWM Normal Appearing white matter 

NG2 Neural/glial antigen 2 

NGS Normal Goat Serum 

NF-M Neurofilament M 

NO Nitric oxide 

NOS Nitric oxide synthase 

Nrf2 Nuclear Factor-E2-related factor 2 

O2 Superoxide 

OH· Hydroxyl radicals 

ONOO- Peroxinitrate 

OPC oligodendrocyte progenitor 

OSC Organotypic slice cultures 

PBS Phosphate Buffered Saline 

PDGFα Platelet-derived growth factor α  

PFA Paraformaldehyde 

PLP Proteolipid protein 

Prx Peroxiredoxin 

PTX Pertussis toxin 

q RT-PCR quantitative Real Time Polymerase Chain Reaction  

RNA Ribonucleic acid 
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RNR Ribonucleotide reductase 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

SDH Succinat-Dehydrogenase 

SOD Superoxide dismutase 

TfR Transferrin receptor 

Trx Thioredoxin 

TrxR Thioredoxin Reductase 
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Main points 

 Unique FeS protein Grx2 inhibits damage of myelin and oligodendrocyte 

progenitor cells induced by NO 

 FeS disassembly allows formation of dinitrosyl-diglutathionyl-iron-complexes and 

prevents ONOO- formation and subsequent oxidative damage 
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Abstract 

Demyelinated brain lesions, a hallmark of autoimmune neuroinflammatory diseases like 

multiple sclerosis, result from oligodendroglial cell damage. Activated microglia are 

considered a major source of nitric oxide and subsequent peroxynitrite-mediated damage 

of myelin. Here, we provide biochemical and biophysical evidence that the oxidoreductase 

glutaredoxin 2 inhibits peroxynitrite formation by transforming nitric oxide into dinitrosyl-

diglutathionyl-iron-complexes. Glutaredoxin 2 levels influence both survival rates of 

primary oligodendrocyte progenitor cells and preservation of myelin structure in cerebellar 

organotypic slice cultures challenged with activated microglia or nitric oxide donors. Of 

note, glutaredoxin 2-mediated protection is not linked to its enzymatic activity as 

oxidoreductase, but to the disassembly of its uniquely coordinated iron-sulfur cluster using 

glutathione as non-protein ligand. The protective effect of glutaredoxin 2 is connected to 

decreased protein carbonylation and nitration. In line, brain lesions of mice suffering from 

experimental autoimmune encephalomyelitis, an animal model of multiple sclerosis, show 

decreased glutaredoxin 2 expression and increased nitrotyrosine formation indicating that 

this type of protection is missing in the inflamed central nervous system. Our findings link 

inorganic biochemistry to neuroinflammation and identify glutaredoxin 2 as a protective 

factor against neuroinflammation-mediated myelin damage. Thus, improved availability of 

glutathione-coordinated iron-sulfur clusters emerges as a potential therapeutic approach 

in inflammatory demyelination.  

 

 

 

Introduction 

Multiple sclerosis (MS) is the major, non-traumatic cause of neurological disability in 

young adults in Western countries and is characterized by a persistent, inflammatory 

process in the central nervous system (CNS) (Compston & Coles, 2002). According to 

current paradigms, MS is considered an autoimmune disease that is mediated by myelin-

reactive lymphocytes invading the CNS (Hohlfeld & Wekerle, 2004). This leads to 

immune-mediated demyelination (Ip et al., 2006), axonal degeneration and neuronal loss 

(Lassmann, Brück, & Lucchinetti, 2007). The presence of activated microglia and their 

secretion of the nitric oxide radical (•NO) is a characteristic feature of MS lesions and 

contributes to chronic neuroinflammation (Trapp, 2004; Zipp & Aktas, 2006). Of note, 

oligodendrocytes as well as oligodendroglial precursor cells (OPCs) are highly susceptible 

to reactive nitrogen species (RNS)-induced cell death leading to damage of myelinating 
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oligodendrocytes and subsequent myelin loss, especially via the formation of peroxynitrite 

(Jack, Antel, Brück, & Kuhlmann, 2007; Li, Baud, Vartanian, Volpe, & Rosenberg, 2005). 

Peroxynitrite (ONOO-) is the product of •NO and the superoxide radical (O2
•-) and leads to 

oxidative damage of proteins via tyrosine nitration and cysteine oxidation (Radi, 2013). 

Consistent with the traditional perspective, “oxidative stress” and increased formation of 

reactive oxygen species (ROS) and RNS are linked to many pathological conditions (Sies, 

2015) as described above for MS, including myelin damage (O'Sullivan, Velasco-Estevez, 

& Dev, 2017). However, the “oxidative stress” paradigm evolved from the concept of a 

general disruption in the balance of oxidants and antioxidants towards specific enzymatic 

redox events (Berndt, Lillig, & Flohé, 2014). Oxidative thiol modifications are the main 

targets for these redox events. Research in recent years has established that certain ROS 

and RNS at physiological concentrations are not generally detrimental but can actually 

regulate a variety of processes at cellular and organismal levels, e.g. embryonic 

development (Bräutigam et al., 2013; Bräutigam et al., 2011). As a prominent example, 

the identification of NO as a signaling molecule resulted in the Nobel Prize in 1998. 

Reduction of oxidized cysteine residues is facilitated by oxidoreductases of the thioredoxin 

family (Hanschmann, Godoy, Berndt, Hudemann, & Lillig, 2013). First identified as 

electron donors of ribonucleotide reductase, thioredoxins (Trxs) and glutaredoxins (Grxs) 

are now recognized as general thiol oxidoreductases (Hanschmann et al., 2013). 

Mammalian Grx2 exists in isoforms that are located in both the mitochondria (Grx2a) and 

cytosol (Grx2c) (Hudemann et al., 2009; Lönn et al., 2008), and human Grx2 was the first 

discovered example of an FeS cluster coordinating Grx (Lillig et al., 2005). The cofactor is 

coordinated between two monomers using the N-terminal active site cysteines and two 

non-covalently bound glutathione (GSH) molecules as ligands (Berndt et al., 2007). The 

existence of this enzymatically inactive holo-complex was confirmed through 

crystallization studies (Johansson, Kavanagh, Gileadi, & Oppermann, 2007). In cells, 

holo-Grx2 is the dominant form as confirmed by determination of bound radioactive 55Fe 

after immunoprecipitation and a fluorescence resonance energy transfer (FRET)-based 

method (Hoff et al., 2009; Lillig et al., 2005).  

Here, we describe that Grx2 detoxifies •NO in mature oligodendrocytes and OPCs via the 

formation of dinitrosyl-iron-complexes, inhibiting the formation of harmful peroxynitrite and 

reducing subsequent oligodendroglial damage. 
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Materials and Methods 

GSNO was prepared as previously reported by the reaction of acidified sodium nitrite and 

glutathione (Hart, 1985). NOC-5 and NOC-7 were purchased from Enzo Life Science; 

SIN-1 and CPTIO from Cayman Chemicals; Accell Grx2-si-RNA and non-targeting Accell 

siRNA with or without Dy-547 labeling from Thermo Fisher; LPS, DTT, 1-chloro-2,4-

dinitrobenzene (CDNB), and MK-571 from Sigma-Aldrich. Primary antibodies were from 

Merck Millipore (mouse anti-NF-M, rat anti-MBP, mouse anti-nitrotyrosine, rabbit anti-

acetylated histone 3, rabbit anti-Olig2), Chemicon (mouse anti-A2B5, mouse anti-BrdU), 

Wako Chemicals (rabbit anti-Iba1), Sigma-Aldrich (mouse anti-β-actin), Enzo Life Science 

(rat anti-MRP1), and Cell Signaling Technology (rabbit anti-active caspase 3). Anti-Grx2 is 

a selfmade antibody (Godoy et al., 2011). Secondary antibodies for Western blots were 

from Li-COR (IRDye) and secondary antibodies conjugated to Cy2, Cy3, or Cy5 for 

immunofluorescence as well as Hoechst were purchased from Invitrogen.  

Recombinant protein expression and purification 

Human and mouse Grx2 and the mutants mGrx2C37S and mGrx2S38P were 

recombinantly expressed in the BL21-CodonPlus-(DE3)-RIL E. coli strain (Stratagene) 

with N-terminal histidine tags (pet15b, Novagen) and purified on HiTrap chelating columns 

(GE Healthcare) as described before (Lillig et al., 2005). After dialysis to remove imidazole 

and removal of endotoxins (Pierce high capacity endotoxin removal spin columns, Thermo 

Scientific), purity of proteins was analyzed by SDS-PAGE (Bio-Rad). GST from 

Schistosoma japonicum was expressed and purified using vector pGEX-3X and GST-

sepharose (GE Healthcare). 

Glutathione S-transferase assay  

GST activity was measured as described previously (Habig, Pabst, & Jakoby, 1974) in a 

microplate reader (Molecular Devices) at 20ºC using either HeLa cell extracts (20-60 µg) 

or recombinant Schistosoma japonicum GST (75 or 150 ng). Activity was determined 

using the increase in absorbance at 340 nm following GST-mediated conjugation of 

glutathione to 1-chloro-2,4-dinitrobenzene (CDNB).  

Cerebellar organotypic slice cultures 

Cerebellar organotypic slice cultures were obtained from postnatal day 10 C57BL/6 mice 

by modifying a previously used method (Stoppini, Buchs, & Muller, 1991). Briefly, 

cerebellum with attached hindbrain was dissected and cut into 350 µm sagittal sections 
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using a Mcllwain tissue chopper (Gala Instruments). Slices were dissociated in dissecting 

medium containing 1 mM kynurenic acid (Sigma Aldrich), penicillin/streptomycin (100 

U/ml, Invitrogen) and Glutamax (Gibco) in Hanks´ balanced salt solution (HBSS, 

Invitrogen), washed for 15 min in 1:1 HBSS:minimal essential media (MEM) containing 25 

mM HEPES buffer and plated on Millipore-Millicel-CM culture inserts. Culture medium was 

MEM containing 25% heat inactivated horse serum (Gibco), 25% HBSS, 5 mg/ml glucose, 

Glutamax, and penicillin/streptomycin (100 U/ml). After 7 days in vitro (5% CO2 and 33°C) 

slices were incubated with 2 µM Grx2 for 2 h prior and 4 h after treatment initiation. 

Treatment comprised either 750 µM GSNO or 10 µg/ml LPS for 24 h. Morphological 

analysis was performed by immunofluorescence.  

Cell cultures 

Oligodendroglial precursor cell (OPC) enriched cultures were derived from postnatal day 1 

C57BL/6 mice using the Neuronal Tissue Dissociation Kit for total brain single cell 

suspension (Miltenyi Biotec) and anti-A2B5 MicroBeads (Miltenyi Biotec) obeying 

manufacturer´s recommendation. Sorted cells were plated at 50,000 cells/cm2 on poly-L-

ornithine (Sigma Aldrich) coated petri-dishes and purity (94 ± 1% A2B5 cells) was 

determined by immunofluorescence (Fig. S1). A2B5 cells were cultivated in DMEM/F12 

(Gibco) complemented with Glutamax, penicillin/streptomycin (100 U/ml), B27 supplement 

(Gibco), FGF (20 ng/ml, Immunotools) and PDGFa (20 ng/ml, Immunotools). OLN93 (rat 

oligodendroglial cell line), BV2 (mouse microglia cell line), and HeLa cells (human 

epitheloid cervix cancer cell line) were cultivated in DMEM (Gibco) containing 10% heat 

inactivated fetal bovine serum (Invitrogen) and penicillin/streptomycin (100 U/ml). Cells 

were treated with H2O2 (30 min in HBSS), •NO (GSNO: 24 h in medium, NOCs: 20 min in 

medium) or peroxynitrite donors (SIN-1: 2 h in PBS) or co-cultured without direct cell 

contact in a transwell system (Thin Certs, Greiner) for 24 h with BV2 cells in presence of 

LPS (1 µg/ml). 

Survival assay 

A2B5 cells were plated at 25,000 cells/cm2, OLN93 and HeLa cells at 15,000 cells/cm2 in 

either 96 or 24 well plates (co-cultures). The viability of cultured cells was determined 

either by the cell titer blue assay (Promega) or the XTT assay (Roche). Absorbance was 

measured in a microplate reader (Tecan, Molecular Devices).  
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Nitric oxide and peroxynitrite measurement 

Measurement of nitric oxide was performed with the Griess Reagent from Molecular 

Probes according to manufacturer´s protocol using a microplate reader (Tecan, Molecular 

Devices, absorbance at 540 nm). Measurement of peroxynitrite was based on the reaction 

of fluorescein-boronate to fluorescein in the presence of peroxynitrite (Rios et al., 2016). 

The probe was synthesized and solved in DMSO and further diluted and measured in 

PBS at a final concentration of 50 µM. Cells were pre-incubated with 2 µM recombinant 

Grx2 for 2 h. After washing with PBS, the peroxynitrite concentration was measured in the 

living cells in a microplate reader (Tecan, Molecular Devices, absorbance at 492 nm and 

emission at 515 nm) directly after the addition of fluorescein-boronate and 1 mM GSNO, 

100 µM H2O2 or 1 mM SIN-1 in the presence or absence of 50 µM CPTIO.  

Immunofluorescence 

Following GSNO or LPS treatment as well as treatment with 10 µM BrdU for 2 h ± 

incubation with 2 µM Grx2 for 24 h to follow proliferation, slice cultures and single cells 

were fixed at RT with 4% PFA for 30 or 10 min, respectively, washed twice with PBS and 

blocked in 5% horse or goat serum and 0.5% Triton-X-100 in PBS for 2 h at RT. Samples 

were incubated over night at 4°C with primary antibodies in staining solution (1:1 

PBS:blocking solution). After three washing steps, samples were incubated with 

secondary antibodies for 1 h at RT. Cell nuclei were visualized using Hoechst. Pictures 

were taken by confocal microscopy (Zeiss LSM510) or fluorescence microscopy (Olympus 

BX51). Disturbed myelin structures in slice cultures were quantified counting the total 

amount and the amount of damaged cerebellar white matter tracts.  

Western Blot analysis 

Protein concentrations of cell lysates were quantified using the BCA assay (Interchim), 

separated on SDS-PAGE (mini-PROTEAN TGX precast gels, Bio-Rad) and blotted onto 

nitrocellulose membranes (Bio-Rad). After blocking in 2.5% milk powder or 5% BSA in 

PBS-Tween for 2 h at RT, membranes were incubated with primary antibodies overnight 

at 4°C followed by IRDye-coupled secondary antibodies (LI-COR) for 1 h at RT. Intensity 

quantification was normalized to β-actin. Protein carbonyls were determined using the 

Protein Oxidation Detection Kit (Chemicon). 
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Quantitative real time PCR 

RNA isolation was performed using TRIzol solution according to manufacture instructions 

(Invitrogen). For cDNA synthesis TaqMan reverse transcription reagent (Applied 

Biosystems) and for qRTPCR Power SYBRGreen fluorescent dye or TaqMan probe 

(Applied Biosystems) were used. Glyceraldehyde3-phosphate dehydrogenase (GAPDH) 

was measured as housekeeping gene.  Relative gene expression ratio was calculated 

based on the 2-deltaCt method. Measurements were performed in duplicates. Negative 

control for identification of MRP1 transcription was water. 

Spectroscopy 

UV-visible spectra were recorded with a Shimadzu UV-2100 spectrophotometer. 

Decrease in absorbance at 480 nm was followed using the same UV-VIS 

spectrophotometer or a microplate reader (Tecan). Mössbauer spectra were recorded with 

a spectrometer of the alternating constant acceleration type. The minimum experimental 

line width was 0.24 mm x s-1 (full width at half height). The sample temperature was 

maintained constant either in an Oxford Instruments Variox or an Oxford Instruments 

Mössbauer Spectromag cryostat. X-band EPR spectra were recorded with a Bruker 

Elexsys E500 spectrometer equipped with a helium flow cryostat (Oxford Instruments 

ESR 910), an NMR gaussmeter, and a Hewlett-Packard frequency counter. 

Experimental autoimmune encephalomyelitis 

Experimental autoimmune encephalomyelitis (EAE) induction was performed as described 

previously, e.g. (Schneider et al., 2016). Briefly, for actively-induced EAE, C57BL/6 female 

mice were immunized with 200 µg of myelin oligodendrocyte glycoprotein (MOG35–55) 

peptide in Complete Freund´s Adjuvant (CFA) with additionally supplemented heat-

inactivated 800 µg M. tuberculosis H37RA (Difco) followed by pertussis toxin (PTX, Sigma 

Aldrich) injections (200 ng on the days 0 and 2). For adoptive transfer (or passively-

induced) EAE, spleen and lymph node cells were isolated form SJL/J mice treated similar 

as for active EAE, i.e. upon immunization with proteolipid protein (PLP) peptide PLP139-151 

(but without PTX). After re-stimulation with PLP139-151 cells were harvested and injected i.p. 

into naïve female SJL/J mice. Disease severity was scored from 0 to 5 (0: no clinical 

signs, 1: tail plegia, 2: abnormal gait, 3: hind limb paralysis, 4: complete paralysis, 5: 

death or euthanasia) (Huehnchen et al., 2011). Animals investigated in this study had a 

clinical score of at least 3 during the acute phase, thus displayed established disease. All 
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animal experiments were approved by the local animal welfare committee (G363/09 and 

G197/09). 

Data analysis and availability 

Optical densities were measured using ImageJ (www.imagej.nih.gov). Regression was 

calculated using Grace (www.plasma-gate.weizmann.ac.il). Values are presented as 

mean ± SEM (when n  3). Statistical significance was calculated using GraphPad Prism 

5 (GraphPad Software) when n  4 using Student´s t-test or - for more than two treated 

groups - ANOVA (with Bonferroni post-test) (*: p<0.05; **: p<0.005; ***: p<0.001). All 

requested data are available via the corresponding authors. 

 

 

Results 

Decreased Grx2 expression in EAE lesions 

•NO levels are enhanced within MS lesions upon increased iNOS expression in 

microglia/macrophages leading to subsequent secretion of •NO (Jack et al., 2007). The 

death of mature and differentiating oligodendrocytes, which are particularly sensitive to 
•NO induced damage, critically contributes to persisting damage in neuroinflammatory 

diseases like MS. EAE as an inflammatory model of MS is characterized by macrophage 

infiltration and activated microglia, which contribute to the pathogenesis (Prinz, Priller, 

Sisodia, & Ransohoff, 2011). As shown in Fig. 1A, increased nitrotyrosine staining was 

observed in areas with activated microglia and macrophage infiltration in the chronic stage 

of this animal model. At the same stage, transcription of GLRX2a and GLRX2c is 

diminished in the brain after induction of adoptive transfer (Fig. 1B; GLRX2a: 62 ± 8%, 

GLRX2c: 27 ± 9%, all values mean ± SEM) and actively induced EAE (Fig. 1C; GLRX2a: 

80 ± 6%, GLRX2c: 72 ± 9%) compared to brains of control mice but not the transcription 

of GLRX1 (adoptive EAE: 94 ± 19%, active EAE: 132 ± 29%). In line, the protein level of 

Grx2 is decreased to 54 ± 15% (Fig. 1D). Therefore, we investigated next whether Grx2 

has a protective effect against myelin damage under these inflammatory conditions.  

Grx2 preserves the myelin structure 

We prepared cerebellar organotypic slice cultures, modulated intracellular Grx2 levels, 

and exposed them to the physiological •NO-donor nitroso-glutathione (GSNO). We took 
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advantage of the cellular uptake of recombinant Grx2 to enhance the intracellular levels of 

this protein (treatment with 2 µM Grx2 resulted in an increase to 690 ± 30% of intracellular 

Grx2, Fig. S2A and C). Compared to the untreated control slices, GSNO treatment 

resulted in substantial damage of white matter tracts (increase from 29 ± 5% to 63 ± 4%), 

whereas the myelin structure was preserved in the presence of Grx2 (38 ± 3% damaged 

white matter tracts, Fig. 2A). During neuroinflammation, activated microglia are 

considered a major source of •NO. We stimulated •NO release by local microglia via 

exposing the slice cultures to the toll-like receptor 4 agonist lipopolysaccharide (LPS), an 

experimental approach to investigate myelin integrity in MS (Desai et al., 2016). 

Treatment with LPS increased the amount of damaged myelin structures (63 ± 3% 

compared to 40 ± 3% in untreated cultures), while Grx2 conferred again protection of the 

white matter tracts, similar to control conditions (43 ± 4% damaged white matter tracts) 

(Fig. 2A). The importance of •NO formation for myelin damage in our experimental set-up 

was demonstrated by the concentration-dependent protection of white matter tracts 

following the treatment of tissue slices with the •NO scavenger CPTIO (Fig. 2B). Of note, 

in contrast to myelin structures, neuroaxonal structures showed no structural damage 

upon LPS challenge (Fig. 2C). 

Grx2 protects OPCs 

The accumulation of •NO within lesions does not only damage the myelin structure, but 

moreover inhibits remyelination of axons by induction of cell death of OPCs (Pang et al., 

2010). Therefore, we investigated the ability of Grx2 to protect OPCs. Again, we treated 

cerebellar slice cultures with or without Grx2 and LPS. Then, we counted the number of 

A2B5 positive cells (glial precursor cells). Indeed, the number of A2B5 positive cells in the 

area of white matter tracts was strongly reduced under •NO-releasing conditions (33 ± 4 

compared to 52 ± 5 in control slices), whereas additional treatment with Grx2 abolished 

this effect (67 ± 7 A2B5 cells/white matter tract, Fig. 2D). We further investigated this 

effect in primary A2B5 cells that were isolated from mouse brains. The uptake of 

recombinant Grx2 in these cells was confirmed by immunocytochemistry (Fig. S2B) and 

Western blot analyses that revealed an increase to 132 ± 12% after 2 h and 143 ± 8% 

after 24 h treatment (Fig. S2D). Upon GSNO treatment, transcription and expression of 

endogenous Grx2 was not affected in A2B5 cells (mRNA levels of treated compared to 

untreated cells: GLRX2a: 101 ± 2%, GLRX2c: 114 ± 12%, Fig. S3A) and in 

oligodendroglial cell line OLN93 (protein level of treated compared to untreated cells: 95 ± 

10%, Fig. S3B). To mimic the experimental set-up of the organotypic slice cultures, A2B5 

positive cells were treated with GSNO or co-cultured with LPS-activated BV2 cells, a 
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microglial cell line, without direct cell-to-cell contact. As observed in slice cultures, the 

increased levels of Grx2 led to an enhanced survival rate of A2B5 positive cells compared 

to •NO-treated cells without Grx2 (Fig. 2E and F). OPCs that were incubated with Grx2 in 

addition to treatment with 250 µM GSNO had an increased survival rate of 234 ± 32% 

(Fig. 2F). In presence of LPS-activated BV2 cells, the increased levels of Grx2 led to an 

enhanced survival rate of A2B5 positive cells compared to •NO-treated cells without Grx2 

(214 ± 16%, Fig. 2F). Secretion of •NO by BV2 cells after LPS treatment was measured by 

the Griess reaction (Fig. 2G). Corroboratively, the •NO scavenger CPTIO improved A2B5 

survival with increasing concentrations (Fig. S3C). In additional control experiments, we 

showed that Grx2 affected neither microglial •NO secretion (Fig. 2G) nor the survival of 

microglia (Fig. S3D). Furthermore, Grx2 does not increase proliferation (Fig. 2H) or 

survival of A2B5 positive cells in the absence of BV2 cells (Fig. S3E). Moreover, in our 

experimental set-up LPS had no effect on the survival rates of microglia (Fig. S3D) or of 

A2B5 cells that were cultivated without microglia (Fig. S3E). An siRNA-mediated reduction 

in the levels of the mitochondrial and cytosolic Grx2 isoforms (GLRX2a: 28 ± 13%, 

GLRX2c: 33 ± 7%) led to higher cell death rates in both treatment conditions, i.e. GSNO 

and LPS-activated microglia (Fig. 2I). We further confirmed the intracellular protective 

functions of Grx2 against GSNO by using HeLa cells overexpressing either cytosolic 

Grx2c or mitochondrial Grx2a (Enoksson et al., 2005). The calculated IC50 value changed 

from 480 µM in control cells to 610 µM and 990 µM in Grx2c or Grx2a HeLa cells, 

respectively (Fig. 2J).  

Grx2 decreases formation of peroxynitrite 

We further investigated the underlying mechanism responsible for protection against 

oligodendrocytic cell death. Using A2B5 positive cells and OLN93 cells we observed via 

the Western blot technique that Grx2 inhibits •NO-mediated protein nitration and 

carbonylation with biological relevance. The increase in intracellular Grx2 levels after 

incubation of OLN93 cells with 2 µM Grx2 were similar to the increase observed for A2B5 

cells (473 ± 113%, Fig. S2E). Formation of nitrotyrosines increased following GSNO 

treatment (165 ± 14%) compared to controls, whereas the presence of Grx2 decreased its 

formation to 112 ± 8% (Fig. 3A). The measurement of protein carbonyls revealed a similar 

pattern (Fig. 3B): While GSNO treatment increased the level of carbonylation to 185 ± 

18% compared to controls, the addition of Grx2 resulted in levels comparable to control 

OLN93 cells (120 ± 15%). This observation was confirmed in A2B5 positive cells (signal 

intensity for carbonylated proteins was 93% and 162% with or without Grx2, respectively, 

compared to control cells, Fig. S4A).  
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Nitrosative and oxidative damage is mainly facilitated by ONOO-. OLN93 cells displayed 

an almost identical increase in both nitrated (145 ± 17% (- Grx2) and 150 ± 10% (+ Grx2), 

Fig. 3C) and carbonylated (270 ± 72% (- Grx2) and 239 ± 69% (+ Grx2), Fig. 3D) proteins 

after ONOO- challenge via treatment with the ONOO--donor SIN-1, regardless of the 

presence of Grx2. We then confirmed that Grx2 protection against SIN-1 induced nitration 

in A2B5 positive cells is limited as well (170 ± 30% and 183 ± 36% with and without Grx2, 

respectively, Fig. S4B). Utilization of our newly developed peroxynitrite probe fluorescein-

boronate (Rios et al., 2016) in HeLa cells overexpressing Grx2c revealed intracellular 

inhibition of ONOO--formation by elimination of •NO as protective Grx2 mechanism 

decreasing oxidative and nitrosative protein modifications. The amount of ONOO- went 

down to 27 ± 4% or 56 ± 7% in Grx2c overexpressing cells compared to wildtype cells 

treated with GSNO or SIN-1, respectively (Fig. 3E and F). Treatment with Grx2 led to a 

decreased formation of 77 ± 5% (compared to GSNO treatment) or 91 ± 3% (compared to 

SIN-1 treatment) of ONOO-. These data were reflected in experiments using A2B5 cells 

(GSNO + Grx2: 61 ± 9%; SIN-1 + Grx2: 85 ± 7% of ONOO- compared to cells without 

Grx2, Fig. 3G and H). Since fluorescein-boronate might also react in presence of 

peroxides, we demonstrated •NO-dependent reactivity in SIN-1-treated A2B5 cells with 

(44 ± 4%) or without (100%) presence of CPTIO (Fig. 3H). Although H2O2 treatment 

induced some fluorescence, Grx2 treatment did not reduce probe reactivity after 

incubation of A2B5 cells with H2O2 (Fig. S4C). In line, H2O2 treatment induced no protein 

nitration (Fig. S4D). Visualization of cell death induction in OLN93 (Fig. 3I) and A2B5 cells 

(Fig. 3J) using immunofluorescence confirmed the protective effects of Grx2 against 

GSNO, but not against SIN-1. Upon treatment with either •NO or ONOO-, the amount of 

active caspase 3 increased. However, only in the case of •NO treatment did Grx2 

attenuate caspase 3 activation (66% or 108% of active caspase 3 positive A2B5 cells 

compared to cells treated only with GSNO or SIN-1). Moreover, Grx2 displayed no 

protective effect on the survival rates of A2B5 positive cells treated with different 

concentrations of SIN-1 (Fig. 3K).  

 

Only holo-Grx2 protects against •NO 

 

Next, we aimed to characterize the discovered protective mechanism by testing the 

activity of different mutants of the Grx2 protein in the above-described assays. 

Surprisingly, it was not the enzymatic activity of Grx2, but its ability to coordinate an FeS 

cluster that resulted in its protective effect against •NO-mediated cell death. We compared 

the protective efficacy of Grx2C37S, a mutant that lacks the N-terminal active site 
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cysteine, and Grx2S38P. Grx2C37S is enzymatically inactive and lacks the ability to 

coordinate the FeS cluster, whereas Grx2S38P is unable to coordinate the cofactor, but 

shows an elevated level of enzymatic activity when compared to the wildtype protein 

(Berndt et al., 2007). These two mutants were neither able to inhibit ONOO- formation in 

HeLa cells after GSNO treatment (Grx2C37S: 114 ± 25%; Grx2S38P: 111 ± 9% 

compared to GSNO treatment, Fig. 4A), nor to affect the amount of protein carbonyls 

following GSNO treatment (Fig. 4B). In contrast to wildtype Grx2 (decreased intensity of 

detected protein carbonyls was 140 ± 28% compared to untreated control cells; 208 ± 

31% without Grx2 addition), Grx2S38P showed no reduction in the overall level of 

carbonylated proteins (259 ± 49%). Subsequently, both mutants did not protect A2B5 

positive cells against •NO that was released by LPS-activated microglia (Fig. 4C). The 

survival rate of OLN93 cells that were treated with two additional •NO-donors that had 

different rates of •NO release, NOC5 (t2 = 25 minutes) and NOC7 (t2 = 5 minutes), was 

also not increased by the addition of the Grx2S38P mutant (Fig. 4D). Cells were incubated 

with the respective •NO-donor for 20 minutes and survival rates were determined by the 

cell Titer Blue assay 24 hours later. NOC7 decreased the survival rate of OLN93 cells to 

28% compared to untreated cells. This effect was ameliorated by the addition of wildtype 

Grx2 (57%), whereas Grx2S38P showed no protective effect (34% surviving OLN93 

cells). Because NOC5 showed almost no effect on the survival rate, this experiment 

demonstrated that the survival of OLN93 cells in our experimental set-up depends solely 

on •NO treatment.  

 

Disassembly of holo-Grx2 by •NO leads to formation of dinitrosyl-iron-complexes 

To unravel the importance of the FeS cluster, we treated holo-Grx2 with various •NO-

donors: Following the decay of the specific absorbance of the Grx2-bound Fe2S2 cluster at 

320 nm and 428 nm, we visualized the time-dependent destruction of holo-Grx2 by GSNO 

(Fig. 5A), SNAP (Fig. 5B), and NOC5 and NOC7 (Fig. 5C). •NO-mediated disassembly 

was more accelerated than the disassembly that occurred following treatment with GSH-

disulfide (GSSG) (Ki´ [min-1]: GSSG = 4.78 ± 0.52 x 10-3, GSNO = 1.15 ± 0.05 x 10-2). As 

shown in Fig. 5C, destruction of holo-Grx2 by •NO is concentration-dependent. In addition 

to UV-VIS spectroscopy, Mössbauer spectroscopy confirmed the disassembly of the 

cofactor that was coordinated by Grx2 (Fig. 5D). After treatment with GSNO, the signal of 

the Fe2S2 cluster (quadrupole splitting ∆EQ = 0.60 mm x s-1, isomer shifts δ = 0.27 mm x s-

1) was reduced and was split into new sub-signals (1: quadrupole splitting ∆EQ = 0.66 mm 

x s-1, isomer shifts δ = 0.56 mm x s-1, 2: quadrupole splitting ∆EQ = 0.68 mm x s-1, isomer 
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shifts δ = 0.28 mm x s-1). To determine the reaction rate between holo-Grx2 and •NO, we 

used data obtained with NOCs because of their known decay rate (t2NOC5 = 25 min, 

t2NOC7 = 5 min, i.e. first order rate constants of 4.6 x 10-4 and 2.3 x 10-3 s-1). Second 

order rate constants of 4.48 ± 0.22 x 10-2 and 9.36 ± 0.02 x 10-2 M-1 x s-1 for NOC5 and 

NOC7, respectively, were calculated for the overall reaction demonstrating that the 

liberation of •NO from NOCs is the rate limiting step. Thereby, we can conclude that the 

reaction between holo-Grx2 and •NO must be considerably larger, thus in a physiologically 

meaningful range. EPR spectroscopy identified the formation of dinitrosyl-iron-complexes 

(DNICs) upon •NO-mediated destruction of holo-Grx2 via a specific signal at g = 2.03 (Fig. 

5E,F). Treatment of hGrx2c-expressing E. coli cells with GSNO revealed an intracellular 

time-dependency of DNIC formation with a maximum around three minutes (Fig. 5E). 

Therefore, we incubated OLN93 cells in the following experiments for three minutes with 

GSNO. The EPR signal intensity of the OLN93 cells that were treated with Grx2 and 

GSNO was used as a reference (100%, Fig. 5F). Compared to this condition, OLN93 cells 

that were treated with Grx2 or GSNO alone displayed just 25 or 32% of the EPR signal, 

respectively. The signal was further increased to 125% in the presence of MK517, which 

inhibits the multidrug resistance protein 1 (MRP1), a membrane-bound protein described 

as an exporter of DNICs (Watts, Hawkins, Ponka, & Richardson, 2006). Its expression in 

OLN93 and A2B5 cells was verified by immunofluorescence, Western blot, and PCR (Fig. 

6 A-C). However, co-treatment of A2B5 cells with Grx2 and MK517 did neither further 

increase survival rate after GSNO challenge (GSNO/Grx2: 100 ± 6%, 

GSNO/Grx2/MK517: 103 ± 10%, Fig. 6D), nor further decrease carbonylation rate (98% 

compared to treatment with GSNO and Grx2 alone, Fig. S4E). MK517 alone showed no 

increase in DNIC formation (32% signal intensity, Fig. 5F). In comparison to this signal, 

intensity showed just a minor increase to 49% after additional incubation of OLN93 cells 

with Grx1, the mammalian glutaredoxin without the ability to coordinate an iron-sulfur 

cluster. Increased washing conditions did not change the signal intensity (103%), 

suggesting that intracellular Grx2 was responsible for the DNIC formation, as seen before 

(Fig. 5E). To further confirm the intracellular origin of the complexes, we again used the 

Grx2 overexpressing HeLa cells (Grx2c: three-fold higher Grx2 levels, Grx2a: 1.5-fold 

higher Grx2 levels). We took advantage of the observation that DNICs inhibit glutathione-

S-transferases (GST) (Cesareo et al., 2005; Keese, Böse, Mülsch, Schirmer, & Becker, 

1997) and measured GST activity in these HeLa cells with or without GSNO treatment. 

Corroboratively, GST activity decreased in a manner that was dependent on the amount 

of intracellular Grx2 (Fig. 7A). Accordingly, the incubation of recombinant GST with GSNO 
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and increasing concentrations of holo-Grx2 in vitro demonstrated a Grx2-dependent 

inhibition of GST activity (Fig. 7B).  

 

 

Discussion 

The activation of microglia, the macrophage-like immune cells of the CNS, is associated 

with several neurological diseases, including MS (Trapp, 2004). Upon activation, microglia 

release nitric oxide that is generated by the inducible nitric oxide synthase (Li et al., 2005). 

Microglia activation via LPS injection into the CNS white matter has been proposed as a 

promising experimental model of early MS lesions inducing demyelination via increased 

nitric oxide production (Desai et al., 2016). The term “nitric oxide” represents the three 

redox-active forms of this important signaling molecule, the nitrosonium cation (NO+), the 

nitroxyl anion (NO-) and the nitric oxide radical (•NO) (Stamler, Singel, & Loscalzo, 1992). 

Nitric oxide reacts with the superoxide radical to form peroxynitrite and with metal centers, 

including FeS clusters (Foster & Cowan, 1999). 

Although many Grxs were characterized as FeS proteins, little is known about their 

functions and molecular mechanisms. FeS clusters have been hypothesized to act as 

redox sensors allowing to switch between inactive holo-Grxs and active apo-Grxs (Berndt 

et al., 2007; Lillig et al., 2005). In addition, FeS Grxs are important for the maintenance of 

iron homeostasis (Haunhorst et al., 2013; Mühlenhoff et al., 2010) and for FeS cluster 

biosynthesis (Bandyopadhyay, Chandramouli, & Johnson, 2008; Wingert et al., 2005), 

where these proteins support the incorporation of FeS clusters into apo-proteins 

(Mühlenhoff, Gerber, Richhardt, & Lill, 2003). Here, we describe the detoxification of •NO 

as a new function of the iron cofactor. 

Although a Grx2 mutant that lacks the ability to coordinate the FeS cluster but retains 

enzymatic activity does not show protection, it is possible that the cluster has a redox 

sensing function because a changed active site composition might inhibit Grx2-specific 

substrate recognition, which could be important for oligodendroglial survival under the 

condition of brain inflammation. We have already shown that GSNO might activate Grx2 

via the disassembly of the FeS cluster (Hashemy, Johansson, Berndt, Lillig, & Holmgren, 

2007). In contrast, Grx1, the second dithiol Grx in vertebrate cells, is inactivated upon 

GSNO treatment, which indicates their different regulation and functions in vivo (Hashemy 

et al., 2007). Indeed, we found that the expression of these two Grxs in EAE mice is 

diametrical. Whereas mice suffering from EAE experience a significant reduction of Grx2 
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transcripts, Grx1 transcript levels increased or were not regulated (Fig. 1 D,E). Although 

EAE reflects not all aspects of MS (Schuh et al., 2014), increased nitric oxide 

formation/protein nitration is a common feature (Li, Vana, Ribeiro, & Zhang, 2011). In line, 

nitrotyrosines were found in oligodendrocytes in EAE (Fig. 1B) as well as in MS patients 

(Jack et al., 2007). 

Free, chelatable iron has been described to be deleterious for brain function. 

Accumulation of iron is associated with numerous diseases of the CNS, including MS 

(Rouault, 2013). Here, we add a new aspect to the importance of functional iron 

homeostasis and FeS cluster biosynthesis for brain function: We demonstrate the 

important role of protein-bound iron for the protection against •NO-mediated damage of 

myelin integrity.  

Several cofactors of mammalian proteins are utilized as iron sources for the formation of 

DNICs (Crack, Green, Thomson, & Le Brun, 2014). In E. coli, FeS proteins are the major 

source of protein-bound DNICs (Landry, Duan, Huang, & Ding, 2011). Because an 

increased level of chelatable iron appears to be dangerous for neural cells, FeS proteins 

might be the iron source for the formation of DNICs. Although there could be other FeS 

proteins in the brain that contribute to •NO detoxification, we propose that, based on its 

unique FeS cluster coordination, Grx2 and most likely also other FeS Grxs are important 

for oligodendrocyte protection against •NO that is secreted by activated microglia. 

Mammalian Grx2, as well as the vast majority of all other FeS Grxs coordinate the FeS 

cofactor via the N-terminal active site cysteines and two molecules of GSH in a dimer 

(Berndt et al., 2007; Johansson et al., 2007). To our knowledge, Grxs are the only 

proteins that use non-protein ligands for FeS coordination. This might lead to the 

formation of free GSH-coordinated DNICs although utilizing a protein-bound FeS cluster. 

In line, the observed EPR spectrum at g = 2.03 (Fig. 5E,F) indicates the formation of 

DNICs with thiol-containing ligands (Vanin, Serezhenkov, Mikoyan, & Genkin, 1998) and 

the loss of GST activity (Fig. 7) is facilitated by binding of these complexes to the GST 

active site (Cesareo et al., 2005; Keese et al., 1997). Several GSTs bind DNICs, which 

potentially stores •NO and thereby protect cells against •NO-mediated cell death (Lok et 

al., 2014). However, only GST P1-1 supports the release of DNICs via MRP1 (Lok et al., 

2012). MRP1 requires GSH for the export of iron (Watts & Richardson, 2001), which is 

most likely secreted as a DNIC (Watts et al., 2006). Both pharmacological and genetic 

inhibition of MRP1 activity led to increased intracellular levels of DNICs (Lok et al., 2012; 

Watts et al., 2006). The treatment of OLN93 cells with the MRP1 inhibitor MK571 

increased the DNIC signal (Fig. 5F), which further supports the hypothesis that •NO-
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mediated disassembly of holo-Grx2 leads to dinitrosysl-diglutathionyl-iron-complexes 

(DNDGICs).  

In contrast to oligodendrocytes and other cell types, the MRP1-mediated efflux of iron and 

GSH, in the form of DNDGICs, following •NO secretion by activated macrophages induces 

apoptosis in tumor cells (Lok et al., 2014). Interestingly, Grx2c was first described as a 

cancer-specific isoform (Lönn et al., 2008). Therefore, it would be interesting to investigate 

the impact of modulated Grx2 levels on the survival of cancer cells following treatment 

with •NO-donors. These observations follow recent reports that show that ONOO- 

mediates oligodendroglial cell death in vitro as well as in MS patients (Jack et al., 2007; Li 

et al., 2005; Li et al., 2011). We demonstrated the importance of •NO detoxification to 

prevent the formation of ONOO- (Fig. 2 and 3). Formation of DNICs was suggested as an 

important mechanism to prevent ONOO- formation (Shumaev et al., 2008). We used 

specific donors of •NO (GSNO, SNAP, NOCs) and ONOO- (SIN-1) to better define the role 

of Grx2 in oligodendroglial damage, which is induced by these RNS. Mitochondria are the 

primary site of peroxynitrite formation and also preferred targets for peroxynitrite-induced 

damage (Enoksson et al., 2005), suggesting that •NO detoxification in mitochondria is 

important for cell survival. Indeed, the overexpression of mitochondrial Grx2a provided an 

increased level of protection against GSNO-mediated cell death than did the 

overexpression of the cytosolic Grx2 isoform (Fig. 2J). These and other data obtained 

during this study confirm an intracellular function of Grx2, although externally applied. 

Important for a potential therapeutic application of GSH-coordinated FeS clusters, the 

resulting intracellular Grx2 levels were still in a physiological range (max. seven-fold 

increase). It has been shown before that intravenous injection of another thiol 

oxidoreductase, Trx1, facilitated anti-inflammatory functions within the mouse CNS 

(Hattori et al., 2004) indicating that injected FeS-coordinating Grxs might reach the brain 

and thus oligodendrocytes. 

In addition to preventing ONOO- formation, DNDGICs could provide additional benefits for 

cell survival, although our data showed only limited increase in the protective effect after 

inhibition of DNDGIC export. The treatment of cells with these complexes resulted in a 

decrease in the level of apoptosis (Giliano et al., 2011; Kim, Chung, Simmons, & Billiar, 

2000) e.g., via caspase 3 inhibition (Kim et al., 2000). These findings and other 

observations led to the discovery of a DNDGIC-containing therapeutic agent that is 

currently in clinical trials (Chazov et al., 2012). This indicates that supply of GSH-

coordinated iron-sulfur clusters, e.g. provided by Grx2, represents a feasible new 

therapeutic approach to transform •NO from a harmful molecule to a beneficial agent 

without increasing the pool of chelatable iron or further enhancing the levels of DNICs. In 
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this regard, the recently characterized [[Fe2S2]
2+(GS-)4]2- complex (Qi et al., 2012) is 

another feasible GSH-coordinated iron-sulfur cluster that might be protective under 

conditions of neuroinflammation.  

Conclusion 

Increased nitric oxide production and concomitant nitrosative damage to myelin and OPCs 

is an early event during neuroinflammatory diseases. Therefore, nitric oxide detoxification 

is an important tool to protect myelin integrity against inflammatory processes and cellular 

damage. Although remyelination occurs in initial stages of MS, repair processes fail when 

the disease progresses (Hampton et al., 2012). It is evident that increased •NO levels in 

chronic MS limit the efficiency of remyelination by the induction of OPC cell death 

(Kremer, Aktas, Hartung, & Küry, 2011; Miron et al., 2013; Miron, Kuhlmann, & Antel, 

2011). Moreover, instead of transplantation approaches to replace damaged/lost 

oligodendrocytes, therapeutic strategies promoting endogenous regenerative capacity 

came into focus (Franklin & Gallo, 2014). Hence, strategies aiming at boosting Grx2 or 

other GSH coordinated FeS clusters represent an attractive approach to counteract 

inflammation-driven demyelination. 
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Figure legends  

Fig. 1 In EAE mice levels of nitrotyrosine increase and Grx2 levels decrease. Slices 

of mouse cerebelli that suffered from actively induced experimental autoimmune 

encephalomyelitis (EAE, chronic phase, day 26) were used to visualize microglia (using 

anti-Iba1 antibodies, A), nitrated proteins (using anti-nitrotyrosine antibodies, A,B), 

oligodendrocytes (using anti-Olig2 antibodies, B), oligodendrocyte progenitor cells (using 

anti-A2B5 antibodies, C), Grx2 (C), and nuclei (using Hoechst, A-C). Arrows mark 

oligodendrocytes with increased nitration (B) or Grx2 positive A2B5 cells (C). Scale bars: 

A: 100 µm, B,C: 10 µm). D) Transcript levels of GLRX2 isoforms and GLRX1 were 

measured by qPCR and compared between control (naïve mice) and brain hemispheres 

after adoptive transfer EAE (chronic disease phase (day 30) of two independent EAE 

experiments; ncontrol = 7, nEAE = 10). E) Transcript levels of Grx2 isoforms and Grx1 were 

measured by qPCR and compared between control (pre-onset mice) and cerebellum after 

actively induced EAE (chronic disease phase (day 26); ncontrol = 5, nEAE = 7). D) Protein 

extracts obtained from cerebelli during chronic phase after actively induced EAE (ncontrol 

(pre-onset) = 3, nEAE = 3) were separated by SDS-PAGE and transferred onto a nitrocellulose 

membrane. Antibodies specific for mouse Grx2 and β-actin were used and bands were 

quantified using ImageJ. Shown is mean ± SEM, statistics were calculated using 

Student´s t-test (*: p<0.05, ns = not significant). 

 

Fig. 2 Grx2 protects against •NO-mediated oligodendroglial cell death. A-D) 

Organotypic cerebellar slice cultures were treated with 750 µM GSNO or 10 µg/ml LPS in 

the presence or absence of 2 µM mouse Grx2 or 10 and 25 µM CPTIO. After 24 h, myelin, 

oligodendroglial progenitor cells (exemplified positive cells are highlighted by arrows), and 

axons were stained using antibodies that recognized MBP, A2B5, or NFM (scale bars 

A,D: 100 µm, C: 25 µm). A) Damaged myelin structures were identified using 7 – 8 

(GSNO) or 33 – 47 slices (LPS). B) Protection by CPTIO was determined in 3 

slices/condition. C) Damage of axonal structures was investigated in 11 - 18 slices. D) 

The number of A2B5 positive cells was counted in 11 – 12 slices. E,F) Using the cell titer 

blue assay, the survival rates of A2B5 positive cells after different treatment ± 2 µM Grx2 

in addition to 50 - 250 µM GSNO (F: 250 µM GSNO) (n = 5 - 7) or to co-cultivation with 
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50,000 BV2 cells activated with 1 µg/ml LPS (n = 10) were determined. G) NO release by 

BV2 cells treated with 1 µg/ml LPS ± 1,000 U/ml INFγ ± 2 µM Grx2 was determined using 

Griess reagent (n = 6). H) Visualization of BrdU incorporation into DNA of proliferating 

A2B5 cells (using anti-BrdU and anti-acetylated histone 3 antibodies, scale bar 20 µm) 

and graphical evaluation (n = 4). I) Survival rates of A2B5 cells incubated with or without 

Grx2siRNA in presence of either 1 µg/ml LPS activated BV2 cells (n = 5) or 250 µM 

GSNO (n = 2) measured with the cell titer blue assay. Transcript levels of GLRX2 isoforms 

(dashed line: GLRX2a, dotted line: GLRX2c) were measured by qPCR. J) HeLa cells 

overexpressing either mitochondrial (HeLaGrx2a) or cytosolic Grx2 isoforms (HeLaGrx2c) 

were treated with increasing amounts of GSNO. 24 h after treatment, cell survival was 

determined by XTT assay (n = 36). All data show mean ± SEM, statistics were calculated 

using ANOVA (with Bonferroni post-test) (A,D) and Student´s t-test (*: p<0.05, **: p<0.005, 

***: p<0.001).  

 

Fig. 3 Grx2 protects against oxidative and nitrosative protein damage via inhibition 

of peroxynitrite formation. OLN93 (A-D,I) HeLa (E,F), or A2B5 cells (G,H,J,K) were 

incubated with GSNO (A,B,I: 0.5 mM; E,G: 1 mM, J: 50 µM) or SIN1 (C,D,I: 0.5 mM; F,H: 

1 mM; J: 50 µM; K: 50 and 100 µM) ± 2 µM Grx2. Directly after treatment, ONOO- -

formation was determined using fluorescein-boronate (E-H), after 24 h cell lysates were 

prepared (A–D), cells were fixed with 4% PFA (I,J), or survival rate was measured using 

the cell titer blue assay (K). The lysates were separated by SDS-PAGE and transferred 

onto nitrocellulose membranes, which were then incubated with anti-nitrotyrosine / anti-β-

actin antibodies (A,C) or the protein-bound carbonyl groups were derivatized to 2,4-

dinitrophenylhydrazone before SDS-PAGE and detection on membranes by anti-

dinitrophenyl antibodies (B,D). Western blots were analyzed using ImageJ. The original 

blot of that one shown in A) is presented in supplementary Fig. S4D. I,J) Fixed cells were 

stained with anti-active caspase 3 antibodies (green) and nuclei were visualized with 

Hoechst (blue), scale bars: I: 50 µm (inserts 10 µm), J: 10 µm. All data show mean ± SEM 

(A: n = 4, B: n = 7-8, C: n = 4, D: n = 3, E: n = 3, F: n = 3, G: n = 3, H: n = 2, K: n = 11-18). 

 

Fig. 4 FeS cluster coordination is crucial for Grx2´s protection against •NO. A) 

OLN93 cells were incubated with the Grx2 mutants C37S and S38P (2 µM) for 24 h and 

challenged with 1 mM GSNO together with fluorescein-boronate. ONOO--formation was 
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determined and compared to cells treated with GSNO alone (n = 3). B) Carbonyl groups in 

protein lysates were obtained from OLN93 cells that were treated with 500 µM GSNO ± 

either 2 µM Grx2 wildtype or Grx2S38P. They were derivatized to 2,4-

dinitrophenylhydrazone before SDS-PAGE and detection on membranes by anti-

dinitrophenyl antibodies. The amount of protein carbonyls was analyzed using ImageJ (n 

= 3). C) A2B5 cells were co-cultured with LPS (1 µg/ml) -activated BV2 cells and 

incubated ± 2 µM Grx2 (n = 10), Grx2C37S (n = 6), or Grx2S38P (n = 12) and surviving 

cells compared to cells treated with LPS alone (n = 9) were determined by the cell titer 

blue assay. D) OLN93 cells were treated with 5 mM NOC5 or NOC7 for 25 min with or 

without 2 µM Grx2 wildtype or 2 µM Grx2S38P. Surviving OLN93 cells were determined 

by the cell titer blue assay (n = 2). Mean ± SEM is shown, statistics were calculated using 

ANOVA (with Bonferroni post-test) (***: p<0.001), ns = not significant). 

 

Fig. 5 Disassembly of holo-Grx2 leads to formation of dinitrosyl-iron-complexes. A) 

150 µM human Grx2 was incubated with 5 mM GSNO in a sealed UV/VIS cuvette. At 

indicated time points, UV/VIS spectra were recorded. B) 250 µM human Grx2 was 

incubated with either 5 mM of GSH, GSSG, GSNO, or SNAP in sealed UV/VIS cuvettes. 

Decrease in absorbance at 428 nm was followed in a UV/VIS photospectrometer using 

250 µM untreated hGrx2 as reference. C) 50 µM mouse Grx2 was incubated in 96 plate 

wells with 2 or 5 mM NOC5 or NOC7. The decrease in absorbance at 428 nm was 

recorded using a plate reader. D) Mössbauer spectra at 80 K of 3.3 mM human Grx2 

(upper spectrum, quadrupole splitting ∆EQ = 0.60 mm x s-1, isomer shifts δ = 0.27 mm x s-

1) and 2.3 mM hGrx2 treated with 10 mM GSNO for 2 h (lower spectra, dashed line: 

quadrupole splitting ∆EQ = 0.66 mm x s-1, isomer shifts δ = 0.56 mm x s-1, dotted line: 

quadrupole splitting ∆EQ = 0.68 mm x s-1, isomer shifts δ = 0.28 mm x s-1, solid line: 

overlay of the two sub spectra). E) EPR spectra at 20 K of E. coli cells, E. coli cells 

overexpressing human Grx2 without GSNO treatment, or after 3 and 30 min of treatment 

with 1 mM GSNO and calculated concentrations of dinitrosyl-iron-complexes formed in E. 

coli cells overexpressing human Grx2 treated with 1 mM GSNO for indicated time points. 

F) 20 Mio OLN93 cells were incubated for 2 h with or without 100 µM mouse Grx2 or 

mouse Grx1 and 20 µM MK-571, an inhibitor of MRP1. Before freezing and EPR 

spectroscopy (9.64 GHz, 1 mW, 7.5 G modulation, 20 K), cells were washed once or twice 

with PBS and incubated with or without 5 mM GSNO for 3 min.   
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Fig. 6 Oligodendroglial cells express multidrug resistance protein1 (MRP1). A) 

Immunofluorescence of fixed OLN93 cells using anti-MRP1 antibodies (green). Nuclei 

were counterstained with Hoechst (blue), scale bar 50 µm. B) Western blot analyses of 

OLN93 and A2B5 cell lysates detecting MRP1 (190 kDa) using specific antibodies. C) 

PCR products obtained by qPCR using a specific MRP1 primer pair in OLN93 and A2B5 

samples, but not in negative controls. D) Using the cell titer blue assay, the survival rates 

of A2B5 positive cells treated with 100 µM GSNO and 2 µM Grx2 ± 20 µM of the MRP1 

inhibitor MK-571 were determined (n = 4, mean ± SEM). Statistics were calculated using 

Student´s t-test (ns = not significant). 

 

Fig. 7 Dinitrosyl-iron-complex-induced inhibition of glutathione-S-transferase (GST) 

depends on Grx2 concentration. A) HeLa wildtype cells and HeLa cells overexpressing 

the mitochondrial isoform Grx2a (150% Grx2 compared to wt) or the cytosolic isoform 

Grx2c (300% Grx2 compared to wt) were incubated with 2 mM GSNO for 5 min. GST 

activity was measured via the 1-chloro-2,4-dinitrobenzene (CDNB) method and compared 

to HeLa without GSNO treatment. GST activity was plotted against Grx2 concentration in 

HeLa cells (n = 3). B) Recombinant GST was incubated with 2 mM GSNO in the presence 

of 5 and 50 µM hGrx2. Afterwards GST activity was determined using the CDNB method 

(n = 3). Data are mean ± SEM.  
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Fig. 2 
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Fig. 3 
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Fig. 5 
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Fig. 7 
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Supplement 

 

 

Fig. S1 Purity of isolated A2B5 cells. A2B5 positive cells were visualized by anti-A2B5 

antibodies (green). Quantification (mean ± SEM, n = 5) was performed by comparison to 

all cells visualized by Hoechst (blue). Scale bar 20 µm. 

 

Fig. S2 Recombinant Grx2 is taken up by oligodendroglial cells. Organotypic 

cerebellar slice cultures (A,C), A2B5 cells (B,D) and OLN93 cells (E) were incubated with 

2 µM Grx2. Recombinant Grx2 was visualized by anti-his-tag antibodies (A,B), mature 

oligodendrocytes by anti-MBP antibodies (A), and oligodendroglial progenitor cells by anti-

A2B5 antibodies (B). Scale bars 50 (A) and 10 µm (B). C) Western blot analyses were 

performed with lysates obtained from slices (n = 4), A2B5 cells (n = 4), and OLN93 cells 

(n = 6) incubated with or without 2 µM Grx2 using anti-mouse Grx2 and anti-β-actin 

antibodies. Quantification (mean ± SEM) was performed using ImageJ. 

 

Fig. S3 Control experiments for •NO treated oligodendrocytes. Effect of GSNO 

treatment on Grx2 expression in A2B5 positive cells (A) and OLN93 cells (B) was 

measured by qPCR (A, n = 3) or Western blot analyses (B, n = 3, quantification was 

performed using ImageJ). Survival rates of A2B5 positive cells treated with 250 µM GSNO 

with or without 10 or 50 µM of the NO scavenger CPTIO (C, n = 3), as well as BV2 cells 

(D, n = 3) and A2B5 positive cells (E, n = 3) treated with or without 1 µg/ml LPS and / or 2 

µM Grx2 were determined 24 h after treatments with the cell titer blue assay. Shown are 

mean ± SEM. 

 

Fig. S4 Protection of A2B5 cells against damages by Grx2 and MRP1 inhibition. 

A2B5 cells were incubated with 250 µM (A) or 50 µM (E) of the •NO-donor GSNO or 50 

µM of the ONOO--donor SIN1 (B) ± 2 µM Grx2 (A,B,E) ± 20 µM of the MRP1 inhibitor MK-

571 (E). Cell lysates were investigated for carbonylated (A and E, after derivatization of 

carbonyl groups to 2,4-dinitrophenylhydrazone before SDS-PAGE) and nitrated proteins 

(B) detected via Western blots using anti-dinitrophenyl antibodies (A, n = 2; E, n = 1) or 

anti-nitrotyrosine antibodies (B, n = 3) and analyzed using ImageJ. D) OLN93 cells were 

incubated with 0.5 mM H2O2 or GSNO ± 2 µM Grx2 and protein nitration was visualized 

via Western blot analysis using anti-nitrotyrosine antibodies. Data are mean ± SEM. 
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Fig. S1 

 

 

 

 

 

 

Fig. S2 

 

 

 

 



Appendix 

145 

 

Fig. S3 

 

 

 

 

 

 

 

 

 

Fig. S4 
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