
 
 

 

 

 

 

Aus dem Institut für Medizinische Immunologie 

der Medizinischen Fakultät Charité – Universitätsmedizin Berlin   

 

 

DISSERTATION 

 

Effect of DHODH inhibition by teriflunomide on axonal mitochondria  

 

Wirkung der DHODH- Inhibition durch Teriflunomide auf axonale Mitochondrien 

 

zur Erlangung des akademischen Grades  

Doctor of Philosophy (PhD) 

 

vorgelegt der Medizinischen Fakultät  

Charité – Universitätsmedizin Berlin 

 

 

von  

Bimala Malla 

aus 

Kathmandu, Nepal 

 

 

 

 

 

Datum der Promotion: 25.06.2023 



 
 

 



Malla B | Effect of DHODH inhibition by teriflunomide on axonal mitochondria 

I 
 
 

 

 

Table of Contents 

List of tables .................................................................................................................................. III 

List of figures.................................................................................................................................IV 

List of abbreviations ....................................................................................................................... V 

Abstract .................................................................................................................................................... 1 

Abstrakt .................................................................................................................................................... 2 

1. Introduction ............................................................................................................................... 5 

1.1. Multiple sclerosis (MS) ................................................................................................................5 

1.2. Pathophysiology of MS ...............................................................................................................5 

1.3. Mitochondrial hypothesis of neurodegeneration .......................................................................5 

1.4. Mitochondrial dynamics in health and in stress ........................................................................6 

1.5. Teriflunomide (TFN) ....................................................................................................................7 

1.6. TFN dose......................................................................................................................................8 

1.7. Rationale ......................................................................................................................................9 

2. Objectives ............................................................................................................................... 11 

2.1. Objectives related to the thesis ................................................................................................11 

2.2. Additional Objectives not covered in this thesis......................................................................11 

3. Methods .................................................................................................................................. 13 

3.1. Ethics Statement .......................................................................................................................13 

3.2. Animals .......................................................................................................................................13 

3.3. Preparation of solutions and drugs ..........................................................................................13 

3.4. Preparation of peripheral spinal root explant ..........................................................................13 

3.5. Labeling of mitochondria and quantification of relative change in intracellular ROS...........14 

3.6. Confocal Microscopy .................................................................................................................14 

3.7. Analysis of mitochondrial dynamics .........................................................................................15 

3.8. Statistical Analysis .....................................................................................................................16 

4. Results.................................................................................................................................... 18 

4.1. DMSO did not influence mitochondrial dynamics in peripheral spinal root explants ...........18 

4.2. DMSO did not influence mitochondrial dynamics in peripheral spinal root explants 

exposed to H2O2 .......................................................................................................................19 

4.3. TFN induced mitochondrial elongation and increase in length in peripheral spinal root 

explants......................................................................................................................................20 

4.4. TFN reduced mitochondrial transport velocity ........................................................................21 



Malla B | Effect of DHODH inhibition by teriflunomide on axonal mitochondria 

II 
 
 

 

4.5. TFN prevented oxidative stress-mediated reduction in mitochondrial elongation, length 

and area .....................................................................................................................................22 

4.6. TFN prevented oxidative stress-mediated reduction in no. of motile mitochondria, transport 

velocity, trajectory length and displacement ...........................................................................23 

4.7. TFN prevented change in mitochondrial oxidation potential in peripheral nerve explants 

during oxidative stress ..............................................................................................................24 

5. Discussion .............................................................................................................................. 26 

6. Conclusion .............................................................................................................................. 30 

7. Limitations and perspectives.................................................................................................. 30 

8. References ............................................................................................................................. 32 

Statutory Declaration ................................................................................................................... 36 

Declaration of contribution to the top-journal publication for a PhD degree ............................... 37 

Excerpt from Journal Summary List ............................................................................................ 38 

Publication ................................................................................................................................... 41 

Curriculum Vitae .......................................................................................................................... 56 

Publication List ............................................................................................................................. 63 

Acknowledgement ....................................................................................................................... 64 

 

  



Malla B | Effect of DHODH inhibition by teriflunomide on axonal mitochondria 

III 
 
 

 

List of tables 

Table 1: Summary of morphology and motility parameters of mitochondria in peripheral root 

explants incubated in aCSF and aCSF with DMSO. .................................................................... 18 

Table 2: Summary of morphology and motility parameters of mitochondria in H2O2 and H2O2 

along with DMSO treated peripheral root explants....................................................................... 19 

Table 3: Summary of morphology and motility parameters of mitochondria in untreated and 

teriflunomide treated peripheral root explants. ............................................................................. 20 

Table 4: Summary of mitochondrial morphology under H2O2- treatment alone, and with 50 µM 

H2O2 in presence of 1 µM, 5µM and 50 µM teriflunomide. ........................................................... 22 

Table 5: Summary of mitochondrial motility under H2O2- treatment alone, and with 50 µM H2O2 

in presence of 1µM, 5µM and 50 µM teriflunomide. p < 0.001..................................................... 23 

Table 6: Summary of mean fluorescence intensity of mitochondria. (AU: arbitrary units). p < 

0.05 ................................................................................................................................................ 24 

  



Malla B | Effect of DHODH inhibition by teriflunomide on axonal mitochondria 

IV 
 
 

 

List of figures 

Figure 1: Schematic representation showing consequence of inflammation induced oxidative 

stress in neurons. ............................................................................................................................ 6 

Figure 2: Schema depicting role of dihydroorotate dehydrogenase (DHODH) in de novo 

pyrimidine biosynthesis and electron transport chain. ................................................................... 8 

Figure 3: Mitochondrial labelling with MitoTracker Orange. ........................................................ 14 

Figure 4: Schematic diagram showing the location of ROIs in peripheral root explants. ........... 15 

Figure 5: Schematic illustration showing different mitochondrial parameters under investigation.

 ....................................................................................................................................................... 15 

Figure 6: DMSO did not influence mitochondrial dynamics in explanted roots. ......................... 18 

Figure 7: DMSO did not influence mitochondrial dynamics in explanted roots exposed to H2O2.

 ....................................................................................................................................................... 19 

Figure 8: Mitochondria became elongated and longer with 50 µM TFN treatment. ................... 20 

Figure 9: Mitochondrial transport velocity decreased with TFN treatment. ................................ 21 

Figure 10: Mitochondrial morphology preserved by TFN treatment during oxidative stress. ..... 22 

Figure 11: Mitochondrial motility preserved by TFN treatment during oxidative stress. ............. 23 

Figure 12: Mitochondrial oxidation potential preserved by 1 µM teriflunomide during oxidative 

stress. ............................................................................................................................................ 24 

Figure 13: Simplified schematic diagram depicting DHODH- complex III- ubiquinone cycle and 

the impact of ROS and TFN on ubiquinone, electron transport chain and ATP production. ....... 28 

  



Malla B | Effect of DHODH inhibition by teriflunomide on axonal mitochondria 

V 
 
 

 

List of abbreviations 

aCSF  Artificial cerebrospinal fluid 

ATP  Adenosine triphosphate 

BMBF  Bundesministerium für Bildung und Forschung 

CNS  Central nervous system 

DHODH Dihydroorotate dehydrogenase 

DMSG  Deutsche Multiple Sklerose Gesellschaft 

DMSO  Dimethyl sulfoxide 

DNA  Deoxyribonucleic acid  

ETC  Electron transport chain 

H2O2  Hydrogen peroxide 

IMM  Inner-mitochondrial membrane 

MS  Multiple sclerosis 

NOR  Nodes of Ranvier 

PNS  Peripheral nervous system 

PPMS  Primary progressive multiple sclerosis 

Q  Ubiquinone 

QH2  Ubiquinol 

RNS  Reactive Nitrogen species 

ROS  Reactive oxygen species 

RRMS   Relapsing remitting multiple sclerosis 

SPMS  Secondary progressive multiple sclerosis 

TFN  Teriflunomide 

ZNS  Zentralen Nervensystem



Malla B | Effect of DHODH inhibition by teriflunomide on axonal mitochondria 

1 
 
 

 

Abstract 

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system (CNS), 

affecting more than 2.5 million people worldwide. MS is characterized by inflammation, 

demyelination and neurodegeneration. However, its exact pathophysiology is not clearly 

understood. Many studies have reported that mitochondrial alterations occur already in early 

stages of MS contributing to neurodegeneration even in absence of demyelination. In MS, the 

activated infiltrating as well as CNS resident immune cells are potential sources of reactive 

oxygen and nitrogen species that lead to oxidative stress causing mitochondrial and subsequent 

neuronal damage. Previously, we demonstrated that oxidative stress alters axonal mitochondrial 

dynamics and mitochondrial membrane potential in myelinated axons. Thus, we hypothesize that 

targeted inhibition of mitochondrial damage may prevent neurodegeneration and could represent 

a potential treatment option in the context of MS. 

Teriflunomide (TFN) is an approved drug for MS that inhibits dihydroorotate dehydrogenase 

(DHODH), a mitochondrial inner membrane associated enzyme. However, the effects of TFN on 

mitochondria has not been well investigated. Hence, in this project we aimed to investigate the 

effect of TFN on mitochondria and hypothesized that TFN treatment does not compromise 

mitochondrial functionality. 

To test our hypothesis, we treated murine peripheral spinal root explants and observed their 

mitochondrial dynamics using confocal microscopy. DMSO, the substance used to dilute TFN, 

did not affect mitochondrial dynamics. In unmanipulated axons, 50 µM TFN increased 

mitochondrial elongation and length but decrease their velocity. Then, we induced oxidative stress 

by incubating the roots with 50 µM hydrogen peroxide (H2O2). Additionally, we applied three 

different concentrations of TFN- 1, 5 and 50 µM together with H2O2. During exogenous application 

of H2O2, mitochondria became rounder, shorter and smaller. Additionally, less mitochondria were 

motile and travelled shorter distance with decreased velocity.  

Contrastingly, oxidative stress-induced alterations in mitochondrial morphology was prevented by 

1 and 50 µM TFN. Regarding mitochondrial motility, only 1 µM TFN prevented all motility-related 

alterations. Meanwhile, 50 µM restored the decrease in motile mitochondria and motility distance 

but not velocity. Moreover, 1 µM TFN reduced the oxidation potential of mitochondria. However, 

5 µM TFN could not restore alterations in mitochondrial dynamics as well as its oxidation potential. 

This non-monotonic dose response of TFN may be attributed to interactions with pathways related 

to tyrosine kinases and cyclooxygenases.  

Thus, our data demonstrates the relationship between DHODH inhibition and mitochondrial 

dynamics and point to a potential neuroprotective effect of TFN in context of oxidative stress-

related mitochondrial damage.   
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Abstrakt  

Die Multiple Sklerose (MS) ist eine chronische entzündliche Erkrankung des zentralen 

Nervensystems (ZNS) und betrifft weltweit mehr als 2,5 Millionen Menschen. Entzündung, 

Demyelinisierung und Neurodegeneration gelten als die Kennzeichen der Erkrankung, die 

genaue Ursache ist jedoch unklar. Viele Studien belegten über mitochondriale Veränderungen in 

einem frühen Stadium der MS, von denen angenommen wird, dass sie zur Neurodegeneration 

beitragen, sogar bevor Demyelinisierung vorliegt. Soweit bekannt ist, löst in der MS das 

Eindringen von Leukozyten aus der Peripherie ins Gehirn eine Entzündung aus. Infolgedessen 

produzieren die aktivierten Immunzellen im ZNS große Mengen an reaktiven Sauerstoff- und 

Stickstoffspezies, die zu einer oxidativen Stresssituation führen. Diese schädigt sowohl Neuronen 

als auch Mitochondrien und führt letztlich zur Neurodegeneration. Wir haben in früheren Studien 

gezeigt, dass oxidativer Stress die axonale mitochondriale Dynamik sowie das Membranpotenzial 

in myelinisierten Axonen verändert.   

Teriflunomid (TFN) wirkt über die Hemmung eines mitochondrialen, mit der inneren Membran 

assoziierten Enzyms, der Dihydroorotat-Dehydrogenase (DHODH). Die Wirkung von TFN auf die 

Mitochondrien ist jedoch unvollstängig untersucht. Deswegen stellten wir die Hypothese auf, dass 

die Behandlung mit TFN die mitochondriale Funktionalität nicht beeinträchtigt. 

Um unsere Hypothese zu testen, analysierten wir murine periphere Spinalwurzel-Explantate 

mittels konfokaler Mikroskopie. Das Vehikel für TFN, DMSO, zeigte keinen Einfluss auf die 

mitochondriale Dynamik. Wir applizierten 50 µM TFN oder 50 µM Wasserstoffperoxid (H2O2), um 

oxidativen Stress zu induzieren oder drei Konzentrationen von TFN - 1, 5 und 50 µM zusammen 

mit H2O2. In einem unbehandelten Axon erhöhte 50 µM TFN die mitochondriale Schwellung und 

Länge, verringerte aber die Motilitätsgeschwindigkeit. Unter exogener Applikation von H2O2 

wurden die Mitochondrien runder, kürzer und kleiner. Außerdem waren weniger Mitochondrien 

beweglich und legten eine kürzere Strecke mit verringerter Geschwindigkeit zurück.  

Im Gegensatz dazu wurde die durch oxidativen Stress induzierte Veränderung der 

mitochondrialen Morphologie durch 1 und 50 µM TFN verhindert. Hinsichtlich der mitochondrialen 

Motilität verhinderte nur 1 µM TFN alle motilitätsbezogenen Veränderungen und 50 µM 

verhinderte die Abnahme der beweglichen Mitochondrien und der Motilitätsdistanz, aber nicht der 

Geschwindigkeit. Außerdem reduzierte 1 µM TFN das Oxidationspotential der Mitochondrien. 5 

µM TFN konnte jedoch die Veränderungen der mitochondrialen Dynamik sowie des Potentials 

nicht wiederherstellen. Diese nicht-lineare Dosis-Antwort von TFN kann auf Interaktionen mit 

Signalwegen zurückgeführt werden, die mit Tyrosinkinasen und Cyclooxygenasen in Verbindung 

stehen.  
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Somit zeigen unsere Daten den Zusammenhang zwischen DHODH-Inhibition und 

mitochondrialer Dynamik und deuten auf eine mögliche neuroprotektive Wirkung von TFN im 

Kontext von oxidativem Stress-bedingten mitochondrialen Schäden hin. 



 
 

 

  

Introduction 
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1. Introduction 

1.1.  Multiple sclerosis (MS) 

Multiple sclerosis (MS) is an autoimmune neurodegenerative disease of central nervous system 

(CNS) and is one of the most common cause of non-traumatic neurological disability among 

young adults. MS affects more than 2.5 million people worldwide (Bargiela and Chinnery 2019). 

In Germany, incidence of the disease is estimated to be 120,000 to 140,000 according to 

2005/2006 nationwide registry conducted by German MS Society (DMSG, Deutsche Multiple 

Sklerose Gesellschaft Bundesverband e.V.) (Flachenecker, Stuke et al. 2008), and around 

200,000 people as of 2014 (Petersen, Wittmann et al. 2014). In MS, the degeneration of neurons 

forms sclerotic lesions in CNS that manifest into a wide range of symptoms related to vision, 

muscle weakness and tingling in the extremities depending on the site of lesion and multiple other 

factors (Filippi, Bar-Or et al. 2018). Depending upon the course of disease, MS is categorized into 

relapsing-remitting multiple sclerosis (RRMS), secondary progressive multiple sclerosis (SPMS) 

and primary progressive multiple sclerosis (PPMS). In most cases, patients develop RRMS 

disease course with periods of new symptoms or relapses that improves partially or completely 

over several days or weeks. RRMS may eventually progress into SPMS where the remission 

phase of the disease is absent and there is progressive deterioration of the symptoms. In a subset 

of patients, the disease develop as PPMS with steady progression of signs and symptoms from 

the very beginning of the disease course without the period of relapse (Lublin, Reingold et al. 

2014, Lassmann 2018). 

1.2.  Pathophysiology of MS 

Although, MS is characterized by inflammation, demyelination and neurodegeneration (Dutta and 

Trapp 2007, Compston and Coles 2008), the exact cause and mechanisms by which 

neuroinflammation and myelin damage lead to neurodegeneration have not been fully elucidated. 

Infiltration of activated leukocyte from periphery into the brain is assumed to initiate inflammatory 

cascades in CNS (Maurer and Rieckmann 2000, Lublin, Reingold et al. 2014, Barcelos, Troxell 

et al. 2019). Chronic inflammation in CNS is considered to trigger demyelination and subsequent 

neurodegeneration leading to loss of functions related to the region of lesion. However, some 

studies have reported neuroaxonal damage even in absence of demyelination, indicating other 

contributors to neurodegeneration (Nikic, Merkler et al. 2011, Barcelos, Troxell et al. 2019). 

1.3. Mitochondrial hypothesis of neurodegeneration 

Mitochondrial dysfunction is considered as one of the contributors of neurodegeneration in MS 

(Barcelos, Troxell et al. 2019, Bargiela and Chinnery 2019, Campbell, Licht-Mayer et al. 2019, 
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Wang, Xu et al. 2019). During chronic inflammation, activated immune cells are known to produce 

high amount of reactive oxygen and nitrogen species (ROS & RNS) that leads to oxidative stress 

(Mossakowski, Pohlan et al. 2015). In normal situation, excess ROS are neutralized by cell’s 

antioxidant system, however, excessive ROS levels beyond scavenging capacity of the cells’ 

antioxidant system leads to oxidative stress that can cause extensive protein oxidation, lipid 

peroxidation (Salim 2017) as well as global histone modification and DNA methylation (Niu, 

DesMarais et al. 2015). Subsequently, oxidative stress may cause both mitochondrial and 

neuronal damage, further inducing production of ROS and RNS and resulting in a vicious cycle 

of oxidative insult, mitochondrial damage and neuronal damage (Figure 1).  

Figure 1: Schematic representation showing consequence of inflammation induced oxidative stress in neurons. 

Immune activation in CNS by infiltrating immune cells from periphery leads to production of ROS and RNS. During 

chronic neuroinflammation, sustained ROS and RNS cause oxidative stress that damages both mitochondria and 

neurons. Damaged mitochondria further produce ROS, contributing to oxidative stress, ultimately leading to 

mitochondrial alterations, damage and neuroaxonal damage. (Source: Original figure) 

Importantly, mitochondrial alterations are reported in earlier stages of MS, even before 

demyelination (Mahad, Ziabreva et al. 2008, Nikic, Merkler et al. 2011) indicating energy failure 

that contributes to neuroaxonal damage. Besides MS, oxidative stress and mitochondrial 

alterations have also been reported in many other neurodegenerative diseases that are not 

primarily immune related, such as Alzheimer’s disease and Huntington’s disease among others 

(Barcelos, Troxell et al. 2019). Hence, understanding of mitochondrial alterations due to oxidative 

stress may provide a key to the management of neuroaxonal damage in context of 

neurodegenerative diseases.   

1.4. Mitochondrial dynamics in health and in stress 

Mitochondria are highly dynamic organelles that change in shape, size and motility behavior 
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according to the functional need of cells. In normal situation, mitochondria undergo fusion, fission 

and biogenesis to shuffle, segregate and renew mitochondrial pool allowing mixing of metabolites 

and mitochondrial DNA, proliferation as well as cellular adaptation to the bioenergetics of the cell 

(Knott, Perkins et al. 2008). In general, fusion leads to the formation of elongated mitochondria 

that are considered optimal for ATP generation, whereas fission assists in mitochondrial division 

as well as mitophagy (Farmer, Naslavsky et al. 2018). These changes in mitochondrial 

morphology also impacts mitochondrial motility. In general, 20-30% of mitochondria are motile 

(Lin and Sheng 2015). The purpose of mitochondrial transport again depends on the cell’s 

bioenergetics. Mitochondrial transport are crucial for mitochondrial distribution that are directed 

in the area of increasing energy demand as well as for the removal of damaged mitochondria 

(Cheng and Sheng 2021). Interestingly, most of the ATP synthesis occurs in stationary 

mitochondria (Sun, Qiao et al. 2013, Lin and Sheng 2015, Cheng and Sheng 2021). Hence, it 

requires a well- coordinated implementation of mitochondrial fusion-fission, biogenesis, 

mitophagy and motility in a healthy cell. 

During mild damage or stress, fusion and fission dynamics assist in distributing functional 

metabolites and mitochondrial DNA among functional mitochondria as well as get rid of the 

damaged part to protect mitochondria from further damage (Knott, Perkins et al. 2008). Moreover, 

mitochondrial fusion is considered important for accelerating ATP production during stress 

(Farmer, Naslavsky et al. 2018). However, in case of extensive damage or stress, mitochondria 

may undergo fission in excessive magnitude causing fragmentation of large mitochondrial 

population, which is detrimental. Consequently, mitochondrial motility pattern alters depending on 

the amount of damage on mitochondrial pool. While mild change in mitochondrial bioenergetics 

may trigger motility for mitochondrial distribution; excessive stress may immobilize mitochondria 

causing accumulation of unremoved dysfunctional mitochondria (Cheng and Sheng 2021). 

1.5. Teriflunomide (TFN) 

Teriflunomide (TFN) is a disease-modifying drug approved for RRMS (O'Connor, Wolinsky et al. 

2011, Miller, Wolinsky et al. 2014). The mechanism of action of TFN is through reversible 

inhibition of the inner mitochondrial membrane-associated enzyme, dihydroorotate 

dehydrogenase (DHODH) (Figure 2). DHODH is involved in the fourth enzymatic step of de novo 

pyrimidine biosynthesis by the ubiquinone-mediated oxidation of dihydroorotate to orotate (Bar-

Or 2014) (Loffler, Carrey et al. 2020). Inhibition of de novo pyrimidine biosynthesis leads to the 

regulation of rapidly dividing cells, thus reducing B and T cell proliferation subsequently limiting 

inflammation (Bar-Or 2014, Kretzschmar, Pellkofer et al. 2016, Miller 2017). 
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Figure 2: Schema depicting role of dihydroorotate dehydrogenase (DHODH) in de novo pyrimidine biosynthesis and 

electron transport chain. The complexes associated with electron transport chain, DHODH and the ATP synthase are 

located in the inner mitochondrial membrane of mitochondria (IMM). DHODH donates electron to ubiquinone (Q) 

reducing it to ubiquinol (QH2) during the conversion of dihydroorotate (DHO) to orotate in the fourth step of de novo 

pyrimidine biosynthesis. The reduced QH2 is reoxidized by complex III transferring electrons to complex IV. 

Teriflunomide (TFN) acts by reversibly inhibiting DHODH. (Source: Original figure) 

The enzyme DHODH is also functionally linked to complex II and complex III of mitochondrial 

electron transport chain (ETC) (Boukalova, Hubackova et al. 2020). It reduces ubiquinone (Q) to 

ubiquinol (QH2) during oxidation of dihydroorotate, which is then oxidized back to Q by complex 

III (Figure 2). Despite close association with ETC, the effect of DHODH inhibition by TFN on 

mitochondrial dynamics and functionality remains unclear. As the drug is well established for MS 

disease management and due to presence of compensatory mechanism related to DHODH 

reduction of Q in ETC, we hypothesized that TFN does not have detrimental effects on 

mitochondria.  

1.6. TFN dose  

TFN has been reported to potently inhibit 50% of DHODH (IC50) at 1 µM concentration (Palmer 

2013, Kaplan J. 2015). At higher concentrations ranging from 50-100 µM, TFN has been reported 

to inhibit protein tyrosine kinase (Oh and O'Connor 2013, Palmer 2013). In patients, 14 mg TFN 

is recommended per day for the treatment of RRMS, which leads to an average steady-state 

maximum TFN concentration (Cmax) of 168 µM in blood plasma (Oh and O'Connor 2013). 

However, the concentration of TFN that ends up into the brain could only be extrapolated from 

the animal data.  

Meanwhile, in rats, the final concentration of TFN in brain was found to be only approximately 2 

– 4 % of the blood concentration (~ 2.5 - 4,1 µM) (Kaplan J. 2015). Thus, by extrapolation of rat 

data, we could approximate around 3-7 µM TFN concentration in CNS in patients. Based on this 
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information, we investigated three different concentrations of TFN, 1 µM, 5 µM and 50 µM in our 

mice study using peripheral spinal root explants. 

1.7.  Rationale 

Most of the drugs for MS aim at managing inflammation, including TFN. While MS pathology is 

multifactorial, management of other factors that contributes to the pathophysiology of MS is 

crucial. As the mechanism of action of TFN on limiting inflammation is associated with 

mitochondria, potential harmful or protective effect on mitochondria during oxidative stress may 

be implicated to avoid any serious side effects or to exploit additional therapeutic benefit that 

could be used in other diseases associated with mitochondrial dysfunction and oxidative stress.  

In this PhD project, we investigated the effect of DHODH inhibition by TFN on mitochondria. 

Additionally, we explored its implication on mitochondrial protection during oxidative stress.  

This thesis is based on the following publication:  

Malla B, Cotten S, Ulshoefer R, Paul F, Hauser AE, Niesner R, Bros H, Infante-Duarte C (2020) 

Teriflunomide preserves peripheral nerve mitochondria from oxidative stress-mediated 

alterations. Ther Adv Chronic Dis 11:2040622320944773. (IF: 5.091)  

(Ranked 36th out of 267 journals in the selected JCR year of 2018 with impact factor of 4.45 and 

in the category: pharmacology and pharmacy)



 
 

 

  

Objectives 
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2. Objectives 

2.1.  Objectives related to the thesis 

The present PhD project primarily aimed at investigating the effects of TFN on mitochondria. The 

specific aims of the project are given below:  

- To investigate the effect of TFN on axonal mitochondrial dynamics  

- To investigate the effect of TFN on axonal mitochondrial dynamics during oxidative stress 

- To investigate the effect of TFN on mitochondrial oxidation potential during oxidative stress 

2.2. Additional Objectives not covered in this thesis  

In addition to above mentioned aims, the PhD project also explored mitochondrial dynamics, 

oxygen consumption and neuronal activity in central nervous system model during oxidative 

stress in presence and/or absence of TFN. The specific additional aims are as follows, 

- To establish a model of murine acute brain slices for investigation of mitochondrial dynamic 

in terms of mitochondrial morphology and motility 

- To investigate the effect of TFN on neuronal mitochondrial dynamics during oxidative stress 

- To investigate the effect of TFN on ATP levels during oxidative stress 

- To investigate the effect of TFN on oxygen partial pressure during oxidative stress  

- To investigate the effect of TFN on neuronal activity during oxidative stress 

Papers related to these aims were submitted with long delays in reviewing process.



 
 

 

  

Methods 
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3. Methods 

3.1.  Ethics Statement 

All experimental procedures performed in mice were reviewed and approved by the local authority 

on animal studies, Landesamt für Gesundheit und Soziales Berlin (LaGeSo). We performed the 

animal studies following strict regulations of the European Communities Council Directives of 22 

September 2010 (2010/63/EU). The studies were performed under animal experimentation 

application (TVA) number T002/10. 

3.2.  Animals 

We used naïve C56Bl6 male and female adult mice that were at least 8 weeks or older. All the 

animals were kept in animal facilities with access to food, water, appropriate enrichment in the 

environment as well as maintained with temperature, air-flow and 12 h light-dark cycle. 

3.3.  Preparation of solutions and drugs 

Explanted roots were incubated in artificial cerebrospinal fluid (aCSF) (in mM): 124 NaCl, 1.25 

NaH2PO4, 10.0 Glucose, 1.80 MgSO4, 1.60 CaCl2, 3.00 KCl, 26.0 NaHCO3. NaHCO3 was added 

just before using the solution. For induction of oxidative stress, explanted roots were incubated 

with 50 µM of H2O2 (H2O2; 30% w/w in H2O, with a stabilizer) dissolved in aCSF for 30 minutes. 

TFN in the form of powder was dissolved in dimethyl sulfoxide (DMSO) and stored at -20°C. To 

investigate the effect of TFN, three different concentrations were tested along with H2O2 for 30 

minutes.  

3.4.  Preparation of peripheral spinal root explant 

To prepare ventral spinal root explants, C57BL/6 mice were anesthetized using isoflurane and 

sacrificed by cervical dislocation. Then, the connective tissue was separated and the dorsal side 

of the spinal cord was exposed. At the thoracic level of the vertebrae, initial sectioning was made 

in the sides and proceeded in a rostral to caudal direction until the last vertebrae. The spinal cord 

was gently lifted to expose the ventral roots. The exposed ventral roots were cut before the 

formation of the peripheral nerves. The spinal cord with attached roots was transferred to aCSF 

saturated with carbogen (95% O2; 5% CO2) and lumbar ventral roots of at least 0.8 cm were 

selected and separated from the spinal cord using a dissecting microscope. The peripheral roots 

were then incubated in submerged incubation chamber (Brain Slice Keeper- BSK6-6, Scientific 

Systems Design Inc., Ontario, Canada) and continuously perfused with the carbogen. 
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3.5.  Labeling of mitochondria and quantification of relative change in intracellular ROS 

MitoTracker CMTMRos orange (Life Technologies, Darmstadt, Germany) is a fluorescent dye that 

fluoresce after entering live cell and then are sequestered into mitochondria depending on the 

membrane potential. To label axonal mitochondria, ventral spinal roots were incubated in fresh 

aCSF containing 300 nM, MitoTracker orange for 30 minutes and washed with aCSF (Figure 3). 

Kweon et al., 2001 described that the fluorescence intensity of the MitoTracker Orange is 

proportional to the levels of intracellular ROS (Kweon, Kim et al. 2001). Then, the images obtained 

from confocal microscopy were used for the quantification of mitochondrial fluorescence intensity 

using the Image J software.  

(Adapted and modified from Malla et al., 2020, Ther Adv Chr Dis) 

Figure 3: Mitochondrial labelling with MitoTracker Orange. Mitochondria within the orange boundry of the axon are 

labelled in orange. Asterix shows the nodes of Ranvier. Scale bar: 5µm 

3.6.  Confocal Microscopy 

All the imaging experiments were performed using inverted laser-scanning confocal microscope 

adapted for live- cell imaging (LSM 710, Carl Zeiss, Jena, Germany). For imaging, explanted 

ventral roots were placed in a chamber with glass coverslip at the bottom and were immobilized 

using a custom-built net. The imaging chamber were filled with carbogenated aCSF. MitoTracker 

Orange was excited with a DPSS laser at 561 nm. Time-lapse video of 30 frame (2 sec/frame) 

with a resolution of 512x512 pixels were acquired in three separate regions of interest (ROI) that 

justified the following criteria:  

- ROI with clearly defined node of Ranvier,  

- ROI with visibly labeled mitochondria and  

- ROI no closer than 0.2 cm from the ends of the roots 

Typically, the first image was captured from the middle of the root, whereas the following two were 

from the right and left of the middle region (Figure 4). 
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Figure 4: Schematic diagram showing the location of ROIs in peripheral root explants. The ROI should locate at least 

0.2 cm away from the ends of the root. Typically, the three ROIs are located in the middle and right and left from the 

middle. (Source: Original figure)  

3.7. Analysis of mitochondrial dynamics 

We used an automated analysis function of Volocity®6.3 software (Perkin Elmer, Rodgau, 

Germany) to analyze time-lapse images for investigating mitochondrial dynamics. For the 

analysis of mitochondrial morphology, we used the first frame of every video. Mitochondrial shape 

factor, length and area of individual mitochondria were investigated as morphological parameters 

for assessing change in mitochondrial morphology, where shape factor is defined as a measure 

of circularity ranging from 0 and 1 (closer to ‘0’ was a longer mitochondrion, whereas ‘1’ was a 

perfect circle) (Figure 5).  

 

Figure 5: Schematic illustration showing different mitochondrial parameters under investigation. (Source: Original 

figure)  

For the quantification of mitochondrial motility, number of moving mitochondria, their velocity, 

displacement and track length within each root were analyzed. Mitochondria were tracked 

manually using Volocity 6.3 software (Perkin Elmer, Rodgau, Germany), where, displacement is 

the measure of the shortest distance in µm, covered by a mitochondrion. Displacement was 

measured as a straight line from the starting to the end position during 30 frames. Track length is 

the measure of real distance path longitude followed by the mitochondrion. Any mitochondrion 

with a displacement of at least 1 µm was considered ‘mobile’. Measurements from three ROI were 

averaged for each root.  
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3.8.  Statistical Analysis 

Prism 5.01 Software (GraphPad, CA, USA) was used for the analysis of the data. First, the 

normality test was carried out using D'Agostino & Pearson omnibus K2 normality test. The two 

variable comparisons were conducted using Mann Whitney test. All normally distributed data were 

analyzed using a one-way ANOVA with Bonferroni’s post hoc test. The data that were not 

normally distributed were analyzed using a Kruskal-Wallis test followed by a post hoc Dunn’s 

multiple comparisons test. 



 
 

 

  

Results 
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4. Results 

4.1.  DMSO did not influence mitochondrial dynamics in peripheral spinal root explants 

As a control of the experimental conditions, we investigated whether dimethyl sulfoxide (DMSO), 

used to dissolve TFN, would interfere with mitochondrial dynamics in peripheral root explants. For 

this, six explanted roots were incubated with either aCSF alone or aCSF + DMSO. Then, we 

compared mitochondrial morphology and motility between roots incubated in aCSF only and 

aCSF + DMSO. We observed no influence of DMSO on mitochondrial shape, length, no. of motile 

mitochondria, velocity, trajectory length and displacement (Figure 6a-f, Table 1).  

 

(Adapted and modified from Supplementary, Malla et al., 2020, Ther Adv Chr Dis) 

Figure 6: DMSO did not influence mitochondrial dynamics in explanted roots. a) shape factor, b) mitochondrial length, 

c) no. of motile mitochondria, d) velocity, e) trajectory length and f) displacement. Graphs are shown in Tukey boxplots, 

where the central line denotes the median; the lower and upper boundaries denote the 1st and 3rd quartile, and the 

whiskers denote the spread of the data. Inside the box, ‘+’ delineates the mean. ns: not significant statistically.  

(Adapted and modified from Malla et al., 2020, Ther Adv Chr Dis) 

Table 1: Summary of morphology and motility parameters of mitochondria in peripheral root explants incubated in 

aCSF and aCSF with DMSO. Values are shown as Mean + SD. * p < 0.05; ** p < 0.01 

  



Malla B | Effect of DHODH inhibition by teriflunomide on axonal mitochondria 

19 
 
 

 

4.2. DMSO did not influence mitochondrial dynamics in peripheral spinal root explants 

exposed to H2O2 

Furthermore, we investigated any interference or additional effect of DMSO during oxidative 

stress. For this, we performed control experiments on 4-10 explanted roots to determine the 

influence of DMSO on mitochondrial dynamics in presence of H2O2. Similar to aforementioned 

set of experiment, we compared mitochondrial morphology and motility between roots treated 

with H2O2 and H2O2 + DMSO in aCSF. We observed slight reduction in mitochondrial shape factor 

without influencing other morphology or motility related parameters (Figure 7a-f, Table 2).  

 (Adapted and modified from Supplementary, Malla et al., 2020, Ther Adv Chr Dis) 

Figure 7: DMSO did not influence mitochondrial dynamics in explanted roots exposed to H2O2. a) shape factor, b) 

mitochondrial length, c) no. of motile mitochondria, d) velocity, e) trajectory length and f) displacement. Graphs are 

shown in Tukey boxplots, where the central line denotes the median; the lower and upper boundaries denote the 1st 

and 3rd quartile, and the whiskers denote the spread of the data. Inside the box, ‘+’ delineates the mean. *p<0.05, ns: 

not significant statistically. 

 (Adapted and modified from Malla et al., 2020, Ther Adv Chr Dis)  

Table 2: Summary of morphology and motility parameters of mitochondria in H2O2 and H2O2 along with DMSO treated 

peripheral root explants. Values are shown as Mean + SD. * p < 0.05; ** p < 0.01 
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4.3.  TFN induced mitochondrial elongation and increase in length in peripheral spinal 

root explants 

To ascertain that TFN does not lead to mitochondrial fragmentation and absolute mitochondrial 

immobility in absence of H2O2-treatment, we incubated the roots with 50 µM TFN. Although, we 

did not observe any significant difference on mitochondrial morphology and motility with DMSO 

addition in aCSF and H2O2-treatment, we added equivalent amount of DMSO as used in TFN to 

the untreated group. We performed 4 independent experiments in 12 ROI per condition to 

compare untreated (aCSF + DMSO) versus TFN-treated nerves. In total, 568 and 672 individual 

mitochondria in untreated and TFN-treated roots, respectively were analyzed.  

To investigate the effect on mitochondrial morphology, we explored three morphological 

parameters- shape factor, length and area (Figure 8a-c). TFN reduced mitochondrial circularity 

and increased mitochondrial length without significantly affecting the area (Table 3) 

(Adapted from Malla et al., 2020, Ther Adv Chr Dis) 

Figure 8: Mitochondria became elongated and longer with 50 µM TFN treatment. (a) Mitochondrial shape factor 

(circularity) was reduced with TFN-treatment. (b) Mitochondrial length was increased with TFN-treatement. (c) 

Mitochondrial area did not change with TFN-treatment. Graphs are shown in Tukey boxplots, where the central line 

denotes the median; the lower and upper boundaries denote the 1st and 3rd quartile, and the whiskers denote the spread 

of the data. Inside the box, ‘+’ delineates the mean. ns: not significant statistically. *p<0.05, ** p<0.01.  

 (Adapted and modified from Malla et al., 2020, Ther Adv Chr Dis)  

Table 3: Summary of morphology and motility parameters of mitochondria in untreated and teriflunomide treated 

peripheral root explants. Values are shown as Mean + SD. * p < 0.05; ** p < 0.01 
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4.4.  TFN reduced mitochondrial transport velocity 

Similarly, we investigated the effect of TFN on mitochondrial motility in untreated (aCSF + DMSO) 

versus TFN-treated spinal root explants, basing on four-motility parameters- no. of motile 

mitochondria, velocity, trajectory length and displacement. We observed reduction of 

mitochondrial transport velocity compared to the untreated roots (Figure 9b). There was no effect 

on other motility parameters (Figure 9a, c-d, Table 3). 

 (Adapted from Malla et al., 2020, Ther Adv Chr Dis)  

Figure 9: Mitochondrial transport velocity decreased with TFN treatment. (a) Number of moving mitochondria per root 

in untreated vs. teriflunomide-treated roots. (b) Velocity of mitochondrial transport. (c) Length of the mitochondrial 

trajectories and (d) Displacement (final position minus initial position) of mitochondria. Graphs are shown in Tukey 

boxplots, where the central line denotes the median; the lower and upper boundaries denote the 1st and 3rd quartile, 

and the whiskers denote the spread of the data. Inside the box, ‘+’ delineates the mean. ns: not significant statistically. 

* p<0.05. 
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4.5. TFN prevented oxidative stress-mediated reduction in mitochondrial elongation, 

length and area 

To investigate the effect of TFN on oxidative stress-induced mitochondrial alterations, the 

explanted roots were either untreated (aCSF + DMSO) or treated with 50 µM hydrogen peroxide 

(H2O2+DMSO) and 3 different concentrations of TFN: 1, 5 and 50 µM in aCSF for 30 minutes at 

room temperature. We included 19 independent experiments carried out in 19 different mice. 

Each treatment includes at least 5 independent roots and 15 ROI per culturing condition. For 

morphological investigations, number of mitochondria in the selected ROI were 2586, 2860, 1306, 

875 and 1550 for untreated (aCSF + DMSO), H2O2-treated (+DMSO), H2O2 + TFN (1 µM), H2O2 

+ TFN (5 µM) and H2O2 + TFN (50 µM), respectively. 

During oxidative stress, mitochondrial circularity increased and mitochondrial length and area 

decreased substantially while, TFN prevented these alterations (Figure 10a-c). Among the three 

concentrations of TFN, 1 µM prevented alterations of all the three parameters, 50 µM induced 

increase in mitochondrial length and area only but 5 µM TFN did not have any statistically 

significant effect on H2O2-induced morphological alterations. (Table 4) 

(Adapted from Malla et al., 2020, Ther Adv Chr Dis)  

Figure 10: Mitochondrial morphology preserved by TFN treatment during oxidative stress. (a) Change in mitochondrial 

shape factor, (b) length, and (c) area of mitochondria in the presence of H2O2 with or without teriflunomide. Graphs are 

shown in Tukey boxplots, where the central line denotes the median; the lower and upper boundaries denote the 1st 

and 3rd quartile, and the whiskers denote the spread of the data. Inside the box, ‘+’ delineates the mean. * p<0.05, ** 

p<0.01, ***p<0.001.  

(Adapted and modified from Malla et al., 2020, Ther Adv Chr Dis)  

Table 4: Summary of mitochondrial morphology under H2O2- treatment alone, and with 50 µM H2O2 in presence of 1 

µM, 5µM and 50 µM teriflunomide. Values are shown as Mean + SD. * p < 0.05; ** p < 0.01; *** p < 0.001 
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4.6. TFN prevented oxidative stress-mediated reduction in no. of motile mitochondria, 

transport velocity, trajectory length and displacement 

As described above, to investigate the effect of TFN on oxidative stress-induced mitochondrial 

motility, the explanted roots were either untreated (aCSF + DMSO) or treated with 50 µM 

hydrogen peroxide (H2O2+DMSO) and 3 different concentrations of TFN: 1, 5 and 50 µM in aCSF 

for 30 minutes. For motility investigation, average number of motile mitochondria per root were 

analyzed. In total, 201, 70, 83, 52 and 64 motile mitochondria for untreated (aCSF + DMSO), 

H2O2-treated (+DMSO), H2O2 + TFN (1 µM), H2O2 + TFN (5 µM) and H2O2 + TFN (50 µM), 

respectively were analyzed. We observed that H2O2-treatment lead to decrease in the number of 

motile mitochondria, velocity, trajectory length as well as displacement. TFN at concentrations 1 

µM and 50 µM prevented the decrease in motile mitochondria, velocity, trajectory length as well 

as displacement (Figure 11a-d). However, 5 µM TFN had no effect. (Table 5).  

 (Adapted and modified from Malla et al., 2020, Ther Adv Chr Dis)  

Figure 11: Mitochondrial motility preserved by TFN treatment during oxidative stress. (a) Number, (b) velocity, (c) 

trajectory, and (d) displacement, of mitochondria. Graphs are shown in Tukey boxplots, where the central line denotes 

the median; the lower and upper boundaries denote the 1st and 3rd quartile and the whiskers denote the spread of the 

data. Inside the box, ‘+’ delineates the mean. * p<0.05, ** p<0.01, ***p<0.001. 

(Adapted and modified from Malla et al., 2020, Ther Adv Chr Dis) 

Table 5: Summary of mitochondrial motility under H2O2- treatment alone, and with 50 µM H2O2 in presence of 1µM, 

5µM and 50 µM teriflunomide. Values are shown as Mean + SD. * p < 0.05; ** p < 0.01; *** p < 0.001 
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4.7. TFN prevented change in mitochondrial oxidation potential in peripheral nerve 

explants during oxidative stress 

As MitoTracker CMTMRos Orange fluoresces only upon oxidation, mitochondria in H2O2-treated 

roots with high oxidation potential acquired higher fluorescence relative to untreated. In contrast, 

1 µM TFN reduced the fluorescence intensity in the mitochondria as low as in untreated axons 

(Figure 12a). Pair-wise comparison between untreated vs H2O2- treated and H2O2- treated vs 1 

µM TFN-treated were significant (Table 6). No effect was observed at 5 or 50 µM TFN (Figure 

12b).  

(Adapted from Malla et al., 2020, Ther Adv Chr Dis)  

Figure 12: Mitochondrial oxidation potential preserved by 1 µM teriflunomide during oxidative stress. (a) Fluorescence 

intensity of MitoTracker Orange staining depicting significant reduction of oxidation potential of 1 µM TFN. (b) 

MitoTracker Orange fluorescence intensity at 1, 5, and 50 µM TFN treatment during oxidative stress in comparison to 

untreated and H2O2-treated roots. * depicts statistical significance with p value < 0.05 

(Adapted and modified from Malla et al., 2020, Ther Adv Chr Dis)   

Table 6: Summary of mean fluorescence intensity of mitochondria. (AU: arbitrary units). Values are shown as Mean + 

SD. * p < 0.05



 
 

 

  

Discussion 
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5. Discussion 

Mitochondria is one of the major contributors in MS pathogenesis. In MS, inflammation- induced 

oxidative stress causes mitochondrial alterations that leads to neuroaxonal damage (Moreira, Zhu 

et al. 2010, Friese, Schattling et al. 2014, Barcelos, Troxell et al. 2019, Bargiela and Chinnery 

2019, Boukalova, Hubackova et al. 2020). Although, most of the current treatments for MS 

focuses on mitigating neuroinflammation via immune modulation (Rudick and Trapp 2009, 

Claussen and Korn 2012), preventing neurodegeneration seems to be crucial to slow the progress 

of disability.  

In this context, TFN is the drug for our investigation because this drug has been widely used for 

managing RRMS. The mechanism of action of TFN is via limiting lymphocytic proliferation by 

targeting mitochondrial enzyme, DHODH (Klotz, Eschborn et al. 2019). However, inhibition of 

DHODH affects mitochondria is not well studied. Due to its close association with mitochondrial 

ETC, we hypothesized that TFN influences mitochondrial stability without compromising 

mitochondrial functionality.  

To test this hypothesis, we used our previously established model of murine spinal root explants 

(Bros, Millward et al. 2014, Bros, Niesner et al. 2015). Although, the impact of mitochondrial 

morphology on mitochondrial motility is known to be interrelated and well reported in cell culture 

models, there are no study that investigated motility changes during oxidative stress in live tissue 

model as per our knowledge. In this paper, we showed the alterations in mitochondrial velocity, 

track length and displacement during oxidative stress for the first time using murine peripheral 

spinal root explants.  

As opposed to 300 µM H2O2 concentration that we used in our previous study, here we 

investigated the effect of 50 µM H2O2 on axonal mitochondria (Bros et al., 2014). A very high 

concentration of H2O2 damages mitochondria and neurons rapidly to the extent where repair and 

protection is not possible.  In this study, H2O2 concentration induced alterations in both 

mitochondrial morphology and motility and TFN ensured mitochondrial protection. 

After excluding any relevant effect of the dilution vehicle for teriflunomide, DMSO, in both 

untreated (Figure 6) and H2O2 – treated mitochondria (Figure 7), we could show that the 

application of 50 µM TFN in otherwise untreated roots led to significantly longer mitochondria 

(Figure 8b-d) with reduced velocity (Figure 9b). TFN seem to promote mitochondrial fusion as 

depicted by elongated and longer mitochondria without affecting number of motile mitochondria. 

This observation supports other studies that reported increased expression of mitofusin 1 and 2 

gene that are involved in mitochondrial fusion during DHODH inhibition (Miret-Casals, Sebastian 

et al. 2018, Boukalova, Hubackova et al. 2020).  
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Additionally, we observed that 1 and 50 µM teriflunomide was able to prevent the decrease in 

shape factor, mitochondrial length and area during exogenous application of H2O2 (Figure 10f-h). 

Due to huge amount of oxidative damage, mitochondria tend to get rid of the damage parts. 

Functional mitochondria after shedding off the damaged parts may divide itself in order to 

replenish the loss number of mitochondria resulting in rounder, shorter and smaller mitochondria, 

indicative of fragmentation, which is in consistent with previous reports (Bros, Millward et al. 2014, 

Sadeghian, Mastrolia et al. 2016). 1 and 50 µM TFN prevented fragmentation of mitochondria 

(Figure 10a-c, e). Importantly, mitochondrial fragmentation does not necessarily suggest 

mitochondrial dysfunction but it is part of mitochondrial biogenesis undergoing fusion and fission 

depending on the energy demand of the cell (Oliver and Reddy 2019). However, excessive 

fragmentation could be indicative of extensive mitochondrial damage.  

Subsequently, high energetic demand of the cell and loss to huge number of mitochondria during 

oxidative stress might lead to immediate need of ATP production (Kaasik, Safiulina et al. 2007, 

Safiulina and Kaasik 2013). Since, mitochondrial immobility is one of the prerequisite for ATP 

synthesis (Lin and Sheng 2015), fragmented mitochondria might need to stabilize and synthesize 

ATP during oxidative stress. This might be the reason that H2O2- treatment caused reduction in 

number of motile mitochondria and reduction in velocity, displacement and trajectory lengths 

(Figure 11a-d). 1 and 50 µM TFN treatment prevented the reduction in the number of motile 

mitochondria, displacement and trajectory length in H2O2- treated roots.  

Moreover, oxidation potential of mitochondria was increased during H2O2- treatment. 1 µM TFN 

effectively reduced the increase in mitochondria oxidation potential indicating lower level of ROS 

in TFN treated roots even during H2O2- treatment (Figure 12). During excessive ROS generation, 

there is over reduction of ubiquinone. Over reduction of ubiquinone leads to reverse electron 

transport (Scialo, Fernandez-Ayala et al. 2017) resulting in further ROS generation, ATP depletion 

and subsequent inhibition of ATP synthase (Figure 13a). However, when TFN inhibits DHODH 

during H2O2- treatment, it might limit the pool of reduced ubiquinone, preventing reverse electron 

transport, thus limiting further ROS generation and mitochondrial dysfunction (Figure 13b).  
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Figure 13: Simplified schematic diagram depicting DHODH- complex III- ubiquinone cycle and the impact of ROS and 

TFN on ubiquinone, electron transport chain and ATP production. (a) Excessive ROS production leads to over reduction 

of ubiquinone, reverse electron transport and reduced ATP production. (b) TFN inhibition blocks DHODH that limits 

reduction of ubiquinone that prevents reverse electron transport and reduced ATP production. (Source: Original figure) 

Regarding the doses, TFN potently inhibits DHODH with half-maximum concentration of 1µM in 

human and ~86 nM in rats (Palmer 2013). At higher concentrations (50-200 µM), TFN is capable 

of inhibiting other proteins like tyrosine kinase or cyclooxygenase-2 (Oh and O'Connor 2013). 

However, not much is known about the intermediate doses. In our study, 1µM TFN concentration 

was proven protective and 50 µM TFN restored most of the alterations in mitochondrial dynamics. 

Contrastingly, 5µM TFN concentration had no effects. While the given half-maximum 

concentrations for rats are much lower than for humans, it is difficult to ascertain what 

concentration possess beneficial effect of DHODH inhibition and what concentration lead to more 

detrimental consequences of inhibition of other proteins like tyrosine kinases. In our study, 

inhibition of DHODH by1µM TFN restored mitochondria dynamics and oxidation potential during 

oxidative stress.  



 
 

  

Conclusions  

and Limitations 
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6. Conclusion 

In conclusion, mitochondria are dynamic organelles that undergo fusion- fission and motile- 

stationary cycles according to the demand of the cells. In situation of oxidative stress, 

mitochondria tend to fragment and, the remaining few that are motile travels shorter distance and 

slowly in comparison to non-stressed mitochondria. By inhibiting DHODH, TFN prevents ROS 

induced ROS production, restores oxidative stress-induced alterations in mitochondrial 

morphology and motility as well as reduces oxidation potential in peripheral roots. As, DHODH 

inhibition possess therapeutic capability for mitochondrial protection, TFN drug could be further 

investigated for its efficacy in other diseases, in which oxidative stress and mitochondrial 

alterations are confounding components.  

7. Limitations and perspectives 

This thesis is based on investigation of mitochondrial morphology and motility during oxidative 

stress in peripheral spinal root explants. Although, experimental setting in peripheral spinal root 

explants is close to the biological system and easy to extract and manipulate, the duration of 

experimentation is limited to 3-4 hrs only. After 3-4 hrs of explantation, the axons undergo 

irreparable damage due to lack of physiological environment. Hence, longer experimentations 

with treatments could not be carried out in this model.  

Apart from the model, another important aspect that needs consideration is the concentration of 

TFN. The kinetics of delivery of TFN in murine peripheral root explant and in brain would be 

different. Hence, although we used TFN within the recommended concentration, exact amount 

absorbed in the roots is not known. To answer this question, further investigation in brain tissue 

is needed.  

Furthermore, using peripheral spinal root explants, we intended to mimic oxidative stress situation 

induced by inflammation in MS by applying hydrogen peroxide. As much as one can argue about 

using a live tissue model, this model still lacks the complexity of CNS. Unlike parallel arranged 

axons in peripheral root explants, CNS axons are directed in all directions and hence difficult to 

follow in three-dimensions. Moreover, MS being a CNS disease, a brain model could provide 

better insight on how mitochondria are affected during oxidative stress and if TFN is protective 

towards neuronal mitochondria. In the second part of my PhD project, we established the CNS 

model and investigated the effect of oxidative stress and TFN on neuronal mitochondria.
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