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FOREWORD 

A growing body of evidence indicates that mitochondria play a key role in many disorders as 

well as in cancer progression and response to treatment. Next to being the main cellular energy 

generator through respiration, mitochondria are also the major producer of superoxide and other 

downstream reactive oxygen species (ROS) in the cell. Superoxide anion may trigger cell death 

when produced in large excess. Potential toxic agents acting on the mitochondrial electron 

transport chain (ETC) such as fungicides could therefore be harmful for human health (or even 

eukaryotes in general). On the other hand, several drugs were shown to inhibit the oxygen 

consumption rate (OCR) in tumors, subsequently enhancing the efficacy of radiation therapy by 

increasing tumor oxygenation and potentially leading to decreased tumor volume via superoxide-

induced cell death. However, when produced at a more moderate level, superoxide was 

suggested to be a key driver promoting cancer cell migration and metastasis. Therefore, these 

dual dose-dependent effects are important to study when considering the effect of a drug as a 

potential radiosensitizer in radiation therapy, but also to evaluate the potential toxicity of diverse 

agents before being placed on the market. So far, no technology was able to assess simultaneously 

the consumption of oxygen and the leakage of superoxide from the electron transport chain in 

a sensitive and specific manner compared to currently used tools. 

The main goal of this thesis was to focus on the dual measurement of OCR and mitochondrial 

superoxide production as a marker of mitochondrial (dys)function.  

The introduction of this thesis first presents the central role of the ETC in cellular faith, 

bioenergetics and signaling through oxygen consumption and ROS production modulations. 

Next, the current tools used to measure and modulate OCR and superoxide levels in vitro are 

described. Finally, the main subjects of the two related projects, namely succinate dehydrogenase 

inhibitors (SDHI) fungicides and statins, are characterized in their structure, mechanism of 

action and roles. 

The second chapter describes the main goal and aims of the thesis. 

The third chapter presents the results obtained during these four years of thesis. First, the 

development of a novel EPR method to simultaneously measure the oxygen consumption and 

superoxide production in isolated mitochondria and whole cell models to define mitochondrial 

(dys)function. With this new implementation in the lab, several projects in anti-cancer therapy 



 
 
 

and toxicity assessment benefiting these measurements saw the light. Boscalid et Bixafen, two 

widely used SDHI fungicides, were proven to induce mitochondrial dysfunction in human cell 

lines. In the same way, lipid-lowering drugs Simvastatin and Fluvastatin were suggested to be 

potential radio sensitizing agents in prostate cancer by alleviation of tumor hypoxia. Finally, 

exceeding our expectations, mitochondrial ROS measurements using this tool are already 

exploited in diverse UCL research projects which will not be discussed in this thesis. 

The last chapter consists in a discussion of the different projects results, their limitations as well 

as the future perspectives stemming from this work.  
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I. Mitochondria: form & (dys)function 

Over the past century, mitochondria have gained much interest as a subject of research within 

multiple experimental biology disciplines. Since then, considerable progress was made in 

unraveling its peculiar structure-function relationships as well as elucidating the intricate reaction 

pathways and energetics of cellular metabolism. As quoted by the American architect Louis 

Sullivan, “Form ever follows function”, linking nature’s structures to specific functions. 

Mitochondria are dynamic organelles performing crucial roles in diverse cellular processes 

including metabolism, programmed cell death, calcium homeostasis, ROS production and ATP 

production. In the same way, these functions are defined by the plastic mitochondrial structures 

adjusting according to the needs of the cell. 

1. Mitochondrial structure and composition 

Mitochondria are tubular organelles present in the cytoplasm of eukaryotic cells constituting a 

specific population called “chondriome”. The number of mitochondria in a cell varies depending 

on the organism, tissue and cell type. In this way, hepatocytes or high energy consuming cells 

like spermatozoids and muscle cells can contain around 2500 units compared to 200-600 units 

for mammalian fibroblasts and macrophages (Robin 1988) . Variations can also be found in 

terms of size, shape and intracellular localization. 

With the rise of high-resolution electron micrographs (Palade 1952), mitochondrial (ultra-) 

structure took shape, revealing its double limiting membrane and internal foldings. The outer 

mitochondrial membrane (MOM) shares similarities in composition to eukaryotic plasma 

membranes, containing pores and channels permeable to ions and small molecules. In contrast, 

mitochondrial inner membrane (MIM) is largely impermeable to maintain transmembrane 

gradient for respiratory metabolism. Because of its specific composition including cardiolipin, 

MIM presents ridges and invaginations called cristae, increasing surface area for chemical 

reactions. The different protein complexes necessary for respiratory metabolism and ATP 

synthesis are moreover located almost entirely on those cristae (Rich 2010). These inner and 

outer membranes are outlining 2 chambers; an outer chamber between the two membranes 

referred to as “intermembrane space”, and an inner chamber surrounded by the inner membrane 

as “matrix”. This matrix is the main site of aerobic respiration and accommodates various 
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enzymes for Krebs cycle, fatty acids β-oxidation and amino acids oxidation, as well as ribosomes, 

RNA and mitochondrial DNA (mtDNA). These findings modeling mitochondrial structure are 

nowadays widely accepted and still depicted as such in textbooks (Fig.1). 

 

 

 

 

 

 

Figure 1: Schematic representation of mitochondrial structure and components. 

2. Mitochondrial OXPHOS 

Mitochondria are essential for cellular energy production through oxidative phosphorylation 

(OXPHOS). Mitochondrial cristae are therefore enriched in OXPHOS complexes producing 

the bulk in cellular ATP. The mitochondrial respiratory chain (Fig.2) is composed of 

approximately 90 proteins organized into 5 multi-subunits complexes (I–V) and two electron 

carriers; cytochrome c and ubiquinone. Each of these respiratory chain complexes is integrated 

into the MIM along the cristae membrane, which are assembled into supercomplexes acting as 

functional platform for OXPHOS (Formosa 2018). Together, respiratory complexes I, III and 

IV form a supercomplex named “respirasome” regulating the electron flux (Winge 2012). This 

OXPHOS system couples the oxidation of reducing equivalents (NADH and FADH2) derived 

from the Krebs cycle and fatty acid oxidation to the pumping of protons across the MIM, 

generating an electrochemical proton gradient. At the membrane bends of the cristae tips, F1F0-

ATP-ase, also referred to as complex V, then exploits this gradient as a source of energy in order 

to generate ATP from ADP and inorganic phosphate (Pi). Synthetized ATP is then moved to 

the cytoplasm in exchange with ADP by the ATP/ADP translocase.  
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Figure 2:  A schematic representation of the mitochondrial respiratory chain depicting the 5 

major protein complexes designated as NADH-Coenzyme Q reductase (Complex I), succinate-

Coenzyme Q reductase (Complex II), ubiquinol-cytochrome c reductase (Complex III), 

cytochrome c oxidase (Complex IV) and ATP synthase (Complex V) as well as 2 connecting 

redox-active molecules; ubiquinone (Coenzyme Q) and cytochrome c. This multi-enzyme system 

shuttles electrons originating from NADH and FADH2 through complexes I-IV to molecular 

oxygen, reducing it to water. The energy derived from the electron flux is exploited to pump 

protons across the MIM to create a proton gradient used as energy source to synthesize ATP by 

the ATP synthase. Adapted from D. d’Hose 2021. 

 

3. Mitochondrial ROS production 

Aerobic respiration being one of the major functions of mitochondria in cells, the electron 

transport chain (ETC) is therefore precisely regulated to adapt to any change in cell demand and 

physiology. Disorder of its function by disruption of the electron flux leads to increased reactive 

oxygen species (ROS) and nitrogen species (RNS) and thus increased oxidative stress causing 

various neurodegenerative and inflammatory diseases. In this work, we will focus on 

mitochondrial ROS (mtROS) and more specifically on superoxide anion radical (O2
°-) 

production, which will further be referred to as “superoxide”. 
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1.1. ROS generation & cascades 

ROS are reactive molecules derived from oxygen and produced in many cellular compartments 

including phagosomes, peroxisomes, cellular membranes and mitochondria (Dickinson 2011). 

Moreover, mitochondria are considered as the main source of ROS in the cell, accounting for 

90% of total cellular ROS production. In active and functional mitochondria, ROS are normal 

metabolic byproducts occurring as a result of electron leakage during OXPHOS and reduction 

of molecular oxygen (Murphy 2009). This physiological leak occurs when 0.2-2% of the electron 

in the ETC exit the respiratory chain prior to the reduction of oxygen to water, interacting with 

oxygen to produce superoxide (Turrens 2003). Superoxide anion originating from a one-electron 

reduction of oxygen, is considered as the primary precursor of most ROS species. O2
°- can be 

dismutated to hydrogen peroxide (H2O2) spontaneously or by superoxide dismutase (SOD), 

explaining its short half-life (~nsec). Unlike superoxide, H2O2 has a more moderate half-life 

(~msec-sec) and can cross cell membranes easily, acting as signaling molecule by oxidizing 

specific protein thiol groups. In turn, in the presence of ferrous ions, hydroxyl radicals (OH°) 

are generated from H2O2 through the Fenton reaction. Ferrous ions originate from iron-sulfur 

cluster located in metalloproteins such as CI and CII. It has also been reported that superoxide 

can inactivate mitochondrial aconitase, releasing iron and hydrogen peroxide concomitantly and 

in this way facilitates production of hydroxyl radical in the mitochondria (Vasquez-Vivar 2000). 

Hydroxyl radical’s high chemical reactivity and instability make it an extremely damaging species 

for all types of macromolecules (lipids, carbohydrates, proteins, nucleic acids) and it can also 

trigger lipid peroxidation chain reactions. In addition, hydroxyl radical cannot be eliminated by 

an enzymatic reaction. 

The main intracellular source of O2
°- is the mitochondrial ETC, and now counting eleven distinct 

sites of superoxide generation in mammals (Brand 2010 and Brand 2016) (Fig.3). Net 

superoxide production at each site depends on substrates availability and antioxidant systems 

present in the matrix. These sites all produce superoxide into the matrix and are therefore able 

to damage mtDNA.  
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Figure 3:  A schematic representation of the 11 sites of superoxide production on the 

mitochondrial ETC. Sites include Complex I (2 sites), complex II, complex III, the glycerol-3-

phosphate dehydrogenase (GPDH), the electron transferring flavoprotein:Q oxidoreductase 

(ETFQOR) of fatty acid beta oxidation, the dihydroorotate dehydrogenase (DHODH) and the 

2-oxoacid dehydrogenase complexes (OADHC) comprising the 2-oxoglutarate dehydrogenase 

(OGDH), pyruvate dehydrogenase (PDH), the branched-chain 2-oxoacids dehydrogenase 

(BCOADH) and 2-oxoadipate dehydrogenase (OADH). Sites of superoxide production are 

represented by colored stars; flavin groups (orange) and ubiquinone binding sites (green). All 

sites produce superoxide at the matrix side, except for CIII and GPDH which produce 

superoxide both at the IMS and matrix side. Inspired and adapted from Wong 2017. 

 

Complexes I and III are the sources with the highest capacities to produce ROS; complex III 

releasing to both the matrix and intermembrane space and complex I releasing exclusively to the 

matrix (Muller 2004). Damaged or mutated complex II was also reported to produce O2°- but 

more likely to occur at complex I due to reverse electron flow (RET) (Murphy 2009 and Guzy 

2008). However, CII is now reported to produce superoxide at high rates as well in forward 

reactions than RET (Quinlan 2012, Perevoshchikova 2013, Brand 2016). Other sites are glycerol 

3-phosphate dehydrogenase (GPDH), the electron transferring flavoprotein:Q oxidoreductase 

(ETFQOR) of fatty acid beta oxidation, dihydroorotate dehydrogenase (DHODH) and the 2-

oxoacid dehydrogenase complexes (OADHC). Finally, complex IV does not produce any O2
°- 

but its state of phosphorylation/dephosphorylation can favor O2
°- production at the other 

complexes (Kadenbach 2009). Other external sources of O2
°- include Xanthin Oxidase (XO), 

NAD(P)H oxidase (NOX), lipoxygenase, nitric oxide synthase (NOS) and cyclooxygenase. 
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Also, superoxide being highly membrane-impermeable, its generation stays compartmentalized 

meaning that there is no flux of superoxide between matrix and cytoplasm. However, 

intermembrane space superoxide can more easily diffuse to the cytosol using anion channels 

(Murphy 2009). 

1.2. Antioxidant defenses 

At low or moderate levels, ROS play a crucial role in many physiological processes, but at a 

higher concentration, they can produce adverse modifications to cell components and lead to 

many pathological conditions including cancer, neurological disorders (Jenner 2003, Gella 2009) 

and asthma (Zuo 2013). To counterbalance the harmful effects of oxidants and avoid disrupting 

redox balance, aerobic organisms are equipped with antioxidant defenses to maintain cellular 

health.  These systems are divided in 2 categories; enzymatic and non-enzymatic defenses. 

Major enzymatic antioxidants include SODs, catalase and glutathione peroxidase (GSH-Px) and 

redox proteins thioredoxins (TRX), peroxiredoxins (PRX) and glutaredoxins (GRX) (Birben 

2012). SODs rapidly convert superoxide into H2O2 although this dismutation also occurs 

spontaneously. 3 forms of SOD co-exist; SOD1 (Cu,Zn-SOD) is present in the intermembrane 

space and cytosol, SOD2 (Mn-SOD) is present in the mitochondrial matrix and SOD3 (Cu,Zn-

SOD) is extracellular (Birben 2012, Sabharwal 2014). H2O2 is then reduced to water by catalase 

which also binds NADPH as a reducing equivalent to prevent oxidative inactivation of the 

enzyme. H2O2 and lipid peroxides can also be reduced into their corresponding alcohol by GSH-

Px enzymes, while it oxidizes GSH in GSSG. Glutathione (GSH) is present in a large amount 

(mM) in the cell and is necessary to detoxify peroxides and regenerate other antioxidants. The 

fluctuations in GSH/GSSG (reduced form/oxidized form) ratio is a therefore a good indicator 

of oxidative stress within a cell. Indeed, GSH/GSSG ratio exceeds 100:1 under normal 

conditions and is able to decrease to 10:1 or even 1:1 during oxidative stress (Chai 1994). Thiol 

containing enzymes as TRXs and PRXs (6 isoforms) are also capable of disposing H2O2. The 

TRXs are hydrogen donors, reducing oxidized cysteines on proteins with their redox active 

centers. The formed disulfide bond in their catalytic site is then reduced by TRX reductase and 

NADPH to regenerate the enzyme. It was also reported to interact with signaling molecules as 

thioredoxin-interacting proteins and to promote the activation of transcription factors. In the 

same way, PRXs are scavenging peroxides and peroxynitrites, and are regenerated by 
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sulfiredoxins. They can also be inactivated transiently by oxidation, allowing in this way to 

regulate H202 intracellular signaling. Together, TRX and PRX systems form a major redox 

mechanism to alleviate oxidative stress as well as regulating intracellular signaling. Examples of 

nonenzymatic antioxidants coming predominantly from dietary source include α-tocopherol (Vit 

E), carotenoids, uric acid and ascorbic acid (Vit C).  

When confronted with oxidative stressors, cells increase their antioxidant capacity to counteract 

the subsequent increased ROS production. This deviation in ROS levels is detected by a sensor 

molecule Kelch-like ECH-associated protein 1 (Keap1) that is physically repressing a master 

regulating transcription factor named nuclear factor erythroid 2-related factor 2 (Nrf2). Under 

normal conditions, Keap1 promotes ubiquitination of Nrf2 and its degradation by the 

proteasome. When intracellular ROS levels rise, multiple cysteine residues of Keap1 are oxidized, 

weakening its binding to Nrf2 (Zhang 2010). Nrf2 is then released and translocates into the 

nucleus where it induces the transcription of specific antioxidant genes like glutathione 

synthetizing enzymes (Fig.4). 

 

Figure 4:  Schematic representation of the Nrf2-Keap1 pathway regulating redox homeostasis. 

Adapted from Zhang 2015. 
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1.3. Roles of ROS 

Long thought as being exclusively toxic byproducts of aerobic metabolism causing oxidative 

damage, ROS are actually playing a crucial and beneficial role as regulatory mediators of 

physiological functions.  

One of ROS main function is to participate in host defense by eradicating pathogens. By 

expressing high amounts of NOX2 components such as gp91phox, phagocytes (macrophages, 

dendritic cells, neutrophils) produce ROS and are responsible for the oxidative burst killing 

ingested pathogens (Sareila 2011). Next to that, other tissues and cells are reported to contain 

NOX2 components and to participate to immune responses, such as spleen and lymph node 

cells but also non-phagocytic cells like cardiomyocytes and muscle cells (Bedard 2007). 

At low regulated levels, ROS act as second messengers via redox reactions in signaling cascades 

regulating many cellular processes, including proliferation, differentiation, apoptosis, growth and 

migration (Brieger 2012). H2O2 is capable of inducing structural changes within target proteins 

by oxidizing Cysteine thiolate anions (Cys-S-) to their sulfenic form (Cys-SOH). These redox-

derived modifications may lead to changes in protein function, expression of cellular products 

and increased proteolytic degradation (Grune 1997). Hence, this first-degree oxidation of 

cysteine residues serves as a reversible signaling mechanism thanks to TRXs and GRXs returning 

the protein in its original state. Phosphatases (like PTEN and MAPK phosphatases) appear to 

be susceptible to these modifications as they possess cysteines in their catalytic domain (Rhee 

2000). Higher levels of H2O2 however further oxidize thiolate anions into sulfinic (SO2H) or 

sulfonic (SO3H) species, making permanent protein damage (Schieber 2014). In this way, mtROS 

determine physiological outcomes; participating in autophagy by inactivating the cysteine 

protease Atg4, participating in aging process and boosting cell differentiation and proliferation 

upon receptor-dependent stimulation (Sena 2012).  

It has also been demonstrated that ROS are closely related to proteins involved in mitochondrial 

dynamics and more specifically mitochondrial fusion and fission. ROS could modulate the 

expression and activity of these proteins, subsequently reorganizing mitochondrial networks 

(Cid-Castro 2018). In this case, oxidative stress is therefore associated to fusion/fission 

imbalance, triggering mitochondrial fragmentation and cell death. 



 
 

GENERAL INTRODUCTION 

11 

Low levels of ROS are also able to induce nuclear transcriptional responses through cytoplasmic 

signaling pathways, resulting in long-lasting metabolic changes. This adaptive process called 

mitohormesis could increase cellular health and lifespan by promoting stress resistance, leaving 

the cell less susceptible to further perturbations. Furthermore, to reinforce the stabilization of 

hypoxia inducible factor 1 (HIF-1) required for metabolic adaptation under low oxygen levels 

(physiological hypoxia), mitochondria also release H202 to activate HIF-1 concomitantly with 

oxygen (Chandel 1998). With the discovery of cytochrome c participating to apoptosis as well as 

OXPHOS, this cross-talk between mitochondrial metabolism and signaling pathways became 

more concrete.  

1.4. ROS production in tumors 

Compared to normal cells, cancer cells present an increased rate in mtROS production but also 

an increased superoxide production originating from NADPH oxidase (NOX) allowing them to 

activate signaling pathways necessary for tumor progression. This cancer specific difference in 

cellular redox state is due to a combination of multiple factors; oncogenic lesions leading to 

Phosphatidylinositol-3-Kinase (PI3K) and Mitogen Activated Protein kinase/Extracellular-

signal regulated Kinase (MAP/ERK) pathway activation, combined with tumor 

microenvironment changes such as hypoxia leading to Hypoxia-Inducible-Factor (HIF) 

stabilization and activation (DeBerardinis 2016). Chronic oxidative stress is able to induce severe 

damage to intracellular molecules like lipids, protein and DNA. Free radicals can alter 

polyunsaturated fatty acids in biomembranes by triggering lipid peroxidation chain reactions, 

damage functional properties of proteins and enzymes as well as cause strand breaks in nucleic 

acids (Kehrer, 1993). More particularly, because of its close proximity to the ETC and limited 

repair mechanisms, mitochondrial DNA (mtDNA) is highly susceptible to ROS-damage, leading 

ultimately to a decline in mitochondrial function and enhanced ROS production. This suggests 

largely mitochondrial involvement in degenerative processes. To avoid cellular damage and 

activation of death-induced pathways, constant high levels of ROS in cancer cells are buffered 

by an increase in natural enzymatic cellular antioxidant systems via a mechanism regulated at a 

transcriptional level. Indeed, ROS exposure induces the production of cytoprotective enzymes 

(as metal-containing SODs, catalase, PRX, GSH-Px and NADPH) through the Keap1-Nrf2-

ARE pathway by activating Antioxidant Response Element (ARE)-mediated genes (de Vries 

2008, Zhang 2010, Zhang 2015). 
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As reviewed by Sosa in 2013, ROS are able to promote many biological processes and signaling 

pathways in order to stimulate tumor development and progression (V Sosa 2013). Indeed, ROS 

can act on cellular proliferation by ERK1/2 and Tyrosine kinase receptor (TKR) activation, 

stimulate evasion of cellular death, invasion and metastatisation as well as boost angiogenesis by 

releasing Vascular endothelial growth factor (VEGF) and angiopoietin. To coordinate those 

processes, cells call upon growth factors such as Epidermal growth factor (EGF) and Platelet-

derived growth factor (PDGF) by transiently increasing NOX-dependent ROS generation to 

activate tyrosine kinase activity of their associated receptors. This results in the recruitment of 

proteins towards the receptor and consequently to the activation of transduction pathways, 

notably PI3K- Protein kinase B (AKT)- mammalian target of rapamycin (mTORC) and RAS-

MEK-ERK-MAPK cascade. These “hijacked” machineries of normal cells are diverted by 

cancer cells in order to regulate cell events by controlling downstream signaling and ultimately 

lead to promoting sustained cell cycle progression, metastatic potential and therapy resistance. 

Among the 3 described classes of PI3Ks, Class I PKI3a have supported an important role in 

tumorigenesis because of its ubiquitous expression and its precise involvement in glucose 

metabolism, insulin signaling and cell growth (Liu 2018). It has also been reported to frequently 

acquire gain of function mutations in cancer. Subsequently, PI3K activation leads to Phosphate 

dehydrogenase kinase 1 (PDK1) recruitment to the membrane which, in turn, stimulates AKT 

by phosphorylation. By inactivating the hamartin-tuberin complex (TSC1-TSC2), AKT 

promotes mTORC1 stimulation and its downstream effectors (ribosomal S6 kinase and eIF4E-

binding proteins), leading to protein synthesis and progression of cell cycle from phase G0-G1 

to phase S. PI3K cascade activation also leads to the recruitment of Ras-specific GDP/GTP 

exchange factors promoting cell transformation. Cancer cells act on the loss of tumor 

suppressors like Phosphatase and tensin homolog (PTEN) to divert cellular processes into 

sustained activation. PTEN is an important regulator of PI3K pathway because of its 

phosphatase activity and its ability to inactivate PIP3, an essential mediator of cell proliferation. 

PTEN phosphatase activity is inactivated by H202-mediated oxidation and formation of disulfide 

bonds between essential cysteines (Cys124 -Cys71) in its active site (Lee 2002). Uncontrolled 

generation of H202 could therefore inhibit signaling regulation activity of phosphatases, resulting 

in cell death evasion and indefinite proliferation. 
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4. Mitochondria & cell death 

Next to mitochondria key function in cellular energy metabolism, mitochondria are also master 

regulators of apoptosis through release of cytochrome c and mitochondrial proapoptotic 

proteins. This highly regulated programmed cell death is actually mediated by two signaling 

pathways; the “extrinsic” pathway mediated by ligands activating death receptors (DRs) at the 

cell surface, and the “intrinsic” pathway initiated by mitochondria (Khan 2014). Both pathways 

converge together at the MOM and act on central regulatory proteins called caspases (cysteine 

aspartic acid specific proteases), which have to be activated in order to cleave downstream 

essential proteins for cell survival such as DNA repair proteins and cytoskeletal proteins (Fig.5). 

Caspases 8 and 10 make part of the initiator proteins recruited and activated following DRs 

stimulation (Tumor necrosis factor (TNF) Receptor superfamily) by their specific ligand. The 

proximity of these initiators stimulates their catalytic domain, allowing them to activate caspase 

effectors 3,6 and 7. On the other hand, the intrinsic pathway is activated following cellular stress 

signals and regulated by B-cell lymphoma 2 (BCL-2) family of proteins governing the integrity 

of the MOM. This family of proteins is constituted of multidomain proapoptotic proteins (BAX 

and BAK) mediating the permeabilization of the MOM, as well as a range of antiapoptotic 

proteins (BCL-2, BCL-XL, BCL-w and myeloid cell leukemia 1 (MCL-1)) preventing 

cytochrome c efflux. Upon intrinsic pathway activation, BH3-only proteins, a subfamily of BCL-

2 proteins, are upregulated and inhibit antiapoptotic proteins activity by binding (Shamas-Din 

2011). Among those BH3-only proteins, BH3-interacting death domain agonist (BID), Bcl-2 

interacting mediator of the cell death (BIM) and p53 up regulated modulator of apoptosis 

(PUMA) are also direct activators of proapoptotic proteins BAK and BAX (Ren 2010). 

Ultimately, this activation of the proapoptotic phenotype is led by MOM permeabilization, 

release of cytochrome c and Smac into the cytosol and activation of caspase 9 and 3 to eliminate 

the cell. 
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Figure 5:  Schematic representation of intrinsic and extrinsic apoptotic pathways. Apoptosis can 

be triggered by intracellular stimuli (intrinsic pathway) as well as extracellular stimuli (extrinsic 

pathway). The intrinsic pathway is stimulated by cellular stress such as DNA damage while 

extrinsic pathway is initiated by death receptor (DR) stimulation at the cell surface.  

Inspired and adapted from Schleich 2013. 

In addition, it appears that metabolic and apoptotic pathways converging in the mitochondria 

are not independent of each other. Diverse glycolytic enzymes are indeed multifunctional and 

are therefore also able to regulate other processes such as transcriptional regulation, cell motility, 

DNA repair and autophagy (Tristan 2011). This link is also suggested by many studies reporting 

the implication of glucose metabolism in cell death and survival (Kim 2005, Sen 2008). As a 

matter of fact, several isoforms of Hexokinase (HK type 1 and type 2) are suggested to 

participate in the apoptotic pathway and are therefore upregulated in many poorly differentiated 

and highly malignant tumors (Pedersen 2002). Although the exact mechanism of HK 

antiapoptotic effects are not really clear, binding of type II HK to the MOM has been shown to 

inhibit BAX-induced cytochrome c release and apoptosis in HeLa cells (Pastorino 2002). On the 

other hand, the proapoptotic role of other metabolic enzymes such as glyceraldehyde-3-

phosphate (GAPDH) has been demonstrated in several studies, suggesting its nuclear 

translocation and accumulation would trigger apoptosis (Dastoor 2001, Liiv 2012). Other studies 
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also suggest that GAPDH is accumulated in mitochondria during stress conditions such as 

starvation, oxidative stress and DNA damage and deposited on the MOM in association with 

voltage-dependent anion channels 1 (VDAC1) which ultimately results in mitochondrial 

permeability and caspase-independent cell death (Tarze 2007). 

5. Mitochondrial ETC dysfunction 

Defects in mitochondrial metabolism, such as respiratory complexes dysfunction due to 

mutations, affect the ETC and proton pumping across de MIM, leading to decreased 

mitochondrial membrane potential and ATP production (Distelmaier 2009, Moran 2010). 

Altered electron transport also induces increased rates of superoxide production that could be 

explained by the high reduction state of complexes upstream of the mutation. Together, 

structurally and functionally damaged mitochondria favor accumulation of ROS (Turrens 2003) 

and play an important role in the pathogenesis of multiple disorders. 

Because of mtDNA higher rate of mutations and less efficient DNA repair mechanisms 

compared to nuclear DNA, respiratory chain complexes failure often occurs, leading to increased 

ROS generation. Those ROS are associated with age-related cellular damage and shortened life-

span. Indeed, it has been reported that ATP production decreases by 8% in humans every decade 

(Short 2005) and that OXPHOS capacity decreases over time with decreasing muscle volume 

when aging (Conley 2000). This process is also referred to as the “free radical theory of aging” 

Furthermore, mitochondrial ETC dysfunction is largely observed in neurodegenerative diseases 

including Alzheimer and Parkinson’s disease. Alzheimer (AD) is a common form of dementia 

(cognitive impairment) characterized by an accumulation of neurotoxic proteins: plaques of 

amyloid β peptide (Aβ) and fibrillary tangles of hyperphosphorylated tau-protein. It is however 

still quite unclear whether those proteins are the cause or the consequence of the mitochondrial 

dysfunction associated with AD. Several reports demonstrated Aβ translocation from 

extracellular plaques into the mitochondrial matrix, exerting an effect on complex IV activity 

(Hashimoto 2003, Hauptmann 2006). Aβ also disrupts ETC complexes interactions into 

supercomplexes (Seelert 2009). On the other hand, the baseline mitochondrial functioning of 

each individual may initiate the accumulation of those proteins, as many mitochondrial functions 

are already affected in the early stages of the disease’s development. Indeed, before accumulation 

of the neurotoxic proteins, mitochondria already present enzymatic failure and increased ROS 
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production, leading to the accumulation of cellular damage. Changes is size and shape as well as 

in fusion/fission regulations have also been reported. In the same way, Parkinson’s disease (PD) 

is also associated with mitochondrial function and increased oxidative stress leading to the 

selective loss of dopaminergic neurons explaining the motor clinical manifestations of the 

disease. More precisely, PD’s mitochondrial dysfunction is associated with Complex I deficiency 

which increases ROS production, leading subsequently to cytochrome c release and caspase 3 

activation as well as ubiquitin proteasome system (UPS) dysfunction (Moon 2015).  

As discussed previously, ETC dysfunction is also found in various type of cancers accumulating 

defective mitochondria, stimulating tumor growth and metastasis through increased ROS 

generation (Petros 2005, Ishikawa 2008). 

Nowadays, mitochondrial ETC dysfunction is also associated with many other disorders such as 

cardiovascular diseases (hypertension, atherosclerosis, endothelial dysfunction) (Kanaan 2017), 

diabetes (Rocha 2016) and asthma (Reddy 2011), presenting all pathological levels of ROS.  

II. Modulation of oxygen consumption 

1. Modulators of oxygen consumption (OCR) on ETC complexes 

With the years, several modulators of mitochondrial function were discovered and largely used 

to define the structure of the mitochondrial respiratory complexes as well as the electron flow 

across the MIM. In this paragraph, we will address several of these complexes’ modulators, 

which are all depicted on Fig.6. 

 

 

 

 

Figure 6: Schematic representation of the mitochondrial electron transport chain and OCR 

modulators with their site of action. 
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1.5. NADH-oxidase inhibitors 

NADH:ubiquinone oxidoreductase (complex I or CI), the first and largest respiratory complex, 

initiates the electron transfer by oxidizing NADH and using ubiquinone as final electron 

acceptor. This two-electron transfer is also accompanied by translocation of 4 protons across 

the MIM to the intermembrane space. A wide variety of CI inhibitors act closely to the 

ubiquinone reducing site. Complex I is inhibited by more than 60 different families of 

compounds, detailed in a review (Esposti 1998). It is also commonly accepted that those 

inhibitors share the same binding site in the enzyme (Okun 1999) as their structure resembles 

ubiquinone with a cyclic `head' corresponding to the ubiquinone ring and a hydrophobic `tail’. 

Among them, rotenone, a natural plant extract widely used as pesticide and most potent agent 

of the retinoid class, comprises the inhibition of electron transfer from the iron-sulfur centers 

to ubiquinone, hence blocking OCR and ATP synthesis. In addition, ROS production is 

increased due to incomplete electron transfer to molecular oxygen. Because of its high 

lipophilicity, rotenone crosses the blood brain barrier easily (Caboni 2004) and enters cells 

without needing specific transporters (Tieu, 2011), inducing rapid neurodegeneration (Hirsch 

2003). Rotenone infusion is nowadays still used as Parkinson’s disease model in rodents. 

It is also established that metformin, a widely prescribed antidiabetic drug, inhibits CI enzymatic 

activity and thereby impairs both mitochondrial function and cell respiration (Owen 2000, 

Brunmair 2004). 

Other classes of CI inhibitors such as piericidins, capsaicins and N-Methyl-4-phenylpyridinium 

(MPP+) and its alkyl derivatives are potent CI-inhibitors used as probes to explore CI function 

(Miyoshi 1998). Short chain quinone analogues (Q-2, Q-3 and octyl-Q) act as enzyme substrate 

and become inhibitory once reduced, simultaneously increasing ROS production. Finally, 

myxobacteria are capable of producing antibiotics inhibiting CI, such as myxothiazol and 

stigmatellin. Among synthetic agents, we can also find pesticides now commercialized as 

acaricides (Dekeyser 2005). 
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1.6. Succinate-ubiquinone -oxidoreductase inhibitors 

Succinate-ubiquinone-oxidoreductase (SDH/SQR, Complex II or CII) is a key transmembrane 

protein linking two energy converting pathways; the Krebs cycle and the mitochondrial ETC. 

Complex II oxidizes succinate into fumarate and transfers the electrons onto ubiquinone, hence 

fueling the downstream complexes III and IV. 

Malonate and oxaloacetate (OAA) (Fig.7B-C) are well established competitive inhibitors of CII 

(Gutman 1977), occurring naturally in biological systems, like leguminous plants but also brain 

tissues. Along with CII inhibition, malonate also induces ROS production, participating to the 

characteristic striatal degeneration similar to that seen in Huntington’s disease (HD). 

Mycotoxin 3-Nitropropionic acid (3-NP) irreversibly binds to SDH and prevents its activity, as 

it structure is similar to SDH substrate; succinate (Fig.7A). In this way, 3N-P blocks cellular 

metabolic machinery, leading to systemic energy depletion (Alexi 1998). Basal ganglia seem 

however to be the most severely affected after 3-NP peripheral exposure, producing selective 

neurotoxicity in the striatum. 3-NP is nowadays still used to create animal models of HD 

(Brouillet 2014). 

In agriculture, fungicides specifically inhibit fungal respiration by blocking the ubiquinone 

binding sites on CII. Nowadays, newer synthetic compound of the former carboxin agents are 

used for crop protection and play an important role in managing plant diseases. Some of these 

more recent fungicides are also capable of inhibiting Complex III (CIII) as well. Succinate 

dehydrogenase inhibitors (SDHIs) fungicides will be discussed more extensively in this work. 

 

 

 

 

 

 

Figure 7:  Chemical structure of SDH native substrate (A) succinate and natural inhibitors (B) 

malonate and (C) oxaloacetate. 
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1.7. Cytochrome c reductase inhibitors 

Cytochrome c reductase (Complex III), a membrane bound complex forming the middle 

segment of the ETC, transfers the electrons from ubiquinol to ferro-cytochrome c located on 

the outer side of the MIM. This redox reaction is linked to a proton transfer across the 

membrane, by a mechanism called “protonmotive Q-cycle”. Ubiquinol is oxidized at the Qo site 

of the enzyme by a “bifurcated” reaction that redirects the 2 electrons down divergent paths, 

reaching different acceptors; the Rieske Fe-S center (high potential chain) and cytochrome b 

(low potential chain). 

Antimycin A, known since the 1950s, is considered the first and most potent inhibitor of CIII 

(Potter 1952). Nowadays it is well established that Antimycin A binds specifically to the quinone 

reduction site (Qi site) of the complex, blocking the oxidation of the cytochrome b hemes in the 

low potential chain (Quinlan 2011). This inhibition of electron transfer causes loss of 

mitochondrial membrane potential, leading to decreased OCR and increased ROS production. 

Like SDH, complex III can be inhibited by fungicides such as Oomycete-specific Ametoctradin 

(Zhu 2015) and strobilurins fungicides (Wood 2003). Moreover, several inhibitors of CI and CII 

are also capable of inhibiting III at the same time. Previously discussed antibiotics, myxothiazol 

and stigmatellin, block CI and CIII (Esposti 1993) and new generation SDHIs such as Bixafen 

have inhibitory effects on CIII (Bénit 2019). 

1.8. Cytochrome c oxidase inhibitors 

Cytochrome c oxidase (COX, Complex IV) is the terminal respiratory complex of the ETC, 

transferring electrons from reduced cytochrome c to molecular oxygen and translocating protons 

to the IMS. COX activity is tightly regulated by multiple molecules, like hormones and second 

messengers, to meet the energy demands of the cell. In this way, COX can be regulated by 

thyroid hormone, cardiolipin and nitric oxide (NO). Its activity can also be modulated by 

allosteric (in)activation by phosphorylation.  

Cyanide was one of the first potent inhibitors of COX, inhibiting cellular respiration and ATP 

production by binding to COX heme and subsequently inducing strong oxidative stress by 

increasing ROS production (Jones 2000). Sodium azide (NaN3) was also reported to induce 
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strong decrease in brain COX activity after infusion in rats (Bennett 1996), becoming since then 

a powerful tool to investigate OXPHOS mechanism in vitro and mitochondrial dysfunctions in 

vivo.   

NO is a reversible and endogenous modulator of mitochondrial respiration, competing with 

oxygen at the oxygen binding site of COX (Sarti 2003). This NO-mediated inhibition of 

respiration was demonstrated in different cell types such as hepatocytes, neuronal cells and 

tumor cells (Brown 1999, Jordan 2004). Also, low endogenous levels of NO potentiate cyanide 

inhibition of COX (Leavesley 2008). 

1.9. Mitochondrial uncouplers 

Oxidation of substrates by the ETC is not entirely coupled to ATP synthesis. A fraction of this 

liberated energy from OXPHOS is dissipated as heat due to proton leakage reentering into the 

matrix independently of ATP synthase. This proton leak can be basal (around 30% of resting 

cellular metabolic rate) where H+ diffuse across the MIM or be induced by specific proteins 

called uncoupling proteins (UCP) (Demine 2019). Synthetic and biological compounds are also 

capable of inducing mitochondrial uncoupling either by disrupting mitochondrial membrane 

potential or by modulating UCP activity. By increasing proton conductance across the 

membrane, these compounds are able to dissipate mitochondrial membrane potential and 

therefore increase oxygen consumption. Along with the decrease in local oxygen concentration, 

ROS production is subsequently decreased after uncoupling. Among endogenous modulators 

we find thyroid hormone T2 which abolishes allosteric ATP inhibition of COX, resulting in 

partial OXPHOS uncoupling. By translocating through anion carriers, fatty acids also 

demonstrated uncoupling effects (Wojtczak 1993). Components inducing extrinsic uncoupling 

(=reducing proton motive force) include commonly applied uncouplers carbonyl-cyanide-m-

chlorophenyl-hydrazone (CCCP) and carbonyl-cyanide-p-tri-fluoro-methoxy-phenyl-hydrazone 

(FCCP), and molecules translocating protons (ionophores) such as valinomycin and nigericin 

(Kadenbach 2003). 
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2. In vitro methods to measure OCR 

2.1. Clark electrode 

The Clark oxygen electrode (and its varieties) was long considered as gold standard in research 

to measure pO2 and oxygen consumption and is nowadays still widely used. This device consists 

of a chamber with 2 electrodes; a platinum cathode and a silver/silver chloride anode, filled with 

an electrolyte solution of potassium chloride (KCl). This chamber is surrounded with a teflon 

membrane permeable to gases, enabling its slow diffusion into the Clark electrode. This 

amperometric oxygen measurement technique is based on the production of a current between 

both electrodes when a voltage source of 0.6V is applied (Fig.8). When oxygen diffuses through 

the membrane, it is reduced at the cathode into hydroxide ions (OH-) that are then migrating to 

the anode and cause the oxidation of silver. The silver then ultimately reacts with chloride ions 

(Cl-) of the electrolyte solution to give electrons. This current flow is directly proportional to the 

oxygen tension in the solution (Von Heimburg 2005). 

Despite its extensive use over the years, it comes with its limitations. For in vitro experiments, 

these include the consumption of oxygen by the electrode, the need of large assay volumes 

compared to other techniques and the stirring requirements that are capable of damaging the 

cells. However, a key advantage of the use of this technique is providing the opportunity to add 

additional agents during the experiments. Today, this sensor also enables in vivo and 

transcutaneous pO2 measurements when attached to the skin. 

 

 

 

 

 

Figure 8:  Schematic representation of the Clark electrode functioning. The electric current 

occurring from the chemical reactions at the cathode and anode is directly proportional to the 

pO2 in the sample. Original figure from Anesthesia Key (Aneskey.com). 
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2.2. Seahorse XF 

The Seahorse XF analyzer is used to measure the oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) on adherent monolayered cells (Ferrick 2008). Using the 

specific Cell Mito Stress Test on live cells, Seahorse enables the measurement of key parameters 

of mitochondrial function in real-time by injecting specific modulators of respiration during the 

assay (Fig.9). The first modulator, oligomycin, inhibits ATP synthase and decreases OCR, 

enabling the measurement of basal mitochondrial respiration. The addition of FCCP then 

decouples the ETC by dissipating proton gradient and enhances electron flow, stimulating the 

ETC at maximal capacity (Maximal respiration). The subsequent addition of 

Rotenone/Antimycin A inhibits respiratory complexes I and III respectively, leads to the 

complete shutdown of mitochondrial respiration. This last step allows to measure spare 

respiratory capacity and non-mitochondrial respiration (due to cellular enzymes). This wide panel 

of features to measure mitochondrial function is one of this assay’s major advantage. Compared 

to the Clark electrode, it does not require a large number of cells, and different cell lines and 

experimental conditions can be measured at the same time on a same plate. Automated drug 

injections and data recordings make it a very easy and powerful tool. This kit can also be used 

on isolated mitochondria (Long 2016) and organoids. Next to these clear advantages, this stress 

test kit also presents some limitations. Mito stress test kit’s protocol is strict with cell operations, 

and cell density and count should be optimal to avoid clusters and ensure accurate OCR 

measurements (Luz 2015, Gu 2021). At last, it cannot be performed in vivo (Divakaruni 2014). 

Figure 9: Mitochondrial respiration 

parameters measured by the Seahorse XF 

on plated cells using the Cell Mito Stress 

Test Kit (Agilent). Oxygen consumption 

rate (OCR) of cells is measured during time 

after successive addition of mitochondrial 

modulators; Oligomycin, FCCP, Rotenone 

and Antimycin A.  

Original figure from Agilent products –  

(agilent.com/en/product/cell-analysis/real-

time-cell-metabolic-analysis/xf-assay-kits-

reagents-cell-assay-media/seahorse-xf-cell-

mito-stress-test-kit-740885 
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2.3. X-band EPR-oximetry 

Electron paramagnetic resonance (EPR) - oximetry with X-band is a magnetic resonance method 

that can be used to measure pO2 and oxygen concentration in biological samples or tissues.  Its 

principle relies on the detection of “paramagnetic” molecules (containing unpaired electrons) 

such as free radicals, metal ions and therefore molecular oxygen which possesses two unpaired 

electrons. However, oxygen cannot be detected directly by EPR when dissolved in fluids near 

room temperature because of its fast spin relaxation to the excited state, leading to broadening 

until becoming undetectable. Therefore, paramagnetic probes are used to monitor the presence 

and concentration of other paramagnetic species in a system. In this way, for in vitro 

measurements, OCR is measured with the use of a soluble nitroxide spin probe, 15N-PDT 

(perdeuterated tempone), mixed into the cell suspension (Fig.10A-B). This probe is oxygen 

sensitive, meaning the interaction between molecular oxygen in the environment and the probe 

due to Heisenberg spin-spin exchange induces reversible changes in its EPR spectrum linewidth. 

When bimolecular collisions occurring between molecular oxygen and the probe increase, EPR 

spectrum’s linewidth increases linearly (Fig.10C). Using a calibration curve linking this 

broadening with exact % of O2, we can quantify oxygen levels in a sample (James 1995, Diepart 

2010, Jordan 2002)(Fig.10D). To increase the sensitivity of nitroxides to oxygen, perdeuterated 

nitroxides are more convenient to use, making 15N-PDT a great stable and non-toxic tool to 

measure oxygen with high sensitivity. These oxygen measurements can also be performed in vivo 

using L-band EPR operating at lower frequency (1.1GHz compared to 9.4GHz for X-band 

(EPR) and using charcoals as oxygen sensitive probes, like conducted previously in our lab 

(Jordan 2002; Gallez, 2004). 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
GENERAL INTRODUCTION 

24 

 

 

Figure 10: Experimental methodology of EPR-oximetry, from D. d’Hose 2021. 

(A): Chemical structure of paramagnetic nitroxide 15N-PDT. 

(B): Representative global EPR spectrum of 15N-PDT. 

(C): Representative EPR spectra of 15N-PDT in 0.1% and 21% of O2 conditions. 

(D): Calibration curve depicting the evolution of 15N-PDT in function of O2 levels. 

 

III. Modulation of superoxide production 

1. Modulators increasing mitochondrial superoxide production 

As previously discussed in “modulation of the oxygen consumption”, agents blocking the OCR 

by acting on ETC complexes can also induce superoxide production. The most known and used 

mitochondrial modulators to induce such increase in levels of superoxide are Rotenone 

(inhibitor of CI) and Antimycin A (inhibitor of CIII). At the cytoplasmic level, Phorbol 12-

myristate 13-acetate (PMA) is also a well described and used agent to induce superoxide 

production via nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) 

activation in phagocytic leucocytes (Forman 2002). 
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1.1. Rotenone 

Rotenone (Fig.11A) is a phytotoxin extracted from the roots and stems of tropical plants Derris 

elliptica, Lonchocarpus and Tephrosia . It was extensively used as insecticide back in the 20ies and as 

component of many pesticides but is nowadays forbidden in the EU since 2009 because of its 

adverse toxic effects on humans and mammals in addition to being highly toxic to fish and 

insects. Rotenone mechanism of action is to inhibit CI near the ubiquinone binding site with 

high affinity, subsequently leading to an increased superoxide generation at the matrix side 

(Turrens 2003). Rotenone has therefore been extensively used to study the role of mitochondrial 

ETC in apoptosis and autophagy regulation (Porporato 2014, Chen 2008, Yang 2008). Because 

of its high lipophilicity, rotenone easily crosses biological membranes including the blood brain 

barrier (BBB), explaining its specific dopaminergic cell death induction in vivo due to increased 

oxidative damage (Sherer 2002, Radad 2006). Rotenone is nowadays still used to study 

Parkinson’s disease when infused to rodents (Sherer 2003, Ravenstijn 2008, Zahra 2020).  

1.2. Antimycin A 

Antimycin A (AA, Fig.11B) is a natural metabolite produced by streptomyces bacteria. Like 

Rotenone, AA was used in the first place as pesticide to manage invasive fish population. In 

1975, Boversis et al were the first to characterize ROS production using AA treatment on 

submitochondrial particles (SMPs) from rat and beef hearts (Boveris 1975). At that time, it was 

also detected solely at the matrix side of the SMPs (Boveris 1975, Turrens 1997). Later on, 

Turrens et al demonstrated that AA induced superoxide production at the ubisemiquinone site 

of CIII and that this production could be blocked by using stigmatellin and myxothiazol (Turrens 

1985). Others reported afterwards that AA-induced superoxide production was actually 

bidirectional across the MIM and could also be detected at the cytosolic side of the membrane 

(Han 2001, Muller 2004). Nowadays, AA is also known to induce apoptosis in cells by collapsing 

the membrane potential, increasing ROS production and opening the permeability transition 

pore (PTP) to release proapoptotic proteins (Wolvetang 1994, Petronilli 2001). This was also 

observed in several human cancer cell lines such as human leukemia cells (HL-60), human 

cervical adenocarcinoma (HeLa) cells and human pulmonary adenocarcinoma (Calu-6) cells 

(King 2002, Park 2007, Han 2009). 

https://fr.wikipedia.org/w/index.php?title=Lonchocarpus_nico&action=edit&redlink=1
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Figure 11:  Chemical structure of NADH-oxidase (complex I) inhibitor, Rotenone (A) and 

cytochrome c reductase inhibitor, Antimycin A (B). 

 

1.3. Paraquat 

1,1’-dimethyl-4,4’-bipyridinium dichloride, also called Paraquat, is an organic heterocyclic 

herbicide used extensively in the United States for weed and grass control. It is however non-

selective and therefore highly toxic for other living organisms, affecting many tissues such as 

brain, kidneys, liver and lungs. These toxicities are essentially mediated through its redox cycling 

process resulting in mitochondrial oxidative stress (Fig.12). Indeed, Paraquat enters 

mitochondrial matrix by a membrane potential -mediated carrier and is reduced by Complex I 

to a monocation free radical (PQ°+). In presence of oxygen, it is then rapidly oxidized to form 

superoxide, subsequently leading to the generation of other ROS and their associated deleterious 

effects (Dinis-Oliveira 2006). This Paraquat redox cycle was discovered to induce the death of 

dopaminergic neurons and therefore lead to the onset of Parkinsonian Syndrome (Greenamyre 

2001). Paraquat is now commonly used as a model of superoxide production in research. 

 

 

 

 

 

 

Figure 12: Schematic representation of Paraquat redox cycle and mediated toxicity. 

PQ2+ : paraquat, PQ°- : paraquat cation radical, SOD : superoxide dismutase, FR : Fenton 

reaction. Figure adapted from Dinis-Oliveira 2006. 
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1.4. Phorbol-12-myristate-13-acetate (PMA) 

PMA is a tumor promotor capable of activating neutrophil function. It acts on protein kinase C 

(PKC), a diacylglycerol (DAG) and calcium-dependent kinase playing a major role in cellular 

signaling. Upon activation, PKC phosphorylates several proteins including NOX2 component 

p47phox (Deleo 1996, Rastogi 2016), enabling the assembly of the enzyme at the plasma 

membrane. When activated, NOX can produce superoxide using molecular oxygen and 

NADPH in order to break down phagocytosed organisms (Fig.13). In this way, NOX 

constitutes an important mechanism of host defense against invading microorganisms (Bedard 

2007). PMA is nowadays still used to induce and detect a respiratory burst of superoxide 

production in leucocytes and macrophages (Dikalov 2011, Abbas 2014, Abbas 2016).  

 

 

 

 

Figure 13: Schematic representation of PMA mechanism of action in activation of NADPH 

oxidase. 

NOX2: NADPH oxidase 2, PKC: Protein Kinase C, p47phox: Neutrophil cytosol factor 1 and 

p22phox: Human neutrophil cytochrome b light chain.  
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2. Modulators decreasing mitochondrial superoxide production 

2.1. Polyethylene Glycol-Superoxide dismutase (PEG-SOD) 

SODs are key enzymes in the natural defense against ROS. As discussed earlier, SOD dismutates 

and inactivates the superoxide anion into hydrogen peroxide, decreasing in this way the 

superoxide cellular concentration to limit oxidative damage. When used in research experiments, 

SODs only target extracellular superoxide as they cannot cross cell membranes. To address this 

problem, Beckman et al synthetized cell permeable SOD by covalently conjugating polyethylene 

glycol (PEG) to the enzyme (Beckman 1988). They concomitantly demonstrated that PEG 

enhanced SOD cell penetration in endothelial cells and that preincubation was more efficient 

than with native enzymes. The authors also suggested binding to the membrane and endocytosis 

are the main mechanisms explaining the intracellular accumulation of these compounds. More 

than 30 years later, PEG-SOD is still used as specific control to measure the contribution of 

intracellular superoxide anion during EPR experiments (Dikalov 2011, Abbas 2014, Scheinok 

2020).  

2.2. Mitochondria targeting 

Because of the implication of excessive levels of mtROS in mitochondrial dysfunction and 

contribution to many diseases (discussed earlier p.23-24), the development of mitochondrial-

targeted probes and antioxidants to decrease damage became a major experimental and 

therapeutic tool. To enter the mitochondrial matrix, agents have to pass 3 membranes; the 

plasma membrane, the MOM and the MIM. Plasmic membrane and the MOM are both crossed 

more easily because they enable diffusion of large molecules (5-10kDa) though pores, whereas 

MIM passage is restricted to small molecules (Zielonka 2017). There are two ways to acquire 

matrix targeting: by potential driven force or mediated by the use of mitochondrial carriers. 

Whereas relying on carriers to selectively target mitochondrial matrix is limited, conjugating 

agents to lipophilic cations moieties such as triphenyl phosphonium (TPP+) seems to be more 

promising (Murphy 2007)(Fig.14).  
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Figure 14: Typical structure of mitochondrially-targeted agents linked with triphenyl 

phosphonium moiety (TPP+). Original figure from Zielonka 2017. 

Mitochondrial membrane potential typically ranges around 100-150mV and is larger than other 

cellular membranes, resulting in the preferential accumulation of the cations into the 

mitochondria (100-1000 times higher than in the cytoplasm) (Smith 2003). Cellular uptake of the 

cations is also driven by plasma membrane potential (around 30-60mV). Also, mitochondrial-

targeted compounds are accumulated preferentially in tumor mitochondria because of their 

higher (more negative) mitochondrial membrane potential (around 170-220mV)(Beckham 

2013). Several TPP+ linked probes and antioxidants such as MitoQ, MitoTEMPO and 

MitoMetformin derivates and their clinical relevance were recently reviewed (Zielonka 2017).  

Metformin (dimethyl biguanide, MET) is a widely prescribed drug to lower blood glucose 

concentrations and improve insulin sensitivity in patients with type II diabetes mellitus (T2D). 

Next to its glucose lowering effect, MET also led to weight loss and reduces cardiovascular risk 

(Bailey 2008, Johnson 2005). Due to its positive charge, it accumulates into the mitochondrial 

matrix where it is known to inhibit CI subsequently decreasing ATP production as well as 

changing NAD+/NADH ratios contributing to its effects on gluconeogenesis (Owen 2000, 

Bridges 2014). MET has also been demonstrated to have beneficial preventive (Currie 2009) and 

curing anti-cancer effects on diabetic patients with pancreatic cancer (Sadeghi 2012). It is also 

being currently repurposed as anti-cancer treatment based on its chemo-preventive properties. 

To improve its mitochondrial targeting and its anti-tumoral effects, several MET analogues were 
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synthetized and characterized. Thanks to the TPP+ moiety, MitoMET10 was proven to be 1000 

more effective than MET in inhibiting pancreatic ductal adenoma cell (PDAC) proliferation in 

vitro and in vivo when used alone and in combination to radiation therapy (Cheng 2016). This 

effect could likely be attributed to the ROS-dependent AMPK pathway activation (Hwang 2014). 

Improved radiosensitivity could however also be explained by the increased tumor oxygenation 

due to MitoMET10-induced OCR inhibition (Song 2012, Cheng 2016). 

3. In vitro methods to measure superoxide production 

Because of their low concentration and instability in biological media, radical species are 

complicated to measure in a sensitive and specific way. With increasing research interest linking 

production to many disorders, different techniques to detect those ROS (and more specifically 

superoxide) emerged and are still used at this day. 

3.1. Chemiluminescent probes 

Chemiluminescence is based on the detection of light emission after a chemical reaction between 

the probe and a ROS. The emitted photons are then detected by a luminometer or scintillation 

counter.  

Lucigenin (bis-N-methylacridinium nitrate) and luminol (5 amino-2,3-dihydro-1,4-

phthalazinedione) are the most common chemiluminescent probes used for the detection of 

ROS and superoxide in biological samples. Those probes react with ROS to transform into an 

electronically excited intermediate and emit a photon after returning to the ground state. In this 

way, luminol free radical reacts with superoxide and transforms into an unstable endoperoxide 

which produces a photon after returning to the ground state. However, luminol is not a specific 

indicator of superoxide as it reacts with various ROS (Kobayashi 2001) such as hydrogen 

peroxide, hydroxyl radical and peroxinitrite (ONOO-). Lucigenin reacts with superoxide to 

produce dioxane, emitting a photon after breaking down.  

Despite their extensive use in research to monitor real time cellular superoxide with reasonable 

sensitivity, these probes are prone to auto-oxidation, overestimating the superoxide production 

due to redox cycling (Kalyanaraman 2012). 
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3.2. Fluorescent probes 

Hydroethidine (HE, or dihydroethidium) and its mitochondrial-targeted derivative MitoSOX 

Red are also widely used probes to measure intracellular and mitochondrial superoxide, 

respectively. Those fluorogenic probes react with superoxide to form a red fluorescent product, 

2-hydroxyethidium (2-OH-(mito-)E+), initially believed to be the only product generated 

(Fig.15).  

 

 

 

Figure 15: Structures of hydroethidine (HE) and its product hydroxyethidium (2-OH-E+).  

Original figure from Zielonka 2010. 

 

Many reports demonstrated the formation of nonspecific oxidation and dimerization products 

such as ethidium (E+), diethidium (E+-E+) and HE-HE in the presence of other oxidants 

(Zielonka 2008, Zhao 2005, Kalyanaraman 2012) (Fig.16). Furthermore, those products have 

overlapping fluorescence spectra and E+ tend also to be present at a higher concentration than 

2-OH-E+, making it impossible to measure relative concentration for 2-OH-E+ (Zhao 2005) 

(Fig.17). However, high performance liquid chromatography (HPLC) profiles of 2-OH-E+ and 

E+ are well resolved and separated (Zielonka 2010, Kalyanaraman 2014). Fluorescence 

superoxide measurements should therefore be coupled to HPLC of Mass spectrometry (MS) to 

dissociate both products. Another limitation of this technique includes HE light sensitivity, 

generating E+ due to photooxidation. 
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Figure 16: Oxidation products of HE (Blue) and Mito-HE (Red).  

Adapted from Kalyanaraman 2017. 

 

 

Figure 17: Fluorescence spectra of 2-hydroxyethidium (2-OH-E+) and ethidium (E+) according 

to different excitation wavelengths. Adapted from Kalyanaraman 2017. 
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3.3. X-band EPR – In vitro 

Despite the high sensitivity of the EPR method to measure free radicals, it is possible to detect 

them directly only if they are stable enough and present in sufficiently high concentration in the 

biological media. Most biological radicals including superoxide have a too short half-life and 

exist around pico-nanomolar range (Hawkins 2014). Therefore, probes are used to react with 

those undetectable species to enhance their detection. Commonly used probes are spin traps, 

nitroxide and hydroxylamine spin probes (Scheinok 2018). 

As discussed previously, EPR technology enables the detection of species with unpaired 

electrons, also referred to as “paramagnetic species”. Spin traps (nitrones & nitroso compounds) 

are diamagnetic sensors, meaning they are not visible with EPR but can become paramagnetic 

when reacting with short-lived radicals. Those sensors react with the free radical by covalent 

bond formation, making a longer-lived detectable adduct with specific EPR signature depending 

on the trapped species. An example of a nitrone spin trap is 5-diisopropoxyphosphoryl-5-

methyl-1-pyrroline N-oxide (DIPPMPO), enabling the detection of superoxide anion and 

hydroxyl radical.  Spin traps’ efficiency in trapping superoxide was measured on whole cells 

(Abbas 2014) as well as in intact mitochondria (Hardy 2007). Spin traps can also be linked with 

a TPP+ moiety to target mitochondrial ROS. Despite their ability to trap superoxide, linear 

nitrone spin traps form a superoxide adduct that is still very unstable and remains undetectable 

with EPR (Bacic 2008). Nevertheless, cyclic nitrones are able to form more stable superoxide 

adducts and their use is therefore preferable. However, spin traps are facing some limitations in 

detecting ROS and superoxide in general compared to nitroxide and hydroxylamine spin probes. 

Spin traps react in multiple reactions with superoxide and at a low rate compared to cellular 

antioxidants, which can induce artefacts when detecting this species. The spin adduct’s stability 

also depends on multiple factors such as temperature, pH and used solvent (Tordo 1998). Spin 

traps are also used at higher concentration to compete with cellular antioxidants and commonly 

added scavengers (EDTA, DTPA) and consequently are more toxic than hydroxylamines. In 

this way, hydroxylamine spin probes meet those needs by being less toxic, more stable and 

reliable to measure ROS and superoxide production.  

Hydroxylamines are diamagnetic species turning into stable nitroxides (=paramagnetic species) 

when oxidized by cellular ROS. They do not bind to radicals unlike spin traps, making them 
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more stable. Rapid oxidation occurs with superoxide whereas it reacts slowly with H2O2 and 

organic peroxides (Dikalov 2011). They are not specific to certain ROS but with the use of 

specific scavengers, their contribution to the hydroxylamine oxidation can be monitored. In this 

way, the use of cell-permeable poly-ethylene glycol conjugated SOD inhibits the EPR signal of 

the probe by limiting its oxidation by superoxide (Dikalov 2018). Therefore, superoxide 

measurement is the major field of application using hydroxylamines. Cyclic hydroxylamines such 

as CMH and MitoTempo-H also emerged, giving highly stable nitroxides and a high reactivity 

due to its cell permeability. Recently, our lab demonstrated that those 2 cyclic hydrolylamines 

are the most sensitive probes to measure ROS and superoxide in biological samples when used 

with the appropriate control (Scheinok 2018). Different EPR ROS-sensors are represented on 

Fig.18. 

While each EPR approach has its own merits and limitations, in the thesis, we have selected 

cyclic hydroxylamines as ROS sensor because they offer the highest sensitivity. While their 

oxidation into nitroxides is not specific to superoxide, the use of SOD (extracellular) or PEG-

SOD (intra- and extracellular) as controls provide the contribution of superoxide to the nitroxide 

formation. 

 

Figure 18: Structures, EPR spectra and evolution of EPR signal intensity of different types of 

EPR-ROS sensors. Adaped from Scheinok 2018. 
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IV. Inhibitors of the succinate dehydrogenase (SDHIs) 

1. Succinate dehydrogenase (SDH) 

1.1. Structure & functions 

Succinate dehydrogenase, also referred to as succinate: ubiquinone oxidoreductase (SQR) is a 

crucial enzyme embedded in the MIM playing a role both in the Krebs cycle and the 

mitochondrial electron transport chain as complex II. By oxidizing succinate into fumarate 

within the Krebs cycle (SDH part of the enzyme), it drives electron transfer through its redox 

factors to reduce ubiquinone (SQR part of the enzyme). SDH is also the only respiratory 

complex which does not pump out protons to the IMS and therefore is not contributing to the 

generation of the electrochemical gradient which drives ATP synthesis.  

Eukaryotic SDH is formed by 4 distinct subunits (sdhA, sdhB, sdhC and sdhD) encoded entirely 

by the nuclear genome, compared to other respiratory complexes composed of a mix of subunits 

encoded by nuclear DNA and mtDNA (Cecchini 2003)(Fig.19). Its structure consists of a 

hydrophobic tail rooted into the MIM (sdhC and sdhD = SDQ part) and a hydrophobic head 

protruding into the matrix (sdhA and sdhB = SDH part)(Yankovskaya 2003). SdhA 

(Flavoprotein) is the site where electron transport starts and contains the covalently-linked 

cofactor flavin adenine dinucleotide (FAD). After succinate dehydrogenation at the FAD-site, 

electrons are transferred through the 3 iron-sulfur clusters ([2Fe-2S], [4Fe-4S], and [3Fe-4S]) of 

SdhB to ubiquinone at the anchoring subunits sdhC and sdhD, also referred to as cytochrome 

bL and bS, linked by a heme b. This heme does not take part in this redox center chain because 

electron transfer is branched at [3Fe-4S] jumping either on ubiquinone or heme b. However, 

electron transfer to ubiquinone is favored because of its higher redox potential compared to 

heme b (+100mV and 36mV respectively). With electron density techniques, ubiquinone binding 

site was assigned in a pocket of residues derived from SdhB-C and D (Yankovskaya 1996). To 

this day, the structure of SDH from different species has been investigated and obtained, and 

showed similar architectural arrangements, electron transfer pathways and even the Q-binding 

sites among prokaryotes and eukaryotes (Zhou 2011). 
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Figure 19: Structure of succinate dehydrogenase enzyme (SDH) constituted of 4 subunits; sdhA, 

sdhB, sdhC and sdhD. Original figures from Moosavi 2019. 

 

1.2. SDH & apoptosis 

The link between complex II dysfunction and induction of apoptosis was made several years ago 

by analyzing neurodegenerative diseases with sdhA mutations (Hwang 2014). Several studies on 

neuronal cells reported pro-apoptotic effects after CII inhibition with thenoyltrifluoroacetone 

(TTFA) and 3-NP. Indeed, SQR activity is reduced before apoptosis resulting in complex II 

inhibition and altered electron flow (Lemarie 2011, Albayrak 2003). Electrons then react with 

molecular oxygen, producing ROS, and more specifically superoxide, which eventually trigger 

cell death by increasing oxidative damage (Lemarie 2011, Ishii 2005). 

Several studies demonstrated also that apoptosis induction could be mediated by sdhA and B 

dissociation from SQR through intracellular acidification (Lemarie 2011, Hwang 2010). When 

released into the mitochondrial matrix, SDH and SQR enzymatic activities are uncoupled, 

increasing electron leak and ROS generation and subsequently resulting in apoptosis due to 

excessive oxidative damage (Circu 2010). 
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1.3. Alterations of SDH & consequences 

Complex II-related diseases are rare but are associated with a wide panel of clinical phenotypes 

usually associated with neurological impairments with or without muscular involvement (Rustin 

1997). However, sdhA mutation show different clinical phenotypes than sdhB, C and D 

mutations. SdhA mutations present similarities with deficiencies in mitochondrial and Krebs 

cycle genes giving Leigh syndrome, leukodystrophy and optic atrophy, whereas other subunit 

mutations are more characterized by the induction of specific slow growing neuroectodermal 

tumors such as hereditary paraganglioma and pheochromocytoma (Baysal 2001, Gotlieb 2005, 

Rutter 2010) (Fig.20). 

 

 

 

 

 

 

 

Figure 20: Schematic representation of succinate dehydrogenase subunits and their associated 

diseases when mutated. 

The genes encoding for the sdhB,C,D subunits are therefore considered as mitochondrial tumor 

suppressors, showing loss of function mutations in tumors. Truncated proteins induce complex 

II assembly problems, hence preventing electron transport functions, impairing quinone binding 

and subsequently lead to TCA cycle dysfunction. This tumorigenesis can be explained by the 

overlapping of different mechanisms; the activation of pseudohypoxia by major ROS production 

and decreased programmed cell death (Gottlieb 2005).  

Pseudohypoxia is characterized by the induction and stabilization of HIFα in normoxic 

conditions, stimulating genes that favor aerobic glycolysis, neovascularization and block 
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apoptosis. In this way, cells are able to survive stressful environments and get sufficient nutrients 

from increased blood supply. It is well established that blocking respiratory complexes including 

Complex II increases generation of ROS (Quinlan 2012). Those ROS participate in 

tumorigenesis by inducing nuclear DNA mutagenesis but also by stabilizing HIFα by prolyl 

hydroxylase (PHD) inhibition (Chandel 2000). It was also reported that succinate accumulation 

following SDH inhibition leads to PHD inhibition in the cytosol and HIF activation (Selak 2005, 

King 2006). 

Enhanced glycolysis in tumors under aerobic conditions is nowadays a well-established feature 

of cancer. This phenomenon can be induced either by blocking mitochondrial metabolism or 

enhancing glycolysis. OXPHOS can be blocked by mtDNA mutations or Krebs cycle 

dysfunction and glycolysis can be promoted by oncogenes and HIF transcription factor. In some 

tumors presenting sdh subunits mutations, HIF pathway is activated, leading to angiogenic 

responses which explains the high vascularization in paragangliomas (Gimenez-Roqueplo 2001). 

Increased expression of “HIF signature” glycolytic genes was also reported when profiling 

phaeochromocytomas with sdhB and D mutations (Dahia 2005).  

Selak et al was one of the first to demonstrate that succinate accumulation due to SDH 

dysfunction is used as a cellular messenger (Selak 2005) to modulate metabolism. When 

produced in large excess and leaked to the cytosol, succinate is able to stabilize HIF by inhibiting 

its prolyl hydroxylation, a specific tag for proteasomal degradation (Selak 2005, Pollard 2005). 

Prolyl hydroxylases actually use α-ketoglutarate and oxygen (with ferrous iron and ascorbate as 

cofactors) to convert prolyl residues on target proteins. Another product of this reaction is also 

succinate. Therefore, when succinate accumulates, PHD undergoes inhibition feedback, 

resulting in high HIF activity. By oxidizing its cofactors, ROS are also capable of inhibiting PHD 

activity. HIF activation is also known to enhance resistance to apoptotic signals (Lee 2005). 
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1.4. Succinate as oncometabolite 

Due to its excessive accumulation following SDH mutation and TCA cycle dysfunction, 

succinate is known to drive cancer progression by remodeling tumor microenvironment. At this 

day, succinate is found in excessive levels in multiple types of cancers presenting SDH mutations 

such as renal carcinomas, thyroid cancers, pituitary tumors, paragangliomas and gastrointestinal 

tumors (Tretter 2016, Xekouki 2012, McWhinney 2007). Also, succinate is found at a 

concentration of 5 µM in blood samples of healthy patients, while it can exit cells and accumulate 

to 150 µM in plasma or urine in pathological conditions (Tretter 2016, Tannahil 2013). Increased 

plasma succinate is a common finding in patient presenting pathogenic mutations in PTEN, 

sdhB and sdhD (Hobert 2012). With 1H-NMR spectroscopy-based metabolomic profiling, 

succinate was also found accumulated in feces of I/II stage (early stage) colorectal cancer 

patients compared to healthy patients (Lin 2016). In this way, succinate can be used as a useful 

biomarker for cancer screening and monitoring, while being less expensive than gene profiling. 

1.5. Targeting SDH as part of anticancer therapy 

Surgical removal, radiation therapy and chemotherapy are standard treatments used for cancers 

such as paragangliomas linked to SDH mutation. However, each have their own limitations and 

efficiencies. With the increasing understanding of SDH and succinate oncometabolite roles in 

metabolic pathways, new targeted molecular therapies were developed. 

Because of succinate clear effects on angiogenesis via HIF activation and VEGF stimulation 

(Favier 2010), antiangiogenic therapies came on useful. Paragangliomas (PGL) and 

pheochromocytoma (PCC) cancers are indeed presenting high vascularization linked to VEGF 

overexpression (Salmenkivi 2003). These therapies target VEGF pathway by using anti-VEGF 

antibodies (Bevacizumab), tyrosine kinase inhibitors (Sunitinib or Sorafenib) or mTOR 

inhibitors such as Everolimus (RAD001). Sunitinib has already proven its efficiency for the 

treatment of advanced renal cell carcinomas and gastrointestinal stromal tumors (GIST). It is 

also currently assessed in patients with PGL and PCC cancers in a phase III clinical trial 

(FIRSTMAPPP) (https://clinicaltrials.gov/ct2/show/study/NCT01371201).  

Others therapies target mtROS, increasing their production to induce cellular damage and 

apoptosis. Among them, α-Tocopheryl succinate (α -TOS), a vitamin E analogue lacking its 
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antioxidant activity, is capable of selectively killing malignant cells. Several studies demonstrated 

its pro-apoptotic properties in Jurkat T lymphoma, human colon cancer (Neuzil 1999, 2001) as 

well as hematopoietic, lung and breast cancer cells lines (Neuzil 2001b). The molecular 

mechanism underlying α-TOS-mediated apoptosis is explained by its hydrophobic nature, 

residing in cellular membranes where it activates PP2A phosphatase. In turn, PP2A inactivates 

PKC by dephosphorylation, leading to impaired cell cycle progression. Concomitantly, it 

dephosphorylates the anti-apoptotic proteins of Bcl-2 family (Bax & Bac), resulting in a pore 

formation in the MOM (Wei 2001). It is also believed to destabilize subcellular compartments 

such as mitochondria and lysosomes (Neuzil 2006), increasing ROS production (Ottino 1997), 

and releasing cytochrome c to form the apoptosome (Mignotte 1998). α-TOS can also act on 

complex II inducing ROS accumulation (Dong 2009), promoting apoptosis by MOM 

permeabilization (Prochazka 2010). 

The addition of a triphenylphophonium (TPP+) moiety to α -TOS is also used to target CII more 

efficiently. Indeed, TPP+ enables the mitochondrial accumulation of the agent (MitoVES) at a 

concentration which is 1000 times more important than in the cytosol (Murphy 2007). In the 

same way as α -TOS, MitoVES interacts with the ubiquinone binding-site (Qp) at CII, leading 

to an increase in ROS generation which causes membrane permeabilization through BAX/BAK 

proteins pore formation (Kluckova 2012, Dong 2011). MitoVES is 20 to 50 times more efficient 

in inducing apoptosis than α -TOS thanks to its specific mitochondrial targeting (Dong 2011). 

However, due to its localization in mitochondria, MitoVES cannot destabilize other structures 

(lysosomes) like α -TOS, explaining why it did not induce apoptosis in Jurkat cells lacking 

Bax/Bak proteins (Dong 2011). 

Other potential anticancer agents such as 3-bromopyruvate, troglitazone and lonidamine also 

demonstrated inhibitory effects on SDH activity, inducing apoptosis mediated by increased ROS 

generation (Dalla Pozza 2019). However, 3-bromopyruvate and troglitazone induce secondary 

neuronal and hepatic toxicities on normal cells and could therefore not be used as anticancer 

therapies despite their proapoptotic effect on malignant cells. 
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2. Inhibitors of SDH (SDHI) fungicides 

Fungicides are specific types of pesticides used to prevent or limit the development of fungal 

diseases (i.e. rust, mildew and blights) damaging plants and crops. These diseases have a major 

economic impact on yield and quality of harvests, and could also generate natural mycotoxins in 

food, having adverse effects on humans and animals (Zain 2011). Fungicides also prevent 

blemishes on edible parts of the crops or their leaves, which are needed for photosynthesis. 

Storage life of fruits, vegetables and tubers after harvest is also increased when using fungicides. 

They are therefore important tools to manage plant diseases.  

SDHI form a distinctive group among fungicides because of their specific mode of action 

inhibiting SDH. They are extensively used on grapes, cereals, colza and many fruit/vegetables 

cultures. Despite their great benefits in agriculture, SDHI’s use is severely debated at this day as 

they were suggested to be non-specific for fungi and can also act on the SDH of other eukaryotes 

such as humans, lumbric and bees (Bénit 2019).  

2.1. SDHI in agriculture and environment  

SDHI fungicides are widely used for the prevention of plant diseases and molds on various seeds 

and crops such as cereals (wheat, barley), colza, fruit (strawberries, apples, melon) and vegetables 

(salads, carrots and leek). As listed in 2018 by the French Agency for Food, Environmental and 

Occupational Health & Safety (ANSES), 224 commercialized pesticide products containing one 

or several SDHI were identified from whom 156 are still accepted and used in France (Ref 

EPHY-ANSES). According to the results of 2017’s investigation led by the Direction générale 

de la concurrence, de la consommation et de la répression des fraudes (DGCCRF) on EU vegetal 

food samples, more than 50% were detected with residual rates of pesticides from whom 2,3% 

were actually above the maximal accepted limit level. 7,3% of these residues were SDHI.  

Among the known SDHI used today, the European Food Safety Authority (EFSA) reported in 

2017 that Boscalid was the most found pesticide in food samples tested in Europe. Boscalid (2-

chloro-N-(4'-chloro[1,1'-biphenyl]-2-yl)pyridine-3-carboxamide) has also been detected in 

multiple varieties of bee matrices and water samples: up to 9,8ng/g in bumblebees, 38ng/g in 

pollens and 2,3ng/g in honey samples (David 2016, jabot 2016) and up to 36 μg/L in main 

coastal estuaries in California (Reilly 2012). As a result of water pollution, Boscalid could be 
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capable of impacting health of aquatic non-target organisms and humans due to foodchain 

(Munze 2017). In the same list of compounds from ANSES discussed above, Boscalid is found 

in 43 commercialized products among which only 4 are forbidden whereas Boscalid was 

supposed to be drawn of the market in summer 2018 (ANSES). This deadline was elongated to 

July 2021 but nothing has moved since. 

2.2. Mode of action 

The first class of SDHI fungicides (Carboxamides) saw the light more than 50 years ago and was 

shown to only manage a narrow spectrum of plant pathogens; primarily controlling basidiomycota 

(Schmeling 1966). It wasn’t until 2003, with the synthesis of Boscalid, that SDHI fungicides 

reached a broader foliar spectrum of activity, acting on basidiomycota as well as adel oomycota and 

ascomycota (Stammler 2007). Nowadays, SDHIs are the most fast-growing class of fungicides in 

term of new compound development and use on the market because of their high efficiency and 

the lack of proper and strong alternative options. Indeed, Fungicide Resistance Action 

Committee (FRAC) is currently listing 20 different SDHI fungicides including “new generation” 

SDHIs like Boscalid and Bixafen displaying more complex chemical structures (Fig.21). 

SDHIs have their own specific mode of action compared to other fungicides used in crop 

protection. Like stated by their name “succinate dehydrogenase inhibitors”, SDHI block fungi 

respiration and energy production by acting on the ubiquinone binding site (Qp) of the SDH, 

inhibiting in this way fungi development and sporulation. The Qp site is structurally defined by 

residues derived from SdhB-C and D (Yankovskaya 1996) proximal to the [3Fe–4S] cluster and 

heme b. These regions are also demonstrated to be highly conserved between bacteria and 

eukaryotes (Yankovskaya 2003, Sun 2005). Upon binding, SDHI block access to the substrate 

and its reduction, subsequently preventing further succinate oxidation. 
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Figure 21: Chemical structures of SDHI compounds through the years. Figure originates from 

Terre.net. 

 

2.3. Specificity 

Although SDH is a central and universal component of the mitochondrial ETC in any living 

organisms, SDHI were long considered to be specific for fungi. As discussed earlier, SDHI 

binding regions are also strongly conserved in eukaryotes during evolution. Therefore, 

exposition to these fungicides could also be affecting non-targeted organisms.  

Zebrafish share 70% of human protein-coding genes and 84% of genes are known to be 

associated with human diseases, making them perfect models to assess human health risk and 

predict developmental issues after exposure to an environmental agent (McGrath 2008). 

Recently, a study reported developmental deformities and histopathological changes as well as 

abnormal apoptosis induction in zebrafish embryos after Boscalid exposure (Qian 2018). Later 

on, the same team demonstrated Boscalid-induced gender specific alterations and adverse effects 

on reproduction (Qian 2020). In the same model, Boscalid was also demonstrated to induce 

neurodevelopment defects (measured with tail coiling frequency) and neurotoxicity via oxidative 

stress (Wang 2020). This increase in oxidative stress is also found in other eukaryotic organisms 

such as chlorella vulgaris algae (Qian 2018b). In the same way, Bixafen, another new generation 

and soil-persistent SDHI was also found to induce developmental delay and cardiac toxicity in 

zebrafish embryos (Li 2020, Yuan 2021). 
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In 2019, the team of Rustin demonstrated the adverse effects of 8 new generation SDHI on the 

SDH activity in honeybees, earthworms and human (embryonic kidney HEK293) cell lines 

(Bénit 2019). The IC50 of the SDHI (concentration necessary to inhibit 50% of SDH activity) 

was measured by spectrophotometry. They also reported that those different eukaryotic cell lines 

were more sensitive to the newer generation SDHI like Boscalid, Bixafen and Fluxapyroxad. In 

addition, Bixafen and Isopyrazam IC50 were less than 1µM in human cells, revolving importantly 

around the possible accumulated SDHI doses in humans. They also highlighted an increase of 

SOD activity after SDHI exposure, potentially revealing increased oxidative stress after SDHI 

exposure. At last, in vitro experiments performed on human peripheral blood lymphocytes with 

SIGNUM, a commercialized pesticide cocktail containing Boscalid and Pyraclostrobin, showed 

genotoxic and cytotoxic effects after exposure (Cayir 2014).  

V. Statins as potential radiosensitizers 

Inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, also known as 

“statins” are widely prescribed drugs with lipid-lowering properties. By reducing endogenous 

cholesterol synthesis in dyslipidemia patients, statins became key players in the prevention of 

cardiovascular diseases (Chopra 2007, Young 2009, Ludman 2009). 

1. Development & classification of statins 

At the end of the 1970s, the first statin (now called Lovastatin) was isolated from as fungal 

metabolites from Aspergillus terreus (Alberts 1980). The drug was shown to dramatically decrease 

plasma low-density lipoprotein (LDL) in animals but also in patients with severe 

hypercholesterolemia without tumor induction nor severe side effects (Kuroda 1979, Tsujita 

1979, Mabuchi 1981). Since then, 6 other analogs were put on the market, namely Simvastatin, 

Pravastatin, Rosuvastatin, Fluvastatin, Atorvastatin and Pitavastatin. At that time, Cerivastatin 

also saw the light but was withdrawn from the market in 2001 because of drug-induced 

rhabdomyolysis and kidney failure (Furberg 2001). All 7 statins are now classified according to 

their synthesis, liver metabolism, physico-chemical properties and specific activity (Lennernas 

1997) (Table 1). Lovastatin, Simvastatin and Pravastatin are naturally obtained from fungal 

fermentation whereas the others have synthetic origins. Lovastatin, Simvastatin and Pravastatin 

share therefore a common naphthalene ring structure. Pravastatin is the most hydrophilic statin 
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of all and Fluvastatin has intermediate properties compared to the 4 others being lipophilic. All 

statins are administered orally in their active form except for Simvastatin and Lovastatin given 

in the lactone form (prodrug). 

 

Table 1: Pharmacokinetics of HMG-CoA reductase inhibitors, from Saito 2009. 
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2. Lipid-lowering effects 

2.1. Cholesterol reduction 

Cholesterol is a sterol constituting biological membranes, modulating its fluidity. It is also the 

precursor of vitamin D, bile acids and steroid hormones such as progesterone, testosterone, 

estradiol, and cortisol. Our body’s cholesterol levels can come from dietary sources or by 

synthesis in the liver, contributing respectively for about 30 and 70% of daily cholesterol needs.  

Cholesterol biosynthesis is a multienzymatic pathway taking place in the cytoplasm and 

endoplasmic reticulum (ER) of cells (Fig.22). It begins with the conversion of Acetyl-CoA 

coming from the mitochondria, into HMG-CoA thanks to HMG-CoA synthase. HMG-CoA is 

then irreversibly reduced into Mevalonate by the HMG-CoA reductase. Afterwards, Mevalonate 

is transformed into isoprenoids such as isopentenyl pyrophosphate (IPP) after multiple 

phosphorylation and decarboxylation. The next reactions generate squalene and sterols, from 

which cholesterol is conversed.  

 

Figure 22: Schematic representation of cholesterol biosynthesis and related pathways. Inspired 

and adapted from Tobert 2003. 
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Statins inhibit the HMG-CoA reductase, the rate-limiting step in the synthesis of cholesterol. 

Statins’ structure resembles the enzyme’s natural substrate and, in this way, reversibly compete 

with it by changing the conformation of the binding site. Statins also have a higher affinity 

(nanomolar range) for the enzyme than Mevalonate (micromolar range) making them very 

efficient drugs (Istvan 2001). By binding specifically to HMG-CoA reductase, hepatic cholesterol 

levels decrease, leading to an increase in hepatic LDL receptors (LDL-R) promoting uptake of 

circulating LDL. This LDL reduction (up to 55%) due to statin treatment is strongly associated 

with decreased rates of cardiovascular events (Law 2003, Baigent 2010, Mihaylova 2012). The 

same efficacy is seen on triglycerides levels (Branchi 1999).  

Next to the synthesis of cholesterol, the mevalonate pathway is also crucial for the production 

of other products such as ubiquinol (Coenzyme Q, CoQ10), heme and isoprenoids. Although 

statins are very efficient drug to lower cholesterol, they do not work selectively. Indeed, several 

studies demonstrated the impact of statins on the CoQ10 levels in plasma and tissues of patients 

with up to a 50% decrease (Folkers 1990, Rundek 2004, Kawashiri 2008). The same trend (30% 

decrease) was also found in human muscle biopsies after simvastatin treatment (Paiva 2005). 

Because of CoQ10 central role in electron transport and energy production, this could explain 

the statin-induced muscle damage and myopathies identified in some cases (Tomlinson 2005, 

Mohaupt 2009) 

2.2. Prenylation 

Mevalonate is also the precursor of isoprenoids proteins such as farnesyl pyrophosphate (FPP) 

and geranylgeranyl pyrophosphate (GGPP) intermediates. They are crucial for posttranslational 

modification of signaling proteins such as the family of Rho-GTPases (small guanosine 

triphosphate-binding proteins) by isoprenylation (Hall 1998). This modification enables to 

activate the targeted proteins from their cytosolic state to membrane bound state. In this way, 

proper sub localization and intracellular trafficking is performed via covalent attachments to cell 

membranes. Small GTPases such as Ras, Rac and Rho are known to control actin cytoskeletal 

changes, microtubules and cell cycle progression (Takai 2001). FPP modifications are necessary 

for the localization of Ras proteins whereas GGPP is needed for Rho, Rab and Rap proteins 

(Van Aelst 1997). 
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3. Pleiotropic effects of statins 

3.1. Statins & cardiovascular function 

Next to its lipid lowering effects, statins also display numerous side effects, referred to as 

“pleiotropic effect”. With their anti-inflammatory, anti-oxidant, anti-platelet and anti-fibrotic 

properties, statin treatment plays an important role in cardiovascular protection. Although 

mechanisms have not entirely been elucidated, several studies suggest the modulatory role of 

statins on endothelial nitric oxide synthase (eNOS) (Brouet 2001, Di Napoli 2001, Di Napoli 

2005, Feron 2001, Ito 2010). In this case, vasodilatory actions, anti-inflammatory and anti-

platelet properties linked to statin use could be directly mediated by nitric oxide (NO) generation.  

NO, or also known as endothelium-derived relaxing factor (EDRF), is a molecule produced by 

the conversion of L-arginine in the endothelium of vessels by eNOS, regulating the vascular 

tonus and bloodflow. Before activation, eNOS are localized in caveolae due to caveoline-1 

inhibition.  In response to shear stress or vasodilators, released levels of Calcium (Ca2+) displace 

Calmodulin (CaM) from calveolin-1, further activating eNOS. This activation process involves 

several co-factors such as NADPH and tetrahydrobiopterin (BH4). In turn, NO diffuses freely 

to vascular smooth muscle cells inducing relaxation via guanylate cyclase (GC) activation and 

cyclic guanosine monophosphate (cGMP) production. The eNOS signaling pathway and its 

activation is shown in more details on Fig.23. Vascular endothelial dysfunction is defined by an 

imbalance between vasodilatation and vasoconstriction. This occurs when the production and 

bioavailability of NO decreases, initiating processes promoting other cardiovascular events such 

as atherosclerosis, heart failure and myocardial infarction (Davignon 2004, Carnicer 2013, 

Erdmann 2013). This reduction in NO bioavailability can be explained by the inactivation or 

decreased expression of eNOS but also by the interaction of ROS with NO forming 

peroxynitrite (ONOO-). 

Endothelial function improvement is commonly associated with reduction in blood cholesterol 

levels. The beneficial effects of statins on CV events were therefore often attributed to their 

effect on cholesterol reduction. However, several studies demonstrated that the beneficial effects 

of statin treatments on endothelial function were already found before significant impact on 

cholesterol levels (O’Driscoll 1997). Furthermore, when comparing statin treatment with 

Ezetimibe, a cholesterol absorption inhibitor, only statin treatment improved endothelial 
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vasodilator function (Landmesser 2005, Fichtlscherrer 2006). This could be attributed to statins 

ability to stabilize and increase eNOS mRNA expression via inhibition of small GTPase RhoA 

pathway (Laufs 1998, Laufs 2003). By removing caveolin-1 inhibition on eNOS, statins also 

amplify eNOS activation. At last, statins were also proven to activate eNOS via phosphorylation 

through phosphatidylinositol-3 kinase (PI3K)/protein kinase Akt pathway (Kureishi 2000, 

Rikitake 2005). 

 

 

Figure 23: Schematic representation of statins’ pleiotropic effects on endothelium and their role 

in cardiovascular events. Original figure from Liberale 2020. 
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3.2. Antioxidant activity 

In a study led by Franzoni, antioxidant scavenger capacity of 4 statins (atorvastatin, simvastatin, 

pravastatin and Fluvastatin) were tested in vitro in neutralizing hydroxyl radicals (HO⋅) and 

peroxyl radicals (ROO⋅) and compared to uric acid and Trolox. All were proven to be efficient 

on the scavenging of both radicals. In addition, compared to uric acid, Simvastatin was 270% 

more efficient in scavenging HO⋅ (Franzoni 2003). The direct antioxidant effect of statins and 

metabolites was already demonstrated earlier in the late 90ies, but their clinical relevance regarding 

the used doses were still to be established (Aviram 1998, Girona 1999).  

Statins antioxidant effects were also linked to increased expression of antioxidant systems such 

as catalase (Wassmann 2002) and SOD activity levels (Chen 2013, Jiang 2014) while 

malondialdehyde (MDA) marker of lipid peroxidation were reduced (Jiang 2014). Wassmann 

also demonstrated that Atorvastatin antioxidant effects in vascular smooth muscle cells (VSMCs) 

reduced Nox1, an essential component of NOX, due to impaired action of Rac1. These effects 

were reversed by the addition of Mevalonate but not hydroxycholesterol, demonstrating the 

implication of isoprenylation processes independent of cholesterol contents.  

3.3. Anti-Inflammatory activity 

C-reactive protein (CRP) is a biomarker of chronic inflammation and its increase in inflammatory 

disorders such as chronic obstructive pulmonary disease (COPD) is associated with increased 

mortality (Man 2006). Pravastatin treatment was able to reduce CRP and interleukin 6 (IL6) 

levels compared to placebo treated COPD patients. Long-term statin treatment in COPD 

patients was also proven to reduce mortality up to 36% (Lahousse 2013). In subjects with and 

without CV diseases, Pravastatin was able to reduce CRP levels independently of LDL reduction 

(Albert 2001). 

In the light of those results, it was suggested that statins could exert immunomodulating effects 

by inhibiting GTP binding proteins orchestrating immune responses. By inhibiting isoprenoids 

synthesis, statins are capable of downregulating the expression of adhesion molecules and 

chemokines (Barnes 2008, Carbone 2016). Simvastatin was also reported to reduce metallo-

proteinases (MMPs) 9 and 12 remodeling the extracellular matrix (Emberson 2011).  
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3.4. Statins & diabetes 

In many randomized trials and studies, the use of statins is associated with an increased risk in 

T2D development (Sattar 2010, Preiss 2011, Ridker 2012, Navarese 2013). However, statins 

cardiovascular related benefits still outweigh the T2D risk and the explanation behind the link 

between statins and T2D development could be related to confounding factors.  

High doses of Atorvastatin treatment in mice showed decreased glucose transporter 4 (GLUT4) 

expression and accelerated glucose intolerance (Nakata 2006). Also, statin treatment as well as 

HMG-CoA reductase gene variants are associated with higher body weight and T2D risk 

(Swerdlow 2014). T2D could therefore be mediated through the HMG-CoA inhibition by statins 

and concomitantly by the high body weight which is a causal factor in T2D development 

(Holmes 2014). However, it still remains unclear whether statin treatment is the cause of T2D 

or if it accelerates its progression.  

4. Statins as part of anti-cancer therapy 

Because of statins’ extensive use in humans, the antineoplastic effects related to their non-

cholesterol dependent effects also rose with the years. Statins are now known to exert their 

antitumor effects by either acting on cell cycle inhibition, apoptosis induction and cell 

invasion/metastasis inhibition. These “off target” effects are currently being exploited in cancer 

therapy for the prevention and treatment of malignancies. 

4.1. Anti-tumor activity of statins 

Over the years, clinical and preclinical studies using statins demonstrated antitumor effects on 

various types of solid tumors, such as pancreatic adenocarcinoma, hepatocellular carcinoma, 

renal cell carcinoma and colorectal, lung and prostate cancer (Jian-Yu 2017, Simon 2019, 

Notarnicola 2004, Xia 2019 and other reviewed by Gobel 2020). By inhibiting isoprenoid 

intermediates synthesis, statins block the activation of small GTPase binding proteins which are 

key enzymes in cell signaling. In cancer, this results in decreased cell proliferation and in the 

induction of cell death (Gobel 2020). Indeed, Rho GTPases are capable of activating mTOR and 

MAPK to induce tumorigenesis (Konstantinopoulos 2007, Brendt 2011). 



 
 
GENERAL INTRODUCTION 

52 

4.2. Apoptosis & cell cycle arrest 

According to Cafforio, statins are capable of inhibiting apoptosis in many cancer cell types 

through the mitochondrial intrinsic pathway (Cafforio 2005). Indeed, it is suggested that statins 

could decrease anti-apoptotic protein Bcl-2 expression levels, leading to activation of caspases 

pathway and p53 (Wood 2013). Hoque et al demonstrated the same pathway activation in 

prostate cancer cell lines PC3, LNCaP and DU145 after simvastatin and lovastatin treatment 

(Hoque 2008). It was also reported that statins impair ERK1/2, Akt and mTOR signaling 

inducing apoptosis through decreased isoprenylation (Fujiwara 2017, Tsubaki 2017). 

Furthermore, the lactone structure of Lovastatin and Simvastatin can also inhibit proteasome 

activity and induce apoptosis (Efuet 2006). At last, statins could activate cytokine-induced cell 

death by upregulating Fas ligands and their receptors (Knapp 2000). 

RhoA, one of the targets of posttranslational isoprenylation, is a crucial factor regulating 

downstream effectors of cell cycle progression. As demonstrated by Lee et al, Simvastatin 

treatment was able to inhibit RhoA activation by suppressing its geranylgeranylation (Lee 2007). 

In several cancer cells such as MCF-7 breast cancer and hepatocarcinoma, statins disrupted G1 

and S phases of cell cycle, inducing apoptosis in vitro (Sutter 2005, Sanchez 2008). The statin-

induced apoptosis was defined by inactivation of ERK1/2 and activation of p38MAPK (Sutter 

2005). 

4.3. Metastasis 

Given the role of RhoA in cellular proliferation and metastasis, facilitating actin reorganization 

and cellular migration, it could be that statins treatment represses tumor initiation by blocking 

its activation (Lawson 2018). Rho proteins trigger cell signaling through activation of their 

effectors such as proteins kinases and adaptor molecules. In turn, Rho-associated protein kinases 

(ROCKs) activation regulates actomyosin and its increased activity was correlated with 

metastasis (Kale 2015). In addition, Rac1 and Rac3 were also found to be overexpressed in 

tumors indicating their potential implication in metastasis (Chan 2005).It was already 

demonstrated in different studies that Atorvastatin and Simvastatin suppress cancer cell invasion 

and metastatisation in ovarian cancer and in human cholangiocarcinoma cells (Jones 2017, 

Buranrat 2016), potentially through Akt/MAPK signaling. Survivin, A protein implicated in 

tumorigenesis, was also proven to be downregulated by Simvastatin in salivary adenoid cystic 
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carcinoma (SACC‑83) therefore inhibiting its invasiveness (Cai 2018). In PC-3 prostate cancer 

cells, treatment with Simvastatin and Rosuvastatin reduced invasion (67%) through a matrigel 

barrier towards a chemoattractant (Brown 2012). Cells displayed reduced migration ability which 

was restored after GGPP addition. These anti-metastatic effects of statins could therefore be 

explained by the isoprenoid depletion induced by mevalonate pathway inhibition. 

5. Oxygen effect and radiation therapy 

5.1. Mechanism of radiosensibilization 

It is nowadays well known that hypoxia renders solid tumors resistant to radiation therapy. Cells 

and tissues are indeed more sensitive to irradiation when in the presence of molecular oxygen 

(Fig.24A). To achieve the same biological effect, hypoxic regions require radiation doses that are 

three times higher than for well-oxygenated tissues. This ratio of doses under hypoxic and 

oxygenated conditions to achieve the same level of cell death is called the “oxygen enhancement 

ratio”. Also, the radiosensitivity of tissues increases when oxygen tension varies from o to 30mm 

Hg and reaches a plateau at higher oxygen tensions (Fig.24B). Increasing well-oxygenated tissues 

is therefore not going to improve radiosensitivity. 

 

Figure 24: The Oxygen effect during radiation therapy. 

(A) Survival curve of cells exposed to radiation therapy in the presence and absence of molecular 

oxygen. Original figure from “Basic Clinical Radiobiology” Fourth Edition by Joiner and Van 

der Kogel. (B) Representation of the relation between oxygen tension and radiosensitivity of 

tissues. The relative radiosensitivity is around 3 in well-oxygenated tissue and 2 or less in hypoxic 

tumors. Figure from Mc Keown 2014 already adapted from Hall 2012. 
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This oxygen enhancement effect potentiating radiation therapy can be explained by its impact 

on the free radical production and cascade fixing the damages at molecular level (Fig.25). In 

contrast, damage induced by ionized radiation may be repaired by the cell in absence of oxygen. 

 

 

 

 

 

 

 

 

Figure 25: Schematic representation of the oxygen effect contributing to radiation therapy 

efficiency, called “oxygen fixation hypothesis”. Figure from Radiologykey.com. 

 

5.2. Statins and radiosensibilization 

While the beneficial effect of statins is still debated, several large-scale cohort studies have 

indicated a better outcome of radiation therapy (RT) (external or brachytherapy) in prostate 

cancer patients under statin treatment (Kollmeier 2011, Moyad 2006, Oh 2015). In addition, a 

meta-analysis found a beneficial effect of statin use on recurrence free-survival in prostate cancer 

patients treated with RT, whereas this association could not be found among radical 

prostatectomy patients (Park 2013). Taken together, these clinical observations could suggest 

potential radiosensitizing property of statins. 

Our hypothesis is that statins could improve response to RT in those patients receiving statins 

by inhibiting the OCR and thereby alleviate tumor hypoxia. Tumor hypoxia results from an 

imbalance between the limited oxygen delivery capacity of the abnormal vasculature and the high 

oxygen consumption of tumor cells (Vaupel 2001). It is also associated with in worsened clinical 

prognosis for cancer patient (Dhani 2015, Walsh 2014, Colliez 2017) as it renders solid tumors 

resistant to radiation therapy. Indeed, the radiation dose required to achieve the same biologic 
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effect is about three times higher in hypoxic tissues than in those with normal oxygen levels 

(Horsman 2009).  

Theoretically, there are two ways to alleviate tumor hypoxia; by increasing the oxygen delivery 

to the tumor or by decreasing the oxygen consumption by tumor cells. However, it was suggested 

by a mathematical modelling described by Secomb et al. that decreasing tumor hypoxia by 

targeting the oxygen consumption of tumor cells would be more efficient that increasing the 

oxygen delivery (Secomb 1995). Nowadays, strategies designed to decrease the OCR in tumor 

cells already succeeded in enhancing the response to radiation therapy in tumor models (Crokart 

2005b Crokart 2007, De Preter 2016, Diepart 2012, Gallez 2017, Jordan 2002, Jordan 2007, 

Zannella 2013). 

The impact of statins on the oxygen consumption was already assessed in diverse types of normal 

cells, such as cardiomyocytes, skeletal muscle cells, and hepatocytes (Kwak 2012, Satoh 1994, 

Thews 1996). Its effect was also believed to be mediated mostly by the reduction of ubiquinol 

synthesis. However, Nadanaciva demonstrated a direct effect of statins on the activity of the 

mitochondrial respiratory complexes of isolated rat liver mitochondria (Nadanaciva 2007).   

So far, only one study investigated the effect of statins on the OCR by tumor cells. This study 

evaluated the impact of lovastatin on DS sarcoma cells with the aim to evaluate the impact on 

DNA synthesis and OCR (Ferrick 2008). However, these authors did not investigate the 

consequences of the changes of OCR on the sensitivity to irradiation.  

By inhibiting respiratory complexes of the ETC and decreasing subsequently the OCR in normal 

cells, statins could act in the same way on prostate cancer cells (and ideally on other cancer types) 

in order to alleviate tumor hypoxia and enhance radiosensitivity in cancer patients.  
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Formerly considered to be only highly toxic and detrimental to cells, ROS and superoxide are 

now proven to have many roles in cellular health and physiology depending on their 

concentration. Because of its origin being principally mitochondrial, the ETC and its respiratory 

complexes have gained a lot of interest. With the years, different tools to measure OCR and 

superoxide production in cells and isolated mitochondria emerged in order to define 

mitochondrial function and dysfunction.  

Nowadays, these same tools evolved. Several are still being used as gold-standard, like EPR-

oximetry because of its high sensitivity and specificity using oxygen sensors (e.g. 15N-PDT), while 

others are found to be less specific than thought. Indeed, although fluorescent probes are 

sensitive probes to measure global ROS production, DCFDA, hydroethidine (HE) and 

derivatives (Mito-HE, MitoSOX) are demonstrated not to be entirely specific for superoxide 

anion. By using the appropriate probes and controls, EPR technology could in this case be a 

technique of choice to measure both parameters sensitively and specifically. 

The main goal of this thesis is, therefore, to develop a novel EPR tool enabling the dual 

measurement of the OCR and superoxide production in isolated mitochondria and whole cell 

models in the most sensitive and specific way possible in order to define mitochondrial function 

and dysfunction. Different projects also rose from the implementation of this EPR tool and 

became part of this thesis. 

Potential toxic agents could induce deleterious effects on human cells by increasing superoxide 

generation. This EPR tool could therefore be used in toxicology to assess the impact of agents 

on mitochondrial function before outing them on the market. In this thesis, we tested SDHI 

fungicides Boscalid and Bixafen, which are still widely used on our crops and to which we are 

all daily exposed to. SDHI are thought to be specific for fungi, but recently the team of Rustin 

demonstrated otherwise. With this project, we explored the impact of those SDHI on the 

mitochondrial function of several human cell lines after a short-term exposure to SDHI 

fungicides. 

Related to anticancer therapy, several drugs were shown to inhibit the OCR in tumors, 

subsequently enhancing the efficacy of radiation therapy by increasing tumor pO2 and potentially 

leading to decreased tumor volume via superoxide-induced cell death. A meta-analysis 

demonstrated that statins, cholesterol-lowering drugs, had a beneficial effect on prostate cancer 
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patients treated with radiation therapy (RT). Our hypothesis was that statins could potentially 

act on mitochondrial respiration of tumor cells and enhance radiosensitivity. The aim of this new 

project was therefore to test the impact of different statins on mitochondrial function, in vitro 

and in vivo in prostate cancer tumor models. 
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Abstract 

The oxygen consumption rate (OCR) and superoxide production are crucial when assessing 

mitochondrial function and/or dysfunction. EPR spectroscopy allows the measurement of both 

components either independently or simultaneously in a same cellular or mitochondrial 

preparation. OCR determination using EPR oximetry is based on the change in EPR linewidth 

of a paramagnetic oxygen sensing probe (a perdeuterated nitroxide) in the presence of oxygen 

consuming cells in a closed system.  Superoxide production can be monitored by the oxidation 

of cyclic hydroxylamines into nitroxides. The contribution of superoxide to the nitroxide 

formation is deduced from experiments in the presence and in the absence of SOD and 

PEGSOD as appropriate controls.   

 

Keywords: EPR, ETC, mitochondrial function, oximetry, oxygen consumption rate (OCR), 

superoxide, nitroxide, hydroxylamine 
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1. Introduction 

Mitochondria have a pivotal role in cellular energetics including oxidative phosphorylation 

to produce cellular ATP, but they also have important roles in apoptosis and programmed cell 

death, and in ROS production. Mitochondrial dysfunction may lead to pathological processes 

like diabetes, cardiovascular diseases and neurodegenerative disorders. Over the years, several 

mitochondrial modulators have emerged, notably in the field of anticancer therapies targeting 

cellular oxygenation and mitochondrial metabolism. Their impact on the oxygen consumption 

rate (OCR) and bioenergetics of this organelle is nowadays well studied but little has been 

investigated on their potential underlying incidence on reactive oxygen species (ROS) production 

and oxidative damage occurring during those treatments. When the balance between antioxidant 

systems and cellular ROS is disrupted, oxidative stress overpowers and leads to the oxidation of 

macromolecules like DNA, proteins and lipids, consequently inducing cellular damage and 

defects in cell signaling . More specifically, superoxide may trigger cell death when produced in 

large excess but it was also suggested to be a key driver promoting cancer cell migration and 

metastasis when produced at more moderate levels . Therefore, the dual dose-dependent effects 

on oxygen consumption rate (OCR) and superoxide production are crucial to consider when 

assessing mitochondrial function and/or dysfunction.   

Electron paramagnetic resonance (EPR) is a method of choice for assessing the oxygen 

consumption and the superoxide production. The OCR determination is based on the change 

in EPR linewidth of a paramagnetic oxygen sensing probe (here, a nitroxide) in the presence of 

oxygen consuming cells in a closed system . This method has been successfully applied to 

characterize the effect of inhibitors of the electron transport chain in cancer cells . In addition, 

EPR allows the detection of superoxide produced by the oxidation of cyclic hydroxylamines into 

nitroxides . Because their oxidation into paramagnetic nitroxide can be due to several redox 

reactions, the contribution of superoxide to the nitroxide formation has to be deduced from 

experiments carried out in the presence and in the absence of SOD or PEGSOD (pegylated-

superoxide dismutase) as appropriate controls . As described in this paper, both parameters may 

be measured independently.  

Recently, our lab also developed an integrated toolbox enabling the simultaneous analysis 

of the OCR and superoxide production on a single mitochondrial preparation . For the purpose, 

there is a need to measure the variation of the EPR linewidth of one nitroxide, on the one hand, 
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and the formation of another nitroxide, on the other hand. The separation of the EPR signals 

coming from both nitroxides can be done by using different isotopically-labelled probes: 15N-

PDT (4-oxo-2,2,6,6-tetramethylpiperidine-d16-15N-1-oxyl) is the nitroxide used for OCR 

measurement and 14N-CMH (1-hydroxy-3-methoxycarbonyl-2,2,5,5-tetramethylpyrrolidine) is 

the cyclic hydroxylamine that will be transformed into a nitroxide after reaction with the 

superoxide. The EPR signal coming from both nitroxides are not superimposable as 15N-PDT 

gives a doublet while 14N-CMH gives a triplet (Figure 1). Therefore, the variation of the 

linewidth of 15N-PDT (linked to OCR) and the formation of 14N-CM• (linked to superoxide 

production) can be recorded simultaneously on a single cellular or mitochondrial preparation . 

 

 

 

Figure 1: Representative global EPR spectrum of 15N-PDT and 14N-CMH in PBS buffer 

injected into two separate capillaries, and gathered into a same quartz tube. Final concentrations 

of the probes are 100µM and 0.5mM respectively. 
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2. Materials 

2.1.  EPR spectrometer 

All EPR experiments were performed using a Bruker EMX-Plus spectrometer operating in X-

band (9.85 GHz) and equipped with a PremiumX ultra low noise microwave bridge and a SHQ 

high sensitivity resonator (see Note 1). The EPR cavity was heated at 310 K with air during all 

experiments.  OCR and superoxide measurements can be performed on whole cells as well as 

on isolated mitochondria without changing material nor method. Specific concentrations for 

both models are informed for each assay. Skip the mitochondrial isolation part if using a whole 

cell model. 

 

2.2.  EPR oximetry  

1. Disposable microhematocrit capillaries in soda-lime glass (75mm/75µL). 

2. Sealing gum for capillaries (see Note 2). 

3. Phosphate buffered saline (PBS) from Gibco, pH 7.4, without calcium chloride nor 

magnesium chloride. 

4. 20% Dextran from leuconostoc mesenteroides (average MW 60000–76000) solution 

diluted in PBS (see Note 3). Stock solution can be stored at 4°C during a month. 

5. 15N-PDT (4-oxo-2,2,6,6-tetramethylpiperidined16-15N-1-oxyl) used as oxygen sensor (see 

Note 4). The required stock solution is 2mM diluted into PBS. Store at 4°C for short term 

use. Other aliquots should be stored at -80°C until needed.  

6. Biological system: depending on the type of experiment wanted: Stock solution of whole 

cells (around 5.106cells/mL culture media) (see Note 5) or suspension of isolated 

mitochondria.  

 

2.3.  Superoxide measurements 

1. Gas-permeable polytetrafluoroethylene (PTFE) tubing (ZEUS) with inside diameter 0.025 

in. and wall thickness 0.002 in., cut into 12cm sections. 

2. 1ml syringes with 23G needles  

3. PBS (Gibco), pH 7.4, without calcium chloride nor magnesium chloride. 

4. Parafilm  
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5. Diethylenetriaminepentaacetic acid (DTPA): 100 mM stock solution in PBS. Store at room 

temperature. 

6. Polyethylene glycol-superoxide dismutase (PEG-SOD): 4000U/mL stock solution in PBS. 

Store at -20°C. 

7. Diamagnetic hydroxylamine for oxidation measurements: 1-Hydroxy-3-methoxycarbonyl-

2,2,5,5-tetramethylpyrrolidine. HCl (CMH hydrochloride) used on mitochondria or (2-

(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl) triphenylphosphonium 

chloride (MitoTempo-H) for whole cell experiments. Stock solution are 10 mM and 1 mM, 

respectively, in PBS. Both probes are to be stored at -20°C and flushed with argon at every 

use to avoid probe oxidation. 

8. Biological system: depending on the type of experiment wanted: Stock solution of whole 

cells (around 20.106cells/mL culture media) or suspension of isolated mitochondria. 

 

2.4.   Mitochondrial isolation 

1. Cell line of interest, cultured in its recommended medium: about 40.106cells required 

resuspended in 1 mL of PBS (see Note 6). 

2. Motor-driven Glass/Teflon potter homogenizer 

3. 0.1 M Tris/MOPS: Dissolve 1.21 g Tris in 40ml distillated water, then adjust pH to 7.4 

with MOPS powder. Bring to 50 mL and store at 4°C. 

4. 1M EGTA/Tris: Dissolve 3.81 g EGTA in 40ml distillated water, then adjust pH to 7.4 

with Tris powder. Bring to 50 mL and store at 4°C. 

5. 1M sucrose: Dissolve 34.2 g Sucrose in 100 mL distilled water and separate in 5 aliquots. 

Store at -20°C. 

6. Mitochondrial isolation buffer (100mL to aliquot): Mix 10 mL of Tris/MOPS (0.1 M) and 

1 mL of EGTA/Tris (1 M) to 20mL of sucrose (1M). Bring the mixture to 100 mL with 

distilled water and adjust pH to 7.4. Store at -20°C. 
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2.5.   Mitotoolbox  

The Mitotoolbox combines OCR and superoxide measurements at the same time, meaning that 

all material listed for OCR and superoxide are also required for this experiment. Solutions and 

buffers are kept on ice during the mitochondrial isolation procedure. Listed substrate supply 

includes NADH- and FADH2-linked substrates to support state 3 respiration. 

1. Isolated mitochondria (see “mitochondrial isolation” in Methods) 

2. 100 mM EGTA: Dissolve 76 mg in 20 mL of water. 

3. Mitochondrial Assay buffer (MAS (x2): This buffer is two times concentrated: Combine 

12 g Sucrose, 20 g Mannitol, 68 mg potassium phosphate monobasic (KH2PO4), 0.5 g 

MgCl2 hexahydrate, 23.8 mg HEPES, 1 g FA-free BSA and 5 mL of EGTA stock 

solution (100 mM) in 250 mL of water. Adjust pH to 7.4 and aliquot. Store at -20°C. 

4. 100 mM Pyruvate: dilute in PBS. Store at -80°C. 

5. 500 mM Succinate: dilute in PBS. Store at -80°C. 

6. 500 mM Malate: dilute in PBS. Store at -80°C. 

7. 100 mM ADP: Mix 425 mg ADP with 1.2 mL of PBS (ADP does not dissolve at this 

point). Neutralize with 5 M KOH (approx. 450 µl). ADP will dissolve after addition of 

KOH. Adjust pH to 7.4 and bring to 10 mL with PBS. Store at -80°C. 

8. Substrate Mix: Combine 300 µL of MAS (x2) with 216 µL PBS, 60µL pyruvate (100 

mM), 6 µL succinate (500 mM), 6 µL Malate (500 mM) and 12 µL ADP (100 mM). This 

final volume is enough for 6 combined measurements of OCR and Superoxide. 
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3. Methods 

3.1.  EPR oximetry on whole cell model 

Keep the cell stock solution (lid open) in a 37°C water bath during the experiments. 

1. Turn on the X band EPR, heat the cavity at 310K using continuous nitrogen flow (400 

L/h) (see Note 7) and open Bruker Xenon Spin fit program. 

2. Tune the EPR cavity at 19 dB attenuation (2.518 mW) with a sealed hematocrit capillary 

filled with PBS transferred in a quartz tube (see Note 8) 

3. Set experimental parameters for acquisition: microwave power: 2.518 mW; modulation 

frequency: 100 kHz; modulation amplitude: 0.005 mT; Center field: 335mT; Sweep width: 

1.5 mT; Sweep time:15 s. 

4. Combine 60 µL of cell suspension to 40 µL of Dextran 20% solution. 

5. Add 4 µL of 15N-PDT stock solution to the previous mixture and mix well. 

6. Transfer mix into hematocrit capillary and seal with gum. Slip capillary carefully into a 

quartz tube and transfer it to the EPR cavity. 

7. Tune the EPR cavity and wait 3min after the probe was mixed before launching an 

automated “2D-field-Delay” measurement counting 15 points with a time delay of 

60000ms. 

8. Save file and proceed to data analysis after all experiments are done: switch to processing 

mode and load your file. Select “Peak picking” and define the region containing the peak 

on all slices with “region qualifier”. Select pick > Peak and through > Dist Algorithm > 

All slices > Pick > Report distances. The final file can be saved as ASCII file to extract 

linewidth data at each point. 

9. Correlate 15N-PDT linewidth with the % of oxygen with a calibration curve (see Note 9 

and Figure 2). 

10. OCR corresponds to the slope of oxygen level during time. 
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Figure 2: (A): 15N-PDT spectra at 0.1% (red) and 21% (blue) of oxygen mixed with nitrogen. 

(B): 15N-PDT calibration curve linking the probe’s linewidth (Gauss) to oxygen level (%) present 

into the sealed hematocrit capillary. Both spectra correspond to the high-field line. 

 

3.2.  Superoxide measurement on whole cell model 

Keep the cell stock solution (lid open) in a 37°C water bath during the experiments. 

1. Turn on the X band EPR, heat the cavity at 310K using continuous air flow (400 L/h) and 

open Bruker Xenon Spin fit program. 

2. Tune the EPR cavity at 10 dB attenuation (20 mW) with a 12 cm long PTFE tube folded 

in 4 filled with PBS, transferred in an open quartz tube (see Note 10). Seal the end of the 

quartz tube with a patch of parafilm to avoid a potential leak into the EPR cavity. Set 

experimental parameters for acquisition: microwave power: 20 mW; modulation frequency: 

100 kHz; modulation amplitude: 0.1 mT; Center field: 336.5mT; Sweep width: 1.5 mT; 

Sweep time: 30.48s. 

3. For control condition, combine 37 µL of cell suspension to 0.5 µL od DTPA (100mM), 5 

µL of PBS and end by mixing 7.5 µL of MitoTempoH (1mM). To measure superoxide 

contribution, make another measurement using the same conditions but replacing 2.5 µL 

PBS by adding 2.5 µL of PEG-SOD (4000 U/mL). Let incubate 10 min before adding the 

MitoTempoH. It is mandatory to flush MitoTempoH stock solution with argon before and 

during pipetting to avoid probe oxidation. 
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4. Transfer mix into PTFA tube cutting using the needle. Fold in 4 and insert into the open 

quartz tube. Seal quartz tube with a patch of parafilm and transfer it to the EPR cavity. 

5. Tune the EPR cavity and wait 3min after the probe was mixed before launching an 

automated “2D-field-Delay” measurement counting 11 points with a time delay of 40000 

ms. 

6. Save file and proceed to data analysis after all experiments are done: switch to processing 

mode and load your file (Figure 3). Select “Integration & derivative” and define the region 

containing the peak in all slices. Select “Double Integration” and copy results to primary. 

Then, switch to time domain > Store & return > Structure > Projection > Roof. The final 

file can be saved as ASCII file to extract double integration (DI) values for each timepoint 

(Figure 4). 

7. Subtract point 1 DI from point 11 DI for each condition. Superoxide contribution is 

measured by subtracting mean PEGSOD DI to mean control DI. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Representative example of 14N-CMH oxidation spectra after 1min and 10min on 

whole cell model. These spectra are similar to those obtained with MitoTempoH probe. Both 

spectra correspond to the mid-field line. 
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Figure 4: Representative example of MitoTempoH DI spectra during time on isolated 

mitochondria. Same kind of spectra are obtained when using a whole cell model as well. Blue 

dots represent control condition and red dots represent PEG-SOD condition. Superoxide 

contribution is measured by subtracting the PEGSOD DI to the CTR DI after 15min. 

 

3.3.  Mitochondrial isolation  

Mitochondrial isolation buffer (MIB) should be toughed in advance and stored on ice. All steps 

of mitochondrial isolation are performed on ice or at 4°C to avoid damage by proteases and 

phospholipases. The potter homogenizer is precooled on ice before use. This protocol has 

been adapted from. 

1. Harvest cultured cell line of interest to get around 40.106 cells (or more if needed, see Notes 

6 and 11). 

2. Resuspend cells in 1 mL PBS and centrifuge cells at 600 g at 4°C during 10 min. 

3. Remove the supernatant and resuspend the cells in 3 mL of ice-cold MIB. 

4. Transfer the cell mixture into the precooled potter and blend with the motor-driven pestle 

at 1600 rpm making 35 strokes. To maintain cooling temperature during homogenization, 

the entire device is placed in a box or beaker filled with ice. (see Note 12). 

5. Transfer the homogenate to a 15 mL falcon tube and centrifuge at 600 g at 4°C during 10 

min. 

6. Collect the supernatant and centrifuge at 7000 g at 4°C during 10 min. 
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7. Remove the supernatant and wash the pellet with 200 µL of MIB before transferring the 

homogenate to a 1.5 mL Eppendorf. 

8. Centrifuge the suspension at 7000 g at 4°C during 10 min. 

9. Discard the supernatant and gently homogenize the mitochondria pellet with the little 

remaining supernatant left, avoiding bubble formation.  

10. Store on ice. (see Note 13). 

 

3.4.  Mitotoolbox: OCR & superoxide simultaneous measurement 

The Mitotoolbox combines oximetry and superoxide measurements at the same time on the 

same mitochondrial isolate, meaning that all material listed for EPR oximetry and superoxide 

measurements are also required to perform the experiment. Of note, this simultaneous 

measurement of mitochondrial function can also be measured on a whole cell model using the 

same EPR device as well as EPR parameters with the cell stock solutions given in the Material 

section “EPR oximetry” and “superoxide measurements”. 

 

1. Store mitochondrial isolate and substrate mix on ice. 

2. Respiration mix (for 6 independent measurements): combine 275 µL substrates, 137.5 µL 

of MAS (x2), 132 µL dextran 20% and 5.5 µL DTPA. Mix well. 

3. Superoxide mix (for 6 independent measurements): combine 125 µL substrates, 62.5 µL 

MAS (x2), 60 µL PBS and 2.5 µL DTPA. Mix well. 

4. Turn on the X band EPR, heat the cavity at 310K using continuous air flow (400 L/h) and 

open Bruker Xenon Spin fit program. 

5. Tune the EPR cavity at 19 dB attenuation (2.518 mW) with a 12 cm long PTFE tube folded 

in 4 filled with PBS and a sealed hematocrit capillary filled with PBS (see Note 14 and 

Figure 5).  

6. Create and save a separate OCR parameters file on Xenon: microwave power: 2.518 mW; 

modulation frequency: 100 kHz; modulation amplitude: 0.005 mT; Receiver gain: 45 dB; 

Center field:334 mT; Sweep width: 1.5 mT; Sweep time: 25 s. 

7. Create and save a separate superoxide parameters file on Xenon: microwave power: 2.518 

mW; modulation frequency: 100 kHz; modulation amplitude: 0.1 mT; Receiver gain: 60 

dB; Center field: 334.4 mT; Sweep width: 1.5 mT; Sweep time: 25 s. 
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8. Final OCR solution for EPR: combine 85 µL of respiration mix with 7 µL PBS, 3 µL of 

isolated mitochondria and add 5 µL of 15N-PDT (2 mM) at the last minute. 

9. Final superoxide solution for EPR: combine 32 µL superoxide mix with 3 µL PBS, 3 µL 

isolated mitochondria and add 2 µL of 14N-CMH (10 mM) at the last minute.  

10. 15N-PDT and 14N-CMH should be inserted to their mix at the same time. Hematocrit 

capillary and PTFA tubing are filled with their corresponding final solution, and put 

together into the open quartz tube. Transfer the device into the EPR cavity. 

11. 3 min after probes were added to their final mix, launch first superoxide acquisition with 

the corresponding parameters and save file. Launch OCR acquisition every even number 

of minutes and superoxide on odd number of minutes after probe addition. Save files on 

Xenon for data analysis. 

12. To measure superoxide contribution, add 5 µL of PEG-SOD to final OCR solution and 2 

µL PEG-SOD to the final superoxide solution (adding less PBS in consequence). 

13. Data analysis are performed the same way as stated in section “EPR oximetry” and section 

“superoxide measurement” on whole cell model.  

14. Normalization by mitochondrial protein quantification is recommended (see Note 15).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematic representation of the double capillary device used to measure OCR and 

superoxide simultaneously. 
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4. Notes 

1. Any EPR spectrometer can be used as long as it is capable of being equilibrated at 310K 

with continuous gas flow. 

2. Gum can contain paramagnetic manganese visible with EPR when inserted into the 

cavity’s resonator. To avoid nonspecific spectra appearing during analysis, make sure the 

sealed part of the hematocrit capillary remains outside the resonator. 

3. Dextran solution is used to keep cells or isolated mitochondria in suspension in the 

capillary during the whole measurement. Do not use dextran with a lower MW than 

stated, otherwise cells tend to sedimentate and EPR measurements will not be accurate. 

4. 15N-PDT (perdeuterated nitroxide) is a very sensitive probe to measure oxygen levels in 

a medium using EPR technology. Its linewidth is proportional to the oxygen level present 

into the capillary. A calibration linking the probe linewidth broadening to oxygen level 

should therefore first be performed in order to measure OCR during an experiment with 

cells or mitochondrial suspension. 

5. For whole cells experiments, a stock solution of 5.106 cells/mL should be sufficient to 

measure a suitable oxygen consumption. However, depending on the cell type, this cell 

concentration can be fine-tuned beforehand by performing dose-response tests to get the 

best oxygen consumption curve (some cells are more rapidly consuming oxygen than 

others). This new stock concentration should therefore be used for all other oximetry 

experiments using this cell line. 

6. Depending on the cell line, this initial cell number could be increased to have a better 

yield and perform more measurements from the same isolated batch of mitochondria. 

Typically, at the end of the process, enough mitochondria are collected (40µL with a mean 

of 25mg of protein/mL) to make 4 conditions with simultaneous measurements of OCR 

and superoxide, using 3T3 fibroblasts 

7. In this case, EPR cavity can also be heated with air but nitrogen is less expensive. The 

capillary being sealed off, the type of gas used to heat the cavity does not matter because 

it will not affect the sample. 

8. The tuning of the EPR cavity is performed at 19 dB attenuation (2.518 mW) with the 

same device used for the actual oximetry experiments, namely a sealed hematocrit 

capillary filled with PBS and 15N-PDT (oxygen sensor), inserted into a quartz tube that is 
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then transferred to the EPR cavity. Mixing the oxygen sensor at this stage is not 

mandatory but recommended in order to find the exact magnetic field value where the 

15N-PDT spectrum is appearing. 

9. The calibration to link 15N-PDT linewidth with the level of oxygen in a capillary is 

performed using an EPR spectrometer connected to an Aalborg gas mixer and an oxygen 

analyzer (Servomex OA540). Calibration mixture contains PBS and Dextran (20%) at a 

final ratio 1:1 mixed with 4 µL of 15N-PDT (2 mM). 15N-PDT linewidth is measured at 

different % of oxygen (7pts between 0 and 21%) mixed with nitrogen. Wait 40sec before 

each measurement for the oximeter to equilibrate. The obtained curve equation is then 

used to measure % of oxygen during experiments on biological systems. 

10. To fill the PTFA tubing, insert needle into a tube segment and suck up the PBS or final 

cell solution until the segment is entirely filled. Fold in 4 and insert the tube at the open 

end of the quartz tube. 

11. Do not treat cells with any agents before harvesting. Mitochondrial isolation is performed 

on control/non-treated cells and treatment of any kind should be added in final OCR or 

final superoxide solutions as a new condition to analyze its impact on mitochondrial 

function. 

12. Homogenization by a motor-driven Glass/Teflon potter tends to heat up the cell mixture. 

To avoid damaging activation of proteases and phosphatases and maintain mitochondrial 

integrity, keeping the potter on ice is essential. 

13. Isolated mitochondria should be used within 1-3 hours for better responses. 

14. The 2 tubes are inserted next to each other in the open quartz tube. 

15. Protein quantification can be performed using BCA protein Assay. Mitochondrial isolates 

are diluted 1:20 and protein determination can be assessed following manufacturer’s 

instructions. 
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Abstract 

As a meta-analysis described a beneficial effect of statins on prostate cancer patients treated with 

radiation therapy (RT), it is crucial to investigate the mechanisms underlying the potential 

radiosensitizing properties of statins. Our hypothesis was that the alleviation of tumor hypoxia 

induced by an inhibition of oxygen consumption rate (OCR) could play a role in the improved 

response to RT in those patients receiving statins. The effect of statins on OCR has been indeed 

demonstrated in a variety of normal cells, such as cardiomyocytes, skeletal muscle cells, and 

hepatocytes but has never been described in cancer cells. A screening of five statins (simvastatin, 

fluvastatin, rosuvastatin, pravastatin, atorvastatin) using Seahorse XF revealed that a 24-hours 

exposure to simvastatin and fluvastatin significantly decreased the OCR in PC-3 prostate cancer 

cells. This effect was confirmed for both compounds using EPR respirometry in PC-3 and 

DU145 prostate cancer cells. To evaluate the relevance of these observations in vivo, we 

performed quantitative measurements of tumor oxygenation in the PC-3 prostate cancer model 

in mice. This model was found highly hypoxic at the basal level. When mice were treated by 

simvastatin or fluvastatin (daily injection of 20 mg/kg), the tumor oxygenation significantly 

increased 48 and 72 hours after initiation of the treatment. Irradiation experiments are in 

progress to assess the value of statins as potential radiosensitizers. 
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Introduction 

Statins are cholesterol-lowering drugs widely used in the prevention of cardiovascular 

diseases. Statins inhibit HMG-CoA reductase and thus decrease biosynthesis of low-density 

lipoprotein cholesterol. Evidence from experimental and preclinical studies [1,2] has indicated 

that statins can inhibit tumor growth and induce apoptosis in several tumor types, including 

pancreatic carcinoma [3], breast cancer [4], small-cell lung cancer [5] and brain tumors [6]. 

Mechanistically, it has been suggested that, because statins reduce mevalonate synthesis, 

farnesylation and geranylgeranylation are decreased. As a result, there is a decrease in Ras, Rho, 

and c-Myc proteins expression which reduces tumor cell proliferation and migration, there is a 

reduction in matrix metalloproteinase-9 involved in metastasis, an inhibition of angiogenesis by 

increasing the inhibitory effect of TNF alpha, and the activation of caspase-9 and caspase-3 

which leads to apoptosis [2]. The potential benefit of statins in cancer prevention and treatment 

has recently received significant interest with the aim to evaluate the impact of statins on the 

outcome of cancer treatments. In an analysis of about one thousand patients with a diagnosis of 

colon cancer, authors associated statin with reduced risk of death from any cause or from cancer 

[7]. Another meta-analysis suggested that the use of statin was associated with a reduced 

mortality and recurrence of hepatocellular carcinomas [8], improved survival in rectal cancer [9], 

in head and neck cancer [10], and in lung cancer [11]. However, other studies failed to 

demonstrate any clinical benefit from the use of statins in esophageal cancer [12], colorectal 

cancer [13], or small-cell lung cancer [14].  

Interestingly, several large-scale cohort studies have recently indicated a better outcome 

of radiation therapy (RT) (external or brachytherapy) in prostate cancer patients under statin 

treatment [15-17]. A meta-analysis evaluated associations between statins and recurrence-free 

survival following treatment of localized prostate cancer and found a beneficial effect of statins 

on prostate cancer patients treated with RT but not among radical prostatectomy patients [18]. 

These clinical observations warrant further research on the potential mechanisms underlying a 

potential radiosensitizing property of statins.  

Our hypothesis is that the alleviation of tumor hypoxia induced by an inhibition of 

oxygen consumption rate (OCR) could play a role in the improved response to RT in those 

patients receiving statins. It is important to remember that most malignant solid tumors contain 
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areas with hypoxia resulting in worsened clinical prognosis for cancer patient [19-21]. Tumor 

hypoxia results from an imbalance between the limited oxygen delivery capacity of the abnormal 

vasculature and the high oxygen consumption of tumor cells [22]. Tumor hypoxia is considered 

to be a crucial therapeutic issue, as it renders solid tumors resistant to radiation therapy. Because 

of the so-called “oxygen enhancement effect”, the radiation dose required to achieve the same 

biologic effect is about three times higher in hypoxic tissues than in those with normal oxygen 

levels [23]. Tumor hypoxia may theoretically be alleviated by increasing the oxygen delivery or 

by decreasing the oxygen consumption by tumor cells. Mathematical modelling described by 

Secomb et al. suggested that tumor hypoxia can be abolished by a reduction in consumption rate 

of 30% [24]. Experimentally, several strategies designed to decrease the OCR in tumor cells 

succeeded in increasing the response to radiation therapy in tumor models [25-34]. The effect of 

statins on OCR has been demonstrated in a variety of normal cells, such as cardiomyocytes, 

skeletal muscle cells, and hepatocytes [35-37]. It is generally admitted that is effect is mediated 

by the reduction in synthesis of ubiquinol (Coenzyme Q10). So far, only one study investigated 

the effect of statins on the OCR by tumor cells. This study evaluated the impact of lovastatin (in 

comparison with fludarabin) on DS sarcoma cells with the aim to evaluate the impact on DNA 

synthesis and OCR [38]. However, these authors did not investigate the consequences of the 

changes of OCR on the sensitivity to irradiation.  

The overall aim of the present study was to evaluate the impact of statins on 

tumor cell oxygen consumption, tumor hypoxia and response to irradiation. For the 

purpose, we first screened the effect of five statins (simvastatin, fluvastatin, 

rosuvastatin, pravastatin, atorvastatin; Fig.1) on the oxygen consumption by prostate 

cancer cells. Using Seahorse XF technology, we observed that 24-hours exposure of 

prostate cancer cells to simvastatin and fluvastatin significantly decreased the basal 

respiration while the other statins did not decrease the OCR. These results were 

confirmed using Electron Paramagnetic Resonance (EPR)-based OCR measurements. 

Because the alteration in electron transport chain function may lead to an increase in 

superoxide production, we investigated the impact of statins on the production of 

mitochondrial superoxide using EPR spectrometry. In addition, we performed 

quantitative measurements of tumor oxygenation in the PC-3 prostate cancer model in 

mice. When treated by simvastatin or fluvastatin (daily injection of 20 mg/kg), the 
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tumor oxygenation significantly increased 48 and 72 hours after starting the treatment. 

Irradiation experiments are in progress to assess the value of statins as potential radiosensitizers. 

 

 

Fig.1. Structure of statins used in the present study: simvastatin, the active metabolite of 

simvastatin, fluvastatin, atorvastatin, rosuvastatin, pravastatin. 

 

 

Material and Methods 

Reagents 

Simvastatin came from Enzo Lifescience (Antwerpen, Belgium) whereas all other statins 

(Atorvastatin, Pravastatin, Rosuvastatin and Fluvastatin) were purchased from Sigma Aldrich 

(Overijse). EPR probes 15N-PDT (4-oxo-2,2,6,6-tetramethylpiperidine-d16-15N-1-oxyl) and 

MitoTEMPO-H (1-hydroxy-4-[2-triphenylphosphonio)-acetamido]-2,2,6,6-

tetramethylpiperidine) originate from CDN Isotopes and Enzo Lifescience, respectively. 

Dimethyl sulfoxide (DMSO), superoxide dismutase conjugated with polyethylene glycol 

(PEGSOD2), diethylenetriaminepentaacetic acid (DTPA) and dextran from leuconostoc 

mesenteroides (average MW 60000–76000) were from Sigma-Aldrich (Overijse, Belgium). 
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Cell lines and culture 

PC-3 cell line were purchased from The American Type Culture Collection (Manassas,VA, USA) 

and maintained in a humidified atmosphere with 5% CO2 at 37 ◦C. They were routinely cultured 

in Ham's F-12K (Kaighn's) Medium with 10% heat-inactivated fetal bovine serum 

(FBS)(Thermo Fisher Scientific).  

OCR measurements by Seahorse XF technology 

OCR measurements were performed using a XF Cell Mitostress test kit (Agilent, cat.103015-

100) with a Seahorse XF96 bioenergetic analyzer (Seahorse Bioscience; Massachusetts, USA) 

[39] according to the manufacturer’s instructions. Cells were first seeded at 10000 cell/well onto 

a Seahorse XF96 V3 PS plate 24 h before treatment. Cells were then treated for 2 or 24h with 

statins or control solution (DMSO) 0.1%). Before the assay, cell medium was replaced by the 

conditional medium without sodium bicarbonate (Dilution of Dulbecco′s modified Eagle′s 

medium (Cat. D5030, Sigma-Aldrich) supplemented with 1.85g/L NaCl, phenol red, 10mM D-

glucose, 2mM L-glutamine, 2mM Pyruvate and 0.5% FBS) with or without statin and incubated 

at 37°C without CO2 for 1 h before completion of probe cartridge calibration. Following drugs 

were injected successively: oligomycin (1M), FCCP (2M) and Rotenone/Antimycin A (0.5M). 

Data were visualized and analyzed using Agilent Wave Software. Results were normalized to the 

total number of cells determined using a SpectraMax i3 plate imager (Molecular Devices, 

Sunnyvale, CA) and SoftMax Pro software (Molecular Devices). Basal mitochondrial OCR was 

determined by subtracting the OCR measured after injection of rotenone/antimycin A (=non-

mitochondrial respiration) to OCR measured before any drug injection 

OCR measurements by EPR respirometry 

Oxygen measurements in vitro using EPR respirometry are based on the use of an oxygen-

sensing probe, 15N-PDT (4-oxo-2,2,6,6-tetramethylpiperidine-d16-15N-1-oxyl), to measure 

variations in oxygen levels in samples, and subsequently cells’ OCR in a sealed capillary [27,40-

41]. OCR was measured using a Bruker EMX-Plus spectrometer operating in X-band (9.85 

GHz) and equipped with a PremiumX ultra low noise microwave bridge and a SHQ high 

sensitivity resonator. The EPR cavity was heated at 310 K with continuous nitrogen flow during 

all experiments. Respiration mixture was composed of 60 µL of previously harvested cells (stock 
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solution 5.106 cells/mL of culture medium), 40 µL of Dextran solution (20%) and 4 µL of 15N-

PDT (2 mM), transferred into a hematocrit capillary sealed with gum. The final device was 

inserted into a quartz tube and put into the EPR cavity. Experimental parameters for acquisition 

set in the Bruker Xenon Spin fit program were: microwave power, 2.518 mW; modulation 

frequency, 100 kHz; modulation amplitude, 0.005 mT; center field, 335 mT; sweep width, 1.5 

mT; sweep time, 15 s. An automated “2D-field-Delay” measurement was launched 3 min after 

probe mixing, counting 15 points with a time delay of 60,000 ms. Data analysis was performed 

switching to processing mode and using “peak picking” on selected regions of the 15N-PDT –

peaks. The final file was saved as an ASCII file to extract linewidth data at each point. 15N-PDT 

linewidth was correlated with the % of oxygen with a calibration curve. OCR corresponded to 

the slope of oxygen level during time.  

Mitochondrial superoxide assessment by EPR spectrometry 

Mitochondrial superoxide measurements by EPR were based on the use of Mito-TEMPO-H, a 

cyclic hydroxylamine, able to detect superoxide in complex biological media with high sensitivity 

[41-46]. Thanks to its tryphenylphosphonium moiety (TPP+), this probe accumulates within 

mitochondria, enabling specific measurement of mitochondrial superoxide. Superoxide 

production was monitored using a Bruker EMX-Plus spectrometer operating in X-band (9.85 

GHz) and equipped with a PremiumX ultra low noise microwave bridge and a SHQ high 

sensitivity resonator. The EPR cavity was heated at 310 K with continuous air flow during all 

experiments. The mixture combined 37 µL of cell suspension (stock solution: 20.106 cells/mL 

culture medium), 0.5 µL of DTPA (100 mM), 5 µL of PBS ((1×) − pH 7.4) and 7.5 µL of Mito-

TEMPO-H (1mM). Superoxide production contribution was assessed by making another 

measurement using the same conditions but adding 2.5 µL of PEG-SOD2 (4000 U/mL) to 

replace 2.5 µL of PBS. PEG-SOD2 was incubated 15 min before adding the Mito-TEMPO-H 

probe. Previous studies have shown that the pre-incubation of cells in the presence of PEG-

SOD allows the cellular uptake of the enzyme and intracellular scavenging of superoxide [47]. 

Mito-TEMPO-H stock solution was flushed with Argon prior and during pipetting to avoid 

probe oxidation. The final solution was transferred into a PTFA tube (inside diameter 0.025 in., 

wall thickness 0.002 in.) cutting of 12 cm using a needle and folded in 6 before being inserted 

into an open quartz tube. Experimental parameters for acquisition set in the Bruker Xenon Spin 

fit program were: microwave power, 20 mW; modulation frequency, 100 kHz; modulation 
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amplitude, 0.1 mT; center field, 336.5 mT; sweep width, 1.5 mT; sweep time, 30.48 s. The 

measurements were started 3 min after probe mixing with the cells, and repeated each 40 s. An 

automated “2D-field-Delay” measurement was launched 3 min after probe mixing, counting 11 

points with a time delay of 40,000 ms. Data analysis was performed switching to processing 

mode and using “Integration & derivative” and “double integration” on selected regions of the 

peaks. The final file was saved as an ASCII file to extract double integration (DI) data at each 

timepoint. Point 1 DI was subtracted from point 11 DI for each condition. Superoxide 

contribution was measured by subtracting mean PEGSOD2 DI to mean control DI.   

Tumor models in vivo and treatments 

Six to eight-week old male NMRI nude mice (Charles Rivers Laboratories) were housed under 

standardized conditions of light and temperature (12-hour daylight cycle, 22 ± 2°C) before and 

during the experiments and all had ad libitum access to chow pellets and water. After 1 week of 

acclimatization, mice were each inoculated intramuscularly (IM) in their right leg with 5.106 PC-

3 cells (100µL cell suspension in HBSS + 100µL Matrigel (CorningTM 356237)). Experiments 

were performed 3-4 weeks following tumor inoculation when xenograft diameter exceeded 

8mm. Mice were then put into groups to have same starting mean tumor volume before 

experiment. 

In vivo EPR oximetry 

Animals were anesthetized by inhalation of isoflurane mixed with air (21 % oxygen) in a 

continuous flow (2 L/h), delivered by a nose cone. Induction of anesthesia was performed using 

3 % isoflurane. It was then stabilized at 1.5 % for a minimum of 15 minutes before any 

measurement. It was previously demonstrated that this anesthesia regimen did not disturb the 

hemodynamics in rodents [48]. A warming blanket was used for animal-body temperature 

regulation at 37°C. To assess the tumor oxygenation in vivo, we used EPR oximetry that allows 

repeated and quantitative measurements of tissue oxygenation from the same site over long 

periods of time [49-52]. We used the charcoal (CX 0670-1; EM Sciences, Gibbstown, NJ) as 

oxygen sensor [53] to dynamically evaluate changes in tumor oxygenation during statin 

treatment. EPR spectra were recorded using an EPR spectrometer (electromagnet from 

Magnettech, Berlin, Germany; electronic console from Clin-EPR, Lyme, NH, USA) with a low 

frequency microwave bridge operating at 1.1 GHz and an extended loop resonator (Clin-EPR, 
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Lyme, NH, USA). A suspension of charcoal was injected into the center of the tumor 1 day 

before measurement (100 mg/mL; 50 µL injected, particle size of 1-25 µm). The localized EPR 

measurements correspond to an average of the pO2 values in a volume of ~10 mm3 (49). For 

the experiments, baseline values were performed after mice were anesthetized to determine the 

oxygen status of tumors before the first IP injection of the treatment. Then, the effect of 

simvastatin and fluvastatin (20 mg/kg) was measured by following tumor pO2 daily 5min after 

statin IP injection. 

Irradiation 

The Male NMRI PC-3 tumor baring mice were put into 5 groups of same mean tumor volume 

(>270mm3) and irradiated once at doses of 0-3-6-9-12Gy. After irradiation, tumor growth was 

measured 3 times a week to assess tumor growth-delay. 

Statistics 

Data are represented as means ± SEM. All experiments were performed in triplicates or more. 

Student T tests were applied for EPR OCR and superoxide measurements experiments, whereas 

One-way ANOVA were performed on all other experiments. 
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Results 

OCR in prostate cancer cells is decreased by simvastatin and fluvastatin, but 

remained unchanged after pravastatin, rosuvastatin and atorvastatin exposure. 

A first screening using Seahorse XF technology was performed on PC-3 cells that revealed that 

a 24 hours-exposure of prostate cancer cells to a concentration of 10 µM simvastatin and 

fluvastatin significantly decreased the basal respiration (< 0.005, Fig.2a). In contrast, pravastatin, 

rosuvastatin and atorvastatin did not alter significantly the OCR (Fig.2A). Fluvastatin and 

simvastatin were further considered for additional experiments. We found that a significant 

reduction was also observed using Seahorse XF after 2 hours-exposure (Fig.2B). We also found 

that lower concentration (2.5 µM) significantly decreased the basal respiration by 24 % and 25.8 

%, for simvastatin and fluvastatin, respectively (Data not shown). In addition, we used in vitro 

EPR respirometry to assess the OCR by cancer cells. While the results obtained after 24-hours 

exposure were consistent between Seahorse XF and EPR assessments, we did not observe a 

significant effect of both statins after 2 hours-exposure using EPR respirometry (Fig.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 Impact of statins on the oxygen consumption rate (OCR) by prostate cancer cells as 

measured by Seahorse XF. A. Effect of 24 hours exposure of PC-3 cells to 5 different statins 

(10 µM) on the OCR. B. Effect of 2 hours exposure of PC-3 cells to simvastatin and fluvastatin 

(10 µM) on the OCR. Bars represent means ± SEM (pmol O2/min/10000cells), (*) p<0.05, (**) 

p<0.01, One-way ANOVA & Student T-test, N=5. 
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Fig.3 Impact of statins on the oxygen consumption rate (OCR) by prostate cancer cells as 

measured by EPR respirometry. A. Effect of 24 hours exposure of PC-3 cells to simvastatin and 

fluvastatin (10 µM) on the OCR. B. Effect of 2 hours exposure of PC-3 cells to simvastatin and 

fluvastatin (10 µM) on the OCR. Bars represent means ± SEM (%O2/min), (*) p<0.05, (**) 

p<0.01, Student T-test, N=3. 

 

 

Modulation of mitochondrial superoxide production by simvastatin and 

fluvastatin 

Because a dysfunction in mitochondrial electron transport chain function may lead to an increase 

in superoxide production [54-55], we evaluated the potential change in mitochondrial superoxide 

level using EPR in cells exposed for 24 hours to 10 µM simvastatin or fluvastatin. The level of 

superoxide was significantly increased after exposure of prostate cancer cells to fluvastatin 

(Fig.4). While there was a trend for an increase in superoxide after simvastatin exposure, the 

level was not significantly different from the control (Fig.4). 
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Fig.4 Impact of statins on the mitochondrial superoxide level in PC-3 cells exposed 

24 hours to simvastatin and fluvastatin (10 µM). Mitochondrial superoxide was 

measured using mitoTEMPO-H as EPR sensor. The superoxide contribution was 

measured by making the difference between the signal intensities recorded in the 

absence and in the presence of PEGSOD2. Bars represent means ± SEM (A.U), (*) p<0.05, 

One-way ANOVA, N=3. 

 

Simvastatin and fluvastatin alleviate tumor hypoxia in prostate cancer models 

Because prostate cancer cells are sparing oxygen when exposed to simvastatin and fluvastatin, 

we anticipated that statin-based treatments could lead to a reoxygenation of tumors. The PC3 

prostate tumor model was found highly hypoxic as the initial pO2 before treatment was lower 

than 2 mmHg (Fig.5). Daily treatment with simvastatin and fluvastatin led to a dramatic increase 

in tumor oxygenation 48 hours and 72 hours after having started the treatment (Fig.5). 

 

 

 

 

 

 

 

 

Fig.5 Effect of daily treatment with statins (20 mg/kg) on tumor oxygenation as measured 

by EPR oximetry: A. simvastatin (44 µmol/kg); B. fluvastatin (46 µmol/kg). Dots represent 

mean (mm Hg), (*) p< 0.05, (**) p< 0.01, (***) p< 0.001, Two-way ANOVA, N=4. 
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Does the combination statin/irradiation lead to an improved response to 

radiotherapy? 

As the PC3 model was used for the first time in our laboratory, a pre-screening of irradiation 

dose was performed to establish a dose with a significant tumor growth delay without curative 

effect. At the time of the writing this thesis, the results of these experiments are not yet 

completed. Once established, our plans are to irradiate the tumors at the time of maximal 

reoxygenation and to follow daily the tumor growth. Several groups of mice will be used: control 

group (without irradiation), statin alone (without irradiation), RX alone, RX+statin. An 

additional group will include RX+statin+transient interruption of the blood flow at the time of 

irradiation. This last experiment will ascribe the contribution of the oxygen effect to the 

radiatiosensitizing property of the statin. 

 

Discussion 

 The negative effect of tumor hypoxia on radiation therapy response has been 

demonstrated in a vast body of experimental works and clinical studies [21]. Several strategies 

have been designed to overcome this source of radioresistance including the decrease in tumor 

hypoxia, the chemical radiosensitization of hypoxic cells, or preferential killing of this resistant 

cell population by using a redistribution of the radiation dose. The most straightforward 

approach to decrease hypoxia is to combine radiation protocol together with the administration 

of an approved drug acting either on oxygen consumption and/or oxygen delivery. Illustrative 

successful examples in tumor models include the use of steroidal and non-steroidal anti-

inflammatory agents [28,29] or metformin [32]. In this respect, if statins could be found as 

potential radiosensitizers, they would be particularly attractive regarding their massive use in the 

population to prevent cardiovascular diseases.  

As a meta-analysis described a beneficial effect of statins on prostate cancer patients 

treated with RT [18], it seems crucial to investigate the mechanisms underlying the 

radiosensitizing properties of statins. A recent study suggested that simvastatin (µM range) 

combined with irradiation slightly affects cell growth, clonogenic survival, and DNA repair 

capacity in the breast cancer cell line MCF-7 in 2D-culture, but, surprisingly, not in 3D-culture 

[55]. Another study described that simvastatin (10 to 500 µM) compromises DNA double-strand 
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breaks repair by activating the expressions of histone 2A family member X (γ-H2AX) and 

phospho-checkpoint kinase 1 (p-CHK1), suggesting an underlying mechanism for this 

radiosensitization of prostate cancer cells (PC3 model) [56]. It was also found that simvastatin 

(1 to 5 µM) enhanced radiation sensitivity in vitro in different colorectal cancer cell lines [57]. In 

the present study, we explored another potential mechanism of radiosensitization, namely a 

potential change in tumor cell metabolism that should impact the tumor microenvironment. Our 

initial hypothesis of a change in oxygen consumption was verified in prostate cancer cells when 

exposed to simvastatin and fluvastatin (Fig.2). However, contrarily to our expectation, we did 

not observe a “class effect” as the OCR was not significantly changed when exposing the 

prostate cancer cells to pravastatin, rosuvastatin and atorvastatin (Fig.2). Moreover, as 

rosuvastatin and atorvastatin are more potent inhibitors of HMG-CoA reductase than 

simvastatin [58], this suggests that the effect observed on prostate cancer cells is not primarily 

mediated by the reduction in synthesis of Coenzyme Q10 (complex III of the mitochondrial 

electron transport chain). In the research on mechanisms associated with muscle toxicity, it has 

been described that statins inhibit the activity of enzyme complexes I and III on the electron 

transport chain, an inhibition that is dependent on individual statin [59]. Identifying the exact 

mechanism responsible for the change in OCR in cancer cells will require further investigation. 

Of note, we observed consistent results in OCR decrease using Seahorse XF and EPR 

respirometry after 24 hours exposure, but not after 2 hours exposure (Fig.2 and 3). While 

Seahorse XF is applied on adherent cells, EPR respirometry requires the cell detachment.  A 

previous study revealed that cell detachment with trypsin may lead to slight change in cell 

respiration [60]. Interestingly, the consequence of the induced mitochondrial dysfunction in 

terms of superoxide production was different between statins. While simvastatin and fluvastatin 

had a comparable impact on OCR (Fig.2), the level of mitochondrial superoxide produced was 

higher after fluvastatin treatment than after simvastatin exposure (Fig.3). For the future, we plan 

to repeat those experiments in a second prostate cancer cell line (i.e. DU145). 

 An important consequence from the change in oxygen metabolism by prostate cancer 

cells is the alleviation of tumor hypoxia. To evaluate the impact of statin treatment in PC-3 

cancer model in vivo, we selected EPR oximetry as this technique has the unique capabilities to 

make repeated measurements from the same site over long periods of time and to detect subtle 

variations in tissue oxygenation [51,61]. Consistently with our observations done in vitro, the 

increase in tumor oxygenation did not occur acutely after administration of the statins. The 
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maximal reoxygenation was observed 48 hours after the first injection (Fig.4). Of note, the pO2 

values increased from about 2 mmHg before treatment to 7 mmHg or 12 mmHg, after 2 days 

of treatment with fluvastatin and simvastatin, respectively. It is well established that the oxygen 

enhancement ratio (ratio in radiation dose to observe the same biological effect) dramatically 

varies between 1 and 10 mmHg [23,62,63]. We anticipate that this increase in tumor oxygenation 

can be beneficial in terms of radiosensitization if the irradiation is applied during the time 

window identified by EPR oximetry. Irradiation experiments have started to identify an optimal 

dose with a significant tumor growth delay without curative effect. Once identified, our 

irradiation protocol should inform us on the effectiveness of the statin treatment on the response 

to irradiation and the potential contribution of the oxygen effect to the sensitization by statins.  

A limitation of our study relies on the statin dosage that has been used in vitro to study 

the effect of oxygen utilization. While our present study was performed using concentrations 

consistent with those used in other studies evaluating the impact of statins on tumor cell 

response [3-6,55-57], their relevance for immediate translation in humans is debatable. A 

publication performed a systematic literature search identifying in vitro experiments where 

mechanistic insights behind pleiotropic effects of statins were claimed [64]. In this paper, the 

authors concluded that the choice of statin concentration was frequently based on previous 

experiments from papers in high-impact journals. In these articles, pleiotropic effects of statins 

were only detected at statin concentrations of 1–50 µmol/L. This contrasts with the maximal 

concentration (Cmax) of statin found in the human serum (30 nmol/L for simvastatin after a 

dose of 40 mg or 40 nmol/L for atorvastatin after a dose of 20 mg) [63]. Here, taking the example 

of simvastatin, in vitro, we used a concentration of 10 µM in most experiments and have also 

observed an effect on oxygen consumption at a concentration of 2.5 µM. This represents about 

eighty times the Cmax observed in humans. Regarding the dose used in vivo, we administered a 

dose of 20 mg/kg of simvastatin while the maximal dose in humans is 80 mg per day for an 

adult, representing 1 mg/kg for an adult of 80 kg body weight. This represents approximately 

20 times the dose used in humans. In other words, our study should be considered as a proof-

of-concept and the immediate translation for human studies should be taken with caution. 
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I. Main achievements of the thesis 

With the implication of oxidative stress in the onset and progression of multiple diseases such 

as neurodegeneration, diabetes and cancer, the development of new analytical approaches to 

measure ROS drastically evolved. Although fluorescent probes dominated oxidative stress and 

cancer research by providing highly sensitive measurements of ROS in biological samples, they 

were however proven to lack specificity in measuring superoxide anion radicals except when 

used in combination with HPLC methods (Zielonka 2010, Kalyanaraman 2012). By using the 

appropriate probes and controls, EPR technology seemed to be a promising technique to 

measure both parameters sensitively and specifically (Dikalov 2014). 

1. Dual EPR measurement to define mitochondrial (dys)function 

The first goal of this thesis was to develop and validate a novel EPR tool enabling simultaneous 

measurement of OCR and superoxide production in biological samples. In the first place, we 

validated the probes (15N-PDT and 14N-CMH) in two known models of superoxide production 

as a proof of concept. The combination of these probes allowed us to develop a first design on 

isolated mitochondria, enabling the simultaneous measurement of OCR and superoxide. This 

tool was also validated with the use of well described modulators of the ETC. Later on, the 

project rapidly evolved into a versatile EPR tool which could be modulated according to the 

desired cellular model and parameter. 14N-CMH   distributes in intra- and extracellular spaces 

measuring global ROS production, whereas MitoTEMPO-H accumulates in the mitochondrial 

matrix to measure mtROS. According to a recent comparative study performed in our lab, these 

two hydroxylamine probes were demonstrated to be the most sensitive EPR probes to measure 

superoxide in biological samples (Scheinok 2018). To measure the generation of specific radicals 

such as superoxide and hydroxyl radical, samples are preincubated with appropriate pegylated 

controls; PEG-SOD and PEG-CAT respectively.  

Another important aim of this thesis was to exploit this new experimental set-up in diverse 

projects. At this day, it is already contributing to toxicology and anticancer therapy projects. 
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2. Short-term exposure of SDHI induces mitochondrial function in 

human cell lines 

Regarding toxicological assessments, this EPR tool can be used to determine the impact of 

agents (drugs, additives, polluants, …) on mitochondrial function. In our case, a recent paper 

depicting the deleterious impact of SDHI fungicides on worm, bees and humans was 

broadcasted worldwide into the news (Bénit 2019). From this, we took the opportunity to 

determine whether Boscalid and Bixafen could alter OCR and superoxide production after short-

term exposure (2H) in diverse human cell lines; HepG2 hepatocarcinoma, BJ fibroblasts and 

peripheral blood mononuclear cells (PBMC). These cell lines are the most likely to be exposed 

to SDHI (liver, skin and blood). Boscalid and Bixafen were both demonstrated to alter OCR in 

all cell lines and HepG2 were most sensitive to both SDHI in term of superoxide production. 

By altering mitochondrial function, the SDHI were also able to induce apoptosis in HepG2 cells. 

Overall, using this new EPR tool, we expanded the results obtained by Bénit et al. showing the 

impact of short-term exposure to SDHI on human cells. 

3. Simvastatin and Fluvastatin are potential candidates to enhance 

radiosensitivity in prostate cancer 

Related to anticancer therapy, we aimed to demonstrate whether statins could potentially act on 

mitochondrial respiration of tumor cells and enhance radiosensitivity. In this project, we tested 

the impact of 5 different statins on mitochondrial function in vitro and in vivo in prostate cancer 

tumor models using EPR. Among the statin screening, Simvastatin and Fluvastatin decreased 

OCR in PC-3 cells in vitro as well as pO2 of PC-3 tumors in vivo. They both remain potential good 

candidates to enhance radiosensitivity in prostate cancer patient treated with RT. However, their 

impact on tumor-growth when irradiated at maximal window of reoxygenation, superoxide 

production and potential metastasis induction in vivo are still to be assessed. 
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II. Discussion of limitations 

1. Limitations of the newly developed EPR tool to define 

mitochondrial function 

1.1.  Isolated mitochondria versus whole cell models 

During our first attempt in developing a novel EPR tool, we succeeded in measuring OCR and 

superoxide simultaneously from a same mitochondrial preparation when exposed to control and 

treated (ETC modulators) conditions. With this method, we were able to titrate mitochondrial 

function in a specific way. However, with the increasing interest in measuring superoxide in 

more complex environments, the EPR superoxide measurement part gained more importance 

and the tool was fine-tuned separately on whole cell models. Thus, in our efforts to improve the 

concept a step further, we did not manage to keep the measurements of OCR and superoxide 

simultaneously. However, it should be stressed that real time measurements of both parameters 

using whole cells instead of isolated mitochondria would be totally feasible. To achieve 

simultaneous measurement of OCR and superoxide, EPR parameters were modulated to have 

enough definition for both EPR probes’ spectra and avoid distortion. However, to achieve a 

better and more precise data analysis for the superoxide assessment, performing the assay 

separately with appropriate EPR parameters seemed more promising.   

1.2.  The specificity of cyclic hydroxylamine probes for superoxide 

The major limitation faced in the development of this new EPR tool is the specificity of the 

probes to measure superoxide anion radical. Indeed, cyclic hydroxylamines undergo a non-

specific oxidation in presence of other free radicals or oxidants to form a paramagnetic species. 

When CMH or MitoTEMPO-H are put into our final cell suspension mix, they interact with all 

free radicals/oxidants that are generated by the cells in the experimental sample. The obtained 

EPR spectra during the experiment reflect therefore the global oxidation of the probe after 

15min. The used probes in our experiments are in any case not specifically measuring superoxide 

production. At this day, many studies have been performed using these probes to detect 

superoxide while using an appropriate control; SOD or PEG-SOD (Dikalov 2002, 2007, Wyche 

2004). Extracellular O2
°− can be quantified with the use of SOD2 while PEGSOD2 measures 

both extra- and intracellular O2
°-. Although using SOD and PEGSOD is the best way so far to 
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measure superoxide with EPR, it can still add a measurement bias. In our experiments, 

PEGSOD was preincubated during 20min for the enzyme to cross membranes and penetrate 

into the cell and organelles. However, because PEGSOD is not specific for mitochondria, we 

do not know for sure if it reaches the mitochondria in sufficient concentration during that lapse 

of time. Thus, it could be that PEGSOD is still accumulated in the extracellular matrix more 

than in the cell and mitochondria, and that recorded mtO2
°- measurements are not reflecting the 

real situation. According to Beckman et al., polyethylene glycol has surface active properties and 

can induce cell fusion to enhance transport of normally membrane-impermeable enzymes into 

the cells. They also suggested that PEGylated enzymes and other cargos are more likely to enter 

the cell by altering membrane fluidity via endocytosis rather than by direct membrane 

penetration. Also, rates of endocytosis are highly dependent on multiple factors such as 

incubation, temperature, size of cargo and cell type, making it complex to standardize a protocol 

for each research topic.  

2. Limitations regarding the SDHI project 

2.1. Choice of cell lines 

In this project, we used the EPR tool to assess mitochondrial dysfunction in diverse human cell 

lines in order to demonstrate the potential off-target effects of SDHI. We tested Boscalid and 

Bixafen on cell types that were most likely to be in contact with fungicides such as liver, skin and 

blood. Among these cell lines, HepG2 cells are not normal hepatocytes but derive from a liver 

biopsy of a differentiated hepatocellular carcinoma. Cancer cells are known to adapt their 

metabolism in order to enhance tumor progression, and more certainly modulate mitochondrial 

function which is a central player in many pathophysiological processes. HepG2 have therefore 

the ability to switch to glycolysis to sustain proliferation in aerobic conditions, which could 

reduce sensitivity to mitochondrial toxicants (Kamalian 205). Testing the effects of SDHI on 

tumor-derived cells to prove mitochondrial dysfunction could therefore be questionable. 

However, these cells constitute an important model classically used by researchers and 

pharmaceutical companies to assess the hepatoxicity of chemicals or drugs (Knasmuller 1999, 

Schoonen 2005, Gerets 2009, O’Brien 2006). Moreover, HepG2 cells actually possess lots of 

genetic and phenotypic similarities with normal hepatocytes (Thabrew 1997, Guo 2011). Their 

main advantage next to easy culturing and lifespan resides in their stable phenotype which is not 
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dependent on donor characteristics (Donato 2015). Despite their lower expression in certain 

drug metabolizing enzymes and transporters compared to primary human hepatocytes, HepG2 

still remain a valuable model in toxicological risk assessment (Guo 2011). 

2.2. Treatment concentration 

The treatment concentrations of Boscalid and Bixafen used in our experiments were based on 

the findings of Benit et al., on the impact of SDHI on the activity of SDH enzyme (IC50 Boscalid 

~5µM and Bixafen <1µM)(Benit 2019). Furthermore, 1µM concentration is likely close to 

concentrations achieved for operators (farmers or people living nearby fields) after exposure to 

levels close to the operators’ AOEL (maximal dose the operator may be exposed to without 

adverse effects). With the lack of epidemiologic data about fungicide blood concentration levels 

after exposure in humans, the relevance of SDHI treatment concentration in research is however 

often discussed. Indeed, exposure to SDHI fungicides depends on many parameters such as 

amounts of SDHI manipulated, exposure time, frequency of field spreading, protection means, 

contaminated diet or air/soil pollution, which all induce variability in term of achieved SDHI 

concentrations in tissues. Pesticide exposure in farmers and people living nearby treated areas is 

mostly evaluated through quantification in hair (Polledri 2019,2021). Also, genetic predisposition 

could make some people more susceptible to SDHI-induced mitochondrial dysfunction. At this 

day, there is still a lot of work to perform concerning pesticide measurements in tissues as well 

as their accumulation in the environment, in order to define more clearly the exposition of any 

living organism to these agents.   

3. Limitations regarding the statin project 

A limitation encountered in this project is the relevance of the used in vitro statin concentration 

(10µM) to study the effect of oxygen consumption. While our chosen experimental treatments 

were consistent with those from other studies evaluating the impact of statins on tumor cell 

responses (Muller 1998, Kozar 2004, Karagkanis 2018), they still remain debatable when 

considering potential translation in human studies. Indeed, the maximal concentration of statin 

found in the human serum (30 nM for simvastatin after a dose of 40 mg or 40 nM for atorvastatin 

after a dose of 20 mg) contrasts with the in vitro concentrations (around 1 to 50µM) used to 

detect pleiotropic effects of statins (Koch 1984). Regarding the dose used in vivo, we administered 

a dose of 20 mg/kg of simvastatin while the maximal dose in humans is 80 mg per day for an 
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adult, representing 1 mg/kg for an adult of 80 kg body weight. This represents approximately 

20 times the dose used in humans. In a phase I clinical trial with Lovastatin treated patients per 

os with ranging doses from 2-45mg/kg of bodyweight daily during 7days courses monthly, the 

reached statin’s serum levels ranged from 0.10 to 3.92 μM. Side effects of statin treatment were 

mild when administered doses were <25mg/kg/day, and the severity of myopathies decreased 

significantly when patients were supplemented with ubiquinone (~240mg/day) (Thibault 1996). 

In another clinical trial (Phase I-II) in patients with high-grade glioma, daily 30mg/kg doses of 

Lovastatin were well tolerated with concurrent radiation (Larner 1998). This could suggest that 

high doses of statin therapy could be used with short term treatment to enhance tumor 

reoxygenation at time of radiation. However, at this time our study should be considered as a 

proof-of-concept and the immediate translation for human studies should still be taken with 

cautious. 

III. Perspectives 

1. Perspectives originating from the EPR tool development 

1.1.  MitoSOD 

As discussed in this thesis, many potential anticancer agents and ROS probes are being 

developed to target mitochondria by linking a TPP+ moiety to the desired molecule. To enhance 

superoxide scavenging and subsequently improve mitochondrial superoxide detection, it would 

be interesting to develop mitochondrial targeted SOD2. Of note, over the years, SOD mimetics 

were also developed and already extensively used in animal studies showing beneficial effects in 

diabetes, inflammation and neuronal oxidative stress (Bonetta 2018). In 2012, Kelso et al., 

synthetized MitoSOD, reacting selectively with superoxide compared to other SOD analogs and 

mimetics which also react with other radicals such as ONOO- (Kelso, 2012, Salvemini 2002). 

However, his work was rapidly criticized regarding its efficiency compared to native SOD and 

the used model to demonstrate the efficiency of the tool (Liochev 2013). So far, nobody found 

a proper alternative to improve the selectivity of existing SOD analogs and their mitochondrial 

targeting. The development of SOD2 surexpressing cell lines like recently performed by 

Scheinok could however also be interesting to use in order to investigate the nature of 

mitochondrial ROS (Scheinok 2020). 
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1.2.   mtROS measurements in vivo 

One of the main perspectives related to this EPR tool development is its translation into in vivo 

models. While EPR-oximetry and 17O-MRS are already extensively used in research projects as 

advanced technique to measure tissue and tumor pO2 (Diepart 2009, Desmet 2018, Neveu 2017), 

the characterization of in vivo mtROS to optimize anti-cancer treatments yet remains a challenge. 

As part of a new PhD thesis at our lab, the goal would be to implement an in vivo EPR/MRI 

toolbox to study cancer models where mtROS are hypothesized to play a crucial role. When a 

nitroxide probe is administered in vivo, it is rapidly metabolized into its hydroxylamine form. 

This intrinsic reduction of the probe can be modified by tissue redox conditions such as hypoxia 

and oxidative stress related to excessive ROS production (Matsumoto 2011). In this way, in vivo 

redox status could be assessed by using EPR to monitor the decay of the EPR signal of the 

nitroxide probe over time. In addition, the paramagnetism of nitroxides enables to use the same 

probe as MRI contrast agent by decreasing the T1 relaxation time (Gallez 1993, Gallez 1996). 

The kinetics analysis of contrast loss can ultimately be related to the tissue redox status and be 

used to provide high resolution redox maps (Matsumoto 2011, 2018, Uchida 2020). Today, 

MitoTEMPO° has already been used in vitro using EPR and MRI (Zhelev 2019, Bakalova 2015) 

as well as in vivo in magnetic resonance redox imaging providing redox mapping in mice models 

such as Parkinson’s disease and kidney dysfunction (Zhelev 2013, Lazarova 2019) and is now 

considered a useful redox sensor in the detection and visualization of ROS production. So far, 

mitochondrial targeted sensors have not yet been used in vivo in cancer models for mitoROS 

detection. 

1.3.  Extension to other applications 

The versatility of our toolbox offers multiple options in term of choice of model (isolated 

mitochondria or whole cell model), cell line and probe for accumulation in specific cellular 

compartments. OCR and superoxide production measurements were also relevant in our two 

projects for the assessment of SDHI toxicity and statins’ radiosensitizing properties. However, 

other EPR probes such as pH sensitive probes can also be used for other applications using this 

toolbox (Driesschaert 2012). Indeed, many cellular functions, enzymes and organelles are 

dependent on the pH and its deregulation is often associated with diseases as chronic heart 

failure and cancer. 
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In addition, it would be interesting to compare results with Oroboros experiments which is also 

able to measure many cellular parameters such as oxygen consumption, redox state, pH and 

membrane potential using only small amounts of biological samples. This could be done in the 

future in collaboration with Prof. Mouithys of the Université de Liège. 

Also, measuring the impact of our treatments on the redox state of GSH et the oxidation of 

cysteines in our cell lines through proteomics in order to complete our global view on the cellular 

redox balance. 

2. Perspectives to continue defining the impact of SDHI on 

mitochondrial function 

2.1. Cell lines 

Regarding recent warnings about the potential impact of SDHI on human health, it would be 

interesting to take our project a step further and continue our evaluation on other cell lines. First, 

it would be more adequate to assess SDHI impact on human primary cell lines.  In addition, 

SDH deficiency is usually associated with neurological impairments with or without muscular 

involvement (Rustin 1997). It has also been reported to induce encephalopathy and 

cardiomyopathy in childhood (Brière 2005). This might suggest muscle and central nervous cells 

could be more susceptible to SDHI exposure. Therefore, we could enlarge our experiments to 

human muscle cells, cardiomyocytes and neurons.  

Finally, because of pesticides’ agricultural spreading, SDHI could reach our respiratory system. 

Analyzing the impact of SDHI on lung cells would therefore make a great addition to this 

project. It should also be reminded that SDH is a universal component of the mitochondria in 

any living organisms and that SDHI might impact mitochondrial function of all mammals. Our 

options regarding cell lines are thereby numerous. 

2.2. Cell death assays and ATP production 

During our experiments, we investigated whether 1µM SDHI treatment could induce apoptosis 

on different human cell lines. Although superoxide production was increased in some cases, 

SDHI treatment was not able to induce apoptosis in all cell lines. It could therefore also be 

interesting to assess other types of cell death that don’t require energy, such as autophagy via 
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Western blotting of LC3 (autophagosome marker) or by monitoring autophagic flux with a 

fluorescent dye labeling autophagic vacuoles using flow cytometry. Also, cellular ATP 

production assays were only preformed on HepG2 cells whereas it could be interesting to 

measure this parameter on the other cell lines. Furthermore, to complete our panel of 

experiments, the activity of energy sensor AMPK could also be measured after SDHI treatment. 

2.3. SDHI choice & cocktail effects 

Today, the SDHI family counts more than 20 compounds, binding to the same ubiquinone 

binding site at the SDH. As discussed earlier, our choice of SDHI was based on previous work 

made by the team of Rustin (Bénit 2019) which tested 8 SDHI on SDH activity. Among those 

8, Bixafen was one of the most potent fungicides to inhibit SDH activity. Although Boscalid did 

not present the lowest IC50 concentrations in humans, it remained still highly relevant to test its 

impact on human cells given it was supposed to be withdrawn from the market (as well as our 

crops) in July 2018. Because of fast developing SDHI resistance, operators use different SDHI 

in cycle, explaining the large panel of existing SDHI and the great need in developing new and 

more effective SDHI. New generation SDHI (comprising Bixafen, Isopyrazam, Fluopyram and 

Fluxapyroxad) are also believed to act on CIII of the ETC, which could explain their higher 

efficiency compared to older generation SDHI. Demonstrating the impact of these SDHI on 

mitochondrial function would therefore be interesting to support or moderate the mediatic fight 

against SDHI fungicides and make people more aware of the potential treats linked to their 

exposure. Along with their significant effect measured on human SDH activity, Isopyrazam and 

Fluxapyroxad would be excellent candidates to test on human cells after short-term exposure. 

Furthermore, fungicidal sprays do not contain just one molecule but are actually made of 2 or 

more active ingredients together, often strobilurins (e.g. Pristine and Signum both made with 

Boscalid + Pyraclostrobin). Like SDHI, strobilurins induce fungi death by inhibiting 

mitochondrial respiration (Bartlett 2002). This means that we are daily exposed to a multitude 

of pesticides. In addition, Strobilurins such as Pyraclostrobin are reported to be highly toxic for 

zebra fish by inducing hepatic oxidative stress (Zhang 2017). They are also able to impact 

reproduction and growth of D.Magma crustacea at environmentally relevant concentrations (Cui 

2017). It would therefore also be interesting to treat our different cell lines with a combination 
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of SDHI and Strobilurin to assess potential “fungicide cocktail” effects on mitochondrial 

function. 

2.4. Repeated SDHI short-term exposures 

Another valuable experiment would be to assess SDHI treatment at repeated short-term 

exposure. Although our current exposure levels of SDHI are still to be quantified, we are 

however in contact with diverse fungicides daily through contaminated diet or particles in the 

air. In addition, all these perspectives regarding the assessment of SDHI impact on the 

mitochondrial function of human cells will continue to be evaluated as part of a master thesis 

project.   

3. Perspectives to confirm statins’ potential radiosensitizing effects 

on cancer 

3.1.   Effects of statins on different cancer cell lines 

To demonstrate statins’ potential effect on tumor reoxygenation in prostate cancer, it would be 

of great interest to repeat our experiments on other prostatic cell lines such as DU145 and LnCaP 

cells. Also, in the light of studies reporting statins’ effect on OCR on other (but normal) cell 

lines, it still might be possible that statins act on other types of cancer cell types in vitro and in 

vivo. These results would clearly raise statins’ importance as potential anti-cancer therapy if it 

could act on diverse cancer types (and regardless of its metabolism). To determine if the impact 

of statins is metabolic-phenotype dependent, we can evaluate the effect of statins on glycolytic 

phenotype cells (breast cancer MDA-MB-231 and NT2) and oxidative phenotype cells (cervix 

cancer SiHa and fibrosarcoma FSaII).  

3.2.   Effects of statins on tumor growth-delay in vivo 

After in vitro statin screening, this thesis enabled the identification of 2 statins decreasing 

significantly the OCR in PC- 3 prostate cancer cells. Both statins were also shown to increase 

PC-3 tumor reoxygenation around 48-72h treatment at 20mg/kg in vivo, with Simvastatin being 

the most potent to increase tumor pO2. Based on these findings and ongoing experiment to find 

the ideal irradiation dose, an irradiation plan has been defined for future experiments. To assess 

the impact of Simvastatin on tumor response to irradiation, 5 groups of mice will be used: control 
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group, statin alone, RX alone, RX+statin and an additional group RX+statin with transient 

interruption of the blood flow at the time of irradiation. The last group will ascribe the 

contribution of the oxygen effect to the radio sensitizing property of the statin. This experiment’s 

protocol could also be used to assess the effect of other potential oxygen-modulators on tumor 

growth and response to irradiation. Indeed, with the development of the EPR toolbox, we had 

the opportunity to test Mito-metformin10, a mitochondria-targeted metformin analogue, which 

was recently demonstrated to decrease OCR, cell proliferation and tumor growth of PDAC cells 

in vitro and in vivo (Cheng 2016) at lower concentrations than Metformin. MitoMetformin10 was 

also proven to have radiosensitizing effects on the same cell line in vitro. So far, no one assessed 

this new analogue’s effect on tumor response to irradiation in vivo after treatment. At our lab, 

preliminary experiments using MitoMet10 have shown to decrease OCR significantly after 24H 

at 1µM treatment on PC-3 cells (Fig.26A). Also, we demonstrated similar effects than statins on 

tumor reoxygenation in PC-3 tumor bearing mice (Fig.26B). Its effect on superoxide production 

at the same conditions has yet still to be assessed. Using the same mice model and in vivo set-up 

than for the statin project, MitoMet10’s efficiency in increasing tumor response to irradiation will 

also be analyzed. This rising project will soon be taken over by a Master thesis to address 

MitoMet10’s potential use as radiosensitizer in tumor cells. 

 

 

 

 

 

 

Figure 26: Impact of Mito-metformin10 in vitro and in vivo. 

(A): Impact of 1µM treatment of Mito-metformin10 during 24H on the oxygen consumption rate 

(OCR) of PC-3 prostate cancer cells using EPR-oximetry. Bars represent means ± SEM 

(%O2/min), (**) p<0.01, Student T-test, N=3. 

(B) Effect of daily treatment with Mito-metformin10 (2 mg/kg) on PC-3 prostate tumor 

oxygenation as measured by EPR oximetry: Dots represent mean (mm Hg), (*) p< 0.05, (***) 

p< 0.001, Two-way ANOVA, N=4. 
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3.3.    Mechanism of action behind statins’ impact on OCR in vitro 

Our findings that different statins have a differential impact on the OCR of PC-3 cells could 

suggest that their mechanism of action is not mediated by inhibition of cholesterol synthesis. 

However, those differences can be due to the presence or absence of the statins’ transporters at 

the cell membrane. To address this question, western blots can be performed to measure the 

presence of these transporters in our cell lines. Also, working on permeabilized cells could bypass 

this potential entry limitation to assess the statins’ impact on OCR. In addition, it would be 

interesting to carry out reversibility experiments like performed by Feron (Feron 2001). Indeed, 

the addition of ubiquinone or cholesterol in the media of control and statin-treated cells could 

inform us whether statins act on OCR by decreasing ubiquinol synthesis or by inhibiting 

respiratory complexes directly. Statins’ inhibitory effects on mitochondrial respiratory chain 

enzymatic activities can also be investigated later on using spectrophotometry. 

3.4.    Mechanism of action behind statins’ impact on tumor oxygenation 

One of our hypotheses is that statin may increase the oxygenation and radiosensitivity through 

the activation of eNOS. Indeed, by decreasing caveoline-1 expression in endothelial cells, statins 

are able to promote NO production (Feron 2001). Insulin infusions activating eNOS were also 

demonstrated to be responsible for an increase in tumor oxygenation and an increase in response 

to irradiation (Jordan 2002). In addition, nitric oxide has intrinsic radiosensitizing properties that 

may add to the oxygen effect (Jordan 2004). Changes of tumor oxygenation during our in vivo 

experiments may therefore be due to the statins’ pleiotropic effect on NO-dependent impact on 

the mitochondrial respiration (NO inhibits complex IV). To address this question, statin-treated 

or control tumors can be homogenized and processed for eNOS phosphorylation quantification 

with immunoblotting. Using EPR oximetry, injecting a NOS inhibitor (L-NAME) before statin 

treatment could also evaluate NO-dependent reoxygenation. If these results suggest a role of 

NOS, tumors bearing eNOS knock-out (KO, -/-) and wild type (WT, +/+) mice could be used 

to validate or invalidate the role of eNOS in the effect of statins on tumor oxygenation and 

response to irradiation. Finally, due to NO vasorelaxant properties, tumor perfusion can also be 

investigated using Dynamic contrast-enhanced MRI (Fruytier 2014). 
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