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Mitochondria can take up large amounts of calcium (Ca2+) in order to control the activity of 

several enzymes and their bioenergetics output. As a consequence of this metabolic flux, 

reactive oxygen species (ROS) are generated that modulate cell signaling pathways, 

contributing to many cellular processes. Coenzyme Q10 (CoQ10) is an essential component of 

the mitochondrial electron transport chain (mETC) and is also found in other cellular 

compartments such as the plasma membrane. Due to their role as effective antioxidants, CoQs 

act as radical scavengers in the mitochondria, and prevent lipid peroxidation (LPO) in the 

plasma membrane. Accordingly, CoQs are crucial regulators of the mitochondrial bioenergetics 

and of ferroptosis. Coenzyme Q10 insufficiency is related to severe pathologies in humans. This 

deficit can be caused by mutations in genes involved in CoQ10 biosynthesis or by defects in 

other biological functions that are indirectly related. Furthermore, statins, used as inhibitors of 

the mevalonate pathway in the treatment of hypercholesterolemia, also induce a CoQ10 

deficiency causing serious side effects. In patients with CoQ10 deficiency, supplementation with 

CoQ10 is used as a first line of therapy. However, the effectiveness of this approach is rather 

limited.  

Here, we demonstrate that CoQ10 regulates mitochondrial Ca2+ and redox signaling as well as 

ferroptotic cell death in primary human skin fibroblasts (HSF) and iPSC-derived 

cardiomyocytes (iPSC-CM). In this regard, depletion of CoQ10 elevated mitochondrial Ca2+ 

(mCa2+) uptake while its upregulation caused a decrease in mCa2+. Treatment with 

mitochondrially targeted CoQ10 (mitoQ) reduced ROS levels but suppressed essential cellular 

parameters such as respiration, mitochondrial membrane potential (mΔΨ) and viability in HSF. 

Furthermore, addition of mitoQ to CoQ10 deficient patient-derived HSF caused similar negative 

effects and did not compensate for the intrinsic CoQ10 deficiency. Hydroxylated CoQ forms 

(OH-CoQs) act as potent antioxidants, transport Ca2+ across artificial bio-membranes and have 

been suggested to have superior properties when compared to the native CoQs. We generated 

mitochondrial targeted OH-CoQ10 (OH-mitoQ) and tested its role in the same cellular systems. 

Notably, the antioxidant effects of OH-mitoQ were comparable with those of mitoQ. However, 

OH-mitoQ had less side-effects when compared with mitoQ. We also found that both mitoQ 

and OH-mitoQ were effective inhibitors of ferroptosis. These findings suggested that 

mitochondrial redox and Ca2+ signalling play an important role in this form of cell death. To 

investigate the functional relevance and the role of mitochondria within the CoQ10-ferroptosis 

axis, we exposed CoQ10-deficient HSF and iPSC-CM to ferroptosis inducers (FINs). 

Surprisingly, we found that CoQ10 deficient cells display reduced ferroptotic sensitivity.  
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These results thus suggested that CoQ10 protective properties are compensated by alternative 

regulatory pathway(s) or antioxidant system(s). 

In summary, our findings suggest that due to their redox properties, OH-CoQs are superior to 

the CoQs and are thus potential drugs for treating primary and secondary CoQ10 deficiencies. 

Moreover, our study indicates that mitochondrial redox signals are important regulators of 

ferroptosis.  

 

 

Key words: Coenzyme Q10, Hydroxylated-CoQs, Calcium signaling, Redox signalling, 

Reactive Oxygen Species, Lipid peroxidation, Ferroptosis, Fibroblasts, iPSC-cardiomyocytes. 
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2.1. MITOCHONDRIA 

Mitochondria are essential organelles presented in the cytoplasm of eukaryotic cells. They are 

involved in the regulation of multiple metabolic and signaling pathways. Mitochondrial 

respiration is their most critical function, as it provides the cell with the energy (in the form of 

Adenosine triphosphate, ATP) needed to power the biochemical reactions through a process 

called oxidative phosphorylation (OXPHOS), which takes place in the electron transport chain 

(mETC) (Tait & Green, 2012). Mitochondria are also implicated in β-oxidation of fatty acids, 

amino acid catabolism, ketone body synthesis, heme biosynthesis, urea cycle, steroidogenesis, 

gluconeogenesis and calcium storage (Bravo-Sagua et al., 2017). Due to their function in energy 

production, mitochondria are crucial for the proper functioning of highly energy-demanding 

organs, such as muscles, the brain and the heart (Magner et al., 2015). 

On the other hand, mitochondrial dysfunction is a characteristic of aging, essentially of all 

chronic diseases. These diseases include neurodegenerative diseases, cardiovascular diseases, 

diabetes and metabolic syndromes, autoimmune diseases, neurobehavioral and psychiatric 

diseases, gastrointestinal disorders, fatiguing illnesses, musculoskeletal diseases, cancer and 

chronic infections (Nicolson, 2014).  

 

2.1.1. Mitochondrial structure 

The presence of two membranes defines mitochondria, the outer and inner mitochondrial 

membranes (OMM and IMM), composed of lipid bilayers, creating two spaces within the 

organelle (Figure 1). The intermembrane space (IMS), which is required to establish the 

electrochemical proton gradient (∆p), and the mitochondrial inner space, the matrix, which is 

the site for mitochondrial DNA (mtDNA) replication, transcription and protein synthesis, and 

contains numerous metabolic enzymes.  

The OMM has a high permeability, allowing the crossing of small uncharged molecules and 

ions via porins such as the voltage-dependent anion channel, VDAC, which enables the 

transport of all energy-related metabolites (i.e., succinate, malate, pyruvate, NADH, ATP, ADP 

and phosphate) from the cytosol into the mitochondria (Bravo-Sagua et al., 2017). Whereas 

bigger molecules, such as proteins, require specific translocases (Grevel et al., 2019). By 

contrast, the IMM behaves as a tight barrier for ions and molecules. These can only get across 
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through specific and selective membrane transport proteins; for example, in the case of calcium 

ions (Ca2+), the mitochondrial calcium uniporter (MCU) complex. Consequently, a natural 

electrochemical membrane potential is formed across the IMM (Kuhlbrandt, 2015).  

The IMM forms invaginations, the so-called "cristae", which extend into the mitochondrial 

matrix, causing an increase in its surface area. Integrated into the IMM, especially on the cristae, 

protein complexes of the mETC can be found; consequently, this increase in IMM enhances the 

capacity of the mitochondria to synthesize ATP (Figure 1) (Cogliati et al., 2013).  

 

 

Figure 1. Drawing of the mitochondrion' structure showing its compartments: outer 

mitochondrial membrane, inner mitochondrial membrane, intermembrane space and matrix. 

In an enlarged form, the model of a cristae with the oxidative phosphorylation (OXPHOS) 

complexes (I-V) representing, in simplified form, the energy production in form of adenosine 

triphosphate (ATP) molecules. Due to the current of protons taken up by Complex V, it 

phosphorylates adenosine diphosphate, producing ATP. Abbreviations: ADP = adenosine 

diphosphate; ATP = adenosine triphosphate; H+ = protons; IMM = inner mitochondrial 

membrane; IMS = intermembrane space; OMM = outer mitochondrial membrane. 
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2.1.2. Mitochondrial electron transport chain  

The central role of mETC is, as mentioned, supplying the energy needed for all the cellular 

processes via the mechanism known as OXPHOS. It consists of passing electrons (e-) collected 

from the metabolism of sugars, proteins and fatty acids through the complexes of the mETC up 

to, finally, reach the last acceptor, the molecular oxygen (O2) (Figure 2). 

At a more detailed level, Complex I (NADH-ubiquinone oxidoreductase) takes e- from 

glucose's catabolism. Glucose is transformed into pyruvate through a series of reactions taking 

place in the cytoplasm (glycolysis). Pyruvate enters the mitochondrial matrix, where it is further 

decarboxylated by pyruvate dehydrogenase (PDH) into acetyl CoA. Acetyl CoA undergoes 

some reactions in the tricarboxylic acid cycle (TCA cycle or Krebs cycle), generating high 

energy-rich e- in the form of reduced nicotinamide adenine dinucleotide (NADH) and carbon 

dioxide (CO2). NADH transfers its energy-rich e- to Complex I.  

Additionally, Complex II (succinate-ubiquinone oxidoreductase) takes energy-rich e- in the 

form of reduced flavin adenine dinucleotide (FADH2) provided mainly by fatty acid β-

oxidation.  

Coenzyme Q10 (CoQ10) picks up e- from Complexes I and II and transports them to Complex 

III (succinate-cytochrome c oxidoreductase). Through complex redox reactions, the e- are then 

transferred to Complex IV (cytochrome c oxidase).  

Lastly, O2 is the final e- acceptor, reducing to water (Figure 2). 

The energy generated through the e- flow pumps protons (H+) across the IMM to the IMS, 

generating an electrochemical ∆p, which accounts for over 90 % of the available respiratory 

energy. Differences in the electrochemical potential across the IMM are known as the 

mitochondrial membrane potential (mΔΨ) and refer to the functional metabolic state of the 

mitochondria.  

These H+, in the IMS, are caught by ATP synthase (Complex V) to synthesize ATP from 

adenosine diphosphate (ADP) and phosphate ions (Pi). As a result, cells generate 36 ATP 

molecules per glucose molecule through OXPHOS (Letts & Sazanov, 2017).  
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Figure 2. Oxidative phosphorylation in the Inner Mitochondria Membrane. Electrons from 

NADH and FADH2 (produced in cell metabolism) are accepted by Complexes I and II and 

transported to Complex III through CoQ10 and then to Complex IV. Finally, electrons are taken 

by O2, producing water. The electron flow provides the energy to pump protons (H+) across the 

membrane to the intermembrane space, generating the electrochemical gradient. Complex V 

uses the H+ and synthesizes ATP from ADP and phosphate ions. Abbreviations: ADP = 

adenosine diphosphate; ATP = adenosine triphosphate; Cytc = cytochrome c; e- = electrons; 

FAD+ = oxidized flavin adenine dinucleotide; FADH2 = reduced flavin adenine dinucleotide; 

H+ = proton; H2O = water; IMM = inner mitochondrial membrane; IMS = intermembrane 

space; NAD+ = oxidized nicotinamide adenine dinucleotide; NADH = reduced nicotinamide 

adenine dinucleotide; O2 = molecular oxygen; O2
− • = superoxide; Pi = phosphate ion.  
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2.2. COENZYME Q10 

Coenzyme Q or ubiquinone, first described by Cain and Morton in 1955 (Cain & Morton, 1955), 

is the only endogenously synthesized redox-active lipid found in all endomembranes, plasma 

membrane and serum lipoproteins; being especially abundant in mitochondria, as a component 

of the mETC (Turunen et al., 2004). It comprises a benzoquinone ring as a head group and a 

polyisoprenoid chain, which varies in length depending on the species. It has ten isoprene units 

in humans, being named Coenzyme Q10 (CoQ10) (Rodriguez-Aguilera et al., 2017) (Figure 3). 

It is generally accepted that the isoprenoid chain is within the membrane's lipid bilayer 

stabilizing the molecule, while the quinone ring moves across the IMM, depending on its redox 

state (Alcazar-Fabra et al., 2016). 

 

Figure 3. Coenzyme Q10 (CoQ10) chemical structure in humans. The schematic representation 

distinguishes the benzoquinone ring and the lipophilic polyisoprenoid side chain composed of 

ten isoprene units. CoQ10 is an essential component of the mitochondrial electron transport 

chain (mETC) where it mediates electron transport and the absorption and release of protons 

in the intermembrane space, thus generating the mitochondrial membrane potential necessary 

for ATP synthesis. In addition to the mETC in the inner mitochondrial membrane, it is found in 

other cellular components such as the plasma membrane. In its reduced state, CoQ10 is an 

effective antioxidant. In the mitochondria, CoQ10 acts as a radical scavenger, while in the 

plasma membrane it acts as an inhibitor of lipid peroxidation. 

 

The primary function of CoQ10 in the mETC was proposed by Crane et al. in 1957 (Crane, 

1957). They observed that Q275 (later called CoQ) underwent oxidation and reduction steps 
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when incubated with isolated mitochondria. Furthermore, they saw that these redox changes 

were inhibited by specific mitochondrial inhibitors, which evidenced the role of Q275 as an e- 

carrier in the mETC.  

However, it was not until 1975 when Mitchell discovered the contribution of CoQ to energy 

conversion (Mitchell, 1975). He had been considering the formation of a mΔΨ as the driving 

force for ATP synthesis. Mitchell discovered that CoQ was involved in the generation of a ∆p 

across the membrane. It was shown that CoQ's redox state mediates the transport of e- and the 

uptake and release of H+ into the IMS, thereby generating the necessary mΔΨ for ATP 

synthesis. 

In 1990, the role of CoQ as an antioxidant was defined. Early studies had shown that the reduced 

form of CoQ was an excellent free radical scavenger and antioxidant, but this role was not 

established until its general distribution in all cell membranes was known (Kagan et al., 1990). 

In addition, supporting this discovery, CoQ can be efficiently regenerated by various 

dehydrogenases through continuous oxidation/reduction cycles, providing the molecule with 

high effectiveness against oxidative stress (Bentinger et al., 2010). 

Later in the 2000s, several other essential functions were attributed to CoQ, although a more 

extensive investigation is needed to understand this molecule better. It was described that CoQ 

could prevent lipid peroxidation (Figures 11 and 13) by donating a hydrogen atom from one of 

its hydroxyl groups to a lipid peroxyl radicals (ROO•). In addition, reduced CoQ prevents 

propagation of lipid peroxidation by reducing the initial perferryl radical (FeO•/FeOO•) and 

regenerating vitamin E, another important antioxidant within the IMM, from the α-tocopheroxyl 

radical (Bentinger et al., 2007; Bentinger et al., 2010). 

Furthermore, hydrogen peroxide (H2O2), one of the more stable reactive ROS, interferes with 

metal ions attached to the DNA during oxidative stress, generating hydroxyl radicals. With its 

role as an antioxidant, CoQ was shown to efficiently prevent DNA base oxidation, which is 

particularly important in the case of mtDNA due to the lack of efficient DNA repair-

mechanisms (Bentinger et al., 2010). 

Additionally, CoQ constitutes an essential cofactor for uncoupling proteins (UCP) as H+ from 

fatty acids are transferred to these proteins via oxidized CoQ (Echtay et al., 2000). The role of 

UCP in the IMM is the passage of H+ from the IMS to the matrix. Consequently, the ∆p formed 

by the mETC is uncoupled from OXPHOS and heat is generated instead.  
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CoQ is also known for being a modulator of the mitochondrial permeability transition pore 

(mPTP). An essential function in cell metabolism since the opening of the mPTP causes the 

collapse of mitochondrial function by translocating molecules as large as 1500 Da, leading to 

necroptosis and cell death (Fontaine et al., 1998; Liu et al., 2020; Rasola & Bernardi, 2011). 

 

CoQ10 permanently goes through oxidation-reduction cycles while shuttling e- from Complexes 

I and II to Complex III in the mETC. Thus, CoQ10 is in different oxidative states: it can be 

completely oxidized and is called CoQ10 or ubiquinone, or completely reduced if it receives two 

e-, being called CoQ10H2 or ubiquinol. Besides, it can be found as an intermediated product, 

named semiquinone, semi-ubiquinone or CoQ10H•, if this redox cycle occurs by a two-step 

transfer of one e- each (Alcazar-Fabra et al., 2016) (Figure 4). As a result of these redox state 

changes, CoQ10 rapidly translocates from one side of the IMM bilayer to the other. 

 

Figure 4. The three oxidative states of CoQ10: the fully reduced ubiquinol form (CoQ10H2), the 

radical semiquinone intermediate (CoQ10H·), and the fully oxidized ubiquinone form (CoQ10). 

 

2.2.1. Coenzyme Q10 biosynthesis 

The biosynthesis of the CoQ10 is mainly controlled by the COQ gene family (Acosta et al., 

2016). The resulting COQs' proteins are located in the mitochondrial matrix associated with the 

IMM and most of them form a protein complex (Marbois et al., 2005; Marbois et al., 2009) 

(Figure 5). 
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Figure 5. Model of the coenzyme Q10 biosynthetic complex, containing COQ enzymes (in 

colored circles and squares) and the Coenzyme Q10 itself. COQs enzymes are located in the 

mitochondrial matrix associated with the inner mitochondrial membrane. The question mark 

refers to the enzymes involved in the CoQ10 biosynthesis process but still are uncharacterized.  

Abbreviations: IMM = inner mitochondrial membrane; OMM = outer mitochondrial 

membrane. 

 

The biosynthesis process starts forming the quinone ring and the polyisoprenoid chain by two 

independent routes. The precursor of the quinone ring is 4-hydroxybenzoate (4HB) (Olson, 

R.E., 1983), which is derived from tyrosine, whereas the isoprenoid chain is synthesized via the 

mevalonate pathway (Olson & Rudney, 1983). The mevalonate pathway, which takes place in 

the cytosol, starts from acetyl-CoA and ends, after a series of reactions, with the production of 

farnesyl pyrophosphate (FPP). FPP can then be converted to CoQ10, cholesterol and dolichols, 

or it can be used for protein farnesylation (Bentinger et al., 2010).   

The following steps in CoQ10 biosynthesis, in which COQ genes participate, occur in the 

mitochondrial matrix (Figure 6). COQ1 (PDSS1/PDSS2) synthesizes the polyisoprenoid chain, 

condensing to a benzoquinone ring by COQ2 (Forsgren et al., 2004). COQ3, COQ5, COQ6 and 

COQ7 are involved in methylation, decarboxylation, hydroxylation and deamination reactions 

(Tran & Clarke, 2007). COQ8A/COQ8B (also called ADCK3/ADCK4) is a protein kinase 

necessary for the phosphorylation processes of COQ3 and COQ5 (Stefely et al., 2015; Xie et 

al., 2011). COQ9 is a lipid-binding protein required to stabilize COQ7 (Lohman et al., 2014) 

and COQ10A/COQ10B can function as a CoQ10 transporter from its synthesis site to the 

catalytic sites of the complexes of the respiratory chain where it performs its function (Barros 

et al., 2005). The role of COQ4 is not yet well defined, but it is believed to be necessary for the 

assembly and stability of the CoQ10 biosynthetic complex (Marbois et al., 2009).  
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Figure 6. The coenzyme Q10 biosynthetic pathway in humans. The black arrows represent 

enzymatic reactions and the dotted arrows indicate regulatory mechanisms driven by COQ 

enzymes (in colored circles and squares). The question mark indicates the still uncharacterized 

enzymatic step. 
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2.2.2. Others Quinones and Hydroxylated forms  

The CoQ family consists, apart from CoQ10, of additional analogues, which can also be found 

in cells, such as CoQ1 (Figure 7). 

Additionally, the existence of hydroxylated CoQ (OH-CoQ) derivatives were described in 

several studies (Bogeski, Gulaboski, et al., 2011; Gulaboski et al., 2013). Concretely, these 

publications reported that native CoQ1 and CoQ10, in alkaline media or after exposure to 

CYP450 enzymes, undergo structural changes and form OH-CoQs, which have different 

chemical properties than their native forms. They can bind and transfer Ca2+ through artificial 

bio-membranes undergoing reduction and oxidation steps. Moreover, they have more negative 

redox potentials than the natives forms, and present a relatively pH insensitive redox chemistry. 

The fact that similar hydroxylated forms are precursors of CoQ1 and CoQ10 during their 

biosynthesis (Turunen et al., 2004) emphasizes the need to understand the physiological 

importance of these OH-CoQs in Ca2+ signaling and antioxidant defense, and hence their 

potential pharmacological use.  

Focusing on mitochondria, derivatives of CoQ10H2 were promising antioxidants to target 

mitochondria since the highest amounts of CoQ are found there. However, problems such as 

low solubility in water and mitochondrial targeting, complicate the use of CoQs in vitro and in 

vivo. Therefore, in 2001 Kelso et al. synthesized a ubiquinone analogue adding a lipophilic 

triphenylphosphonium cation (TPP+) which improves the mitochondrial targeting of CoQs 

(Kelso et al., 2001). Lipophilic cations easily penetrate lipid bilayers and accumulate in 

mitochondria within cells, driven by the high potential of the mitochondrial membrane. The 

antioxidant component is the same ubiquinone as found in CoQ10 (Tabara et al., 2014); hence 

in the mitochondrial matrix, the respiratory chain continuously reduces it to its active form and 

protects the mitochondria from oxidative damage. This analogue was called mitoQ and it was 

the first mitochondrial antioxidant drug to undergo clinical trials in humans. MitoQ refers to a 

mixture of two redox forms, the reduced form, mitoquinol, and the oxidized form, mitoquinone 

(Tabara et al., 2014). In this context, the idea of investigating the physiological and biochemical 

effects of hydroxylated mitoquinones enabling the identification of new therapeutic targets 

arises. 
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Figure 7. The schematic representation of Q1, OH-Q1, DecylQ. OH-DecylQ, mitoQ and OH-

mitoQ chemical structures. In each one, it distinguishes the benzoquinone ring and the 

lipophilic polyisoprenoid side chain of different lengths depending on the compound. MitoQ 

and OH-mitoQ also present the lipophilic triphenylphosphonium cation that allows its targeting 

in the mitochondria. 
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2.2.3. Clinical manifestations of CoQ10 deficiencies 

There is a wide range of clinical manifestations associated with CoQ10 deficiency.  It has been 

estimated that 1 in 100,000 individuals is affected by CoQ10 deficits worldwide (Hernandez-

Camacho et al., 2018). Patients with CoQ10 insufficiency have reduced levels of CoQ10 in 

tissues. Low levels are explained either by mutations in the genes encoding proteins of the 

CoQ10 biosynthesis pathway (COQ genes) or its regulation (primary CoQ10 deficiencies) 

(Salviati et al., 1993) or by defects in other mitochondrial functions that are indirectly involved 

in CoQ10 biosynthesis (secondary CoQ10 deficiencies) (Yubero et al., 2016).  

Primary CoQ10 deficiencies are sporadic conditions that are genetically caused by autosomal 

recessive mutations. These deficiencies usually affect multiple organ systems in a highly 

variable way, including the central nervous system (CNS), peripheral nervous system (PNS), 

respiratory system, liver, kidney, skeletal muscle, heart and sensory system (Alcazar-Fabra et 

al., 2018; Hernandez-Camacho et al., 2018) (Figure 8). 

Meanwhile, secondary CoQ10 deficiencies are more common than primary deficiencies, 

probably because of the diversity of biological functions and metabolic pathways in which 

CoQ10 is involved. Secondary deficiencies may be due to interferences with the signaling 

pathways involved in the CoQ10 biosynthesis process. They can also be related to side effects 

of a malfunction of the mETC and a general deterioration of mitochondrial function 

(Rodriguez-Aguilera et al., 2017). Furthermore, CoQ10 levels seem to be reduced in aging 

(Hernandez-Camacho et al., 2018) and a secondary deficiency of CoQ10 may be a side effect of 

hypercholesterolemia treatment with statins since both cholesterol and CoQ10 share part of their 

biosynthesis pathways (Acosta et al., 2016). Additionally, mutations in genes not related to 

CoQ10 biosynthesis have been reported to cause CoQ10 secondary deficiencies. Among them: 

the aprataxin gene (APTX), which causes ataxia and oculomotor apraxia (Quinzii et al., 2005; 

Sacconi et al., 2010); the electron-transferring-flavoprotein dehydrogenase gene (ETFDH), 

which causes isolated myopathy (Gempel et al., 2007; Sacconi et al., 2010) or the BRAF (RAF 

kinase, isoform B) gene, which causes cardiofaciocutaneous syndrome (Aeby et al., 2007; 

Sacconi et al., 2010). Moreover, CoQ10 deficiency was reported in a patient with mtDNA 

depletion syndrome (Montero et al., 2009; Sacconi et al., 2010). Although, the connection 

between these mutations and CoQ10 deficiency is unknown. 
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Figure 8. Organs and systems affected in primary CoQ10 deficiencies, specifying clinical 

manifestations in each one and the genes involved in them. Abbreviations: CNS = central 

nervous system; PNS = peripheral nervous system. Figure adapted from (Alcazar-Fabra et al., 

2018) 
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Nevertheless, supplementation of CoQ10 in the clinics has been used for a long time. The first 

successful use of CoQ10 was in 1967 when Yuichi Yamamura reported CoQ10 as a treatment 

for congestive heart failure (Greenberg & Frishman, 1990; Singh et al., 2007; Yamamura et al., 

1967). Later, the application of CoQ10 has been successful in other diseases, such as 

immunodeficiencies (Mantle et al., 2021), encephalomyopathy or ataxia (Hirano et al., 2006), 

Parkinson's and Huntington's disease (Yang et al., 2009), cancer (Brea-Calvo et al., 2006) and 

diabetes (Shen & Pierce, 2015).  

Beneficial effects have also been reported in softening the side effects of statins (Crane, 2007).  

More specifically, ubiquinol, the reduced form of CoQ10, was recently approved as a drug in 

case of primary CoQ10 deficiency; by contrast, some patients with a secondary CoQ10 deficiency 

showed no clinical relief (Rodriguez-Aguilera et al., 2017). These controversial observations, 

gained by CoQ10 derivate as supplements in the clinics, highlight the importance of 

investigating their biosynthesis, function and role in human pathology in more detail. 

 

2.3. CALCIUM AND REACTIVE OXYGEN SPECIES 

2.3.1.  Calcium homeostasis and signaling  

Calcium ions (Ca2+) are essential signaling molecules implicated in the regulation of diverse 

cellular functions, such as cell differentiation, gene expression, proliferation, muscle 

contraction, protein folding, energy metabolism, and cell death (Berridge, 2012; Berridge et al., 

2003; Bravo-Sagua et al., 2017).  

The low resting cytosolic Ca2+ (cytCa2+) concentration and Ca2+ signaling have to be strictly 

regulated since any deregulated increase in cytCa2+ would cause cell damage or even cell death 

(Hajnoczky et al., 2006). Furthermore, the regulation of the functions of specific organelles 

depends on the propagation of the cytCa2+ signal, such as the nucleus for gene regulatory events 

(Bagur & Hajnoczky, 2017; Zhang et al., 2009), and the mitochondria for oxidative metabolism 

(Bagur & Hajnoczky, 2017; Griffiths & Rutter, 2009). 

The intracellular free Ca2+ is highly variable depending on its location. For example, cytCa2+ 

concentration is ∼10-7 M under resting conditions, while Ca2+ concentration in the extracellular 

medium is ∼10-3 M. Within the cell, Ca2+ levels in the nuclear matrix (nCa2+) and in the 

mitochondrial matrix (mCa2+) resemble those of the cytosol. However, in intracellular Ca2+ 
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stores, a much higher Ca2+ concentration can be accumulated (1-5 × 10-4 M). The main Ca2+ 

store in non-excitable cells is the endoplasmic reticulum (ER) and, in excitable cells the 

sarcoplasmic reticulum (SR) (Bagur & Hajnoczky, 2017). 

In a resting cell, cytCa2+ remains in an optimal range thanks to the action of the plasma 

membrane Ca2+ transport ATPase (PMCA) and the Na+/Ca2+ exchanger (NCX). When cytCa2+ 

increases, it can be stored in the ER/SR via Ca2+-ATPase (SERCA) or can enter the 

mitochondria via voltage-dependent anion channels (VDAC) (cytosol to IMM) and the 

mitochondrial Ca2+ uniporter (MCU) complex (IMM to matrix). In this way, a homeostatic 

control of cytCa2+ is achieved (Figure 9). 

Nevertheless, cellular stimuli such as membrane depolarization, extracellular signaling 

molecules or intracellular messengers generate a greater than 10-fold increase in cytCa2+ 

concentration. This increase occurs by the entry of extracellular Ca2+ via the Ca2+ channels of 

the plasma membrane or by the release of Ca2+ from the ER/SR via the inositol 1,4,5-

triphosphate receptor (IP3R) and the ryanodine receptor (RyR) (Figure 9). 

Each cell type demands a particular Ca2+ signaling to adapt to its physiological requirements 

and it presents a specific combination of Ca2+ channels and pumps that make them unique. 

(Berridge et al., 2000). These Ca2+ channels and pumps possess different activity thresholds, 

namely, the PMCA and SERCA pumps have high affinities for Ca2+ and a low pumping rate 

(Juhaszova et al., 2000), whereby they respond to small increases in cytCa2+, restoring the 

levels. In comparison, NCX and MCU have a lower affinity for Ca2+ and higher transport rates 

(Boyman et al., 2009) and thus can limit more strictly cytCa2+ transients. 

Additionally, although the general amplitude of cytCa2+ concentration reaches a maximum of 

around 10-6 M near the open Ca2+ channels, a 10-100 × 10-3 M concentration can be achieved. 

This substantial local Ca2+ increase activates Ca2+ detection motifs of proteins with low affinity 

for Ca2+, which do not respond to fluctuations in the global cytCa2+ levels. An example is a 

mechanism known as storage-operated Ca2+ entry (SOCE), the main Ca2+ signaling pathway in 

non-excitable cells (Parekh & Putney, 2005; Putney, 1986, 1990). This influx of Ca2+ occurs 

through the plasma membrane, after a decrease in Ca2+ content from the ER. The primary 

function of SOCE is to refill the intracellular Ca2+ stores to maintain the balance of cellular 

Ca2+. The process begins when stromal interaction molecule 1 (STIM1) (and its isoform 

STIM2), a transmembrane protein that is located in the ER, detects a decrease in Ca2+ 

concentration in the endoplasmic reticulum (ER Ca2+) (Liou et al., 2005; Roos et al., 2005; 
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Zhang et al., 2005). Under resting conditions, Ca2+ is bound to a pair of EF-hand domains of 

STIM1. However, when the Ca2+ content of the ER lumen drops, Ca2+ dissociates from the 

STIM1 EF-hands domains (Bagur & Hajnoczky, 2017). As a result, STIM1 unfolds, 

oligomerizes and translocates to specific ER regions near the plasma membrane (named ER-

PM junctions), where it interacts with and activates the plasma membrane Ca2+ channel calcium 

release-activated calcium channel protein 1-3 (Orai 1-3) (Schindl et al., 2009). Thus, defining 

the Ca2+ release-activated Ca2+ (CRAC) channels (Figure 9) (Bagur & Hajnoczky, 2017).  

During SOCE, mitochondria take up Ca2+ by the MCU complex (Figure 10). The elevated 

mCa2+ enhances the activity of critical enzymes of the TCA and leads to the activation of 

mitochondrial dehydrogenases, resulting an increase in NADH production and OXPHOS. This 

in turn causes the greater proton motive force that maintains the mΔΨ and consequently, there 

is an increase in ATP production (Parekh & Putney, 2005). Thus, mCa2+ uptake plays a critical 

role in matching ATP production to an increased demand and enhancing the generation of 

antioxidants.  
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Figure 9. Intracellular Ca2+ signaling. The sarcoplasmic / endoplasmic reticulum Ca2+ 

ATPases (SERCA) pumps Ca2+ to the endoplasmic reticulum (ER) which is the main 

intracellular Ca2+ store. The ryanodine receptors (RyR) and the inositol 1,4,5-triphosphate 

receptors (Ins (1,4,5) P3R) mediate the release of Ca2+ from the ER. Ca2+ is then taken up by 

neighboring mitochondria through voltage-gated anion-selective channel proteins (VDAC; in 

the mitochondrial outer membrane) and the mitochondrial Ca2+ uniporter complex (MCU; in 

the inner mitochondrial membrane), leading to ATP production. Depletion of ER Ca2+ stores 

leads to activation of the Ca2+ sensing protein stromal interaction molecule 1 (STIM1; in the 

ER), which binds and activates the Ca2+ channel protein Ca2+ release-activated Ca2+ channel 

protein 1 (ORAI1; in plasma membrane) working as a Ca2+ release-activated Ca2+ channel 

(CRAC) for store-operated Ca2+ entry (SOCE). Transient receptor potential channels (TRPC) 

also mediates the entry of Ca2+ into the cell as CRACs. Ca2+ export from the cytosol is mediated 

by plasma membrane Ca2+ ATPases (PMCA), maintaining the intracellular Ca2+ concentration 

at adequate values for correct cell signaling. In addition to ER, lysosomes store Ca2+ and it 

can be released through TRPC mucolipin 1 (TRPML1). ). Abbreviations: ADP = adenosine 

diphosphate; ATP = adenosine triphosphate; Ca2+ = calcium ions; CRAC = the Ca2+ release-

activated Ca2+; ER = endoplasmic reticulum; Ins(1,4,5)P3R = inositol 1,4,5-triphosphate 

receptors; MCU = mitochondrial Ca2+ uniporter; PMCA = plasma membrane Ca2+ ATPases; 

ORAI1 = calcium release-activated calcium channel protein 1; RyR = ryanodine receptor; 

SERCA = sarcoplasmic / endoplasmic reticulum Ca2+ ATPases;  STIM1 = stromal interaction 

molecule 1; SOCE = storage-operated Ca2+ entry; TRPC = Transient receptor potential 

channels; TRPML1 = TRPC mucolipin 1; VDAC = voltage dependent anion-selective. Image 

taken from (Giorgi et al., 2018). 

 

2.3.1.1. Mitochondrial Calcium Uniport Complex  

The MCU complex resides in the IMM and, as mentioned before, it is necessary to facilitate 

Ca2+ uptake into the mitochondrial matrix (Figure 10). The large electrochemical gradient (-80 

mV) generated by mETC across the IMM drives Ca2+ flux through the MCU complex.  
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Figure 10. Schematic representation of the MCU complex. On the left, the complex keeps the 

pore closed, on the right the pore is open allowing the flow of calcium ions to the mitochondrial 

matrix. Abbreviations: Ca2+ = calcium ions; EMRE = essential MCU regulator; MCUa and b 

= mitochondrial calcium uniporter a and b; MCUR1 = mitochondrial calcium uniporter 

regulator 1; MICU1-3 = mitochondrial calcium uptake 1-3, IMM = inner mitochondrial 

membrane; IMS = intermembrane space; OMM = outer mitochondrial membrane.  

 

MCU complex is a multiprotein complex composed of mitochondrial calcium uniporter a and 

b (MCUa and MCUb), the channel-forming subunits, along with essential MCU regulator 

(EMRE), mitochondrial calcium uptake 1, 2 and 3 (MICU1, MICU2 and MICU3) and 

mitochondrial calcium uniporter regulator 1 (MCUR1).  

MCUa (often called just MCU) are believed to form homo-oligomers, with a highly conserved 

'DIME' sequence motif serving as a Ca2+ selectivity filter and the transmembrane domains that 

form a hydrophilic pore crossing the IMM, which allows the entry of Ca2+. Loss of MCUa 

completely abolishes all channel functions, leading to a lack of mCa2+ uptake. MCUb is a 

similar protein and shares 50 % homology to MCUa. MCUb alters the assembly of the complex 

by changing the stoichiometry of mitochondrial Ca2+ subunits, inhibiting Ca2+ entry (Lambert 

et al., 2019). MICU1, MICU2 and MICU3 form heterodimers, which under resting conditions 

act as MCU gatekeepers, thanks to the dominating inhibitory effect of MICU2, thus preventing 

vicious Ca2+ cycles. As soon as Ca2+ signaling is induced, the increase in Ca2+ concentration in 

the IMS causes a conformational change in MICUs dimer leading to the release of the MICU2-

dependent inhibition and triggering a rise of MCU activity aided by MICU1 and MICU3 (De 

Stefani et al., 2015). EMRE was defined as an essential MCU regulator based on studies that 

determined that the necessary channel components for proper MCU complex operation are 
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MCU and EMRE. Besides, EMRE controls MICUs interactions with MCU and, therefore, may 

also indirectly contribute to channel gating (Liu et al., 2020). MCUR1 has been identified as 

another component that regulates the role of MCU; it is believed to form a scaffold for channel 

formation (Mallilankaraman et al., 2012).  

It has been estimated that the IMM contains 10 - 40 MCU channels per µm2 and MCU complex 

is activated by Ca2+ concentrations around 1 µM depending on the cell type (Petrungaro et al., 

2015). 

 

2.3.2. Reactive Oxygen Species and redox signaling 

ROS are the most common oxidants in cells and are generated when O2 is reduced to superoxide 

(O2
− •), hydrogen peroxide (H2O2), hydroxyl (HO•), peroxyl radicals (ROO•) etc (Gaschler & 

Stockwell, 2017).  

ROS were initially considered toxic products that damage cellular structures and cause 

oxidative stress (Holmstrom & Finkel, 2014). However, it is presently accepted that ROS act 

as important messengers in many cellular signaling cascades (Casas et al., 2015; Jezek & 

Hlavata, 2005).  

Oxidative stress occurs when the production of ROS exceeds the defense provided by the 

antioxidant systems. Indeed, when in excess, ROS can trigger different signaling cascades and 

pathways, contributing to various cardiovascular (Takano et al., 2003),  neurological or 

metabolic pathologies (Lemire & Appanna, 2011; Piconi et al., 2003) or cancer (Thanan et al., 

2014).  

In contrast, ROS are also required as regulators of cell metabolism (Jezek & Hlavata, 2005). In 

this regard, they function as signaling molecules that regulate essential physiological processes 

such as cell proliferation and differentiation, vascular tone, the innate immune response and 

inflammation (Casas et al., 2015; Holmstrom & Finkel, 2014).  

Mitochondria are thought to be the major source of ROS in most cell types (Murphy, 2009). 

Accordingly, mitochondrial ROS (mROS) production is tightly connected with mCa2+. In 

particular, mitochondria produce O2
− • at Complexes I, II and III of mETC (Murphy, 2009). The 

O2
− • produced at Complex I is believed to be released only within the matrix, whereas at 

Complex III, O2
− • is discharged both into the matrix and into the IMS (Finkel, 2011).  
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Mitochondrial ΔΨ is also thought to influence mROS production. An increase in the proton 

motive force is associated with elevated ROS production, whereas a decrease leads to a 

reduction in generated ROS (Mailloux & Harper, 2012). This is based on the fact that a high 

proton motive force slows down the flow of e- along the mETC. This deceleration of e-  

increases the probability that a free e- will interact with O2, leading to the production of O2
− • 

(Holmstrom & Finkel, 2014). 

Other contributors to the generation of mROS include metabolic enzymes. Some of them can 

be found in the OMM, e.g., monoamine oxidase and cytochrome b5 reductase (Cb5R), whereas 

other are located in the IMM, e.g., glycerol-3-phosphate dehydrogenase (GPDH) and electron 

transfer flavoprotein-ubiquinone oxidoreductase (FQR) system. There are also several matrix 

enzymes and complexes, including PDH and α-ketoglutarate dehydrogenase (αKGDH) that can 

generate O2
− • (Finkel, 2011; Lin & Beal, 2006). 

ROS are generated by other cellular sources. One major source for intracellular oxidant 

production is the family of NADPH oxidases which are membrane-bound enzymes that transfer 

e- from cytosolic NADPH to O2 to produce O2
− •. This group of enzymes, known as NOX 

enzymes, is composed of seven-members (Nox1–5 and Duox1–2) and their activity is also 

depended of Ca2+ (Bedard & Krause, 2007; Dikalov, 2011; Finkel, 2011; Saul et al., 2016).  

In addition, intracellular enzymes such as the xanthine oxidase, cyclooxygenases, cytochrome 

p450 enzymes and lipoxygenases produce ROS as part of their normal enzymatic function. 

Furthermore, cell organelles, such as the peroxisomes and the ER can also generate ROS 

(Finkel, 2011; Holmstrom & Finkel, 2014). 

 

2.3.2.1. Antioxidant systems 

All biological systems are in redox homeostasis keeping a balance between oxidative and 

reducing reactions. The accumulation of oxidant molecules, causing failures in redox 

homeostasis, can lead to disease or even death. Excessive production of oxidants can occur 

either by overproduction or by a loss in the cellular reduction capacity. In both cases, generated 

oxidizing agents can oxidize DNA, proteins and lipids, thus altering their structure, activity, 

and physical properties (Jezek & Hlavata, 2005). To combat the harmful effects of ROS and 

the aberrant production of oxidized biomolecules, cells have developed antioxidant 

mechanisms (Holmstrom & Finkel, 2014).  
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The O2
− • generated by mitochondria is rapidly converted to H2O2 by the enzymatic activity of 

either manganese (Mn) or copper/zinc (Cu/Zn)-dependent superoxide dismutase (SOD), which 

are located in the mitochondrial matrix and the IMS, respectively (Fridovich, 1997; Holmstrom 

& Finkel, 2014; Mailloux & Harper, 2012).  

The generated H2O2 is far more stable than O2
− • and can cross membranes. H2O2 is hence, the 

main ROS involved in cell signaling. To this end, H2O2 can control intracellular signaling 

pathways by reversibly oxidizing cysteine residues in key proteins (Bogeski et al., 2010; 

Gibhardt et al., 2020). However, H2O2 can also cause oxidative stress; thus, a number of 

enzymes such as glutathione peroxidases (GPx), peroxiredoxins (PRDX), thioredoxins (TRX), 

and glutaredoxins (GRX) can scavenge H2O2. Catalase (CAT) is another enzyme that can also 

degrade H2O2 (Finkel, 2011; Holmstrom & Finkel, 2014; Mailloux & Harper, 2012). 

Furthermore, (as already depicted in chapter 2.2) CoQ10 is a very important antioxidant in the 

IMM but also in other cellular membranes. 

 

2.4. FERROPTOSIS 

Ferroptosis is a recently described form of regulated cell death (Dixon et al., 2012). It is 

characterized by an iron-mediated cell death, caused by the accumulation of lipid peroxidation 

products in membranes. Ferroptosis appears to be completely different from other forms of 

regulated cell death, such as apoptosis, necrosis and autophagy, in terms of morphology, 

biochemistry and genetics (Doll & Conrad, 2017). Nevertheless, recent studies have shown that 

ferroptosis plays an essential regulatory role in the onset and development of nervous system 

disease, heart disease, liver disease, gastrointestinal disease, lung disease, kidney disease, 

pancreatic disease and more (Li et al., 2020). Therefore, a better understanding of its 

pathogenesis is necessary for proposing new targets for the treatment and improvement of the 

prognosis of these diseases. To this end, CoQ10 has been suggested as an inhibitor of lipid 

peroxidation and consequently, a suppressor of ferroptosis (Jiang et al., 2021).  
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2.4.1. Lipid peroxidation 

Lipid peroxidation (LPO) is a sequence of devastating oxidative reactions in which free radicals 

attack unsaturated fatty acids in membranes of cellular or subcellular compartments (Yin et al., 

2011). 

The toxic effects of lipid peroxides may be due to two general mechanisms. On the one hand, 

extensive LPO alters their assembly, composition, structure and dynamics and leads to a 

disruption of cell membranes. On the other hand, being highly reactive compounds, lipid 

peroxides can also propagate a more significant generation of ROS or degrade into reactive 

compounds capable of cross-linking DNA and proteins. 

LPO occurs mainly in polyunsaturated fatty acids (PUFA). They are long-chain fatty acids with 

more than one double bond. Oxidation of PUFAs can be a non-enzymatic or enzymatic process. 

The non-enzymatic peroxidation of lipids is a process that can be divided into three phases: 

initiation, propagation, and termination (Figure 11).  

In the initiation step, free radicals abstract the allylic hydrogen of a fatty acid molecule, forming 

a lipid radical and water.  

In the propagation phase, the lipid radical reacts rapidly with O2 to form a lipid peroxyl radical 

(ROO•), which can subtract a hydrogen atom from another lipid molecule generating a new 

lipid radical and a lipid hydroperoxyl (ROOH). Thus, radical compounds can give rise to new 

radicals, causing a chain reaction. 

In the termination reaction, if the concentration of radicals is high enough that two radicals 

can react, they will form a new chemical bond between them and eliminate the radical. 

Alternatively, antioxidants could donate one hydrogen atom to the ROO• species resulting in 

the formation of non-radical products and thus, stop the radical's propagation. These 

antioxidants are the central defence mechanism against uncontrolled LPO and other oxidative 

damage (Ayala et al., 2014; Gaschler & Stockwell, 2017).  

The enzymatic peroxidation of PUFAs can be carried out by two different groups of enzymes. 

PUFAs esterified with phospholipids can only be oxidized by lipoxygenases. In contrast, free 

fatty acids can be oxidized by lipoxygenases, cyclooxygenases and by cytochrome P450 

(Gaschler & Stockwell, 2017).  
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Figure 11. Lipid peroxidation process. (1) The Initiation step: lipid radicals are formed when 

free radicals take the allylic hydrogen from fatty acids. These lipid radicals are stabilized in 

different resonance structures by delocalization of the free electron. (Brastianos et al.) The 

Propagation phase: Peroxyl lipid radicals are formed after lipid radicals react with oxygen. 

The new lipid peroxyl radicals may abstract a hydrogen from another lipid molecule, which 

create a new lipid radical and lipid hydroperoxide. (3) The Termination step: two lipid radicals 

react with each other to form a stable bond. Antioxidants also stop de reaction donating a 

hydrogen atom to the lipid peroxy radical species, which generate non-radical products. 

Abbreviations: H+ = proton; O2 = molecular oxygen; R• = free radical. 
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2.4.2. Lipid peroxidation in ferroptosis 

In 2012, Dixon et al. used the term "ferroptosis" for the first time (Dixon et al., 2012).  Name 

that comes from Greek word "ptosis" meaning "a fall" and ferrum, which is iron in Latin, 

suggesting the significance and repercussion of this metal in this kind of cell death (Doll & 

Conrad, 2017). A certain amount of iron is essential for proper cellular metabolism. Most 

cellular iron is bound to heme, bound in FeS clusters, or stored in the iron storage protein 

ferritin. However, there is a small amount of iron that is loosely bound, named "labile". Cells 

harbour a labile redox-active iron pool in the cytosol, mitochondria and lysosomes (Amoretti 

et al.). Labile iron acts as a pro-oxidant in ferroptosis through a series of redox reactions known 

as "Fenton chemistry" (Figure 12). Radical compounds generated in these reactions attack 

unsaturated fatty acids and cause LPO. Hence, it is crucial to maintain the pools in an optimal 

range concentration (0.5 – 5.5 µM) (Cabantchik, 2014). 

In the first step of Fenton chemistry, a hydroxide anion and a highly reactive hydroxyl radical 

are generated by the formation of ferric iron from the oxidation of ferrous iron by H2O2. Ferric 

iron can be reduced to its ferrous state and create a hydroperoxyl radical if another H2O2 is 

available. Besides, the union of two H2O2 generates hydroxyl and hydroperoxyl radicals. These 

generated radicals act in the initiation phase of LPO. (Doll & Conrad, 2017). 

 

Figure 12. Fenton reaction. Ferrous ion reacts with hydrogen peroxide to produce the hydroxyl 

radical (HO•). Ferric ion from the previous reaction can be reduced back to ferrous iron in the 

presence of superoxide and generate hydroperoxyl radical. Two hydrogen peroxide can 

generate hydroxyl and hydroperoxyl radicals. 
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2.4.3. Regulation of Ferroptosis 

2.4.3.1. Glutathione-dependent pathway 

Until recently, ferroptosis was thought to be controlled only by a glutathione-dependent 

pathway (Yang et al., 2014) (Figure 13), in which glutathione peroxidase 4 (GPX4) is the main 

regulator. GPX4 prevents ferroptosis by reducing ROOH into non-toxic lipid alcohols through 

the following reaction (Figure 14) (Yang et al., 2014): 

 

 

Figure 14. Two reduced Glutathione molecules are converted to an oxidized Glutathione 

disulfide molecule reducing lipid hydroperoxides to the corresponding alcohol and producing 

water. This reaction inhibits the oxidative stress induced ferroptosis. 

 

Another critical part of this pathway is the availability of cysteine/cystine since it is necessary 

for glutathione synthesis. Cysteine is transported into cells via neutral amino-acid transport 

systems, whereas cystine, the oxidized form and the predominant in the extracellular space, is 

carried by the cystine/glutamate antiporter (Sxc
-) system (Bannai & Tateishi, 1986). 

Glutathione (GSH) is synthesized in the cytosol by two enzymes, glutamate-cysteine ligase 

(GCL), composed of catalytic and modifier subunits (GCLC and GCLM) and GSH synthetase. 

Both steps are dependent on ATP. Then, GSH is distributed to the nucleus, the ER and the 

mitochondria, constituting the major cellular antioxidant system GSH / GSSG (Lu, 2013).  

Hence, the cystine uptake by Sxc
-, synthesis of GSH and proper functioning of GPX4 are key 

cellular processes suppressing ferroptosis.  

Small-molecule compounds can be inducers of ferroptosis (FINs) by interfering with the 

protective effect of this pathway. Among them, erastin, a small molecule identified by Dixon 

et al. that blocks Sxc-, and hence depriving the cell of cysteine and inhibiting the synthesis of 

GSH (Dixon et al., 2014); RAS-selective lethal (RSL3) that can triggers ferroptosis blocking 
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 GPX4 activity (Yang & Stockwell, 2008); and buthionine sulfoximine, which inhibits the 

enzyme GCL, prevents the production of GSH from cysteine (Guo et al., 2009). 

 

2.4.3.2. FSP1–CoQ10–NAD(P)H pathway 

In 2019 another regulatory axis was proposed to play a central role in ferroptosis. The FSP1–

CoQ10–NAD(P)H pathway (Figure 13) suppresses LPO and ferroptosis in cooperation with 

GPX4 and GSH, but in an independent manner (Bersuker et al., 2019; Doll et al., 2019).  

Ferroptosis suppressor protein 1 (FSP1) was known as AIFM2 (apoptosis-inducing factor 

mitochondrial 2), based on its homology to the mitochondrial apoptosis-inducing factor (AIF 

or AIFM1). However, FSP1 lacks the N-terminal mitochondrial targeting sequence of AIF, is 

not found in mitochondria and does not trigger apoptosis. Instead, FSP1 is localized at the 

plasma membrane, where it mediates the NADH-dependent reduction of CoQ10 to ubiquinol-

10 (CoQ10H2) (Figure 15).  

 

 

Figure 15. Reduction of ubiquinone-10 to ubiquinol-10 dependent of NADH and H+ with the 

consequent production of NAD+. NAD+ = oxidized nicotinamide adenine dinucleotide; NADH 

= reduced nicotinamide adenine dinucleotide; H+ = proton; NAD+ = oxidized nicotinamide 

adenine dinucleotide; NADH = reduced nicotinamide adenine dinucleotide. 

 

CoQ10 acts as radical-trapping antioxidant inhibiting LPO by preventing the production of 

ROO• and reduced CoQ10 supresses the initial FeO•/FeOO•, with concomitant formation of 

ubisemiquinone. This quenching of radicals prevents the propagation of LPO. 



51 

 

 

Figure 13. Graphic scheme representing the oxidative lipid damage (in red) and the anti-

ferroptotic function of CoQ (in green) as a suppressor of phospholipid peroxidation 

independent of the glutathione pathway (in blue). Also depicted (in pink) the reactions where 

the drugs BSO and Erastin act and block the anti-ferroptotic effect of glutathione. 

Abbreviations: BSO = buthionine sulfoximine; CoQ = Coenzyme Q; CoQH2 = reduced 

Coenzyme Q; Fe2+ = Ferrous iron; FSP1 = Ferroptosis suppressor protein 1; GPX4 = 

glutathione peroxidase 4; GSH = glutathione; GSSG= Glutathione disulphide; ROO• = lipid 

peroxyl radical; ROOH = lipid hydroperoxyl radical; NAD(P)+ = oxidized nicotinamide 

adenine dinucleotide (phosphate); NAD(P)H = reduced nicotinamide adenine dinucleotide 

(phosphate); PUFA = polyunsaturated fatty acid; ROS = reactive oxygen species; Xc System 

= cystine/glutamate antiporter.  
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2.5. ROLE OF COQ10 AND THE IMPORTANCE OF FERROPTOSIS 

IN CARDIOMYOPATHY   

Cardiovascular diseases (CVDs) are the leading cause of death in the world, taking an estimated 

17.9 million lives each year (2021 WHO). Interestingly, patients with CoQ10 deficiency often 

have heart related pathologies; moreover, around 75 % of all heart disease patients present low 

levels of CoQ10 (Zozina et al., 2018). For example, in patients with ischemic heart disease and 

dilated cardiomyopathy, the CoQ10 content has been found to be much lower than in healthy 

patients. Furthermore, depending on the severity of the cardiomyopathy, this decrease is 

directly proportional to the progression of the disease (Kumar et al., 2009; Zozina et al., 2018). 

Various theories have been proposed about the role of CoQ10 in CVDs. 

Firstly, for its antioxidant function against ROS and free radicals in biological membranes as 

mentioned above. The reduced form of CoQ10, ubiquinol, has its full function as an antioxidant, 

preventing the serious cellular damage that ROS produces by reacting with cell membranes, 

DNA, and proteins. Moreover, oxidative stress products and cytokines can cause hypertrophy 

by triggering myocyte growth (Nakagami et al., 2003). In addition, ferroptosis is discovered in 

CVDs more recently and ubiquinol stops the initial process of LPO avoiding ferroptotic cell 

death (Zhai et al., 2021).   

Secondly, CoQ10 plays an important role in the energy needs of the heart since it is a main 

component in the transport of e- necessary for the production of ATP. For instance, the cardiac 

contraction process, which involves the release of Ca2+ from the SR and its binding to troponin 

C in myofilaments to cause cardiomyocytes to contract, requires a large contribution of energy 

from the mitochondria (Kai et al., 2005; Schaub & Kunz, 1986). Furthermore, a possible cause 

of myocardial insufficiency is a low energy production in the mitochondria (Kumar et al., 

2009). 

In addition to that, recent studies attribute anti-inflammatory properties to CoQ10 possibly 

through the regulation of nitric oxide (Jung et al., 2009). This mechanism can be effective in 

the treatment of CVDs, since some of them, for example heart failure (Palty et al.), are related 

to a chronic pro-inflammatory state. Therefore, the secretion of cytokines and chemokines 

would not induce myocardial fibrosis, preventing the development of heart failure (Kai et al., 

2005; Zozina et al., 2018).  
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In the present study, my main goals were to investigate the role of coenzyme Q10 in Ca2+ 

signaling and redox homeostasis, and to test a possible therapeutic use of CoQs and OH-CoQs. 

In order to understand the role of CoQ10, I addressed the following objectives: 

1. To determine whether depletion or increase in CoQ10 affects the mitochondrial Ca2+ and 

redox signaling in human skin fibroblasts (HSF). 

2. To test whether addition of mitochondrial targeted CoQ and OH-CoQ alters the 

mitochondrial Ca2+ and redox signalling in HSF genetically deficient in CoQ10, and to 

identify the parameters involved. 

3. To investigate the role of CoQ10 in the regulation of ferroptosis in HSF and the function 

of CoQs and OH-CoQs as inhibitors of ferroptosis. 

4. To unravel a connection between CoQ10, Ca2+ signaling and ferroptosis in HSF. 

 

Since patients with CoQ10 deficiency often display heart-related pathologies, I focused my 

efforts on the role of CoQ10 in these diseases. For this purpose, I addressed the following 

objectives: 

1. To investigate whether CoQ10 affects the Ca2+ signaling in cardiomyocytes. 

2. To determine the function of CoQ10 in the regulation of ferroptosis in cardiomyocytes 

and to identify a possible therapeutic use of CoQs and OH-CoQs. 
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4. MATERIALS AND METHODS 
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4.1. CONSUMABLES 

Laboratory consumables (pipettes, tips, centrifuge tubes, cell culture flasks, dishes and 

microplates) are purchased from Sarstedt, Eppendorf, and Corning/Falcon.  

 

4.2. CELL LINES 

Table 1. Cell lines used in the study. 

Cell Description 

HSF Primary human skin fibroblasts (Cells 

provided by the Department of Dermatology, 

Venereology and Allergology, UMG) 

P104 Fibroblasts from a 15-year-old woman with 

cerebellar ataxia caused by a mutation in the 

ADCK3 gene, which generates a CoQ10 

deficiency.* 

P106 Fibroblasts from a child with multiple 

disorders caused by a mutation in the COQ2 

gene that leads to a CoQ10 deficiency.* 

COQ4mut iPSC-CM 

(COQ4 mutated iPSC-Cardiomyocytes) 

 

iPSC were generated using the CytoTune-iPS 

Sendai Reprogram-ming Kit (Life 

Technologies, Carlsbad, California, 

www.thermofisher.com), from primary 

dermal fibroblasts. Those fibroblasts were 

from a 4-year-old girl diagnosed with minor 

mental retardation and lethal rhabdomyolysis 

caused by a mutation in the COQ4 gene 

(c.483 G>C), leading to a CoQ10 deficiency.# 
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CQ4mut-iPSC were differentiated in vitro 

into pure cardiomyocytes by Johanna Heine 

(AG Katrin Streckfuß-Bömeke, Göttingen). 

COQ4corr iPSC-CM 

(COQ4 corrected iPSC-Cardiomyocytes) 

 

CRISPR-Cas9 gene editing was used to get 

COQ4-corrected iPSC from COQ4-mutated 

iPSC.# 

CQ4corr-iPSC were differentiated in vitro 

into pure cardiomyocytes by Johanna Heine 

(AG Katrin Streckfuß-Bömeke, Göttingen). 

* Cells provided by Prof. Placido Navas from Pablo de Olavide-CSIC University, Seville, 

Spain. 

# iPSCs with mutation in COQ4 and the corrected ones were provided by Banco Nacional de 

Lineas Celulares (BNLC), Instituto de Salud Carlos III, Madrid, with the authorization of Pablo 

Menéndez, Josep Carreras Leukaemia Research Institute, School of Medicine, University of 

Barcelona, Spain. Primary dermal fibroblasts with mutation in COQ4 gene (from which the 

iPSCs were generated) were obtained from the patient in accordance with procedures approved 

by the Clinic Hospital of Barcelona and informed consent was obtained in accordance with the 

Declaration of Helsinki. iPSCs were generated in the lab of Pablo Menéndez (Romero-Moya et 

al., 2017). 

 

4.3. CELL CULTURE  

Human Skin Fibroblasts (HSF) were maintained in Dulbecco's modified Eagle's medium 

(DMEM; Gibco Cat. No. 41966-029) and 10 % fetal bovine serum (FBS; Sigma-Aldrich, Cat. 

No. F7524).  The fibroblasts from patients with the genetic deficiency in CoQ10, P104 and P106, 

were also cultured in DMEM and 10 % FBS plus 1 % Penicillin-Streptomycin (10,000 units 

penicillin and 10 mg streptomycin/mL; Sigma-Aldrich, Cat. No. P4333). During experiments 

cells were cultured without antibiotics, and P104 and P106 were maintained with DMEM + 10 

% FBS as HSF. Cells were grown on untreated T75 flask at 37 °C in a humidified 5 % CO2 

atmosphere, and the medium was changed every third - fourth day. For passaging cells, 

confluent flask were washed once with phosphate buffered saline (PBS; Applichem, Cat. No. 
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A-0964), followed by a short trypsinization with 0.05 % trypsin-EDTA (Thermo Fisher 

Scientific, Cat. No. 25300-062). The trypsin was neutralized with culture medium (1:5) and 

after a centrifugation step (1,000 rpm, 5 min) and removing the supernatant; the cells were re-

suspended in their culture medium and seeded at the necessary confluence. For counting cells, 

The Countess™ II FL Automated Cell Counter was used. The sample was prepared by adding 

10 μL of cell suspension to 10 μL of 0.4 % trypan blue stain (Thermo Fisher Scientific, Cat No. 

15250061), and loaded into the counting chamber (Countess™ Cell Counting Chamber Slide). 

The iPSC-CM were maintained in medium RPMI 1640 Medium, GlutaMAX™ Supplement 

Reagent (Thermo Fisher Scientific, Cat. No. 61870-010) with the addition of B-27™ 

Supplement (50X), serum free (Thermo Fisher Scientific, Cat. No. 17504-044). iPSC-CM were 

kept in 6-well plate and medium was changed every two days. To digest iPSC-CM, 0.05 % 

trypsin-EDTA was used for 5 min, whose reaction was neutralized with FBS (1: 1) and followed 

with a centrifugation step (1,000 rpm, 5 min). The supernatant was discarded and the pellet with 

the cells was resuspended in Cardio digest medium containing their culture medium plus 25 

mM Hepes (Thermo Fisher Scientific, Cat. No. 15630106), 20 % FBS and 2 µM Thiazovivin 

(Sigma-Aldrich, Cat. No. SML1045). Cells were counted in a Neubauer counting chamber and 

seeded at desire cell amount in a Geltrex (Thermo Fisher Scientific, Cat. No. A1413302) pre-

coated (overnight at 4 °C) plates. 

 

4.4. CELL TREATMENTS 

4.4.1.  Inhibition of CoQ10 synthesis by 4-

Nitrobenzoate in HSF 

HSF cultured in DMEM + 10 % FBS were treated with 4 mM 4-nitrobenzoate (4-NB; Sigma-

Aldrich, Cat. No. 72910), an analogue of 4-hydroxybenzoate (4-HB), precursor of the 

benzoquinone ring, which inhibits 4-hydroxybenzoate:polyprenyl transferase (COQ2) leading 

to a decrease in the biosynthesis of CoQ10. To demonstrate that the effects of 4 mM 4-NB were 

caused by CoQ10 deficiency rather than side effects of the compound, fibroblasts were 

supplemented also with 4 mM 4-NB + 2 mM 4-HB (Sigma-Aldrich, Cat. No. 240141). Medium 

was changed at day 1, 3 and 5, and cells were collected at day 7 for further experiments. 4-NB 

and 4-HB were dissolved in Dimethylsulfoxid (DMSO; Sigma-Aldrich, Cat. No. D2650) in a 
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concentration of 0.1 M and stored at -20 °C. This treatment protocol was based on the 

publication of Quinzii et al. (Quinzii et al., 2012). 

 

4.4.2.  Addition of Quinones to HSF, P104 and 

P106 

Cells cultured in DMEM + 10 % FBS were treated with mitoquinone mesylate (mitoQ; 

Hycultec, Cat. No. HY-100116A), hydroxyl-mitoquinone trifluoroacetate (OH-mitoQ)*, 

decylubiquinone (DecylQ; Sigma-Aldrich, Cat. No. D7911), hydroxyl-decylubiquinone (OH-

decylQ)*, coenzyme Q1 (Q1; Sigma-Aldrich, Cat. No. C7956) or hydroxy-coenzyme Q1 (OH-

Q1)* in concentrations and for the duration as indicated in each experiment. 

* Hydroxylated quinones were provided by Dr. Reinhard Kappl, Medical Faculty of Saarland 

University, Homburg, Germany. 

Quinones were dissolved in DMSO in a concentration of 10 mM, they were further dissolved 

in ddH2O to obtain a stock solution of 1 mM. The compounds were stored at -20 °C. 

 

4.4.3. Addition of ferroptosis inducers to HSF 

In order to induce ferroptosis cultured cells were treated with BSO (Sigma-Aldrich, Cat. No. 

B2515), erastin (Sigma-Aldrich, Cat. No. E7781) or RSL3 (Selleckchem, Cat. No. S8155) in 

concentrations and for the duration as indicated in each experiment. 

FINs were dissolved in DMSO in a stock solution of 225 mM for BSO and 10 mM for erastin 

and RSL3. The compounds were stored at -20 °C. 

 

4.5. PROLIFERATION AND VIABILITY ASSAY USING CELL 

TITER-BLUE 

Proliferation was measured by using the CellTiter-Blue® Cell Viability Assay (CTB; Promega, 

Cat. No. G8081). It is a fluorometric method for estimating the number of viable proliferating 

cells. The assay is based on the ability of living cells to convert a redox dye (resazurin) into a 
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fluorescent end product (resorufin). Nonviable cells, however, rapidly lose this metabolic 

capacity and thus, do not generate a fluorescent signal (Promega Corporation, Technical 

Bulletin, 2016). 

In order to characterize the fibroblasts of this study in respect to metabolic capacity and 

proliferation, to compare the toxicity of the used quinones, or their effect in the regulation of 

the ferroptosis, 1 x 104 fibroblasts were seeded per well into a transparent 96-well plate. Each 

condition was seeded minimum in triplicate and was left to settle in an incubator for 4 hours 

before any treatment or drug addiction. For the different experiments see below:  

− To check if 4-NB and 4-HB cause any effect on the proliferation and viability of the 

cells, treated cells were seeded in a total volume of 100 µL DMEM + 10 % FBS per 

well. 

− To check and compare de toxicity of the different quinones, cells were seeded and 

medium was changed 4 hours later and DMSO (as control), mitoQ, OH-mitoQ, decylQ, 

OH-decylQ, Q1 and OH-Q1 were added at 0.1 µM, 0.5 µM, 1 µM, 2.5 µM or 5 µM, in 

a total volume of 100 µL DMEM + 10 % FBS per well.  

− In order to induce ferroptosis and see the effect of the quinones in the regulation of this 

cell death; medium was changed 4 hours after cell seeding and ferroptosis was induced 

by adding 100 µM BSO, 1 µM erastin or 0.5 µM RSL3 in a volume of 100 µL DMEM 

+ 10 % FBS per well. After 1 hour, the quinones (mitoQ, OH-mitoQ, DecylQ, OH-

DecylQ, Q1 and OH-Q1) and DMSO (as control) were added on top to a final 

concentration of 0.5 µM and in a total volume of 200 µL per well.  

− To reduce the content of CoQ10 in fibroblast and induce ferroptosis, 1.25 µM 

Simvastatin (Sigma-Aldrich, Cat. No. 79902-63-9) were added for 72 hours 

(Marcheggiani et al., 2019). Simvastatin was dissolved in DMSO in a stock solution of 

10 mM and stored at -20 °C. Afterwards, the medium was changed with a fresh addition 

of Simvastatin and ferroptosis was induced by adding a final concentration of 1 µM 

erastin or 0.5 µM RSL3. Quinones (or DMSO as control) were also added in a final 

concentration of 0.5 µM. The total volume was 200 µL of DMEM + 10 % FBS per well. 

After the indicated growth time (12, 24, 48 or 72 hours), in each well with 100 µL or 200 µL 

growth medium, 10 µL or 20 µL of CellTiter-Blue® Reagent were added, respectively, and the 

assay was incubated at standard culture conditions (37 °C, 5 % CO2) for 4 hours. Then, 
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fluorescence was recorded by using a Mithras LB 940 Multimode Microplate Reader (Berthold 

Technologies GmbH & Co. KG). The settings used for the experiments are shown in Table 2. 

Table 2. Measurement settings for proliferation assay. 

Excitation Filter 550 nm 

Emission Filter 600 nm 

Counter position Top 

Shake 100 rpm before plate reading 

 

Fluorescence data were analysed and plotted by using Microsoft Excel 2016. The obtained 

values, were background subtracted (medium only) and were normalized with untreated cells. 

 

4.6. VIABILITY ASSAY USING PFA FIXATION AND CRYSTAL 

VIOLET STAINING 

Cell viability upon FIN treatment was assessed by cell fixation with 4 % PFA 

(Paraformaldehyd; stock solution of 16 % dissolved in PBS and calibrated with NaOH 

(Applichem, Cat. No. A.1432)  for a pH = 7.2; Sigma-Aldrich, Cat. No. P6148) dissolved in 

PBS, followed by staining with a 0.05 % crystal violet solution (Table 3).  

For this purpose, 300,000 cardiomyocytes/well were seeded in 6-well plates. After their 

attachment, cells were treated with different concentrations of FINs and quinones (RSL3 10 

µM 216 hours / Erastin 10 µM 72 hours and 0.5 µM of mitoQ, OH-mitoQ, decylQ or OH-

decylQ 216 hours). Afterwards, FIN-resistant cells were fixed with 4 % PFA for 5 minutes. 

Cells were subsequently washed thrice with 1 x PBS and stained with 0.05 % crystal violet for 

30 minutes at room temperature. Following staining, cells were washed twice with ddH2O and 

allowed to dry before imaging. Images were acquired using a Carl Zeiss Axiovert S100TV 

inverted microscope featuring a sCMOS pco.edge camera, 5× objective and VisiView® 

Software (Visitron Systems GmbH, Puchheim, Germany) and quantification was performed 

using ImageJ. 
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 Table 3. Crystal Violet solution recipe. 

Chemical Concentration Company Product number 

Crystal violet 0.05 % Sigma-Aldrich P6148 

Formaldehyde 1 % Carl Roth 4980.1 

PBS 1 X Gibco  14190-094 

Methanol 1 % Carl Roth  4627.5 

ddH2O - - - 

 

 

4.7. DETERMINATION OF MRNA EXPRESSION LEVELS 

To check expression levels of genes related to cytosolic and mitochondrial calcium mobilization 

in fibroblasts, real-time quantitative polymerase chain reaction (RT-qPCR) was performed. 

Initially, RNA was isolated from the different fibroblasts. Then, complementary DNA (cDNA) 

was synthesized and, finally, RT-qPCR was performed. 

 

4.7.1.  RNA isolation 

The total RNA was isolated using the RNeasy Plus Mini Kit (Qiagen, Cat. No. 74134) according 

to the manufacturer’s protocol. First, all fibroblasts (with each study treatment) were grown in 

T75 flask to 85 - 95 % confluence and trypsinized to collected as a pellet. The pellet was re-

suspended and lysed in 700 µL RLT Plus buffer + β-Mercaptoethanol (Applichem, Cat. No. A-

1108). Each cell-homogenized lysate was then transfer to a gDNA Eliminator spin column 

placed in a 2 mL collection tube. After a short spin down, the column was discarded and the 

flow-through was saved. Next, 700 µL of 70 % ethanol (EtOH; Carl Roth, Cat. No. 5054.1) 

was added and mixed well by pipetting. The mix was then transferred to an RNeasy spin column 

placed in a 2 mL collection tube and spun down. The flow-through was discarded and the 

column was washed once with 700 µL Buffer RW1 and twice with 500 µL Buffer RPE working 

solution. After centrifugation to dry the membrane of the RNeasy spin column, the column was 

transferred to a new collection tube. Lastly, the RNA was eluted by the addition of 50 µL 
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RNase-free H2O (DEPC-treated water) followed by a centrifugation step and the flow-through 

containing the total RNA was collected. The RNA concentration was measured with the 

NanoDrop 2000c (Thermo Scientific). 

 

4.7.2.  cDNA synthesis  

The cDNA was synthesized by reverse transcription from the isolated RNA using the 

SuperscriptTM IV Reverse Transcriptase Kit (Invitrogen, Cat. No. 18091050, 18091150). First, 

800 ng of template RNA were mixed with 50 µM Oligo-d(T)20 primers (Invitrogen, Cat. No 

18418-020) and 10 mM dNTP mix (Invitrogen, Cat. No. 18427-013) to a final volume of 13 

µL (addition of DEPC-treated water if necessary). This RNA-primer mix was heated at 65 °C 

for 5 minutes in a thermo cycler (C1000TM Thermal Cycler, Bio-Rad), which allow the primer 

annealing. Then, the annealed RNA was incubated on ice for at least 1 minute.  

In the next step, RT reaction mix was prepared mixing 4 µL of 5× SuperScriptTM IV buffer 

(Invitrogen, Cat. No. 18090200), 1 µL of 100 mM DTT (Dithiothreitol (DL-); Sigma-Aldrich, 

Cat. No. D 0632), 1 µL of Ribonuclease Inhibitor (Invitrogen, Cat. No. 10777-019) and 1 µL 

of SuperScript™ IV Reverse Transcriptase (200 U/µL) (Invitrogen, Cat. No. 18090200) for 

each annealed RNA sample. To each annealed RNA, 7 µL of RT reaction mix were added, the 

combined reaction mixture was incubated at 55 °C for 10 minutes and lastly the reaction was 

inactivated by incubating at 80 °C for 10 minutes (both steps in the thermos cycler). The 

synthesized cDNA could then be used immediately for PCR amplification or stored it at -20 °C. 

 

4.7.3.  Quantitative real-time polymerase chain 

reaction (RT-qPCR) 

The DNA amplification of a target gene was monitored by RT-qPCR using QuantiTect SYBR 

Green PCR Kit (Quiagen, Cat. No. 204141). This kit contains the 2× QuantiTect SYBR Green 

PCR Master Mix, which in turn contains: HotStarTaq®DNA Polymerase, QuantiTect SYBR 

Green PCR Buffer, dNTP mix (including dUTP), SYBR Green I, ROX™ passive reference dye 

and 5 mM MgCl2 (see Table 4 for more details). The SYBR Green I dye is a fluorescent dye 
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(494 nm Excitation) that binds with all double-stranded DNA molecules, emitting a fluorescent 

signal (521 nm Emission) on binding which can be monitored following each PCR cycle. 

To proceed with the RT-qPCR, the 2× QuantiTect SYBR Green PCR Master Mix was mixed 

together with the primers of interest and DEPC-treated water, getting the so called reaction mix. 

(All primers were purchased from Qiagen and are listed in Table 5). Then, the RT-qPCR 

reaction mix and the cDNA (49 µL + 1 µL respectively) were pipetted into a 96-well PCR plate 

(Table 6). The plate was closed with a 4titude® adhesive qPCR seal (4titude®, Cat. No. 0560) 

in order to avoid the evaporation of the content due to high temperature cycles. The RT-qPCR 

was performed with the Stratagene Mx3000P qPCR System (Agilent Technologies), using the 

cycling program described in Table 7. 

The results were analysed with the MxPro qPCR software. TBP (TATA box binding protein) 

was used in all RT-qPCRs as a housekeeping gene. The CT (number of cycles required for the 

fluorescent signal to exceed the fluorescent threshold) values of the target mRNAs were 

normalized to the CT values of TBP. Data were quantitated using the 2-∆CT method. 

 

Table 4. Components and their description included in 2× QuantiTect SYBR Green PCR 

Master Mix. 

Component Description 

HotStarTaq DNA 

Polymerase 

HotStarTaq DNA Polymerase is a modified form of a recombinant 

94 kDa DNA polymerase, originally isolated from Thermus 

aquaticus, cloned into E. coli. 

(Deoxynucleoside-triphosphate: DNA deoxynucloetidyltransferase, 

EC 2.7.7.7). 

QuantiTect SYBR 

Green PCR Buffer 

Contains Tris-Cl, KCl, (NH4)2SO4, 5 mM MgCl2, pH 8.7 (20 °C) 

dNTP mix Contains dATP, dCTP, dGTP, and dTTP/dUTP of ultrapure quality 

Fluorescent dyes SYBR Green I and ROX 

RNase-free water Ultrapure quality, PCR grade 
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Table 5. RT-qPCR oligonucleotides (sequences 5’ – 3’). 

Name  Forward primer sequence Reverse primer sequence 

HK TBP CGGAGAGTTCTGGGATTGT GGTTCGTGGCTCTCTTATC 

ORAI1 ATGAGCCTCAACGAGCACT GTGGGTAGTCGTGGTCAG 

ORAI2 TGGAACTGGTCACCTCTAAC GGGTACTGGTACTGCGTCT 

ORAI3 GTACCGGGAGTTCGTGCA GGTACTCGTGGTCACTCT 

STIM1 CAGAGTCTGCATGACCTTCA GCTTCCTGCTTAGCAAGGTT 

STIM2 GTCTCCATTCCACCCTATCC GGCTAATGATCCAGGAGGTT 

MCU a CACACAGTTTGGCATTTTGG TGTCTGTCTCTGGCTTCTGG 

MCU b TTTTGCGTGTGAAGCTGTGT TACCAAGGGAAGGCCATGT 

Micu1 GTGTTCAGCCCTCACAACCT CCACCAAACTGCCTCTCAGT 

Micu2 AGCGCTTCATGCAGTTTTCT CAGCTGTTTGGATCCCTGAC 

Micu3 CCAGTTTGGAAAGGCTCATC ATTCTGAACCCTGCATGTGG 

MCUR1 GCCCTTCCCCAGTACCAC AGAGTTTCCTGCTCCCAGAA 

EMRE CTTGAGGAAAGATGGCGATG CGACATAGAGAAAGGGGATCA 

The annealing temperature for all used primers was 58 °C. 

 

Table 6. Components of the reaction mix used for RT-qPCR. 

Reagent Volume used per reaction (µL) 

2× QuantiTect SYBR Green PCR  25 

10 µM forward primer 1.5 

10 µM reverse primer 1.5 

ddH2O 21 

 cDNA (< 500 ng) 1 
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Table 7. RT-qPCR cycling program. 

Number of cycles Temperature (°C) Time (min:sec) Step 

1 95 15:00 polymerase activation 

35 95 00:15 denaturation 

58  00:30 annealing 

72 00:30 elongation 

1 95 1:00 dissociation 

58  00:30 

95 00:30 

 

 

4.8. WESTERN BLOT 

Western blot (WB) is a molecular biology method used to detect specific proteins among a 

mixture of proteins extracted from cells. This method consists of four main steps: sample 

preparation (section 4.8.1.), protein separation by size (section 4.8.2.), transfer to a 

nitrocellulose membrane (section 4.8.3.) and labelling of the desired proteins with the use of 

corresponding primary and secondary antibodies (section 4.8.4.). WB were done with the help 

of Ioana Todoran.  

 

4.8.1. Sample preparation 

First, fibroblasts were grown in T75 flask to 85 - 95 % confluence and treated with 0.5 µM 

mitoQ or OHmitoQ, and same amount of vehicle (DMSO) for 24 hours. Next, cells were 

washed twice with ice-cold 1× DPBS to remove the medium and any debris and they were lysed 

directly on the plate with the appropriate volume of lysis buffer (TGH lysis buffer), which was 

dependent on cell confluence. The TGH lysis buffer was prepared freshly (always keeping it on 

ice. See recipe Table 8). Immediately with a rubber scraper, the cells were scraped and the 

lysates were collected and transferred to 1.5 mL tubes. The tubes were incubated on ice for 20 

minutes, during that time cells were often resuspended and subsequently centrifuged at 13,000 
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rpm for 10 minutes at 4 °C. The supernatants were collected and transferred to new tubes and 

they could be used directly or kept at -80 °C until further use.   

The protein concentration of the cell lysates was quantified using the Bradford reagent (see 

recipe Table 9). This method is a protein colorimetric assay based on COOMASSIE® Brilliant 

Blue G 250, a dye that shows a change in absorbance from 470 nm to 595 nm upon binding to 

proteins. Therefore, it shows a differential colour change in response to different protein 

concentrations. For each sample, 1 µL of protein lysate was mixed with 799 µL ddH20 and 200 

µL Bradford's reagent. 200 µl of each sample was poured in triplicate into 96-well plates. In 

addition, to estimate the amount of proteins in the solution, a calibration curve for bovine serum 

albumin protein (BSA) was performed, ranging from 0.5 to 20 µg / mL. Quickly, the absorbance 

at 595 nm was read using the Berthold Mithras LB 940 device. The amount of absorption was 

directly proportional to the protein present in the sample. 

 

Table 8. TGH lysis buffer recipe 

Chemical Concentration Company Product number 

Na3VO4 1 mM Sigma-Aldrich S6508-50G 

PMSF 1 mM Sigma-Aldrich P7626 

NaF 1 mM Sigma-Aldrich S7920-100G 

Protease Inhibitor (PI) 1 X Roche 1183617001 

 

 

Table 9. Bradford reagent recipe  

Chemical Concentration Company Product number 

COOMASSIE® Brilliant Blue  

G 250 

339 µM Serva 35050 

Ethanol 19.2 % Carl Roth P075.4 

H3PO4 34 % Carl Roth 9079.1 

ddH2O - - - 
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4.8.2. Protein separation by size 

Protein separation was performed by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). First, all samples were adjusted to reach the same concentration 

(50 µg), mixed with 4× Lämmli buffer (Bio-Rad, Cat. No 1610747) (containing 1:10 β-

mercaptoethanol (Gibco, Cat. No. 1985-023)) and denatured at 95 ° C. Next, the proteins were 

loaded into the formed wells in the polyacrylamide gel, which was totally buffered (Running 

Buffer, see recipe in Table 10). The polyacrylamide gel consisted in two parts, the stacking gel 

and the separating gel (Tables 11-14 to see the recipe). Next, an electric current was applied 

that ran through the gel, causing proteins that are negatively charged to migrate through towards 

the anode (positively charged). Smaller proteins pass more easily through the pores of the gel 

migrating faster, while larger proteins encounter more resistance and migrate more slowly, thus 

separating the proteins by their molecular weight. The applied voltage at the beginning of the 

electrophoresis was 60 V, once the samples reached the separating gel, it was increased to 110 

V. A protein ladder (Precision Plus Protein ™ Dual Color Standard; Bio-Rad, Cat. No. 161-

0374) was used to determine the size of the protein. 

 

Table 10. Running buffer recipe 

Chemical Concentration Company Product number 

Tris 25 mM Carl Roth 5429.3 

Glycine 192 mM AppliChem A1067 

SDS 0.1 % Sigma-Aldrich L-4509 

ddH2O - - - 

 pH = 8.3 

Table 11. Stacking gel buffer recipe  

Chemical Concentration Company Product number 

Tris 0.5 M Carl Roth 5429.3 

SDS 0.4 % Sigma-Aldrich L-4509 

ddH2O - - - 

pH = 6.8. It was adjusted with NaOH 2 M (Merck, Cat. No, 109136) or HCl 1 M (Carl Roth, 
Cat. No. K025.1). 
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Table 12. Stacking gel recipe 

Chemical Concentration Company Product number 

Stacking gel buffer 3 X - - 

Acrylamide 5 % Carl Roth 248272357 

APS 0.075 % Sigma-Aldrich A3678 

TEMED 6.67 M Sigma-Aldrich T7024 

ddH2O - - - 

 

Table 13. Separation gel buffer recipe 

Chemical Concentration Company Product number 

Tris 1.5 M Carl Roth 5429.3 

SDS 0.4 % Sigma-Aldrich L-4509 

ddH2O - - - 

pH = 8.8. It was adjusted with NaOH 2 M (Merck, Cat. No, 109136) or HCl 1 M (Carl Roth, 
Cat. No. K025.1). 

 

Table 14. Separation gel recipe  

Chemical Concentration Company Product number 

Separation gel buffer 3 X - - 

Acrylamide 10 % Carl Roth 248272357 

APS 0.075 % Sigma-Aldrich A3678 

TEMED 6.67 M Sigma-Aldrich T7024 

ddH2O - - - 
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4.8.3. Protein transfer to a nitrocellulose 

membrane 

The proteins were transferred from the polyacrylamide gel to a 0.2 µm nitrocellulose membrane 

(Bio-Rad, Cat. No. 1704270) with the Trans-Blot® TurboTM Transfer System following the 

manufacturer's recommendations. The membranes and transfer stacks were equilibrated in 

transfer buffer (the recipe is shown in Table 15) for 3 minutes. The "transfer sandwich" was 

then assembled in the following order: botton (+) cassette (anode), bottom transfer stack, 

nitrocellulose membrane, gel top transfer stack, top (-) cassete (cathode), and it was placed in 

the device. The transfer was performed at 1.3 A, 25 V, for 7 minutes. 

 

Table 15. Transfer buffer recipe 

Chemical Concentration Company Product number 

5 X transfer buffer* 1 X Bio-Rad 1704270 

Ethanol 20 % Carl Roth 9065.2 

ddH2O - - - 

* Part of the Trans-Blot® Turbo™ RTA mini 0.2 µm nitrocellulose transfer kit, Bio-Rad, # 

1704270. 

 

4.8.4. Membrane blocking and antibody incubation 

Once the transfer was finished, the nitrocellulose membranes were blocked for 1 hour with a 5 

% BSA (Sigma-Aldrich, Cat. No. SLBV4989) TBS solution (Table 16), then the primary 

antibodies were added and incubated overnight at 4 ° C. The primary antibodies used were Anti-

MCU (D2Z3B) Rabbit mAb (Cell Signal. Tech., Cat. No.14997S), Anti-MCUb (C109B 

Antibody (C-term) (Abgent Cat. No. AP12355b)), Anti-MICU2 (Sigma-Aldrich, Cat. No. 

HPA045511) and Anti-MICU3 (Sigma-Aldrich, Cat. No. HPA024779) 1:500. And as a loading 

control it was used Calnexin (ENZO, Cat. No. ADI-SPA-860-F) 1:1000. 
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The membranes were then washed three times with 1× TBS-T (Table 17) for 5 minutes each 

time (on a rocker platform) and incubated with the secondary antibody IRDye 800CW Donkey 

anti-Rabbit (Li-Cor, Cat. No. 926-32213) 1:10,000, for 1 hour at room temperature and in the 

dark. Finally, the membranes were washed three times with 1× TBS-T for 10 minutes each time 

and imaged using the Odyssey® CLx system. Bands were quantified with Image Studio ™ Lite 

program. 

 

Table 16. TBS recipe 

Chemical Concentration Company Product number 

Tris 50 mM Carl Roth 5429.3 

NaCl 150 mM AppliChem A2942 

ddH2O - - - 

pH = 7.6. It was adjusted with NaOH 2 M (Merck, Cat.No. 109136) and HCl 1 M (Carl Roth, 
Cat. No. K025.1). 

 

Table 17. TBS-T recipe 

Chemical Concentration Company Product number 

Tris 50 mM Carl Roth 5429.3 

NaCl 150 mM AppliChem A2942 

Tween® 20 0.1 % Carl Roth 9127.1 

ddH2O - - - 

 

 



73 

 

4.9. CYTOSOLIC PARAMETER MEASUREMENTS  

4.9.1. Cytosolic Ca2+ measurements in HSF  

Cytosolic Ca2+ measurements in fibroblasts were performed by using a calcium-imaging system 

on a fluorescence microscope equipped with an Axiovert S100TV (Carl Zeiss), pE-340fura 

(CoolLED, Andover, United Kingdom) LED light source with LED 340 nm (excitation filter: 

340/20) and 380 nm (excitation filter: 380/20) together with a T400 LP dichroic mirror and 

515/80 emission filter, 20× Fluar (N.A. 0.75) objective and a sCMOS pco.edge camera. Data 

acquisition was performed with VisiView 2.1.2 (Visitron Systems GmbH). 

Cytosolic Ca2+ was measured with the ratiometric acetoxy-methyl-ester Fura-2 (Fura-2 AM; 

ThermoFisher, Cat. No. F1221), which diffuses across the cell membrane and is de-esterified 

by cellular esterases generating Fura-2 free acid.  When free cytCa2+ binds to Fura-2, the peak 

excitation wavelength changes from 380 nm to 340 nm, while the peak emission around 510 

nm remains unchanged. The values obtained by measuring the ratio of the fluorescence 

emission signal (340 nm / 380 nm) in the presence of known free Ca2+ concentrations, correlate 

with the concentration of cytCa2+ (Tinning et al., 2018). 

For the cell preparation process, fibroblasts (100,000) were seeded on 25 mm round glass 

coverslips with a thickness No. 1.5 (VWR, Radnor, ISA, Cat. No. 6310172) 24 hours before 

measuring and in a confluence of 75 – 85 %. Cells were seeded in 2 mL DMEM medium 

supplemented with 10 % FBS. If necessary the cells were treated. In the case of CoQ10 

inhibition, they were treated for 7 days prior to this experiment as indicated in chapter 4.4.1.. 

In the case of addition of quinones or FINs to cell culture, this was done once they had been 

seeded on the coverslips. It was waited for the cells to attach to the bottom (minimum 4 hours) 

and the quinones were added at a concentration of 0.5 µM and erastin at 1 µM, for 24 hours 

prior imaging.  

Before measuring, cells were stained with 1 µM Fura-2 AM solution (1 mM stock solution 

dissolved in DMSO) in growth medium for 30 minutes at room temperature on a platform 

shaker (Grant-Bio PMR-30 mini rocker-shaker).  

For the measurements, a perfusion system was used, consisting of two tubes: an input tube 

connected to 1 mL syringe through which the working solution is added and the output tube 

that discharges the previous solution into a liquid-waste bottle by a suction line connected to a 
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vacuum pump; and an imaging chamber to which both tubes are connected, creating a small 

perfusion channel that enables a rapid solution exchange with minimal disturbance of the cells. 

Before each measurement, the perfusion system and the imaging chamber were properly 

cleaned with 70 % EtOH and ddH2O, the input tube was carefully loaded with the first 

measuring solution (Table 19). 

After incubation of FURA-2 AM and after removal of excess medium, the coverslip with the 

attached cells was assembled in the imaging chamber. First, the coverslip was mount onto the 

chamber ring. The perfusion chamber was then fixed with silicone paste, on top. A 12 mm 

round glass coverslip with a thickness No. 1.5 (VWR, Radnor, ISA, Cat. No. 630-2190) was 

inserted on the perfusion chamber fixed as well with silicone (figure 16). Lastly, the imaging 

chamber was placed into the microscope and connected to the perfusion tubes from both sides 

allowing the perfusion of solutions through the chamber.  

The cells were perfused carefully with the first measuring solution to wash away remaining 

medium and poorly attached cells, and were left to equilibrate for a few minutes before starting 

the measurement. The measurements were performed in Ringer's buffer (pH 7.4; 310 

mosmol/L) containing 145 mM NaCl, 4 mM KCI, 10 mM Glucose, 10 mM HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid), 2 mM MgCl2, and concentrations of CaCl2 as 

indicated, or in 0 mM CaCl2 with 1 mM EGTA at room temperature. The settings used in the 

experiments are described in Table 18. 

 



75 

 

Figure 16. Image chamber and perfusion system for cytosolic Ca2+ measurements. The 

individual parts that make up the image camera are shown at the top of the figure. In the lower 

left corner, the assembly is shown, and in the right the final result ready to be placed in the 

microscope with the connected tubes that create the perfusion system. 

 

Before starting the measurement, the cells that were successfully loaded with the dye were 

identified and individually selected with the imaging software, thus defining the regions of 

interest (ROI) to monitor the change of cytCa2+ in each cell. By using a specific measurement 

protocol (see Table 19 for detailed protocol) several parameters were obtained: first, with 0.5 

mM Ca2+ Ringer solution a baseline. Then, Ca2+-free Ringer’s solution was perfused to get the 

minimum levels of cytCa2+. For ER Ca2+ store depletion, the chamber was perfused with Ca2+-

free Ringer’s solution containing 1 μM thapsigargin (Tg; Sigma-Aldrich, Cat. No. T9033; 

dissolved as 1 mM stock solution in DMSO) or 100 µM histamine (His; Sigma-Aldrich, Cat. 

No. H7125-1G; dissolved as 10 mM stock solution in DMSO) observing the increase in cytCa2+ 

resulting from ER Ca2+. Once the Ca2+ levels returned to minimum (minimum fluorescence 

levels), 0.5 mM Ca2+ Ringer solution with Tg or His was perfused to measure SOCE. Last, 

Ca2+-free Ringer’s solution with Tg or His was perfused to return to minimum values and ensure 

that the cells are in good condition.  

 

Table 18. Measurement settings for Fura-2 imaging of cytosolic Ca2+ in HSF. 

Excitation 1  340 nm (filter: 340/20; 25% intensity, 30 ms exposure time) 

Excitation 2 380 nm (filter: 380/20; 5% intensity, 30 ms exposure time) 

Dichroic mirror  T400 LP 

Emission 510 nm (515/80 emission filter) 

Objective Fluar 20×/0.75   

Cycle time 5 sec 

Number of cycles 260 
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Table 19. Protocol for cytosolic Ca2+ measurements of fibroblast. 

Number of cycle Solution used 

0-Start 0.5 mM Ca2+ Ringer’s solution 

30 0 mM Ca2+ Ringer’s solution 

60 0 mM Ca2+ Ringer’s solution with 1 µM Tg / 100 µM His 

160 0.5 mM Ca2+ Ringer’s solution with 1 µM Tg / 100 µM His 

220 0 mM Ca2+ Ringer’s solution with 1 µM Tg / 100 µM His 

260-Stop - 

 

The obtained 340 nm / 380 nm background corrected fluorescence ratios were analyzed and 

plotted by using Microsoft Excel 2016. Data are presented as average ratio of 340 nm / 380 nm 

values for Fura-2 AM over time (minutes). 

 

4.9.2. Cytosolic Ca2+ measurements in 

Cardiomyocytes 

Cytosolic Ca2+ measurements in cardiomyocytes were performed on a Zeiss Axio Observer 7 

setup, equipped with a Plan-Apochromat 20× (N.A. 0.8) objective and pE-340fura (CoolLED, 

Andover, United Kingdom) LED light source with excitation LEDs at 340 nm (excitation filter: 

340/20) and 380 nm (excitation filter: 380/20) together with a 409 nm dichroic mirror and 

510/84 nm emission filter, keeping a humidified atmosphere of 37 °C during the measuring. 

Cardiomyocytes were field-stimulated at 0.5 Hz, 18.0 V and 3 ms using a MyoPacer EP Field 

Stimulator model MEP100 (IonOptix Corporation, Milton, MA.) in order to synchronize the 

contraction and images were acquired with Zen 3.2 software (Zeiss, Oberkochen, Germany). 

For cell preparation process, 7 - 8 weeks after cardiac differentiation initiation, 300.000 iPSC-

CM were seeded in a 25 mm x 25 mm squared glass coverslips with a thickness No. 1.5 

(Corning, Cat. No. 2850-25) placed in 6-well plates, getting a monolayer. The coverslips were 
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previously coated with Geltrex overnight at 4 °C. Cells were seeded in 2 mL RPMI 1640 

GlutaMAX™ medium supplemented with B-27 and kept at rest for 6 days. 

Cytosolic Ca2+ was measured with Fura-2 AM dye and before measuring, the staining 

proceeded as described in section 4.9.1. for HSF. After incubation of FURA-2 AM and after 

removal of excess medium, the coverslip with the attached cells was assembled in the MyoPacer 

imaging chamber, 500 µL of Ringer's buffer containing 2 mM Ca2+ were added on top and the 

chamber was placed into the microscope connecting to the electrodes. 

Before starting the measurement, the iPSC-CM that were successfully loaded with the dye and 

contracting were identified and individually selected with the imaging software defining ROI 

to monitor the change of cytCa2+ in each cell. 

The settings used for imaging are described in Table 20. No particular protocol was used since 

variations in cytCa2+ were due to contraction per se. Only addition of 500 µL 2 mM Ca2+ 

Ringer’s solution with 30 µM digitonin (dig; Sigma-Aldrich, Cat. No. D141) was added at the 

end causing holes in the plasma membrane and therefore the abrupt entry of Ca2+ into the 

cytosol proving that the measurement worked. 

 

Table 20. Measurement settings for Fura-2 imaging of cytosolic Ca2+ in cardiomyocytes. 

Excitation 1  340 nm (filter: 340/20; 25% intensity, 20 ms exposure time) 

Excitation 2 380 nm (filter: 380/20; 5% intensity, 20 ms exposure time) 

Dichroic mirror  409 nm 

Emission 510 nm (510/84 emission filter) 

Objective Plan-Apochromat 20×/0.8   

Cycle time 0.2 sec 

Number of cycles - 

 

The obtained 340 nm / 380 nm background corrected fluorescence ratios were analyzed and 

plotted by using Microsoft Excel 2016. Data are presented as average ratio of 340 nm / 380 nm 
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 values for Fura-2 AM over time (seconds). For quantification, a minimum of 8-10 peaks were 

analyzed for each cell and the average of all of them was determined. Then, the average of all 

cells in each individual measurement was calculated, and subsequently the average of all 

performed measurements was quantified. 

 

4.9.3. Cytosolic H2O2 measurements in HSF 

The oxidative state of the cells was measured based on the production of H2O2. These 

measurements were done by using an imaging system on a Carl Zeiss Observer D1 microscope 

equipped with a 40× oil EC-Plan Neofluar (N.A. 1.3) objective, multi‐filter system, a 

fluorescence camera (Axiocam 702 mono, Zeiss) and LED fluorescence system (Colibri, Zeiss) 

at 37 °C. Data acquisition was performed with the Zen 2.6 (Zeiss) software. 

Cytosolic H2O2 (cytH2O2) production was measure by using the protein sensor cyto-HyPer 

(HyPer 3) (figure 17). This sensor is YFP-based, containing two OXYR domains which upon 

oxidation by H2O2 form a disulfide bond, leading to a shift of the two excitation maxima. 

 

Figure 17. HyPer sensor illustration. HyPer has circular-permutated YFP as fluorophore and 

two OxyR domains which upon increase of H2O2 form a disulfide bond, leading to a shift and 

increase in excitation ratio. Image taken from (Bilan & Belousov, 2017). 

 

For the cell preparation process, fibroblasts were first transfected with nucleoporation using 

Amaxa™ 4D-Nucleofector™ System (4D-Nucleofector™ Core Unit and 4D-Nucleofector™ 

X Unit). Each nucleoporation proceeded by transfecting 1 x 106 cells with the program DT-130 

and 1 µg of cyto-HyPer sensor and 100 µL P2 Primary Cell 4D-NucleofectorTM X Kit L 

(Lonza. Catalog #: V4XP-2024) in Nucleovette™ Vessels. After transfection, fibroblasts 

(100,000) were seeded in growth medium, on 25 mm round glass coverslips with a thickness 

of No. 1.5 (getting a confluence of 75 – 85 % of the surface) as described for cytCa2+ 
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measurements.  The medium was changed 4 hours later and the cells were kept at rest between 

24 and 48 hours to achieve a successful sensor expression.  

If necessary the cells were treated. In the case of CoQ10 inhibition, they were treated for 7 days 

prior the transfection as indicated in section 4.4.1. In the case of addition of quinones to cell 

culture, this was done once they had been seeded on the coverslips after transfection. It was 

waited for the cells to attach to the bottom (minimum 4 hours) and the quinones (DMSO as 

control) were added at a concentration of 0.5 µM for 24 hours prior imaging. Then, the coverslip 

with the attached cells was assembled into the image chamber and placed on the microscope to 

proceed with the measurement. 

The imaging chamber used for these experiments was simple, consisting only in a chamber ring 

in which the coverslip with the attached cells is placed and fixed with silicone, and a locking 

ring that keeps the solution in (see figure 18). All the experiments also performed in Ringer's 

buffer containing 0.5 mM Ca2+. 

The settings used for the measurements are described in Table 21. Firstly, successfully 

transfected cells were located, and ROI were selected individually by using the imaging 

software. Secondly, the measurement protocol was performed as described below: it was started 

with 0.5 mM Ca2+ Ringer solution to obtain a baseline. Then, an equal volume of 0.5 mM Ca2+ 

Ringer solution with 200 µM H2O2 (Sigma-Aldrich, Cat. No. H1009), to get a final 

concentration of 100 µM, was added on top to measure the maximal cell oxidative capacity. 

Finally, to reduce the status of the cells, the same volume as initially with 30 mM DTT was 

added (threefold concentration than desired, 10 mM) (see Table 22 for protocol).  

As a control to access the pH sensitivity of cyto-HyPer, the pH‐sensitive but H2O2‐insensitive 

mutant cyto-SypHer (cyto-HyPer-C199S) was used to monitor pH changes in the cytosol, using 

the same experimental settings. 

For analysis, all transfected cells were used and obtained data was exported and analyzed using 

Microsoft Excel 2016. Data are presented as average of fluorescence ratio 505 nm / 420 nm 

over time (minutes) normalized by the background fluorescence. 
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Table 21.  Measurement settings for cyto-HyPer, cyto-SypHer, mito-HyPer and mito-

SypHer imaging of cytosolic and mitochondrial H2O2 levels. 

Excitation 1  420 nm (filter: 420/40; 30 % intensity, 30 ms exposure time) 

Excitation 2 505 nm (filter: 500/15; 30 % intensity, 30 ms exposure time) 

Dichroic mirror  515 nm 

Emission Filter: 539/25 

Objective 40× oil EC-Plan Neofluar (N.A. 1.3) 

Cycle time 1 sec 

Number of cycles 300 

 

 

Table 22. Protocol for cytosolic and mitochondrial H2O2 measurements of fibroblast. 

Number of cycle Solution used 

0-Start 500 µL 0.5 mM Ca2+ Ringer’s solution 

100 Addition of 500 µL 0.5  mM Ca2+ Ringer’s solution 

with 200 µM H2O2 

200 Addition of 500 µL 0.5  mM Ca2+ Ringer’s solution 

with 30 mM DTT 

300-Stop - 
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Figure 18. Image chamber for cytosolic and mitochondrial H2O2, mitochondrial Ca2+ and 

mitochondrial membrane potential measurements. The individual parts that make up the image 

chamber are shown at the top of the figure. In the lower left corner, the assembly is shown, and 

in the right, the final result ready to be placed on the microscope. 

 

4.10. MITOCHONDRIAL PARAMETER MEASUREMENTS  

Mitochondrial Ca2+, H2O2 and ΔΨ measurements were measured using the same imaging 

system as described for cyto-HyPer (see chapter 4.9.3.). In case of fibroblasts it was used the 

imaging chamber describe in Figure 18 while to measuring iPS-CM the MyoPacer imaging 

chamber was used (see chapter 4.9.2.). 

 

4.10.1. Mitochondrial Ca2+ measurements in HSF 

Mitochondrial Ca2+ imaging was performed using the FRET (fluorescence resonance energy 

transfer) sensor 4mt‐D3cpV (figure 19). The mechanism of fluorescence resonance energy 

transfer is a distance-dependent physical process which consists of a donor fluorophore in an 

excited electronic state, which may transfer its excitation energy via FRET to a nearby acceptor 

fluorophore through long-range dipole-dipole interactions, if the donor’s emission and the 
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acceptor’s excitation spectra overlap. Concretely, in 4mt-D3cpV, the donor and acceptor 

fluorophores are CFP and YFP respectively. Both are linked by a calmodulin-M13 domain that 

enables the detection of Ca2+. Furthermore, the sensor has 4 mitochondrial localization 

sequences (4mt) that ensure the proper localization in the mitochondrial matrix. 

 

Figure 19. D3cpV sensor illustration. D3cpV has CFP as donor fluorophore and YFP as the 

acceptor fluorophore, which are tagged with 4 mitochondrial localization sequences (4mt; not 

shown) and fused with calmodulin and MLCK calmodulin binding peptide M13. In presence of 

Ca2+, Ca2+ binds to calmodulin, enabling the interaction with M13-peptide, lowering the 

distance between the two fluorophores and allowing FRET. (Image taken from Palmer et al., 

2006, Chemistry and Biology). 

 

The cell preparation proceeded exactly as described in chapter 4.9.3. for the cytH2O2 in HSF 

measurements but using 1 µM of 4mt-D3cpV sensor instead. 

The settings used for imaging are described in Table 23, and the measurement protocol was 

performed as described below: it started with 0.5 mM Ca2+ Ringer solution to obtain a baseline. 

Then, an equal volume of 0.5 mM Ca2+ Ringer solution with His (in a double concentration of 

the desired concentration considering the dilution; end concentration for His was 100 µM) was 

added on top to measure the mCa2+ uptake (see Table 24 for detailed protocol). 

For analysis, all transfected cells with the correct localization were used and obtained data were 

exported and analyzed using Microsoft Excel 2016. Data are presented as average of FRET/CFP 

ratio over time (minutes) normalized by the background fluorescence. 
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Table 23. Measurement settings for 4mt-D3cpV imaging of mitochondrial Ca2+. 

CFP signal (donor) excitation: 420 nm (filter: 420/40; 30 % intensity, 56 ms 

exposure time); emission: CFP filter (dicroic mirror: 458; 

emission filter: 483/32) 

YFP signal 

(acceptor) 

excitation: 505 nm (filter: 500/15; 30% intensity, 8 ms 

exposure time); emission: YFP filter (dicroic mirror: 520; 

emission filter: 542/27) 

FRET signal excitaion: 420 nm (filter: 420/40; 30 % intensity, 32 ms 

exposure time); emission: YFP filter (dicroic mirror: 520; 

emission filter: 542/27) 

Objective 40× oil EC-Plan Neofluar (N.A. 1.3) (for fibroblasts) 

40× air Plan Neofluar (N.A.0.75) (for iPSC-CM) 

Cycle time 3 sec 

Number of cycles 100 

 

 

Table 24. Protocol for mitochondrial Ca2+ measurements of fibroblast. 

Number of cycle Solution used 

0-Start 500 µL 0.5 mM Ca2+ Ringer’s solution 

40 Addition of 500 µL 0.5  mM Ca2+ Ringer’s solution 

with 200 µM His 

100-stop - 
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4.10.2.  Mitochondrial H2O2 measurements in HSF  

The levels of mitochondrial H2O2 (mH2O2) were measured by using the protein sensor HyPer 

(figure 17) targeted to the mitochondria (mito-HyPer).  

The cell preparation, the protocol, the settings used and the data analysis were exactly the same 

as cytH2O2 measurements (see chapter 4.9.3.). As well the pH sensitivity of mito-HyPer was 

control by using the pH-sensitive but H2O2-insensitive mutant mito-SypHer, using the same 

experimental settings. 

 

4.10.3.  Mitochondrial membrane potential 

measurements in HSF  

Mitochondrial membrane potential measurements were carried out with Tetramethylrhodamin-

methylester-perchlorat (TMRM; Sigma-Aldrich, Cat. No. T5428), a fluorescent cell-permeant 

dye that accumulates in healthy cell with active mitochondria, thereby emitting a red-orange 

fluorescent signal.  

To perform the experiment, cell preparation proceeded exactly as described in section 4.9.1. 

For measuring, the cells were stained with 1 µM TMRM solution (100 µM stock solution 

dissolved in DMSO) in growth medium for 10 minutes at room temperature on a platform 

shaker. 

After incubation of TMRM and after removal of excess medium, the coverslip with the attached 

cells was assembled in the imaging chamber and the mΔΨ was measured using the settings 

described in Table 25. 

As in the previous Ca2+ and H2O2 measurements, ROIs were selected by using the imaging 

software. The protocol used for mΔΨ was as following: first, with 0.5 mM Ca2+ Ringer solution 

a baseline was obtained. Then, an equal volume of 0.5 mM Ca2+ Ringer solution with 2 µM 

Carbonyl cyanide m-chlorophenyl hydrazine (CCCP; Sigma-Aldrich, Cat. No. C2759), to have 

1 µM CCCP final concentration, was added on top for the induction of mitochondrial membrane 

depolarization (see Table 26).  

For the analysis, obtained data were exported to Microsoft Excel 2016 and are presented as 

arbitrary fluorescence units (background subtracted mean intensity) over time (minutes). 
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Table 25. Measurement settings for TMRM imaging of mitochondrial membrane 

potential. 

Excitation  white LED ranging from 540 nm – 580 nm (filter: 550/32; 

20 % intensity, 2 ms exposure time) 

Dichroic mirror  573 nm 

Emission Filter: 630/92 

Objective 40× oil EC-Plan Neofluar (N.A. 1.3) (for fibroblasts) 

40× air Plan Neofluar (N.A.0.75) (for iPSC-CM) 

Cycle time 5 sec (for fibroblasts) / 1 sec (for iPSC-CM) 

Number of cycles 150 (for fibroblasts) / 300(for iPSC-CM) 

 

Table 26. Protocol for mitochondrial membrane potential measurements of fibroblast. 

Number of cycle Solution used 

0-Start 500 µL 0.5 mM Ca2+ Ringer’s solution 

50 Addition of 500 µL 0.5  mM Ca2+ Ringer’s solution 

with 2 µM CCCP 

150-stop - 
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4.10.4. Mitochondrial membrane potential 

measurements in Cardiomyocytes 

Mitochondrial membrane potential measurements in iPSC-CM were also performed using 

TMRM dye. 

For the cell preparation process, the same protocol was followed as in section 4.9.2. After 

having the cells for 6 days at rest, the measurements were performed. For this purpose, iPSC-

CM were stained with 1 µM TMRM solution (100 µM stock solution dissolved in DMSO) in 

growth medium for 10 minutes at room temperature on a platform shaker. 

After TMRM incubation and after removal of excess medium, the coverslip with attached cells 

was assembled in the MyoPacer imaging chamber and mΔΨ was measured using the settings 

described in Table 25. Before starting, ROIs (the iPSC-CM that were successfully loaded with 

the dye and contracting) were selected using the imaging software. 

The protocol used for mΔΨ was as following: first, with 2 mM Ca2+ Ringer solution a baseline 

was obtained. Then, an equal volume of 2 mM Ca2+ Ringer solution with 2 µM CCCP was 

added on top (having a final concentration of 1 µM CCCP) for the induction of mitochondrial 

membrane depolarization (see Table 27).  

 

Table 27. Protocol for mitochondrial membrane potential measurements of 

cardiomyocytes. 

Number of cycle Solution used 

0-Start 500 µL 2 mM Ca2+ Ringer’s solution 

150 Addition of 500 µL 2  mM Ca2+ Ringer’s solution 

with 2 µM CCCP 

300-stop - 

 

For the analysis, obtained data were exported to Microsoft Excel 2016 and are presented as 

arbitrary fluorescence units (background subtracted mean intensity) over time (minutes). 
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4.11. RESPIRATION MEASUREMENTS 

To measure respiration, Seahorse assays were performed using an XF96 Extracellular Flux 

Analyzer (Seahorse Bioscience, Billerica, MA, USA), getting the oxygen consumption rate 

(OCR), an indicator of mitochondrial respiration, and the extracellular acidification rate 

(ECAR), an indicator of glycolysis, in real-time in live fibroblasts.  

During the assay, the oxygen consumption rate (OCR) is measured before and after the addition 

of electron transport chain inhibitors to measure various parameters of mitochondrial 

respiration. Firstly, baseline cellular OCR is measured. Next oligomycin (Sigma-Aldrich, Cat. 

No. O4876), an inhibitor of ATP synthase (complex V) is added, which decreases electron flow 

through the ETC, resulting a reduction in mitochondrial respiration or OCR. This decrease in 

OCR give information of cellular ATP production. Next, CCCP, an uncoupling agent that 

collapses the proton gradient and disrupts the mΔΨ, is added. Which means that the ETC goes 

to its maximum rate providing details of the maximal respiratory capacity. Lastly, antimycin A 

(Sigma-Aldrich, Cat. No. A8674) and rotenone (Sigma-Aldrich, Cat. No. 557368), inhibitors 

of complex III and I respectively, are added to shut down ETC function, revealing the non-

mitochondrial respiration. 

In this experiment, respiration in control fibroblasts was compared to fibroblasts treated with 

mitoQ or OHmitoQ. To do this, before seeding the cells into the Seahorse 96-well plate (XF96 

V3-PS, Cat. No. 101085-004). Fibroblasts were incubated for 24 hours with 0.5 µM quinones 

and the same amount of vehicle (DMSO). 

Then, the assay procedure started with the coating of the Seahorse 96-well plate with poly-L-

lysine (50 µg/mL; Biochrom, Cat. No. L7240), 20 µL per well. The plate was, then, sealed and 

kept at 4 °C overnight. Agilent Seahorse XFe96 Extracellular Flux Assay Kit was also 

calibrated over night at 37 °C (in the Seahorse incubator) with 180 µL XF Calibrant (pH = 7.4) 

(Cat. No. 100840-000). 

Next day, fibroblasts were seeded in normal culture medium in a proper amount to form a 

monolayer of 90 - 100 % confluence (40.000 cells per well) in the Seahorse 96-well plate. The 

plate was incubated at 37 °C and 5 % CO2 for 4 hours. 

After the 4 hours incubation, the culture medium was removed and replaced it with 180 µL of 

Seahorse XF DMEM medium (Agilent, Cat. No. 103575-100) + 10 mM Glucose + 1 mM Na-
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pyruvate + 2 mM L-Glutamine. The plate was incubated in the non-CO2 incubator at 37 °C for 

at least 45 - 60 minutes to equilibrate.  

The drug cartridge was prepared diluting the drugs to their working concentration in XF 

working medium as described in Table 28. 

 

Table 28. Drug dilutions for Seahorse assay. 

 Stock 

Concentration 

Volume of 

XF 

Medium 

Volume of 

the drug 

Working 

concentration 

Concentration 

in the Assay 

Oligomycin 50 mM  

5 mL 

3 µL 30 µM 3 µM 

CCCP 100 mM 0.5 µL 10 µM 1 µM 

Antimycin A 10 mM 10 µL 10 µM 1 µM 

Rotenone 10 mM 10 µL 20 µM 2 µM 

 

The respective drug dilution was poured in a channel plate and load the cartridge using a 

multichannel pipette. 

Port A (Oligomycin): 25 µL 

Port B (CCCP): 27.5 µL 

Port C (Rotenone + Antimycin A): 30 µL 

Then, the prepared cartridge was placed in the XF96 Extracellular Flux Analyzer (Seahorse 

Bioscience, Billerica, MA, USA). A calibration step is pursued before starting the assay. 

Afterwards the plate with the cells was inserted into the machine and periodic measurements 

were performed.  

Data analysis were quantified using Microsoft Excel 2016. 
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4.12. LIPID PEROXIDATION MEASUREMENTS 

LPO was measured using the lipophilic fluorescent dye probe BODIPY581/591 C11 (4,4-difluoro-

5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid; Molecular 

Probes, Cat. No. D-3861).  BODIPY 581/591 C11 measures the antioxidant activity in lipid 

environments by exploiting its loss of fluorescence upon interaction with peroxyl radicals. 

For the cell preparation process, fibroblasts (100,000) were seeded on 25 mm round glass 

coverslips with a thickness No. 1.5 24 hours before measuring and in a confluence of 75 – 85 

%. Cells were seeded in 2 mL DMEM medium supplemented with 10 % FBS. 6 hours before 

measuring, fibroblasts were treated with quinones and/or FINs. The quinones were added at a 

concentration of 0.5 µM and erastin at 5 µM.  

Thereafter, cells were loaded with BODIPY581/591 C11 at a final concentration of 2 µM (2 mM 

stock solution dissolved in DMSO) in growth medium for 30 minutes at room temperature on 

a platform shaker. 

After the loading time, the coverslip with the attached cells was assembled in the imaging 

chamber (Figure 18) and the LPO was measured using the same imaging system as described 

for cyto-HyPer (see chapter 4.9.3). The settings used for these experiments are described in 

Table 29. 

As in the previous measurements done in this imaging system, ROIs were selected by using the 

imaging software. The protocol used for LPO was as following: first, with 0.5 mM Ca2+ Ringer 

solution a baseline was obtained. Then, an equal volume of 0.5 mM Ca2+ Ringer solution with 

200 µM H2O2, to have 100 µM H2O2 final concentration, was added on top (see Table 30).  

For the analysis, obtained data were exported to Microsoft Excel 2016 and are presented as 

ratio-fluorescence microscopy of lipid oxidation (ratio 505/555; background subtracted) over 

time (minutes). 
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Table 29.  Measurement settings for lipid peroxidation in fibroblasts. 

OXIDATED excitation: 505 nm (filter: 500/15; 30 % intensity, 5 ms 

exposure time); emission: HyPer filter (dichroic mirror: 

515; emission filter: 539/25) 

REDUCED excitation: white LED ranging from 540 nm – 580 nm 

(filter: 550/32; 30 % intensity, 10 ms exposure time); 

emission: R-GECO filter (dichroic mirror: 573; emission 

filter: 630/92) 

Objective 40× oil EC-Plan Neofluar (N.A. 1.3) 

Cycle time 2 sec 

Number of cycles 150 

 

 

Table 30. Protocol for lipid peroxidation measurements of fibroblast. 

Number of cycle Solution used 

0-Start 500 µL 0.5 mM Ca2+ Ringer’s solution 

50 Addition of 500 µL 0.5  mM Ca2+ Ringer’s solution 

with 200 µM H2O2 

150-Stop - 
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5.1. ROLE OF COQ10 IN MITOCHONDRIAL CA2+ AND REDOX 

HOMEOSTASIS IN HSF 

Based on the discovery of OH-CoQs and their redox properties that allow them to transfer Ca2+ 

through artificial biomembranes (Bogeski et al., 2011), we investigated the role of CoQ10 in 

mitochondrial Ca2+ and redox homeostasis in cell cultures. For this purpose, we established 

several experimental study models to manipulate CoQ10 content in the cell. 

 

5.1.1. First model: Inhibition of CoQ10 biosynthesis 

in HSF 

We first depleted CoQ10 in primary HSF. This approach was based on a protocol described by 

Quinzii et al. (Quinzii et al., 2012) in which the drug 4-NB was used to inhibit CoQ10 

biosynthesis, as described in chapter 4.4.1.  

Initially, we tested whether the inhibition of CoQ10 biosynthesis by 4-NB had any effect on 

mCa2+, measured with 4mt-D3cpV sensor. The protocol consisted on measuring first the basal 

levels of mCa2+ and then the Ca2+ uptake capacity of the mitochondria, after histamine addition. 

The effect of histamine is mediated through receptors that belong to the family of G protein-

coupled receptors (GPCR) and when activated, a cascade of second messengers is generated 

ending in the formation of IP3, which binds to IP3R located in the ER membrane, promoting the 

release of Ca2+ from ER Ca2+ stores. The increase of Ca2+ in areas close to the mitochondria 

generates a driving force that allows the uptake of Ca2+ to the mitochondria (Esbenshade et al., 

2003). 

In cell depleted for CoQ10, our measurements show an increase in mCa2+ at both resting 

conditions (Fig. 20, B) and following cell activation (Fig. 20, C). It was confirmed that these 

changes were due to the inhibition of CoQ10 biosynthesis by 4-HB, which recovers the original 

CoQ10 biosynthesis rate. Mitochondrial Ca2+ concentration in HSF treated with 4-HB were 

similar as in the control cells (Fig. 20).  
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Figure 20. Mitochondrial Ca2+ in HSF treated with 4NB and 4NB + 4HB. (A) Data are 
shown in ratio FRET/CFP over time (min). First basal mitochondrial Ca2+ levels are shown. 
Then, addition of 100 µM histamine to 4mt-D3cpV expressing cells, which results in FRET 
ratio increase, represents Ca2+ uptake to mitochondria. (B) Quantification of basal Ca2+ levels 
in mitochondria. (C) Quantification of Δ values after histamine stimulation (max - min). n 
values = 284 (Ctrl), 312 (4NB), 230 (4NB + 4 HB) from three independent experiments. Data 
are presented in mean ± SEM. All P-values were calculated by using Student's t-tests. *p < 0.05; 
**p < 0.01; ***p < 0.001. 

 

Next, parameters that could have been altered by the decrease in CoQ10 and could be responsible 

for the increase in mCa2+, were tested. We first checked whether cell proliferation and viability 

were increased, which would cause a greater demand for energy and consequently an increase 

in mCa2+. Results of CTB assays during 96 hours excluded the hypothesis that the increase in 

mCa2+ was connected with a higher proliferation rate since no differences could be observed 

between the treatments (Fig. 21). 

 

Figure 21.  Proliferation and Viability of HSF treated with 4NB and 4NB + 4HB. 
Proliferation and Viability measured by using the CellTiter-Blue® Cell Viability Assay. The 
graph represents the number of cells versus time, from 24 hours to 96 hours. Data are presented 
as the mean of seven independent experiments ± SEM (n = 3 wells / each experiment). 
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The increase in mCa2+ could also be explained by an increase in cytCa2+. Therefore, we 

analyzed the expression of genes related to SOCE (ORAI 1-3, STIM 1, 2). Data analysis showed 

no significant differences as a result of CoQ10 reduction (Fig. 22, B). In addition, we measured 

cytCa2+ imaging with FURA-2AM. The levels of cytCa2+ were monitored by quantifying 

several parameters such as the basal cytCa2+ levels (Fig. 22, C), the ER Ca2+ store content and 

depletion following cell activation with histamine (Fig. 22, D), as well as SOCE induced by 

increasing the external Ca2+ concentration (Fig. 22, E). As there were no significant differences 

between conditions, we also discarded the idea that the increase in mCa2+ is due to variations 

in cytCa2+. 

 

Figure 22. Non-mitochondrial parameters that could affect mitochondrial Ca2+ signaling 
in HSF treated with 4NB and 4NB + 4HB. (A) Relative RNA expression of genes related 
with SOCE in HSF ctrl and HSF treated with 4NB +/- 4HB. Data are presented as the average 
of four independent experiments ± SEM (n = 3 wells / each experiment). (B - E) CytCa2+ levels 
measured with FURA - 2 AM of HSF ctrl and HSF treated with 4NB and 4NB + 4HB. (B) The 
graph represents the fluorescence ratio 340/380 over time (min). First basal cytCa2+ levels are 
shown. Next, addition of 100 µM histamine to FURA - 2 AM loaded cells results in an increase 
of ratio 340/380, first peak, and the addition of extracellular Ca2+ provoke the second peak. (C) 
Quantification of basal Ca2+ levels in the cytosol. (D) Quantification of Δ values after histamine 
stimulation (max – min), which leads to the depletion of Ca2+ from the ER, represents the Ca2+ 
store in the cells. (E) Δ quantification of the second peak (max – min), which is due to Ca2+ 
addition in the buffer, represents SOCE. n values: ctrl = 269, 4NB = 135, 4NB + 4HB = 223; 
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from one independent experiment. Data are presented in mean ± SEM. All P-values were 
calculated by using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Given these results, we next examined mitochondrial parameters that could be involved in the 

increase in mCa2+. First, we measured the mΔΨ with TMRM. We found that a decrease in 

CoQ10 by 4-NB caused an increase in the mΔΨ that was reversed by restoring the content of 

CoQ10 by 4-HB (Fig. 23, A and B). This result leaves open the possibility that changes in the 

mΔΨ are the cause of the variations in Ca2+ signaling in HSF. 

Furthermore, we determined the expression of genes involved in the MCU complex, the main 

Ca2+ channel in the IMM that allow the uptake of Ca2+ to mitochondria. The data showed a 

decrease in the expression of MCUb, whose function is to block the entry of Ca2+ into the 

mitochondria matrix, suggesting that a greater mCa2+ uptake was possible. Besides, no 

significant differences in the rest of genes, MCUa, MICU1-3, MCUR and EMRE were detected 

(Fig. 23, C and D). 

 

Figure 23. Mitochondrial parameters that could affect mitochondrial Ca2+ signaling in 
HSF treated with 4NB and 4NB + 4HB. (A - B) Mitochondria membrane potential measured 
with TMRM in HSF ctrl and HSF treated with 4NB and 4NB + 4HB. (A) Arbitrary fluorescence 
units (Intensity mean) over time (min). First, basal values are shown and then, addition of 1 µM 
CCCP to TMRM loaded cells depolarize the membrane and results in fluorescence decrease. 
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(B) Quantification of basal mΔΨ values. n values: ctrl = 272, 4NB = 274, 4NB + 4HB = 199; 
from two independent experiments. (C - D) Relative RNA expression of genes involved in 
MCU complex of HSF ctrl and HSF treated with 4NB +/- 4HB. (D) Amplification of the graph 
to show the MCUb values. Data are presented as the average of seven independent experiments 
± SEM (n = 2 wells / each experiment). All P-values were calculated by using Student's t-tests. 
*p < 0.05; **p < 0.01; ***p < 0.001. 

 

Finally, we evaluated mH2O2 levels by using HyPer sensor targeted to mitochondria. Addition 

of H2O2 at the end of the experiment was used as a positive control (Fig. 24, A). Quantification 

of basal mH2O2 levels did not vary after the reduction of CoQ10 between the conditions (Fig. 

24, B), so we concluded that the decrease in CoQ10 by 4-NB did not affect redox signaling in 

HSF. 

 

Figure 24. Mitochondrial H2O2 imaging measured with mitoHyPer of HSF ctrl and HSF 
treated with 4-NB or 4-NB + 4-HB. (A) Traces are presented as Ratio fluorescence (505 
nm/420 nm) over time (min) with addition of 100 µM H2O2 at time 1.5 min, which causes 
oxidation of the probe and increased the signal ratio. (B) Quantification of H2O2 basal levels in 
mitochondria. n values: ctrl = 131, 4NB = 165, 4NB + 4HB = 149; from three independent 
experiments. Data are presented in mean ± SEM. All P-values were calculated by using 
Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

These results suggest that the decrease in CoQ10 by 4-NB in HSF causes an increase in mCa2+ 

probably due to changes in the mΔΨ or changes in the MCU complex. 
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5.1.2. Second model: Addition of mitoquinones to 

HSF  

In the second experimental model, we approached the study from the opposite perspective. The 

objective was to increase the concentration of CoQ10 in HSF to further clarify its role. 

Especially, it was sought to increase the content of CoQ10 in the mitochondria. For this purpose, 

we treated the cells with the mitochondrially targeted Coenzyme Q (mitoQ) (Tabara et al., 2014) 

and its hydroxylated form, OH-mitoQ.  

First, we analyzed whether mCa2+ levels were affected in HSF once the content of 

mitochondrial CoQ10 had been increased by pre-incubation with mitoQ or OH-mitoQ for 24 

hours. As described above, we performed measurements of mCa2+ imaging with 4mt-D3cpV 

(Fig. 24, A). Addition of mitoQ significantly decreased basal mCa2+ levels, whereas addition 

of OH-mitoQ increased basal levels of mCa2+ (Fig. 24, B). Besides, HSF treated with mitoQ 

resulted in decreased Ca2+ uptake to mitochondria after cell activation, but no significant 

differences in HSF treated with OH-mitoQ versus control were detected (Fig. 24, C).  

 

 

Figure 24. Mitochondrial Ca2+ levels in HSF treated with mitoQ and OH-mitoQ during 
24 hours. (A) Data are shown in ratio FRET/CFP over time (min). First basal Ca2+ levels are 
shown. Then, addition of 100 µM histamine to 4mt-D3cpV expressing cells, which results in 
FRET ratio increase, represents Ca2+ uptake to mitochondria. (B) Quantification of basal Ca2+ 
levels in mitochondria. (C) Quantification of Δ values after histamine stimulation (max - min). 
n values: ctrl = 86, mitoQ = 74, OH-mitoQ = 78; from three independent experiments. Data are 
presented in mean ± SEM. All P-values were calculated by using Student's t-tests. *p < 0.05; 
**p < 0.01; ***p < 0.001. 
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Next, we analysed parameters that can influence changes in mCa2+ signaling. We started by 

determining the proliferation and viability of the cells with the CTB assay. We found that mitoQ 

treatment for 72 hours decreased the proliferation rate by about 35 % in HSF. In contrast, no 

changes in viability could be observed following OH-mitoQ treatment (Fig. 25).  

 

 

Figure 25. Proliferation and Viability of HSF treated with mitoQ and OH-mitoQ.  
Proliferation and viability measured by using the CellTiter-Blue® Cell Viability Assay. The 
graph represents cell viability (% of control) versus time (in 12 h and 72 h). Data are presented 
as the average of four independent experiments ± SEM (n = 3 wells / each experiment). All P-
values were calculated by using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Since an increase in mCa2+ could be explained by an increase in cytCa2+, we next measured 

cytCa2+ levels with FURA-2AM. The measuring protocol was the same that we used in the 

previous model but thapsigargin was used to deplete the ER Ca2+ stores instead of histamine. 

Thapsigargin is a compound isolated from a specific plant that is a cell permeable inhibitor of 

SERCA which inhibition leads to depletion of ER Ca2+ stores, consequently increasing cytCa2+ 

(Rasmussen et al., 1978). Interestingly, in this experimental model we found that increased 

mitochondrial CoQ10 content due to the addition of mitoQ for 24 hours, affected cytCa2+ signal. 

Data showed that the basal cytCa2+ levels, Ca2+ storage in the ER, as well as SOCE were 

strongly reduced. By contrast, OH-mitoQ treatment did not affect basal cytCa2+ values in 

comparison with control HSF, but Ca2+ storage in ER and SOCE were both increased (Fig. 26, 

A-D). These results could explain our results in mCa2+signaling. 
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Figure 26. Cytosolic Ca2+ levels in HSF treated with mitoQ and OH-mitoQ during 24 
hours. (A) The graph represents the fluorescence ratio 340/380 over time (min). First basal 
Ca2+ levels are shown. Next, addition of 1 µM thapsigargin to FURA - 2 AM loaded cells results 
in an increase of ratio 340/380, first peak, and the addition of extracellular Ca2+ provoke the 
second peak. Last, addition of free Ca2+ buffer decreases to minimum the ratio fluorescence. 
(B) Quantification of basal Ca2+ levels in the cytosol. (C) Quantification of Δ values after 
thapsigargin stimulation (max – min), which leads to the depletion of Ca2+ from the ER, 
represents the Ca2+ store in the cells. (D) Δ quantification of the second peak (max – min), 
which is due to Ca2+ addition in the buffer and represents SOCE. n values: ctrl = 487, mitoQ = 
378, OH-mitoQ = 222; from at least three independent experiments. Data are presented in mean 
± SEM. All P-values were calculated by using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 
0.001. 

 

In addition, mitochondrial parameters were tested. First, we measured mΔΨ with TMRM. Data 

analysis showed that the treatment with mitoQ for 24 hours in HSF caused strong depolarization 

of the membrane and by contrast, OH-mitoQ did not provoke any change (Fig. 27, A-B). Acute 

addition of mitoQ confirmed its negative effect on the mΔΨ. Similar as after 24 hours 

pretreatment, acute addition of OH-mitoQ did not alter the potential (Fig. 27, C-D). 

Furthermore, the mitoQ-induced decrease in mΔΨ was dose-dependent (Fig. 27, E-H). 



101 

 

 

Figure 27. Mitochondrial membrane potential in HSF treated with mitoQ and OH-mitoQ. 
(A, B) Mitochondria membrane potential of HSF ctrl and HSF treated with mitoQ and 
OHmitoQ during 24 hours. (A) Arbitrary fluorescence units (Intensity mean) over time (min). 
First, basal values are shown and then, addition of 1 µM CCCP to TMRM loaded cells 
depolarize the membrane and results in fluorescence decrease. (B) Quantification of basal mΔΨ 
values. n values: ctrl = 147, mitoQ = 199, OH-mitoQ = 200; from two independent experiments. 
(C, D) Acute effect of mitoQ and OH-mitoQ addition. (C) Arbitrary fluorescence units 
(Intensity mean) over time (min). First, basal values are shown and then, addition of 1 µM 
CCCP to TMRM loaded cells depolarize the membrane and results in fluorescence decrease. 
(D) Quantification of mΔΨ decrease due to the quinones (values before adding the quinones 
(min 3) – values before adding CCCP (min 9)). n values: ctrl = 90, mitoQ = 64, OH-mitoQ = 
120; from two independent experiments. (E, F) Mitochondrial membrane potential of HSF 
treated with several concentrations of DMSO, as control, during 24 hours. (E) Arbitrary 
fluorescence units (Intensity mean) over time (min). First, basal values are shown and then, 
addition of 1 µM CCCP to TMRM loaded cells depolarize the membrane and results in 
fluorescence decrease. (F) Quantification of basal mΔΨ values. n values: 0.1 µM DMSO = 34, 
0.3 µM DMSO = 46, 0.5 µM DMSO = 48; from one independent experiments. (G, H) 
Mitochondrial membrane potential of HSF treated with several concentrations of mitoQ, during 
24 hours. (G) Arbitrary fluorescence units (Intensity mean) over time (min). First, basal values 
are shown and then, addition of 1 µM CCCP to TMRM loaded cells depolarize the membrane 
and results in fluorescence decrease. (H) Quantification of mΔΨ potential values. n values: 0.1 
µM mitoQ = 106, 0.3 µM mitoQ = 99, 0.5 µM mitoQ = 102; from one independent experiments. 
Data are presented in mean ± SEM. All P-values were calculated by using Student's t-tests. *p 
< 0.05; **p < 0.01; ***p < 0.001. 
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MCU complex gene expression was no affected in HSF treated with mitoQ and OH-mitoQ (Fig. 

28, A). As confirmation, WB analyses were performed which revealed increased protein levels 

of MCUb and MICU3 and a slight decrease in MICU2, in addition to no changes in MCUa, 

caused by both mito-CoQs individually. (Fig. 28, B-F). Since this effect was very small and the 

same occurred with both mito-CoQs, the opposite effect that they induced in mCa2+ can hardly 

be explained by changes in protein expression of MCU complex. 

 

Figure 28. MCU complex expression in HSF treated with mitoQ and OH-mitoQ during 
24 hours. (A) Relative RNA expression of genes involved in MCU complex in HSF ctrl and 
HSF treated with mitoQ and OH-mitoQ. Data are presented as the average of four independent 
experiments ± SEM (n = 2 wells / each experiment). All P-values were calculated by using 
Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. (B - F) Protein expression of MCU 
complex in HSF ctrl and HSF treated with mitoQ and OH-mitoQ. From C to F is presented the 
quantification (MCUa (C), MCUb (D), MICU2 (E), MICU3(F)), each graph shows the density 
of each band normalized by that of calnexin. n = 1.  

 

We next checked if the mitochondrial bioenergetic output is affected by mito-CoQs treatment. 

For this purpose, Seahorse assays were performed, in which several inhibitors of the ETC were 

added, allowing the measurement of various mitochondrial respiration parameters (described 

in chapter 4.11). After 24 hours of mitoQ treatment, basal respiration almost reached minimum 

values, maximum respiratory capacity was robustly reduced and ATP-linked respiration was 
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also decreased by about four-folds. These changes did not occur with the OH-mitoQ treatment, 

which maintained levels similar to those of the control HSF (Fig. 29, A-D). Analysis of ECAR 

determined that the cellular metabolism changed to a more glycolytic state after treatment with 

mitoQ (Fig. 29, E-F). 

 

Figure 29. Mitochondrial and non-mitochondrial respiration in HSF treated with mitoQ 
and OH-mitoQ during 24 hours. (A) OCR levels versus time (min) comparing HSF ctrl and 
HSF treated with mitoQ or OH-mitoQ. Three injections of several compounds, oligomycin, 
FCCP, and antimycin A + rotenone, delimits four time intervals within each of which OCR is 
roughly constant. Basal respiration is the value just before oligomycin injection, minimal 
respiration is the lowest value after oligomycin injection, and maximal respiration is the highest 
value after FCCP injection. ATP-linked respiration, is a measure of the capacity of the cell to 
meet its energetic demands (basal respiration – minimal respiration). All values were calculated 
after subtraction of non-mitochondrial respiration (values after antimycin A + rotenone 
injection). Quantification of basal (B) and maximal (C) OCRs and ATP-linked respiration (D) 
in HSF ctrl and HSF treated with mitoQ and OH-mitoQ. Data are presented as the mean of five 
independent experiments ± SEM (n = 8 wells / each experiment). (E-F). ECAR levels versus 
time (min) of HSF control and HSF treated with mitoQ or OH-mitoQ. (F) Quantification of 
basal values. Data are presented as the mean of two independent experiments ± SEM. (n = 8 
wells / each experiment). All P-values were calculated by using Student's t-tests. *p < 0.05; **p 
< 0.01; ***p < 0.001. 
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In addition, we determined mH2O2 levels by using HyPer sensor targeted to mitochondria. First, 

we measured basal levels of mH2O2, then, addition of H2O2 (to oxidize the sensor) and DTT (to 

reduce the sensor) were used as positive control. HSF were pre-incubated for 24 hours with 

mitoQ or OH-mitoQ and the antioxidant effect of both mito-CoQs was tested (Fig. 30, A). As 

seen in Fig. 30, B, basal mH2O2 levels were markedly lower after OH-mitoQ treatment and 

even lower with mitoQ in comparison to control HSF. Quantification of Δ mH2O2 showed that 

the oxidation of the sensor was lower after pre-incubation with mito-CoQs (Fig. 30, C), 

probably due to the fact that the mito-CoQs are still in the mitochondria and continue to act as 

scavengers of H2O2. 

 

Figure 30. Mitochondrial H2O2 in HSF treated with mitoQ or OH-mitoQ during 24 hours. 
(A) Traces are presented as Ratio fluorescence (505 nm/420 nm) over time (min), addition of 
100 µM H2O2 at time 2 min, causes oxidation of the probe and increased the signal ratio; 
addition of 10 mM DTT at time 4min, reduced the probe. (B) Quantification of H2O2 basal 
levels in mitochondria. (C) Quantification of Δ H2O2 (max- basal). n values: ctrl = 107, mitoQ 
= 97, OH-mitoQ = 143; from three independent experiments. Data are presented in mean ± 
SEM. All P-values were calculated by using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 
0.001. 

 

Lastly, we analyzed cytosolic H2O2 (cytH2O2) levels by performing the same protocol as for 

mH2O2 using HyPer3 sensor (Fig. 31, A). HSF were also pre-incubated for 24 hours with mitoQ 

or OH-mitoQ. As depicted in Fig. 31, B quantification of basal cytH2O2 levels showed no 

differences between the mitoQ or OH-mitoQ pre-incubation when compared to the control 

treated cells. 
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Figure 31. Cytosolic H2O2 in HSF treated with mitoQ and OH-mitoQ during 24 hours. (A) 
Traces are presented as Ratio fluorescence (505 nm/420 nm) over time (min) with addition of 
100 µM H2O2 at time 2 min, which causes oxidation of the probe and increased the signal ratio; 
and 10 mM DTT at time 4 min, which reduced the probe. (B) Quantification of H2O2 basal 
levels in the cytosol. (C) Quantification of Δ H2O2 (max- basal). n values: ctrl = 57, mitoQ = 
30, OH-mitoQ = 35; from three independent experiments. Data are presented in mean ± SEM. 
All P-values were calculated by using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

With the second experimental model we can conclude that mito-CoQs affect mCa2+ most likely 

via regulation of SOCE and the mΔΨ, and they might also be affecting mH2O2 signaling 

preserving their antioxidant role. 

 

5.1.3. Third model: addition of mitoquinones to 

CoQ10 deficient fibroblasts 

In the third model, we used HSF derived from two patients with a genetic deficiency in CoQ10 

(named P104 and P106). By adding mitoQ and OH-mitoQ for 24 hours to the cell culture, we 

aimed to replenish CoQ10 and test the pharmacological properties of the two mito-CoQs. 

First, we tested mCa2+ once mito-CoQs were added. Mitochondrial Ca2+ imaging, measured 

with 4mt-D3cpV sensor in P104 treated with mitoQ and OH-mitoQ, determined that addition 

of mitoQ decreased the basal mCa2+ levels, whereas the addition of OH-mitoQ did not alter the 

basal levels of mCa2+. Furthermore, mitoQ treatment resulted in decreased Ca2+ uptake to 

mitochondria after cell activation in P104, but no significant differences were observed in OH-

mitoQ-treated P104 (Fig. 32, A-C). Although this result was not statistically significant, in 

P106, the trend was almost the same (Fig. 32, D-F). 
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Figure 32. Mitochondrial Ca2+ in P104 and P106 treated with mitoQ and OH-mitoQ 
during 24 hours. (A-C) Mitochondrial Ca2+ levels in P104; (D-F) mitochondrial Ca2+ levels in 
P106. (A, D) Ratio FRET/CFP over time (min). First basal mCa2+ levels are shown. Then, 
addition of 100 µM histamine to 4mt-D3cpV expressing cells results in FRET ratio increase, 
which represent the Ca2+ uptake to mitochondria (B, E) Quantification of basal Ca2+ levels in 
mitochondria. (C, F) Quantification of Δ values after histamine stimulation (max - min). n 
values: P104 ctrl = 94, P104 + mitoQ = 78, P104 + OH-mitoQ = 75, P106 ctrl = 29, P106 + 
mitoQ = 24, P106 + OH-mitoQ = 37; from at least three independent experiments. Data are 
presented in mean ± SEM. All P-values were calculated by using Student's t-tests. *p < 0.05; 
**p < 0.01; ***p < 0.001. 

 

Furthermore, in this experimental model addition of mitoQ did also affect Ca2+ signaling at the 

cytosolic level. Curiously, cytCa2+ imaging experiments with FURA-2 AM determined that 

basal cytCa2+ levels in P104 were not altered after the addition of mitoQ, although they were 

significantly reduced in P106. Besides, ER Ca2+ store and SOCE were remarkably reduced in 

both P104 and P106. By contrast, the treatment of P104 and P106 with OH-mitoQ practically 

did not modify the basal values of cytCa2+, the storage of Ca2+ in ER or SOCE in comparison 

to the untreated fibroblasts (Fig. 33). 
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Figure 33. Cytosolic Ca2+ levels in P104 and P106 treated with mitoQ or OH-mitoQ during 
24 hours. (A-D) Results of cytosolic Ca2+ measurements in P104; (E-H) results of cytosolic 
Ca2+ measurements in P106. (A, E) The graph represents the fluorescence ratio 340/380 over 
time (min). First basal cytCa2+ levels are shown. Then, addition of 1 µM thapsigargin to FURA 
- 2 AM loaded cells results in an increase of ratio 340/380, first peak, and the addition of 
extracellular Ca2+ provoke the second peak. Last, addition of free Ca2+ buffer decreases to 
minimum the ratio fluorescence. (B, F) Quantification of basal Ca2+ levels in the cytosol. (C, 
G) Quantification of Δ values after thapsigargin stimulation (max – min), which leads to the 
depletion of Ca2+ from the ER, represents the Ca2+ store in the cells. (D, H) Δ quantification of 
the second peak (max – min), which is due to Ca2+ addition in the buffer and represents SOCE. 
n values: P104 ctrl = 209, P104 + mitoQ = 116, P104 + OH-mitoQ = 169, P106 ctrl = 60, P106 
+ mitoQ = 56, P106 + OH-mitoQ = 23; from three independent experiments. Data are presented 
in mean ± SEM. All P-values were calculated by using Student's t-tests. *p < 0.05; **p < 0.01; 
***p < 0.001. 

 

In order to determine if changes in mΔΨ were due to treatment with mitoQ or OH-mitoQ, we 

performed experiments using TMRM. MitoQ treatment caused almost total depolarization of 

the membrane in both fibroblasts, P104 and P106, whereas OH-mitoQ provoked a smaller 

reduction in P104 and no changes in P106 in comparison to control cells (Fig. 34).  
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Figure 34. Mitochondrial membrane potential in P104 and P106 treated with mitoQ or 
OH-mitoQ during 24 hours. (A, B) Mitochondria membrane potential of P104 ctrl and P104 
treated with mitoQ and OHmitoQ during 24 hours. (A) Arbitrary fluorescence units (Intensity 
mean) over time (min). First, basal values are shown and then, addition of 1 µM CCCP to 
TMRM loaded cells depolarize the membrane and results in fluorescence decrease. (B) 
Quantification of basal mΔΨ values. n values: P104 ctrl = 118, P104 + mitoQ = 137, P104 + 
OH-mitoQ = 89. (C, D) Mitochondria membrane potential of P106 ctrl and P106 treated with 
mitoQ and OHmitoQ during 24 hours. (C) Arbitrary fluorescence units (Intensity mean) over 
time (min). First, basal values are showed and then, addition of 1 µM CCCP to TMRM loaded 
cells depolarize the membrane and results in fluorescence decrease. (D) Quantification of basal 
mΔΨ values. n values: P106 ctrl =53, P106 + mitoQ = 48, P106 + OH-mitoQ = 48. Data are 
collected from two independent experiments and are presented in mean ± SEM. All P-values 
were calculated by using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Afterwards, using Seahorse assays, we checked if mitochondrial respiration is affected by mito-

CoQs treatment. The results showed that due to mitoQ treatment, basal respiration nearly 

reached 0 values, maximum respiratory capacity was drastically reduced and ATP-linked 

respiration was also significantly decreased in both fibroblasts. Conversely, OH-mitoQ 

treatment did not alter mitochondrial respiration (Fig. 35).  
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Figure 35. Mitochondrial and non-mitochondrial respiration in P104 and P106 treated 
with mitoQ and OH-mitoQ during 24 hours. (A) Quantification of OCR basal levels of P104 
ctrl and P104 treated with mitoQ or OH-mitoQ. (B) Quantification of maximal respiration 
capacity after FCCP injection of P104 ctrl and P104 treated with mitoQ or OH-mitoQ. (C) 
Quantification of ATP-linked respiration which was calculated by doing basal respiration – 
minimal respiration. Being minimal respiration, the lowest value after oligomycin injection. 
The graph shows values of P104 ctrl and P104 treated with mitoQ or OH-mitoQ. (D) 
Quantification of OCR basal levels of P106 ctrl and P106 treated with mitoQ or OH-mitoQ. (E) 
Quantification of maximal respiration capacity after FCCP injection of P106 ctrl and P106 
treated with mitoQ or OH-mitoQ. (F) Quantification of ATP-linked respiration which was 
calculated by doing basal respiration – minimal respiration. Being minimal respiration, the 
lowest value after oligomycin injection. The graph shows values of P106 ctrl and P106 treated 
with mitoQ or OH-mitoQ. All values were calculated after subtraction of non-mitochondrial 
respiration (values after antimycin A + rotenone injection). For P104, data are presented as the 
average of three independent experiments ± SEM (n = 8 wells / each experiment). For P106, 
data are presented as an individual experiment (n = 8 wells). All P-values were calculated by 
using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Next, as well as for HSF, we analyzed mH2O2 levels by using HyPer sensor targeted to 

mitochondria. P104 and P106 were pre-incubated for 24 hours with mitoQ or OH-mitoQ and 

the antioxidant effect of both mito-CoQs was tested (Fig. 36, A, D). Basal mH2O2 levels were 

lower after OH-mitoQ treatment in P104 and P106 and even lower with mitoQ, as depicted in 

Fig. 36, B and E, respectively. Quantification of Δ H2O2 showed that the oxidation of the sensor 
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was lower after pre-incubation with mito-CoQs (Fig. 30, C, F), proving their strong role as 

H2O2 scavengers. 

 

Figure 36. Mitochondrial H2O2 in P104 and P106 treated with mitoQ or OH-mitoQ during 
24 hours.  (A-C) H2O2 imaging in P104; (D-F) H2O2 imaging in P106. (A, D) Traces are 
presented as Ratio fluorescence (505 nm/420 nm) over time (min), addition of 100 µM H2O2 at 
time 2 min, causes oxidation of the probe and increased the signal ratio; addition of 10 mM 
DTT at time 4 min, reduced the probe. (B, E) Quantification of H2O2 basal levels in 
mitochondria. (C, F) Quantification of Δ H2O2 (max- basal).  n values: P104 ctrl = 37, P104 + 
mitoQ = 29, P104 + OH-mitoQ = 45, P106 ctrl =18, P106 + mitoQ = 20, P106 + OH-mitoQ = 
28; from three independent experiments. Data are presented in mean ± SEM. All P-values were 
calculated by using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Last, we analyzed the expression of genes involved in the MCU complex, comparing HSF, 

P104 and P106. Although HSF cannot be considered an adequate control since each fibroblast 

comes from a different individual, we were able to discard large changes due to big variations 

in the Ca2+ channel itself. The data showed no statistically significant differences between the 

three cell lines (Fig. 37).  
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Figure 37. MCU complex expression in HSF, P104 and P106.  Relative RNA expression of 
genes involved in MCU complex in HSF, P104 and P106. Data are presented as the average of 
three independent experiments ± SEM (n = 2 wells / each experiment).  All P-values were 
calculated by using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

The third experimental model strongly suggests that mito-CoQs affect mCa2+ most likely via 

regulation of SOCE and the mΔΨ rather that due to CoQ10 itself. Mito-CoQs affect mH2O2 

signaling preserving their antioxidant role. MitoQ, but not OH-mitoQ, negatively alters 

essential cellular parameters such as respiration, mΔΨ and Ca2+ signaling. 

 

5.2. COQ10 DEFICIENCY IN IPSC-DERIVED CARDIOMYOCYTES 

Next, we investigated the influence of CoQ10 on Ca2+ signaling in iPSC-derived CM. For this 

purpose, we used COQ4-mutated iPSC-CM which contain a mutation in the COQ4 gene 

causing CoQ10 deficiency; and COQ4-corrected iPSC-CM, iPSC from the same patient in 

which COQ4 mutation was corrected, recovering the cellular levels of CoQ10. For some of the 

experiments, control iPSC-CM were also used, which, although they belonged to another 

healthy person and cannot be considered a perfect control, could be useful in interpreting the 

obtained results. 

First, we studied cytCa2+ by live imaging measurements with FURA-2 AM. Calcium transients 

caused by contractions were detected, reflected in the form of peaks. We tried to synchronize 

the contractions using MyoPacer in order to quantify the changes in cytCa2+. It was observed 

that the contractions in both iPSC-CM did not pace at the desired rate in all experiments. 

However, all cells contracted at the same time, showing small fluctuations and great irregularity 

in COQ4-mutated iPSC-CM (Fig. 38), whereas COQ4-corrected iPSC-CM presented much 

larger fluctuations (peaks) and more regularity between them (Fig. 39).  As the pace failed in 
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most of the measurements, we could not quantify the frequency of beating, but we observed 

that it was much faster in COQ4-mutated iPSC-CM than in COQ4-corrected iPSC-CM (Fig. 

38 and 39). 

These fluctuations were quantified, and the basal values of cytCa2+ were obtained, determined 

as the minimum values. For this, we calculated the minimum values of each peak as shown in 

Fig. 40, C. The data showed no significant differences although there was a trend towards a 

higher cytCa2+ level in the COQ4-mutated iPSC-CM (Fig. 40, A). In the same way, we analysed 

the amplitude of the oscillations as shown in Fig. 40, C (red arrows - blue arrows). The 

quantification determined that the elevations of cytCa2+ were significantly higher in each 

contraction in the COQ4-corrected iPSC-CM compared to the mutated ones (Fig. 40, B). In 

addition, we also studied control iPSC-CM, which showed a similar behaviour to the COQ4-

corrected iPSC-CMs (Fig. 40, A-B). 

 

Figure 38. Cytosolic Ca2+ in COQ4-mutated iPSC-CM. (A-C) Three measurements as 
example where each graph represents the fluorescence ratio 340/380 versus time (sec) and each 
individual trace represents the cytCa2+ variations of a single cell. (D-F) The average of all the 
traces of the corresponding experiments (graphs above them). n values: (D) COQ4-mutated 
iPSC-CM = 18; (E) COQ4-mutated iPSC-CM = 26; (F) COQ4-mutated iPSC-CM = 13. 



113 

 

 

Figure 39. Cytosolic Ca2+ in COQ4-corrected iPSC-CM. (A-C) Three measurements as 
example where each graph represents the fluorescence ratio 340/380 versus time (sec) and each 
individual trace represents the cytCa2+ variations of a single cell. (D-F) The average of all the 
traces of the corresponding experiments (graphs above them). n values: (D) COQ4-corrected 
iPSC-CM = 23; (E) COQ4-corrected iPSC-CM = 24; (F) COQ4-corrected iPSC-CM = 3. 

 

 

Figure 40. Cytosolic Ca2+ in COQ4-mutated iPSC-CM, COQ4-corrected iPSC-CM and 
control iPSC-CM. (A) Quantification of the minimum values. (B) Quantification of the 
amplitude of the oscillations (max - min). (C) Representative scheme that help to understand 
how the quantification was done, where the red arrows show the maximum values and the blue 
arrows the minimum values of the peaks. n values: control iPSC-CM = 103, from one 
independent experiment; COQ4-mutated iPSC = 272, from two independent experiment; 
COQ4-corrected iPSC-CM = 139; from three independent experiments. Data are presented in 
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mean ± SEM. All P-values were calculated by using Student's t-tests. *p < 0.05; **p < 0.01; 
***p < 0.001. 

Then, measurements of the mΔΨ by TMRM showed lower levels in COQ4-mutated iPSC-CM 

compared to the corrected ones (Fig. 41, A-B). 

 

Figure 41. Mitochondrial membrane potential in COQ4-mutated and corrected iPSC-
CM. (A) Arbitrary fluorescence units (Intensity mean) over time (min). First, basal values are 
shown and then, addition of 1 µM CCCP to TMRM loaded cells depolarize the membrane and 
results in fluorescence decrease. (B) Quantification of basal mitochondrial membrane potential 
values. n values: COQ4-mutated iPSC = 100, COQ4-corrected iPSC-CM = 53; from two 
independent experiments. Data are presented in mean ± SEM. All P-values were calculated by 
using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Altogether, in COQ4-mutated iPSC-CM, we observe that the low values of the mΔΨ coincide 

with the small oscillations of cytCa2+. Since there is no driving force pushing Ca2+ into the 

mitochondrial matrix, Ca2+ release from the SR is very small. 
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5.3. USE OF TARGETED QUINONES AGAINST FERROPTOSIS IN 

HSF 

Taking into account the findings regarding the regulation of ferroptotic death through CoQ10 

(Bersuker et al., 2019; Doll et al., 2019) and our results, we analyzed whether there is a 

connection between the CoQ10 and Ca2+ signaling with ferroptotic cell death. 

Ferroptosis in HSF was induced using BSO and erastin. First, we performed proliferation and 

viability experiments with CTB and from the analysis we obtained the IC50 (Fig. 42). We choose 

100 µM BSO and 1 µM for erastin as final doses to induce ferroptosis. 

 

Figure 42. Ferroptosis induction in HSF. Proliferation and Viability experiments were 
performed with CellTiter-Blue®. HSF were cultured with BSO (100 µM, 1 mM, 5 mM, 10 
mM, 20 mM, 50 mM) for 24 hours (A) and 48 hours (B) and erastin (10 nM, 25 nM, 50 nM, 80 
nM, 100 nM, 500 nM, 1 µM , 5 µM, 10 µM, 50 µM) for 24 hours (C). Data are presented as 
the mean of at least 2 independent experiments ± SEM (n = 3 wells / each experiment). 

 

Since ferroptosis is characterized by the accumulation of LPO products in cell membranes, we 

compared the effects of different CoQs depending on their location. Thus, we tested mito-CoQs 

(used in the previous section) and plasma membrane-targeting quinones, decylQ and its 

hydroxylated form, OH-decylQ. Furthermore, we also evaluated Q1 and OH-Q1 for some 

experiments. 

First, we evaluated the toxicity of CoQs (mitoQ, OH-mitoQ, decylQ, OH-decylQ, Q1, OH-Q1). 

Proliferation and viability experiments measured with CTB showed that mitoQ and Q1 at 

concentrations greater than 2.5 µM and OH-mitoQ at concentrations greater than 5 µM, present 

certain toxicity for the cells. In contrast, decylQ, OH-decylQ and OH-Q1 did not affect cell 

viability at the same concentrations (Fig. 43). 
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Figure 43. Toxicity of quinones assessment in HSF. Proliferation and viability measured by 
using the CellTiter-Blue® Cell Viability Assay of HSF in the presence of various 
concentrations of DMSO as a control (A), OH-mitoQ (B), OH-decylQ (C), OH-Q1 (D), mitoQ 
(E), decylQ (F) and Q1 (G). For each experiment, cells were incubated with CoQs for 72 hours 
before fluorescence measurement. Data were normalized with untreated HSF (Control). Data 
are presented as the mean of four independent experiments ± SEM (n ≥ 2 wells / each 
experiment).  

 

5.3.1. Antiferroptotic effect of quinones  

A possible antiferroptotic effect of the CoQs was studied. First, we incubated HSF with various 

concentrations of DMSO (control), to rule out a possible toxic effect of the vehicle, and 100 

µM BSO or 1 µM erastin for 72 hours. As depicted in Fig. 44, BSO induced 60 % cell death, 

whereas erastin induced 95 %. 

 

Figure 44. Ferroptosis in HSF with BSO and erastin. Proliferation and viability measured 
by using the CellTiter-Blue® Cell Viability Assay in HSF in the presence of 100 µM BSO (A) 
or 1 µM erastin (B) together with different concentrations of DMSO (as control) for 72 hours 
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before fluorescence measurement. Data were normalized with untreated HSF and presented as 
the average of at least three independent experiments ± SEM (n = 3 wells / each experiment).  

 

Accordingly, we induced ferroptosis with 100 µM BSO (Fig. 45) or 1 µM erastin (Fig. 46) and 

we added the different concentrations of CoQs and OH-CoQs for 72 hours. The results showed 

that mito-CoQs (mitoQ and OH-mitoQ, Fig. 45. A, D, respectively) protected better from 

ferroptosis than untargeted quinones. In the experiments in which we induced ferroptosis with 

BSO, just 0.1 µM of mitoQ or OH-mitoQ were able to maintain 100 % survival. Using higher 

concentrations of these CoQs, it was seen that OH-mitoQ had a greater antiferroptotic effect. 

In contrast, decylQ, Q1 and their hydroxylated forms only reached around 80 % viability even 

at more concentrated doses, between 0.5 µM and 1 µM (Fig. 45. B, C, E, F). Similarly, when 

we induced ferroptosis with erastin, it was observed that only mitoQ achieved a viability of 62 

% with 0.1 µM (Fig. 46. D). However, the greatest survival (almost 80 %) was achieved with 

0.5 µM OH-mitoQ (Fig. 46. A).  Meanwhile, CoQs targeting the plasma membrane required 

higher doses, between 1 µM and 5 µM, to reach about 60 % viability (Fig. 46. B, C, E, F). 

 

Figure 45. Induction of ferroptosis in HSF with BSO and addition of CoQs and OH-CoQs 
as treatment. Proliferation and viability measured by using the CellTiter-Blue® Cell Viability 
Assay in HSF in the presence of 100 µM BSO together with various concentrations of OH-
mitoQ (A), OH-decylQ (B), OH-Q1 (C), mitoQ (D), decylQ (E) or Q1 (F) for 72 hours before 
fluorescence measurement. Data were normalized with untreated HSF (Fig. 44, A). Data are 
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presented as the mean of at least three independent experiments ± SEM (n = 3 wells / each 
experiment). 

 

 

Figure 46. Induction of ferroptosis in HSF with erastin and addition of CoQs and OH-
CoQs as treatment. Proliferation and viability measured by using the CellTiter-Blue® Cell 
Viability Assay in HSF in the presence of 1 µM erastin together with various concentrations of 
OH-mitoQ (A), OH-decylQ (B), OH-Q1 (C), mitoQ (D), decylQ (E) or Q1 (F) for 72 hours 
before fluorescence measurement. Data were normalized with untreated HSF (Fig. 44, B). Data 
are presented as the mean of at least three independent experiments ± SEM (n = 3 wells / each 
experiment). 

 

To determine whether CoQ treatment also affects LPO, we quantified LPO with the lipophilic 

fluorescent dye probe BODIPY581/591 C11 after preincubating HSF with erastin and mitoQ, 

OH-mitoQ, decylQ, and OH-decylQ. The results indicated that all CoQs significantly decreased 

LPO. It should be noted that mitoQ, OH-mitoQ and decylQ stood out for their efficacy 

compared to OH-decylQ, which was the least effective (Fig. 47, A-B). To verify this result, we 

measured LPO in HSF pre-incubated with CoQs alone, thus evaluating the effect that CoQs 

cause by themselves. There were no significant differences between HSF untreated (control) 

and treated with mitoQ, OH-mitoQ and decylQ, whereas OH-decylQ significantly increased 

LPO in HSF. Although without significant differences, mitoQ and OH-mitoQ also showed a 

tendency to increase LPO (Fig. 47, C). 
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Figure 47. Protective effect of CoQs and OH-CoQs on lipid peroxidation. LPO was 
measured using the lipophilic fluorescent dye probe BODIPY581/591 C11. (A, B) HSF were 
incubated with 5 µM erastin for 6 hours to induce ferroptosis and 0.5 µM mitoQ, OH-mitoQ, 
decylQ or OH-decylQ were also added in order to know the effect of quinones on LPO. 0.5 µM 
DMSO was added as control too. n values: ctrl/Er = 106, mitoQ/Er = 153, OH-mitoQ/Er = 138, 
decylQ/Er = 147, OH-decylQ/ Er = 165; from three independent experiments. (A) Data are 
presented as ratio-fluorescence microscopy of lipid oxidation (OX / RED ratio; background 
subtracted) over time (minutes). (B) The graph shows the quantification of LPO before 100 µM 
H2O2 addition. (C) HSF were incubated with 0.5 µM mitoQ, OH-mitoQ, decylQ or OH-decylQ. 
Also 0.5 µM DMSO was added as control. The graph presents the quantification of LPO levels. 
n values: ctrl = 44, mitoQ = 29, OH-mitoQ = 37, decylQ = 15, OH-decylQ = 10; from two 
independent experiments. Data are presented in mean ± SEM. All P-values were calculated by 
using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

 

5.3.2. Connection between Ca2+ signaling and 

ferroptosis in HSF 

In order to investigate if Ca2+ is involved in the regulation of ferroptosis and if it is linked to 

quinones' functions, we performed measurements of cytCa2+. Interestingly, the addition of 

erastin to the cell culture medium robustly reduced basal cytCa2+ levels, the amount of Ca2+ 

stored in the ER and SOCE (Fig. 48). 
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Figure 48. Cytosolic Ca2+ in HSF during induction of ferroptotic death. The graphs show 
the comparison of cytosolic Ca2+ between control HSF and HSF treated with 1 µM erastin for 
24 h. (A) The graph represents the fluorescence ratio 340/380 over time (min). First basal 
cytCa2+ levels are shown. Next, addition of 1 µM thapsigargin to FURA - 2 AM loaded cells 
results in an increase of ratio 340/380, first peak, and the addition of extracellular Ca2+ provoke 
the second peak. Last, addition of free Ca2+ buffer decreases to minimum the ratio fluorescence. 
(B) Quantification of the basal Ca2+ levels in the cytosol. (C) Quantification of Δ values after 
thapsigargin stimulation (max – min), which leads to the depletion of Ca2+ from the ER, 
represents the Ca2+ store in the cells. (D) Δ quantification of the second peak (max – min), 
which is due to Ca2+ addition in the buffer and represents SOCE. n values: ctrl = 487, ctrl/Er = 
357; from three independent experiments. Data are presented in mean ± SEM. All P-values 
were calculated by using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Since we considered important to compare the role of mitochondrial-targeted and plasma-

membrane-targeted quinones, before proceeding with the effect that CoQs have on ferroptosis, 

we assessed the effect that decylQ and OH-decylQ have on the cytCa2+ signaling (results of 

mitoQ and OH-mitoQ has been already shown (Fig. 26)). The results showed small changes 

after the addition of these CoQs compared to control HSF. OH-decylQ caused a slight decrease 

in basal cytCa2+ levels and both CoQs seemed to increase SOCE (Fig. 49). 

 

Figure 49. Cytosolic Ca2+ in HSF treated with decylQ and OH-decylQ. (A) The graph 
represents the fluorescence ratio 340/380 over time (min). First basal cytCa2+ levels are shown. 
Next, addition of 1 µM thapsigargin to FURA - 2 AM loaded cells results in an increase of ratio 
340/380, first peak, and the addition of extracellular Ca2+ provoke the second peak. Last, 
addition of free Ca2+ buffer decreases to minimum the ratio fluorescence. (B) Quantification of 
the basal Ca2+ levels in the cytosol. (C) Quantification of Δ values after thapsigargin stimulation 
(max – min), which leads to the depletion of Ca2+ from the ER, represents the Ca2+ store in the 
cells. (D) Δ quantification of the second peak (max – min), which is due to Ca2+ addition in the 
buffer and represents SOCE. n values: ctrl = 487, decylQ = 487, OH-decylQ = 374; from three 
independent experiments. Data are presented in mean ± SEM. All P-values were calculated by 
using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 
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Next, we further explored the preventive effect that quinones could be providing against 

ferroptosis and the importance of Ca2+. We pre-incubated HSF with erastin together with CoQs. 

For these experiments, we analyzed the effect caused by mitoQ, decylQ and their hydroxylated 

forms (OH-mitoQ and OH-decylQ) (Fig. 50). Interestingly, we again observed a pattern that 

distinguishes between hydroxylated and non-hydroxylated CoQs. MitoQ and decylQ showed 

an elevation of basal cytCa2+ levels, to normal values (basal cytCa2+: Ctrl = 0.310, mitoQ / Er 

= 0.296, decylQ / Er = 0.318) while OH-mitoQ and OH-decylQ showed no changes compared 

to HSF incubated with erastin alone (basal cytCa2+ = 0.28) (Fig. 48, B; Fig. 50, B and F). On 

the other hand, mitoQ and decylQ decreased ER Ca2+ storage even more, while OH-mitoQ and 

OH-decylQ increased it reaching normal values, even exceeding them in the case of OH-decylQ 

(Δ Ca2+ ER: Ctrl = 0.130, OH-mitoQ / Er = 0.126, OH-decylQ / Er = 0.156) (Fig. 48, C; Fig. 

50, C and G). In addition, the four CoQs increased SOCE, and the increase was more 

significant in the OH-CoQs, being OH-mitoQ the one that was closest to normal values (Δ 

SOCE: Ctrl = 0.139, Ctrl / Er = 0.057; mitoQ / Er = 0.081, decylQ / Er = 0. 085, OH-DecylQ / 

Er = 0. 097, OH-mitoQ / Er = 0.117) (Fig. 48, D; Fig. 50, D and H). 

 

Figure 50. Cytosolic Ca2+ in HSF treated with CoQs and OH-CoQs during induction of 
ferroptotic death. The graphs show the comparison of cytosolic Ca2+ between HSF treated 
with 1 µM erastin for 24 hours and HSF treated with 1 µM erastin together with 0.5 µM of 
mitoQ and OH-mitoQ (A-D) or decylQ and OH-decylQ (E-H) for 24 hours. (A and E) The 
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graph represent the fluorescence ratio 340/380 over time (min). First basal cytCa2+ levels are 
shown. Next, addition of 1 µM thapsigargin to FURA - 2 AM loaded cells results in an increase 
of ratio 340/380, first peak, and the addition of extracellular Ca2+ provoke the second peak. 
Last, addition of free Ca2+ buffer decreases to minimum the ratio fluorescence. (B and F) 
Quantification of the basal Ca2+ levels in the cytosol. (C and G) Quantification of Δ values after 
thapsigargin stimulation (max – min), which leads to the depletion of Ca2+ from the ER, 
represents the Ca2+ store in the cells. (D and H) Δ quantification of the second peak (max – 
min), which is due to Ca2+ addition in the buffer and represents SOCE. n values: ctrl/Er = 357, 
mitoQ/Er = 380, OH-mitoQ/Er = 376, decylQ/Er = 259, OH-decylQ = 299 ; from three 
independent experiments. Data are presented in mean ± SEM. All P-values were calculated by 
using Student's t-tests. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

These results suggest that, mito-CoQs might be protecting against ferroptosis as effectively as 

untargeted CoQs, which remain in the plasma membrane, avoiding LPO. Besides, hydroxylated 

forms could be protecting better than native forms. In addition, the induction of ferroptosis by 

FINs disturbs cytCa2+ signaling which is almost recovered with the use of CoQs. 

 

5.4. COQ10-DEFICIENT CELLS AND FERROPTOSIS 

Finally, after observing the strong protective effect of CoQs against ferroptosis, we used cells 

devoid of CoQ10. Based on the current knowledge, we expected that these cells will be more 

sensitive to FIN-induced ferroptosis. 

For this purpose, we used fibroblasts lacking CoQ10, labeled as P104 and P106. The cells were 

treated with a wide range of RSL3, BSO or erastin concentrations to induce ferroptosis.  CTB 

assays showed that 0.5 µM of RSL3 reduced cell viability more than 50 % in control HSF, 

being only around 20 % of  HSF able to survive with 5 µM RSL3. On the contrary, P104 and 

P106 were insensitive to RSL3, and even presented an increase in viability of 20 - 50 % in 

comparison with the untreated cells (Fig. 51, A). Furthermore, 100 µM BSO induced around 

50 % of HSF death, while P104 and P106 again showed no changes in viability with up to 5 

mM BSO. Only high concentrations of BSO (50 mM) caused reduction in viability by 50 % in 

the CoQ10 deficient fibroblasts (Fig. 51, B).  In addition, the same experiment was performed 

with erastin. 1 µM erastin caused 50 % HSF death, reaching 83 % with 5 µM. As well as with 

the previous used FINs, P104 and P106 were much more resistant to erastin. While 10 µM 

erastin were needed to halve the viability in P104, P106 still exhibited almost 87 % viability at 
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that concentration. The addition of 50 µM erastin was needed to reduce 90 % the viability of 

both cells (Fig. 51, C).   

The study continued trying to achieve such expected effect with COQ4 iPSC-CM. The idea was 

the same, we tried to induce ferroptotic death by the use of FINs and to prevent it with the 

treatment of quinones (Fig. 52). For this experiments, we determined cell viability by crystal 

violet staining comparing control iPSC-CM with COQ4 iPSC-CM. We pre-incubated the cells 

with RSL3 and CoQs and OH-CoQs for 216 hours. In addition, we added erastin on top the last 

72 hours. At first sight, we did not observe any change in cell viability between the different 

conditions and neither we saw differences between iPSC-CM-control (Fig. 52, A) and iPSC-

CM-CoQ10 deficient (Fig. 52, B), apart only from an increase in cell death probably caused by 

mitoQ with or without addition of erastin. However, the quantification (Fig. 52, C) showed that 

after inducing cell death with FINs around 50 % of the control iPSC-CM died, while only 

around 20 % death was achieved in the iPSC-CM lacking CoQ10. Furthermore, OH-mito, 

decylQ and OH-decylQ seem to have a minimal tendency to increase cell viability after the 

 induction of ferroptosis, but it is not statistically significant. On the other hand, mitoQ 

significantly decreased cell viability in both iPSC-CM. 
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Figure 51. Induction of ferroptosis in HSF, P104 and P106 with RSL3, BSO and erastin. 
Proliferation and Viability measured by using the CellTiter-Blue® Cell Viability Assay in HSF, 
P104 and P106 in the presence of RSL3 (A), BSO (B) and erastin (C) for 24 hours before 
fluorescence measurement. Data were normalized with untreated HSF. Data are presented as 
the average of n = 3 wells ± SEM of a representative experiment, being repeated at least 2 times. 
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Figure 52. Induction of ferroptosis in control and COQ4-mutated iPS-CM with RSL3 ± 
erastin and addition of quinones as treatment. Viability measured by using PFA fixation and 
crystal violet staining after treating the cells with different concentrations of FINs and quinones. 
Images of control iPSC-CM (A) and COQ4-mutated iPSC-CM (B) after being stained with 
crystal violet. (C) Quantification of cell viability. Data were normalized with untreated cells. 
Data are presented as the mean of n = 2 wells from one independent experiments ± SEM. 
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Finally, as these cells were resistant to the induction of ferroptotic death, we decided to reduce 

the CoQ10 content in our control fibroblasts (HSF) by treating the cells with simvastatin. Then, 

we induced ferroptosis with RSL3 or erastin and perform proliferation and viability assay by 

using CTB. As depicted in Fig. 53, both addition of 0,5 µM RSL3 and 1 µM erastin in HSF, 

caused 50 % of cell death compared to HSF control. However, when HSF's CoQ10 content was 

reduced, RSL3 and erastin did not cause any effect on cell viability.  

 

Figure 53. Induction of ferroptosis in HSF with RSL3 and erastin after CoQ10 reduction. 
Proliferation and Viability measured by using the CellTiter-Blue® Cell Viability Assay in HSF. 
HSF were preincubated with simvastatin (simv) for 72 hours and ferroptosis was induced by 24 
hours RSL3 or erastin treatment before fluorescence measurement. Data were normalized with 
untreated HSF. Data are presented as the mean of at least three independent experiments ± SEM 
(n = 3 wells / each experiment). 

 

These results suggested that some alternative regulatory pathway or antioxidant system may be 

acting to compensate CoQ10's protective properties in cells with CoQ10 deficiency.  
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6.1. COQ10 AND CA2+ SIGNALING 

Mitochondria take up large amounts of Ca2+, as discovered 60 years ago (Deluca & Engstrom, 

1961). Since then, numerous studies have shown that mCa2+ signaling is essential for many 

cellular functions, such as proliferation, ATP synthesis and cell death (Balaban, 2009; Patron 

et al., 2013). Defective Ca2+ signaling would lead to failures in those physiological processes 

and, consequently, to the appearance and progression of pathologies. Several investigations 

have tried to identify the proteins and the mechanisms involved in Ca2+ transport into the 

mitochondria. It is known that to reach the mitochondrial matrix, Ca2+ has to cross the OMM 

and the IMM. While the OMM is permeable to Ca2+ through VDAC, the IMM does not have 

this permeability and needs specific channels and transporters. The major role in controlling 

mCa2+ uptake in the IMM is played by the MCU complex (Baughman et al., 2011; De Stefani 

et al., 2011; Perocchi et al., 2010). However, one of the characteristics of MCU complex is its 

low affinity for Ca2+, being activated at concentrations around 1 µM and dependent on the 

electrochemical gradient of Ca2+ that arises from the mΔΨ (about -180 mV) (De Stefani et al., 

2016; Kirichok et al., 2004; Petrungaro et al., 2015). Considering this and the fact that in resting 

conditions the cytCa2+ concentration is ∼10-7 M (Bagur & Hajnoczky, 2017), an increase in 

Ca2+ localized near the mitochondria is necessary for mitochondria to take up Ca2+ via MCU 

complex. This increase in Ca2+ can be controlled by the organellar architecture and dynamics 

or generated by a stimulus or signaling mechanisms, such as SOCE (Parekh, 2008). However, 

we suggest that there must be some component in the IMM that mobilizes Ca2+ from the cytosol 

to the mitochondria in resting conditions. 

In addition to MCU complex, other transporters have been proposed as regulators of mCa2+ 

signals. LETM1 (leucine zipper-EF-hand-containing transmembrane protein 1) has been 

suggested as a Ca2+/H+ exchanger and could potentially act both on influx and efflux depending 

on whether the mCa2+ concentration is low or high, respectively (Jiang et al., 2009). NCX 

(mitochondrial Na+ -Ca2+ exchanger) has also been proposed as a candidate to regulate mCa2+. 

Initially, it was suggested that it participated in the export of Ca2+ from the mitochondrial matrix 

(3Na+/Ca2+) (Palty et al., 2010). However, it has recently been shown that NCX can also act in 

the opposite direction by transporting Ca2+ to the matrix (Samanta et al., 2018). In addition, 

mitochondrial uncoupling proteins 2 and 3 (UCPs 2-3) were also described to participate in the 

mCa2+ uptake (Graier et al., 2008). Although, there is debate over the function of these 
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transporters (Brookes et al., 2008) and more research is necessary to fully understand their roles 

in mCa2+ regulation. 

Given the role of CoQ10 as a major antioxidant and transporter of e- and H+ in the mETC, it was 

hypothesized in the past that if CoQ10 is capable of transporting H+, it could also transport other 

cations such as Ca2+. Thus, in this study, we manipulated the content of CoQ10 in HSF. We 

found that the basal levels of mCa2+ and the uptake of Ca2+ by the mitochondria were higher 

when CoQ10 was decreased (Fig. 20). This result suggests that CoQ10 may participate in the 

efflux of Ca2+ ions from the mitochondrial matrix, instead of in Ca2+ uptake.  

However, it is unclear if Ca2+ transport is a real function of CoQ10. Otherwise, it could be that, 

due to alterations in CoQ10 content, other parameters are affected, being responsible for these 

changes in Ca2+ signaling. For example, an increase in cell proliferation and viability, would 

cause a greater energy demand; or an increase in the levels of cytCa2+, would cause the 

activation of the MCU complex allowing the entry of Ca2+. We tested both parameters and 

showed that neither of them affected mCa2+ signaling (Fig. 21, 22). Furthermore, changes in 

mΔΨ could also explain such increase in mCa2+, since the entry of Ca2+ through the MCU 

complex is dependent on the electrochemical gradient that exists through the IMM (mΔΨ) 

(Jacobson & Duchen, 2004; McKenzie et al., 2017). Interestingly, we detected an increase in 

mΔΨ after the decrease in CoQ10, which was reversed by restoring the content of CoQ10 in the 

cell (Fig. 23. A, B). On the other hand, our observations also indicate that the increase in mCa2+ 

could also be due to changes in the MCU complex. Gene expression analysis showed a 

significant decrease in MCUb, a blocking part of the complex (Lambert et al., 2019), which 

would positively affect the entry of Ca2+ (Fig. 23, D). However, the cells treated with 4NB + 

4HB, displayed a decrease in MCUb expression and, on the contrary, mCa2+ levels were not 

altered. 

 

6.1.1. CoQ supplementation 

With the idea of correcting deficiencies in CoQ10 and the drawbacks that they entail, numerous 

studies have suggested beneficial effects of CoQ10 supplementation in several diseases. For 

instance, in cardiomyopathy, patients with moderate to severe heart failure treated with CoQ10 

showed that CoQ10 treatment was safe, improved symptoms and reduced major adverse 

cardiovascular events (Mortensen et al., 2014). Furthermore, Mohseni et al. found that CoQ10 
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supplementation was able to improve blood pressure and lower cholesterol in patients with 

hyperlipidemia and myocardial infarction (Mohseni et al., 2014). In addition to cardiac diseases, 

there are studies showing that supplementation with CoQ10 has a beneficial effect on 

hypertension (Gonzalez-Guardia et al., 2015), diabetic kidney diseases (Xiao et al., 2017) and 

multiple sclerosis (Mao et al., 2013). Moreover, CoQ10 administration significantly reduced 

triglyceride concentrations in patients with metabolic disease (Sharifi et al., 2018), improved 

chronic obstructive pulmonary disease (Chen et al., 2019) and neurodegenerative diseases 

(Muthukumaran et al., 2018), and it has even been described as a potential treatment for 

COVID-19 (Ouyang & Gong, 2020). More focused on the mitochondria, since it contains large 

amounts of CoQ10, the mitochondrial-targeting CoQ10 analogue, mitoQ, has long been 

considered as a potential drug. For instance, a study of cardiac fibrosis in mice showed that 

mitoQ improves cardiac hypertrophy, fibrosis and LV dysfunction in pressure-overloaded 

hearts by inhibiting the interaction between TGF-β1 and mitochondrial redox signalling (Goh 

et al., 2019). It should be noted that most studies performed with CoQ10 supplementation 

focused on its function as an antioxidant. It is even stated, literally, that the main benefit of 

CoQ10 supplementation comes from its ability to reduce oxidative stress, which is the most 

important and relevant function (Gutierrez-Mariscal et al., 2020). While it seems clear that 

mitoQ experimentally reduces ROS levels in mitochondria and prevents oxidative stress, far 

less attention has been paid to potential side effects. Considering that mitoQ accumulates in 

mitochondria in very high concentrations, the possibility that it may regulate mitochondrial 

function at other levels should not be ignored. In particular, mitoQ could interfere with Ca2+ 

signaling, since we show that CoQ10 can modulate mCa2+. 

In previous studies, our research group has extensively analyzed the physicochemical and 

physiological properties of CoQ1 and CoQ10. Interestingly, a new group of specifically 

hydroxylated quinones (OH-CoQs) through radical mechanisms at high pH or in the presence 

of cytochrome P450 was identified. OH-CoQs were quite stable and acted as potent ROS 

scavengers. Furthermore, they were able to efficiently and selectively bind alkaline earth metal 

cations, particularly Ca2+, and transport them through an artificial bio-membrane. It is worth 

noting that the chemical approach to produce hydroxylated derivatives used in the studies could, 

in principle, be replaced by the action of monooxygenases or other hydroxylating enzymes in 

organisms (Bogeski, Gulaboski, et al., 2011; Gulaboski et al., 2013). Thus, these results 

suggested that OH-CoQ10 could be a good candidate for regulating Ca2+ in mitochondria when 

cytCa2+ levels are low.  
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Hence, with these findings and aiming to elucidate the mechanism of action behind this increase 

in mCa2+, when decreasing CoQ10 content, we treated HSF with mitoQ and its hydroxylated 

form, OH-mitoQ. Addition of mitoQ significantly reduced mCa2+ levels fitting with the 

previous results, while OH-mitoQ increased them (Fig. 24). Further experiments showed that 

mitoQ depolarized the membrane (Fig. 27), reduced Ca2+ signaling also at cytosolic levels (Fig. 

26) and reduced mitochondrial respiration (Fig. 29). By contrast, OH-mitoQ was shown to be 

a good antioxidant that does not alter mitochondrial metabolism. Furthermore, the gene 

expression levels of components of the MCU complex did not show an increase in MCUb (Fig. 

28, A). Therefore, it was not possible to explain this effect by changes at the genetic level. On 

the other hand, at the protein level (Fig. 28, B-F), MCUb is highly expressed when we pre-

incubate with mitoQ, suggesting that it may affect mCa2+ to some extent. It should also be noted 

that pre-incubation with OH-mitoQ also produces an increase in MCUb protein, while mCa2+ 

is not inhibited. These results show that modifications in gene or protein expression of MCU 

complex are not likely to be the cause of mCa2+ changes, but they suggest that mitoQ affects 

mCa2+ most likely via regulation of the mΔΨ and SOCE. 

Supporting our results, previous studies also found that mitoQ decreased the mΔΨ in bovine 

aortic endothelial cells (BAECs) at concentrations higher than 1 µM, in this case, showing no 

toxicity when measuring cell viability (Fink et al., 2009). Furthermore, Gottwald et al. have 

shown, using live imaging and both in vitro and in vivo models, that mitoQ (500 nmol/L) caused 

inflammation and acute mitochondrial depolarization in Kidney proximal tubules (Gottwald et 

al., 2018). Another study has reported that mitoQ could actually increase ROS production in 

some cancer cells, and this was associated with a decrease in mΔΨ and mtDNA integrity 

(Pokrzywinski et al., 2016). Moreover, mitoQ has also been found to induce autophagy in liver 

cells (Lyamzaev et al., 2018). Besides, it has been described as inappropriate for the therapy of 

acute pancreatitis. In this disease, bile acids depolarize the mitochondrial membrane and in vitro 

studies with mitoQ showed that mitoQ not only did not reduce such depolarization, but it rather 

enhanced it. In in vivo models, mitoQ treatment was also not protective (Huang et al., 2015).  

In addition, and supporting our data, it was published that mito-CoQs enhanced ECAR under 

basal respiratory conditions (Fink et al., 2012), suggesting that these compounds enhance 

glycolysis (Fig. 29, E, F). This increase in glycolysis produced by mitoQ was described to be 

dose-dependent. Additionally, mitoQ has been reported to suppress fatty acid oxidation (Fink 

et al., 2012). 
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Therefore, our results and, as mentioned, other studies show that mitoQ treatment is toxic to 

some cells, at least in the concentration used due to the devastating side effects.  

 

6.1.2. Toxicity of mitoQ 

Studies showed that the toxic effect of mitoQ may depend on time and dose. Hence, one study 

indicated a marked reduction in oxidative respiration at mitoQ concentrations above 150 nM. 

It is pointed out that the use of mitoQ for therapeutic purposes must consider the bioenergetic 

action and the doses must be low enough to avoid a critical limitation of the generation of 

cellular ATP (Fink et al., 2012). Of note is that most of the cellular studies demonstrating the 

benefits of mitoQ involved concentrations in the upper range or above what they examined 

herein. For example, a study showed that concentrations of 0.5 and 1 µM of mitoQ significantly 

reduced endogenous DNA damage, while lower concentrations had no impact. The results of 

this investigation suggest that mitoQ may have anti-immunosenescent potential on human 

peripheral mononuclear cells (Marthandan et al., 2011). However, our data reflected that at a 

concentration of 0.1 µM, mitoQ caused a decrease in the mΔΨ (Fig. 27, G) if we compare it 

with the vehicle (Fig. 27, E). Although it would be interesting to study how lower 

concentrations of mitoQ affect other physiological parameters, the change in the mΔΨ already 

indicates that there is a change in mitochondrial metabolism.On the other hand, other studies 

showed that the toxic effect of mitoQ could be caused by the TPP+ cation. Reily et al. compared 

effects of antioxidants directed to the mitochondria, including mitoQ, on the cellular 

bioenergetics of mesangial cells, with the lipophilic cation TPP+, which lacks the antioxidant 

functional group and is responsible for directing the molecule to the mitochondria. They 

demonstrated that the TPP+ can alter mitochondrial function at concentrations frequently 

observed in cell cultures (0.1 - 1 µM), independently of the antioxidant functional groups (Reily 

et al., 2013). Another study proved that depolarization mΔΨ in kidney proximal tubules is due 

to increased permeability of IMM, rather than antioxidant activity, since this effect is repeated 

by TPP+, but not by Elamipretide (SS-31), another mitochondrial target antioxidant lacking in 

TPP+ (Gottwald et al., 2018). On the contrary, Fink et al., showed that the effects of mitoQ on 

IMM uncoupling are not caused by the TPP+ cation moiety, because the cation itself did not 

alter the bioenergetic profile (Fink et al., 2012). Our data is supported by these last results since 

both mitoQ and OH-mitoQ present the TPP+ cation, and while mitoQ causes alterations in 

mitochondrial bioenergetics, OH-mitoQ, at the same concentration, does not (Fig. 29). It is 
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likely that the effects of TPP+ compounds also depend on the cell type, since the bioenergetics 

of cells show a variety of responses depending on the number of mitochondria and their 

regulation (Dranka et al., 2011).  

In conclusion, there is a pressing need to understand better the mechanism of action of mitoQ 

on mitochondrial function before treating patient with it. On the contrary, we demostrate OH-

mitoQ as a good potential candidate. 

 

6.2. COQ10 AND REDOX SIGNALING 

Mitochondria are thought to be the main sources of ROS in most cell types. O2
− • is produced 

in complexes I and II of the ETC, which is quickly converted into H2O2, a much more stable 

ROS, by SOD. O2
− • and H2O2 are no longer considered simply as cytotoxic byproducts of 

respiration (Zorov et al., 2014). On the contrary, ROS are well established as important second 

messengers and signaling molecules that participate in a multitude of physiological processes 

(D'Autreaux & Toledano, 2007). Besides, accumulating evidence suggests an important 

interaction between Ca2+ and redox signalling (Bogeski, Kappl, et al., 2011; J et al., 2014; 

Jacobson & Duchen, 2002; Saul et al., 2016). Accordingly, high mCa2+ concentration is 

associated with increased energy production, resulting in greater flux through the ETC and 

subsequently higher levels of generated H2O2 (Diebold & Chandel, 2016; Ermakova et al., 

2014; Murphy, 2009).  H2O2 acts as a regulator of cell signaling pathways through the oxidation 

of thiol groups of proteins, affecting their location, interaction and enzymatic activities. 

However, when H2O2 levels exceed a certain threshold, indiscriminate oxidation is triggered, 

which can even culminate in cell death (Pak et al., 2020).  

In several studies have been shown that mCa2+ and redox signalling are altered and significantly 

contribute to disease progression and pathogenesis (Lemasters et al., 2009; Nakayama et al., 

2007). It was shown the relevance of Ca2+ on the mitochondrial permeability transition (mPTP), 

a relevant process in both necrosis and apoptosis cell death (Lemasters et al., 2009). Therefore, 

we wonder if mCa2+ and redox signalling also was also involved in other types of programmed 

cell deaths.  

Oxytosis was first described more than 30 years ago in nerve cells as a non-excitotoxic pathway 

for glutamate-induced cell death (Miyamoto et al., 1989; Murphy et al., 1988; Murphy et al., 

1990; Tan et al., 2001). The main characteristics of oxytosis are GSH depletion, lipoxygenase 
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activation, accumulation of ROS, and increased Ca2+ influx (Lewerenz et al., 2018). In 2012, a 

pathway with similar characteristics as oxytosis was identified in transformed fibroblasts and it 

was called ferroptosis (Dixon et al., 2012). All the evidences indicate that these are the same 

cell death pathways. Several studies have shown an increase in cytCa2+ during the last stage of 

ferroptotic death. (Li et al., 1997; Tan et al., 1998). Furthermore, several compounds that 

decrease Ca2+ influx, such as CoCl2 (Tan et al., 1998) and apomorphine (Ishige et al., 2001) 

have been described as inhibitors of ferroptotic cell death induced by erastin and RSL3, further 

supporting a role for late-stage Ca2+ influx in oxytosis/ferroptosis. Moreover, Nagase et al. 

recently showed that erastin induced Ca2+ influx in HT22 cells (Nagase et al., 2020). An 

additional study showed that the abolition of Orai1 and Orai3 also protects against RSL3-

induced ferroptosis (Goldberg et al., 2020), thus providing more evidence that the Ca2+ entry is 

a characteristic of this cell death. Another group also detected an increase in cytCa2+ in the last 

stage of ferroptosis. But in this case, it was associated with nanopores in the MP instead of with 

SOCE (Pedrera et al., 2021). Noteworthy, all studies were conducted in mouse cell lines. 

In this study, we induced ferroptosis with BSO and erastin in HSF and could record increase in 

cell death (Fig. 44) and increase in LPO (Fig. 47). However, contrary to what has been 

described, the induction of ferrotosis with erastin caused a significant decrease in the basal 

levels of cytCa2+, as well as Ca2+ store content in the ER and SOCE (Fig. 48). 

This discrepancy may be due to the different phases of the ferroptotic process. In the early 

phases of ferroptosis there could be a decrease in cytCa2+, while in the final phase there could 

be an increase. We pre-incubated HSF with 1 µM erastin for 24 hours and perhaps this was not 

enough time to show that increase in cytCa2+ levels before cell death. But when checking the 

methods that Nagase et al., 2020 used for their study, they use lower concentrations during the 

same time (0.2 µM or 0.5 µM for 24 h); thus dismantling this possible explanation. However, 

ferroptosis is a specie- and cell-type process, therefore, although this effect on Ca2+ levels 

appears to be consistent in mouse models, it might not be happening the same in humans. 

 

 

6.2.1. CoQs against ferroptosis 

In 2004, Dhanasekaran et al. published that pre-treatment of BAECs with the mitochondrial 

antioxidants, mitoQ (1 µm) but not with the untargeted antioxidants (vitamin E) inhibited LPO 
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and protein oxidation (Dhanasekaran et al., 2004). It was reported that mitoQ reduced the 

cellular iron concentration, as it is now known that it also functions as an iron chelator 

(Bentinger et al., 2007; Bentinger et al., 2010). 

Our results showed that mitoQ (0.5 μM) reduced LPO (Fig. 47) and reduced mH2O2 levels (Fig. 

30, 36), but it did depolarize the mitochondrial membrane (Fig. 27, 34).  

On the other hand, Friedmann Angeli et al. demonstrated that the mitochondria-targeted 

antioxidant mitoQ is much less efficient in protecting cells against ferroptotic cell death caused 

by the removal of Gpx4 (KO) or the use of FINs (erastin, RSL3 or BSO), compared to the 

membrane-targeted antioxidant decylQ. The study was done in mouse embryonic fibroblast 

(Pfa1 cells), and specifically, they determined that 100 times higher concentrations of mitoQ 

were needed. They state that not only the extramitochondrial compartments but also the 

mitochondria were involved in the increase in LPO caused by Gpx4 depletion. However, rescue 

with mitochondria-targeted antioxidants was much less efficient than with non-targeted ones 

(Friedmann Angeli et al., 2014). 

Trying to simulate these results, in addition to verifying the effect that OH-CoQs, targeted to 

mitochondria or untargeted has on ferroptosis, we added quinones to HSF in which ferroptotic 

death was induced by BSO or erastin. Contrary to what has been described, mito-CoQs 

protected the cells from ferroptosis to a similar extend as untargeted CoQs that remain in the 

plasma membrane (Fig. 45, 46). Furthermore, although there was not a big difference, there 

was a trend that indicated that hydroxylated forms protect better. In addition, LPO was reduced 

following treatment with all quinones. 

To further study the involvement of Ca2+ in the regulation of ferroptosis and the contribution of 

CoQs in its regulation, we induced ferroptosis with erastin and tested cytCa2+ levels after a 

treatment with CoQs. Surprisingly, the levels of cytCa2+ were almost restored, suggesting the 

participation of Ca2+ in ferroptotic cell death (Fig. 48, 50). 

The protecting effects of mitochondrially targeted quinones may be because not all mitoQ and 

OH-mitoQ molecules reach the mitochondria. Due to their lipophilicity, some proportion of 

these molecules could remain in the plasma membrane. It may also be that the effect is different 

depending on the species. Although most studies are investigating fibroblasts, mouse fibroblasts 

and human fibroblasts can behave completely different. Nevertheless, additional studies are 

needed to understand the role of coenzyme Q as well as mitochondria in ferroptosis.  
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6.2.2. Resistance of CoQ10-deficiency cells to 

ferroptosis 

In order to understand the clinical relevance of our findings, we evaluated the potential 

therapeutic use of quinones targeting mitochondria, especially their hydroxylated forms. In 

primary HSF deficient in CoQ10 and also in iPSC differentiated cardiomyocytes from patients 

deficient in CoQ10, we induced ferroptosis with erastin, BSO or RSL3. By utilizing this 

approach, it was possible to block the glutathione-dependent pathway at different points: by 

inhibiting the cystine/glutamate antiporter, the GCL enzyme or GPX4, respectively. 

Considering the two known pathways that protect against ferroptosis: glutathione-dependent 

pathway and FSP1 - CoQ10 - NAD(P)H pathway, we assumed that these cells, in the absence 

of CoQ-dependent protection, would be much more sensitive to FIN-induced ferroptosis. 

Unexpectedly, the concentration of FINs needed to induce ferroptotic cell death in HSF and 

iPSC-derived cardiomyocytes was significantly higher in the CoQ10-defficient cells (Fig. 51). 

While 100 µM BSO was enough to lower the cell population to half, 50 mM BSO was required 

to achieve just that 50 % cell death in CoQ10-deficient fibroblasts. Likewise, 1 µM erastin in 

healthy HSF caused a reduction in viability between 80 - 90 %, while not even 10 µM erastin 

affected the viability of CoQ10-deficient fibroblasts. The similar effect could be observed upon 

treatment with RSL3, 0.5 µM caused the death of more than 50 % of the healthy HSF, while in 

CoQ10 deficient fibroblasts, the viability was intact or even increased with 5 µM. In the case of 

cardiomyocytes (Fig. 52), much higher concentrations of the drugs (RSL3 and erastin) were 

needed to induce ferroptosis. Nevertheless, the effect was similar, as we observed that after 

treatment with FINs, around 50 % cell death was achieved in the control cardiomyocytes, while 

only around 25 % of cardiomyocytes lacking CoQ10 were not viable following treatment with 

the same concentration of FINs. These results suggested that some other alternative pathway or 

antioxidant system may be activated or upregulated in cells with CoQ10 deficiency.  

 

It had been described that direct inhibition of GCL (by BSO) leads to upregulation of an 

alternative antioxidant pathway that may also slow down ferroptosis. For example, high levels 

of SLC7A11-mediated import of Cystine, in conjunction with the thioredoxin system, may 
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replace the GSH-dependent metabolic pathway in some cells both in vitro and in vivo (Cao & 

Dixon, 2016; Harris et al., 2015; Mandal et al., 2010). 

 

Figure 54. Significant gene hits of CoQ deficency fibroblast patients versus control. 
Corresponding full change (FC) values from the comparative analysis ran with Affymetrix 
GeneChip Human Genome U133 Plus 2.0 Array by Navas at al. are transformed via 
sign(x)*log10(|x|). Genes are categorized by the behavior after the treatment: non-affacted (−); 

uneffected (U); partially recovered (pR); complete recovered (R); opposite regulation (O). 
Graph done with the help of Christian Ickes. 

 

Fernández-Ayala et al. compared the transcriptome of control fibroblasts with CoQ10-deficient 

fibroblasts and CoQ10-treated CoQ10-deficient fibroblasts (Fernandez-Ayala et al., 2013). Up-

regulation of TRX or SLC7A11 was not observed, although this could be due to the small 

number of samples that have been obtained for analysis. However, other ferroptosis relevant 

genes RB1, FDFT1 and IDI1 were significantly down-regulated. RB1 encodes a protein, which 

is a negative regulator of the cell cycle; and both FDFT1 and IDI1 genes encode proteins 

involved in the biosynthesis pathway of CoQ10. Furthermore, SLC40A1 was up-regulated in 
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fibroblasts deficient in CoQ10 and its expression was fully recovered after CoQ treatment (Fig. 

54). SLC40A1 encodes the only iron export protein ferroportin (FPN) in the cell membrane, 

whose function is to maintain iron homeostasis (Lakhal-Littleton et al., 2015). Recent studies 

show that the down regulation of SLC40A1 causes an increase in the amount of cellular iron 

which can cause an acceleration of ferroptosis (Deng et al., 2021; Geng et al., 2018; Hao et al., 

2021). Thus, the upregulation of CLS40A1 provides a possible explanation for our results, 

although most likely, CLS40A1 does not participate alone and the rest of the genes that appear 

up-or down-regulated should not be ignored and their contribution to ferroptosis warrants 

further investigation. With a higher expression of SLC40A1, the iron molecules that trigger 

ferroptosis are exported, and consequently the cells will escape this type of cell death.  

These findings reveal new ferroptosis-relevant regulatory mechanisms in cells and patients with 

CoQ10 deficiency. Understanding these mechanisms might be important in order to determine 

the clinical and therapeutic relevance of our findings. 
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7. CONCLUSSIONS 
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In conclusion, our results suggest that CoQ10 modulates Ca2+ signalling, which is crucial for 

essential cellular parameters, most likely via regulation of SOCE and the mΔΨ. 

CoQ10 analogues targeted to mitochondria, including mitoQ, have been shown to be good 

antioxidants, with beneficial effects in combating the development of several diseases. 

However, our results, supported by other studies, showed that mitoQ disturbed viability, 

respiration, mΔΨ and Ca2+ signalling in some cells. Therefore, this study showed mitoQ as a 

toxic compound, indicating that the therapeutic use of this quinone should be stopped.  

On the other hand, we found that the antioxidant effects of OH-mitoQ (the hydroxylated form 

of mitoQ) were comparable to those of mitoQ, and both were effective inhibitors of ferroptosis, 

similarly as untargeted CoQs. In addition, OH-mitoQ did not cause cytotoxic effect and did not 

change cellular metabolism.  

Furthermore, we found that cytCa2+ signaling was disturbed in the ferroptotic process and CoQs 

and OH-CoQs almost restored stable cytCa2+ levels. 

Lastly, we found that CoQ10 deficient cells were resistant to ferroptotic cell death, suggesting 

that some alternative regulatory pathway or antioxidant system may be acting to compensate 

its protective properties. 
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Supplementary data 
 

Table S1. Differentially expressed genes in coenzyme Q10 deficiency 
 

        
Gene 

symbol* 
Gene title FC† FC‡ CoQ10§ 

Q-RT-

PCR¶ 
CoQ10** Regulation  

 C7orf55 
Chromosome 7 open reading 

frame 55 
−2.1 nc –   - 

 BRP44 Brain protein 44 2,00 2,3 U 8 –2-fold + 

 C10orf58 
Chromosome 10 open reading 

frame 58 
−19.5 −1.6 pR   - 

 CYB561 Cytochrome b561 −1.3 nc O   - 

 CYB5A Cytochrome b5-A −1.4 −1.5 U   - 

 CYB5R1 Cytochrome b5 reductase 1 −1.3 nc U   - 

 CYB5R2 Cytochrome b5 reductase 2 −1.4 −1.9 U   - 

 CYB5R3 Cytochrome b5 reductase 3 −1.4 −1.6 R   - 

 CYB5R4 Cytochrome b5 reductase 4 −1.3 −1.6 R   - 

 FDFT1 
Farnesyl-diphosphate 

farnesyltransferase 1 
−2.3 −1.5 U −4.3 +2-fold - 

 IDI1 
Isopentenyl-diphosphate δ 

isomerase 1 
−2.1 nc U     - 

 CH25H Cholesterol 25-hydroxylase −10.8 −3.2 O −1.3 –3-fold - 

 RSAD2 
Radical S-adenosyl methionine 

domain containing 2 
−6.8 1,4 pR   - 

 INSIG1 Insulin-induced gene 1 −2.6 1,7 O   - 

 LDLR Low density lipoprotein receptor −3.0 −1.8 pR   - 

 SQLE Squalene epoxidase −2.5 nc U   - 

 SCD 
Stearoyl-coenzyme A desaturase 

(δ-9-desaturase) 
−3.3 nc U   - 

 CPE Carboxypeptidase E 10,00 2,5 pR   + 

 PAPPA 
Pregnancy-associated plasma 

protein A, pappalysin 
2,50 1,7 R 4,8 –5-fold + 

 PCSK2 
Proprotein convertase 

subtilisin/kexin type 2 
−75.5 −4.3 O   - 

 SCIN Scinderin −5.4 −1.4 O   - 

 PYGL Phosphorylase, glycogen; liver −2.5 −1.6 R   - 

 SLC40A1 
Solute carrier family 40 (iron-

regulated transporter) 
7,60 2,9 R     + 

 QPRT 
Quinolinate 

phosphoribosyltransferase 
−3.4 nc R   - 

 ATP8B1 
ATPase, class I, type 8B and 

member 1 
2,40 nc pR   + 
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 POSTN 
Periostin, osteoblast specific 

factor 
73,80 153,9 U 238,2 –20% + 

 VEGFA 
Vascular endothelial growth 

factor A 
2,90 nc –   + 

 SEMA5A 
Semaphorin 5A, receptor for cell 

growth 
3,60 1,6 pR   + 

 AEBP1 AE binding protein 1 66,10 nc R   + 

 CSRP2 
Cysteine and glycine-rich protein 

2 
5,30 1,5 R   + 

 DOK5 Docking protein 5 6,50 1,6 U   + 

 MID1 Midline 1 (Opitz/BBB syndrome) 3,90 4,4 U   + 

 CHURC1 Churchill domain containing 1 3,50 nc –   + 

 CREG1 
Repressor 1 of E1A-stimulated 

genes 
3,00 1,3 R   + 

 RUNX1 
Runt-related transcription factor 1 

(aml1 oncogene) 
1,90 1,6 –   + 

 BHLHB5 
Basic helix-loop-helix domain 

containing; class B, 5 
−6.1 −1.4 –   - 

 IFITM1 
Interferon induced 

transmembrane protein 1 (9–27) 
−3.8 −3.7 O   - 

 EDN1 Endothelin 1 −3.0 nc U   - 

 MATN2 Matrilin 2 −9.2 nc U   - 

 MCAM Melanoma cell adhesion molecule −6.7 −3.0 R −10.9 10% - 

 MKX Mohawk homeobox −4.5 −1.5 –   - 

 PSG6 
Pregnancy specific β-1-

glycoprotein 6 
2,60 nc –   + 

 DCN Decorin 2,00 −1.6 –   + 

 PKP4 Plakophilin 4 2,00 1,4 U   + 

 EFEMP1 
EGF-containing fibulin-like 

extracellular matrix protein 1 
13,20 2,2 pR   + 

 VCAN Versican 2,80 2,7 – 4,6 10% + 

 SMARCA1 
Component of SWI/SNF 

chromatin complex, member A1 
−1.3 nc pR   - 

 SMARCA4 
Component of SWI/SNF 

chromatin complex, member A4 
−1.9 nc pR   - 

 CDK6 
Cyclin-dependent kinase 6, 

overexpressed in tumour 
1,40 2,9 U   + 

 CDKN1A P21, inhibitor of CDK −9.2 −2.1 U   - 

 CDKN1C P57, inhibitor of CDK −2.6 −1.3 R   - 

 CDKN3 
Inhibitor of CDK, overexpressed in 

cancer cells 
1,90 2,7 U   + 

 CD31 Cell surface antigen −1.8 −1.5 R   - 

 RB1 Retinoblastoma protein −1.4 nc R     - 

 E2F7 E2F transcription factor 7 3,60 nc U   + 

 E2F8 E2F transcription factor 8 2,20 nc U   + 

 FST Follistatin 2,60 1,4 O   + 
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 BDNF Brain-derived neurotrophic factor −2.9 nc pR   - 

 GRP Gastrin-releasing peptide −263.6 nc –   - 

 NTNG1 Netrin G1 −8.3 1,8 U   - 

 PTN 
Pleiotrophin (neurite growth-

promoting factor 1) 
−2.7 nc R   - 

 FOXQ1 Forkhead box Q1 −6.5 nc –   - 

 HOXA11 Homeobox A11 −4.3 −2.4 U   - 

 HOXC9 Homeobox C9 −4.8 −2.0 U   - 

 LHX9 LIM homeobox 9 −93.0 −1.5 U   - 

 SP110 SP110 nuclear body protein −2.5 nc pR   - 

 P2RY5 
Purinergic receptor P2Y; G-

protein coupled, 5 
−4.4 −1.3 pR   - 

 TSPAN10 Tetraspanin 10 −10.1 nc –   - 

 EPSTI1 Epithelial stromal interaction 1 −5.2 −1.4 R   - 

 TSHZ1 Teashirt zinc finger homeobox 1 −2.8 nc R   - 

 KRT34 Keratin 34 −5.3 −7.6 R −5.7 –60% - 

 TPM1 Tropomyosin 1 (α) −1.8 1,7 –   - 

 FOXP1 Forkhead box P1 2,30 nc –   + 

 LMCD1 LIM and cysteine-rich domains 1 3,80 nc U   + 

 CYP1B1 
Cytochrome P450, family 1B and 

polypeptide 1 
4,50 1,5 – 7 –5-fold + 

 

MGC87042 

Similar to six epithelial antigen of 

prostate 
12,20 – R   + 

 TMEM49 
Transmembrane protein 

49/microRNA 21 
1,90 nc –   + 

 RAD23B 
RAD23 homologue B 

(Saccharomyces cerevisiae) 
2,20 nc R   + 

 TXNIP Thioredoxin-interacting protein 2,00 −4.9 –   + 

 SGK1 
Serum/glucocorticoid regulated 

kinase 1 
3,40 1,5 –   + 

 SOCS3 Suppressor of cytokine signalling 3 −3.6 nc R   - 

 RHOU 
Ras homologue gene family. 

member U 
−8.3 nc O   - 

 AIM1 Absent in melanoma 1 −4.5 −1.4 O   - 

 APCDD1 
Adenomatosis polyposis coli 

down-regulated 1 
−6.4 −1.8 O   - 

 MAGED1 Melanoma antigen family D, 1 −1.7 nc U   - 

 

MAGED4/4B 
Melanoma antigen family D, 4/4B −5.0 −1.6 U   - 

 RAC2 
Small GTP-binding protein Rac2 

(rho family) 
−2.3 −1.3 U   - 

 TRIM55 Tripartite motif-containing 55 −11.7 −1.6 U   - 

 IFI6 Interferon, α-inducible protein 6 −4.9 −1.3 R   - 

 XAF1 XIAP associated factor-1 −3.0 −1.5 R   - 
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TNFRSF10D 

Tumour necrosis factor receptor 

superfamily 10D 
2,40 2,6 U 15,1 20% + 

 SFRP1 Secreted frizzled-related protein 1 8,70 2,5 U 11,8 –2-fold + 

 ARL4C ADP-ribosylation factor-like 4C 3,80 1,6 pR   + 

 USP53 Ubiquitin specific peptidase 53 4,20 1,7 –   + 

 GABBR2 γ-aminobutyric acid B receptor, 2 13,80 2 U   + 

 CNGA3 
Cyclic nucleotide gated channel α-

3 
−67.3 nc –   - 

 GNG2 G-protein, γ-2 −4.2 1,4 pR   - 

 HERC6 Hect domain and RLD 6 −7.4 −1.4 R   - 

 MLPH Melanophilin −8.5 −1.9 R   - 

 NCK2 NCK adaptor protein 2 −1.7 nc –   - 

 PARP14 
Poly (ADP-ribose) polymerase 

family, member 14 
−3.1 −1.5 –   - 

 CDC42SE2 CDC42 small effector 2 −2.8 nc –   - 

 LY6K 
Lymphocyte antigen 6 complex, 

locus K 
−4.7 1,4 –   - 

 

GALNAC4S-

6ST 

B cell RAG associated protein −17.3 −2.5 O   - 

 TNFSF4 
Tumour necrosis factor 

superfamily, member 4 
−5.9 nc –   - 

 TRIM14 Tripartite motif-containing 14 −4.5 nc –   - 

 

BTN3(A2/A3) 
Butyrophilin 3 (A2/A3) −2.0 −1.3 R   - 

 IFI27 Interferon, α-inducible protein 27 −9.8 nc O   - 

 IFI44 Interferon-induced protein 44 −3.3 −2.3 R   - 

 IFI44L Interferon-induced protein 44-like −15.0 −1.9 R   - 

 IFIT1 
Interferon-induced protein 

(tetratricopeptide repeats 1) 
−5.3 nc –   - 

 IFIT3 
Interferon-induced protein 

(tetratricopeptide repeats 3) 
−3.5 −1.7 R   - 

 GBP1 
Guanylate binding protein 1, 

interferon-inducible 
−2.7 – –   - 

 ISG15 ISG15 ubiquitin-like modifier −6.4 nc R   - 

 MX1 Myxovirus resistance 1 −7.4 −1.8 pR   - 

 MX2 Myxovirus resistance 2 −6.1 −3.0 pR   - 

 OAS1 
2′,5′-oligoadenylate synthetase 1, 

40/46 kDa 
−5.1 −4.9 R   - 

 OAS2 
2′-5′-oligoadenylate synthetase 2, 

69/71 kDa 
−6.2 −1.6 R   - 

 OAS3 
2′-5′-oligoadenylate synthetase 3, 

100 kDa 
−3.6 −1.3 R   - 
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 OASL 
2′-5′-oligoadenylate synthetase-

like 
−3.1 −2.6 R   - 

 PSMB9 Proteasome subunit, β-type, 9 −1.8 nc U   - 

 

 

 

 
 
†Full change (FC) in the comparative analysis ran with Affymetrix GeneChip Human Genome U133 Plus 

2.0 Array. Values represent the FC (mean) for each gene corresponding to different patient samples (SAM 

analysis; R=1.5; false discovery rate (FDR) = 0 %). In parenthesis, FC of non-significant genes by the 

statistical threshold used, which were selected owing to their role in specific processes and pathways. In 

the case of different probes selected for one gene, values represent the mean of FC for each probe. 

 
‡FC in the comparative analysis ran with Affymetrix Gene Chip Human Gene 1.0 ST Array. In 

parenthesis, FC of non-significant genes by the statistical threshold used. Genes with no change (nc). 

 
§ Effect of CoQ10 supplementation on gene expression in CoQ10 deficiency: unaffected genes by CoQ10 

treatment (U); genes that restored the expression either partially (pR) or completely (R); genes with 

opposite regulation than in CoQ10 deficiency (O); and specifically regulated genes only after CoQ10 

supplementation (S). Genes non-affected by CoQ10 supplementation (−). 

 
**Effect of CoQ10 supplementation on mRNA levels analysed by Q-RT-PCR. Positive values, increase on 

gene expression; negative values, decrease on gene expression. 
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