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CCCP: carbonyl cyanide m-chlorophenyl hydrazine
cDNA: complementary DNA

CM: cardiomyocytes

CNS: central nervous system

COz2: carbon dioxide
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CVDs: cardiovascular diseases



Cytc: cytochrome ¢
cytCa2*: cytosolic C&"
cytH202: cytosolic HO»

ddH20: double-distilled water

DecylQ: decylubiquinone

DEPC: diethylpyrocarbonate

Dig: digitonin

DMEM : Dulbecco's modified Eagle's medium
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dNTP: deoxynucleoside triphosphate

DTT: dithiothreitol

e electrons

ECAR: extracellular acidification rate

EDTA: ethylenediaminetetraacetic acid

Em: emission

EMRE: essential MCU regulator

ER: endoplasmic reticulum

ER Ca2*: C&* concentration in the endoplasmic reticulum
ETC. electron transport chain

ETFDH: electron-transferring-flavoprotein dehydrogenase
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FBS: fetal bovine serum
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Fe3*: ferric iron

FeO/FeOO:: perferryl radicals

FINs: ferroptosis inducers

FPP: farnesyl pyrophosphate

FQR: electron transfer flavoprotein-ubiquinone oxiditiretase
FRET: fluorescence resonance energy transfer

FSP1 ferroptosis suppressor protein 1

GCL: glutamate-cysteine ligase

GPCR: G protein-coupled receptors

GPDH: glycerol-3-phosphate dehydrogenase
GPx: glutathione peroxidases

GPX4: glutathione peroxidase 4

GRX: glutaredoxins

GSH: Glutathione

GSSG glutathione disulphide

H*: protons

H20: water

H202: hydrogen peroxide

H3POa: phosphoric acid

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonicdaci
His: histamine

HO": hydroxyl radical

HSF: human skin fibroblasts

IC50: half maximal inhibitory concentration
IMM : inner mitochondrial membrane
IMS: intermembrane space

IP3: inositol 1,4,5-triphosphate



IP3R: inositol 1,4,5-triphosphate receptor
IPSC-CM: induced pluripotent stem cell — derived cardionyes

LETML1 : leucine zipper-EF-hand-containing transmembraongem 1

LPO: lipid peroxidation

m  : mitochondrial membrane potential

mCa?*: mitochondrial matrix Cd

MCU : mitochondrial calcium uniporter

MCUa: mitochondrial calcium uniporter a
MCUDb: mitochondrial calcium uniporter b
MCURL1: mitochondrial calcium uniporter regulator 1
mH202: mitochondrial HO>

MICUL : mitochondrial calcium uptake 1

MICU2 : mitochondrial calcium uptake 2

MICU3: mitochondrial calcium uptake 3
mito-CoQs. mitocondria-targeted quinones
mitoQ: mitoquinone mesylate

mPTP: mitochondrial permeability transition pore
MRNA: messenger-RNA

mROS: mitochondrial ROS

MtDNA: mitochondrial DNA

NasVOa: sodium orthovanadate

NaCl: sodium chloride

NAD(P)*: oxidized nicotinamide adenine dinucleotide (phap)
NAD(P)H: reduced nicotinamide adenine dinucleotide (phasgh
NaF: sodium fluoride

nCa?*: nuclear matrix Cd
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NOX: NADPH oxidase

O2: molecular oxygen

O2 *: superoxide

OCR: oxygen consumption rate

OH-CoQs:. hydroxylated quinones

OH-decylQ: hydroxy- decylubiquinone

OH-mitoQ: hydroxy- mitoquinone trifluoroacetate

OH-Qu: hydroxy- coenzyme Q

OMM : outer mitochondrial membrane

Orai 1: calcium release-activated calcium channel pratein
Orai 2: calcium release-activated calcium channel pratein
Orai 3: calcium release-activated calcium channel pradein

OXPHOS: oxidative phosphorylation
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Pi: phosphate ions

PI: protease Inhibitor

PMCA: plasma membrane €aransport ATPase
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1. SUMMARY



Mitochondria can take up large amounts of calci@e{) in order to control the activity of
several enzymes and their bioenergetics outputa A®nsequence of this metabolic flux,
reactive oxygen species (ROS) are generated thatulate cell signaling pathways,
contributing to many cellular processes. Coenzyme(QoQio) is an essential component of
the mitochondrial electron transport chain (mMETQ@YM as also found in other cellular
compartments such as the plasma membrane. Dueitadle as effective antioxidants, CoQs
act as radical scavengers in the mitochondria, @eglent lipid peroxidation (LPO) in the
plasma membrane. Accordingly, CoQs are crucialleggrs of the mitochondrial bioenergetics
and of ferroptosis. Coenzymadnsufficiency is related to severe pathologiesumans. This
deficit can be caused by mutations in genes ineblueCoQo biosynthesis or by defects in
other biological functions that are indirectly teld. Furthermore, statins, used as inhibitors of
the mevalonate pathway in the treatment of hypdesterolemia, also induce a CoQ
deficiency causing serious side effettgpatients with Cog@ deficiency, supplementation with
CoQuo is used as a first line of therapy. However, tfiectiveness of this approach is rather
limited.

Here, we demonstrate that Ce@egulates mitochondrial €aand redox signaling as well as
ferroptotic cell death in primary human skin fibladts (HSF) and iPSC-derived
cardiomyocytes (iPSC-CM). In this regard, deplet@dnCoQo elevated mitochondrial €&
(mC&") uptake while its upregulation caused a decreasemC&*. Treatment with
mitochondrially targeted Co@ (mitoQ) reduced ROS levels but suppressed eskeatialar
parameters such as respiration, mitochondrial mangpotential (m ) and viability in HSF.
Furthermore, addition of mitoQ to Cefdleficient patient-derived HSF caused similar negat
effects and did not compensate for the intrinsiQ@aleficiency. Hydroxylated CoQ forms
(OH-CoQs) act as potent antioxidants, transpoft @eross artificial bio-membranes and have
been suggested to have superior properties wheparewh to the native CoQs. We generated
mitochondrial targeted OH-Ca@(OH-mitoQ) and tested its role in the same cellsistems.
Notably, the antioxidant effects of OH-mitoQ wemsmparable with those of mitoQ. However,
OH-mitoQ had less side-effects when compared witbo@ We also found that both mitoQ
and OH-mitoQ were effective inhibitors of ferropgs These findings suggested that
mitochondrial redox and Gasignalling play an important role in this form céll death. To
investigate the functional relevance and the roleitochondria within the Cogg-ferroptosis
axis, we exposed Ca@deficient HSF and iIPSC-CM to ferroptosis inducgFdNs).

Surprisingly, we found that Ca@deficient cells display reduced ferroptotic saasit.



These results thus suggested that GqiQotective properties are compensated by altemmati

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

In summary, our findings suggest that due to therlox properties, OH-CoQs are superior to
the CoQs and are thus potential drugs for treginmgary and secondary CaegXeficiencies.
Moreover, our study indicates that mitochondrialae signals are important regulators of
ferroptosis.

Key words Coenzyme @, Hydroxylated-CoQs, Calcium signaling, Redox sltng,
Reactive Oxygen Species, Lipid peroxidation, Feosis, Fibroblasts, iPSC-cardiomyocytes.






2. INTRODUCTION



2.1. MITOCHONDRIA

Mitochondria are essential organelles presentdlddrcytoplasm of eukaryotic cells. They are
involved in the regulation of multiple metabolic dasignaling pathways. Mitochondrial
respiration is their most critical function, aprbvides the cell with the energy (in the form of
Adenosine triphosphate, ATP) needed to power tbehgmical reactions through a process
called oxidative phosphorylation (OXPHOS), whickds place in the electron transport chain
(mETC) (Tait & Green, 2012). Mitochondria are aiswplicated in -oxidation of fatty acids,
amino acid catabolism, ketone body synthesis, Haosynthesis, urea cycle, steroidogenesis,
gluconeogenesis and calcium storage (Bravo-Sagla 2017). Due to their function in energy
production, mitochondria are crucial for the propanctioning of highly energy-demanding
organs, such as muscles, the brain and the heagr(®4 et al., 2015).

On the other hand, mitochondrial dysfunction isharacteristic of aging, essentially of all
chronic diseases. These diseases include neurcelagiga diseases, cardiovascular diseases,
diabetes and metabolic syndromes, autoimmune d@seagurobehavioral and psychiatric
diseases, gastrointestinal disorders, fatiguingedses, musculoskeletal diseases, cancer and

chronic infections (Nicolson, 2014).

2.1.1. Mitochondrial structure

The presence of two membranes defines mitochontrea,outer and inner mitochondrial
membranes (OMM and IMM), composed of lipid bilayetcseating two spaces within the
organelle Figure 1). The intermembrane space (IMS), which is requitedestablish the
electrochemical proton gradienty), and the mitochondrial inner space, the mawixich is
the site for mitochondrial DNA (mtDNA) replicatiotranscription and protein synthesis, and

contains numerous metabolic enzymes.

The OMM has a high permeability, allowing the cingsof small uncharged molecules and
ions via porins such as the voltage-dependent aci@nnel, VDAC, which enables the
transport of all energy-related metabolites (saccinate, malate, pyruvate, NADH, ATP, ADP
and phosphate) from the cytosol into the mitochan@Bravo-Sagua et al., 2017). Whereas
bigger molecules, such as proteins, require spetifinslocases (Grevel et al., 2019). By
contrast, the IMM behaves as a tight barrier foisiand molecules. These can only get across



through specific and selective membrane transgotems; for example, in the case of calcium
ions (C&"), the mitochondrial calcium uniporter (MCU) compleConsequently, a natural
electrochemical membrane potential is formed adtes$MM (Kuhlbrandt, 2015).

The IMM forms invaginations, the so-called "cristaghich extend into the mitochondrial
matrix, causing an increase in its surface are@agtated into the IMM, especially on the cristae,
protein complexes of the mETC can be found; conmsedty) this increase in IMM enhances the

capacity of the mitochondria to synthesize AHR(re 1) (Cogliati et al., 2013).

Mitochondrion

Cristae

Figure 1. Drawing of the mitochondrionstructure showing its compartments: outer
mitochondrial membrane, inner mitochondrial memigramtermembrane space and matrix.
In an enlarged form, the model of a cristae witk thxidative phosphorylation (OXPHOS)
complexes (I-V) representing, in simplified forhe £nergy production in form of adenosine
triphosphate (ATP) molecules. Due to the currentpaitons taken up by Complex V, it
phosphorylates adenosine diphosphate, producing. Afidbreviations: ADP = adenosine

diphosphate; ATP = adenosine triphosphate’;, H protons; IMM = inner mitochondrial

membrane; IMS = intermembrane space; OMM = outdoafiondrial membrane.



2.1.2. Mitochondrial electron transport chain

The central role of mETC is, as mentioned, supglytime energy needed for all the cellular
processes via the mechanism known as OXPHOS. sistsrof passing electrons)(eollected
from the metabolism of sugars, proteins and fatigisathrough the complexes of the mETC up

to, finally, reach the last acceptor, the molecobaygen (Q) (Figure 2).

At a more detailed level, Complex | (NADH-ubiquireoroxidoreductase) takes &om
glucose's catabolism. Glucose is transformed igtavate through a series of reactions taking
place in the cytoplasm (glycolysis). Pyruvate entbe mitochondrial matrix, where it is further
decarboxylated by pyruvate dehydrogenase (PDH) actiyl CoA. Acetyl CoA undergoes
some reactions in the tricarboxylic acid cycle (TCycle or Krebs cycle), generating high
energy-rich ein the form of reduced nicotinamide adenine dieatitle (NADH) and carbon

dioxide (CQ). NADH transfers its energy-rich ® Complex I.

Additionally, Complex Il (succinate-ubiquinone omigductase) takes energy-richime the
form of reduced flavin adenine dinucleotide (FAf)Hrovided mainly by fatty acid -

oxidation.

Coenzyme @ (CoQuo) picks up efrom Complexes | and Il and transports them to @Glem
[l (succinate-cytochrome c¢ oxidoreductase). Thioagmplex redox reactions, theage then

transferred to Complex IV (cytochrome c oxidase).
Lastly, O is the final eacceptor, reducing to watdfigure 2).

The energy generated through thelew pumps protons (H across the IMM to the IMS,
generating an electrochemicgb, which accounts for over 90 % of the availabkepneatory
energy. Differences in the electrochemical potérdgieross the IMM are known as the
mitochondrial membrane potential (m) and refer to the functional metabolic state @& th

mitochondria.

These H, in the IMS, are caught by ATP synthase (Complgxtd/synthesize ATP from
adenosine diphosphate (ADP) and phosphate ions ABign result, cells generate 36 ATP
molecules per glucose molecule through OXPHOS ¢L&tSazanov, 2017).



+ Pi

Figure 2. Oxidative phosphorylation in the Inner MitochoredMembrane. Electrons from
NADH and FADH (produced in cell metabolismare accepted by Complexes | and Il and
transported to Complex Il through Cegéand then to Complex IV. Finally, electrons arestak
by @, producing water. The electron flow provides thergy to pump protons (Hlacross the
membrane to the intermembrane space, generatingldatrochemical gradient. Complex V
uses the H and synthesizes ATP from ADP and phosphate iobkrefiations: ADP =
adenosine diphosphate; ATP = adenosine triphospl@y& = cytochrome c; &= electrons;
FAD" = oxidized flavin adenine dinucleotide; FARK reduced flavin adenine dinucleotide;
H* = proton; HO = water; IMM = inner mitochondrial membrane; IMS intermembrane
space; NAD = oxidized nicotinamide adenine dinucleotide; NABHeduced nicotinamide

adenine dinucleotide; £ molecular oxygen; @° = superoxide; Pi = phosphate ion.



2.2. COENzZYME Q1o

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

is the only endogenously synthesized redox-actpid found in all endomembranes, plasma
membrane and serum lipoproteins; being especibliydant in mitochondria, as a component
of the mETC (Turunen et al., 2004). It comprisdseazoquinone ring as a head group and a
polyisoprenoid chain, which varies in length depegan the species. It has ten isoprene units
in humans, being named Coenzymg (@oQ.0) (Rodriguez-Aguilera et al., 201 7igure 3).

It is generally accepted that the isoprenoid chaimwithin the membrane's lipid bilayer
stabilizing the molecule, while the quinone ringuas across the IMM, depending on its redox
state (Alcazar-Fabra et al., 2016).

Figure 3. Coenzyme @ (CoQwo) chemical structure in humans. The schematic regr&ation
distinguishes the benzoquinone ring and the lip@ppblyisoprenoid side chain composed of
ten isoprene unit<CoQuo is an essential component of the mitochondriatted® transport
chain (METC) where it mediates electron transpod ¢he absorption and release of protons
in the intermembrane space, thus generating theamdndrial membrane potential necessary
for ATP synthesis. In addition to the mETC in tiveer mitochondrial membrane, it is found in
other cellular components such as the plasma memebrbn its reduced state, Cafds an
effective antioxidant. In the mitochondria, Ge@cts as a radical scavenger, while in the
plasma membrane it acts as an inhibitor of lipidgadation.

The primary function of CoQ in the mETC was proposed by Cragteal in 1957 (Crane,
1957).They observed that Q275 (later called CoQ) underwgitation and reduction steps



when incubated with isolated mitochondria. Furthenen they saw that these redox changes
were inhibited by specific mitochondrial inhibitprshich evidenced the role of Q275 as an e
carrier in the mETC.

However, it was not until 1975 when Mitchell diseoed the contribution of CoQ to energy
conversion (Mitchell, 1975). He had been considgtire formation of a m as the driving
force for ATP synthesis. Mitchell discovered that(@was involved in the generation of p
across the membrane. It was shown that CoQ's retdtx mediates the transport oaied the
uptake and release of*Hnto the IMS, thereby generating the necessary nfor ATP

synthesis.

In 1990, the role of CoQ as an antioxidant wasefi Early studies had shown that the reduced
form of CoQ was an excellent free radical scaveragel antioxidant, but this role was not
established until its general distribution in allanembranes was known (Kagan et al., 1990).
In addition, supporting this discovery, CoQ can d&ficiently regenerated by various
dehydrogenases through continuous oxidation/regluatycles, providing the molecule with

high effectiveness against oxidative stress (Bgetiet al., 2010).

Later in the 2000s, several other essential funstiwere attributed to CoQ, although a more
extensive investigation is needed to understarsdntimlecule better. It was described that CoQ
could prevent lipid peroxidatiorrigures 11and13) by donating a hydrogen atom from one of
its hydroxyl groups to a lipid peroxyl radicals (RQ. In addition, reduced CoQ prevents
propagation of lipid peroxidation by reducing tmdial perferryl radical (Fe@FeOO) and
regenerating vitamin E, another important antiortdeithin the IMM, from the -tocopheroxyl
radical (Bentinger et al., 2007; Bentinger et 2010).

Furthermore, hydrogen peroxidex(®t), one of the more stable reactive ROS, interfenés
metal ions attached to the DNA during oxidativess; generating hydroxyl radicals. With its
role as an antioxidant, CoQ was shown to efficieptevent DNA base oxidation, which is
particularly important in the case of mtDNA due ttie lack of efficient DNA repair-

mechanisms (Bentinger et al., 2010).

Additionally, CoQ constitutes an essential cofad¢twruncoupling proteins (UCP) as’ ffom
fatty acids are transferred to these proteins xidired CoQ (Echtay et al., 2000). The role of
UCP in the IMM is the passage of Hlom the IMS to the matrix. Consequently, theformed
by the mETC is uncoupled from OXPHOS and heat megeed instead.



CoQ is also known for being a modulator of the wgfitendrial permeability transition pore
(mPTP). An essential function in cell metabolismcsi the opening of the mPTP causes the
collapse of mitochondrial function by translocatmglecules as large as 1500 Da, leading to
necroptosis and cell death (Fontaine et al., 1BRBet al., 2020; Rasola & Bernardi, 2011).

CoQuo permanently goes through oxidation-reduction cyelgile shuttling efrom Complexes

| and Il to Complex Il in the mETC. Thus, CefJs in different oxidative states: it can be
completely oxidized and is called Caf@r ubiquinone, or completely reduced if it recsit®o

€, being called Co@H: or ubiquinol. Besides, it can be found as an mestiated product,
named semiquinone, semi-ubiquinone or @ if this redox cycle occurs by a two-step
transfer of one-eeach (Alcazar-Fabra et al., 2016)dgure 4). As a result of these redox state

changes, CoQQ rapidly translocates from one side of the IMM pdato the other.

OH o) 0

~° ~© -0
H H
o H No H No H
10 10
OH OH 0}
Ubiquinol Ubisemiquinone Ubiquinone
C0Q10 Hz C0Q10H' COQ10

Figure 4. The three oxidative states of CeQhe fully reduced ubiquinol form (Cag>), the
radical semiquinone intermediate (Cafd ), and the fully oxidized ubiquinone form (G@RQ

2.2.1. Coenzyme Qo biosynthesis

The biosynthesis of the Ca§is mainly controlled by the COQ gene family (Acost al.,
2016). The resulting COQs' proteins are locatatlermitochondrial matrix associated with the
IMM and most of them form a protein complex (Marbei al., 2005; Marbois et al., 2009)
(Figure 5).



Cytosol

OMM
IMM 000"'L
Witochondrial - COQ1 coQ3 coqQs! COQ10A
atrix
cOQ6 COQSA CcOQ10B
coQsB €0Q7
coQ9

Figure 5. Model of the coenzymeidbiosynthetic complex, containing COQ enzymes (in
colored circles and squares) and the CoenzymeitQelf. COQs enzymes are located in the
mitochondrial matrix associated with the inner rolfondrial membrane. The question mark
refers to the enzymes involved in the @osynthesis process but still are uncharacterized
Abbreviations: IMM = inner mitochondrial membran€®MM = outer mitochondrial

membrane.

The biosynthesis process starts forming the quimimgeand the polyisoprenoid chain by two
independent routes. The precursor of the quinamg ig 4-hydroxybenzoate (4HB) (Olson,
R.E., 1983), which is derived from tyrosine, whert®e isoprenoid chain is synthesized via the
mevalonate pathway (Olson & Rudney, 1983). The hoende pathway, which takes place in
the cytosol, starts from acetyl-CoA and ends, aftseries of reactions, with the production of
farnesyl pyrophosphate (FPP). FPP can then be dexdv® CoQo, cholesterol and dolichols,

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

The following steps in CofQ biosynthesis, in which COQ genes participate, oeauthe
mitochondrial matrixEigure 6). COQ1 (PDSS1/PDSS2) synthesizes the polyisopdeiin,
condensing to a benzoquinone ring by COQ2 (Forsgtrah, 2004). COQ3, COQ5, COQ6 and
COQY7 are involved in methylation, decarboxylatibygdroxylation and deamination reactions
(Tran & Clarke, 2007). COQ8A/COQ8B (also called AKEIADCK4) is a protein kinase
necessary for the phosphorylation processes of C&W@E3COQS5 (Stefely et al., 2015; Xie et
al., 2011). COQ?9 is a lipid-binding protein reqgir® stabilize COQ7 (Lohman et al., 2014)
and COQ10A/COQ10B can function as a Ge@ansporter from its synthesis site to the
catalytic sites of the complexes of the respiratdrgin where it performs its function (Barros
et al., 2005). The role of COQ4 is not yet wellided, but it is believed to be necessary for the
assembly and stability of the Cedpiosynthetic complex (Marbois et al., 2009).
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2.2.2. Others Quinones and Hydroxylated forms

The CoQ family consists, apart from Ceof additional analogues, which can also be found
in cells, such as Co{Figure 7).

Additionally, the existence of hydroxylated CoQ (&dQ) derivatives were described in
several studies (Bogeski, Gulaboski, et al., 2@udtaboski et al., 2013). Concretely, these
publications reported that native Co@nd CoQo, in alkaline media or after exposure to
CYP450 enzymes, undergo structural changes and @HWCoQs, which have different
chemical properties than their native forms. Thay bind and transfer €athrough artificial
bio-membranes undergoing reduction and oxidatiepsstMoreover, they have more negative
redox potentials than the natives forms, and pteseglatively pH insensitive redox chemistry.
The fact that similar hydroxylated forms are preous of CoQ and CoQo during their
biosynthesis (Turunen et al., 2004) emphasizesntexl to understand the physiological
importance of these OH-CoQs in aignaling and antioxidant defense, and hence their

potential pharmacological use.

Focusing on mitochondria, derivatives of Ga@ were promising antioxidants to target
mitochondria since the highest amounts of CoQ auad there. However, problems such as
low solubility in water and mitochondrial targetingpmplicate the use of Co@svitro andin
vivo. Therefore, in 2001 Kelset al synthesized a ubiquinone analogue adding a liioph
triphenylphosphonium cation (TPP+) which improvhe tnitochondrial targeting of CoQs
(Kelso et al., 2001). Lipophilic cations easily peate lipid bilayers and accumulate in
mitochondria within cells, driven by the high pdiahof the mitochondrial membrane. The
antioxidant component is the same ubiquinone asdan CoQo (Tabara et al., 2014); hence
in the mitochondrial matrix, the respiratory chaamntinuously reduces it to its active form and
protects the mitochondria from oxidative damagds Hmalogue was called mitoQ and it was
the first mitochondrial antioxidant drug to undermical trials in humans. MitoQ refers to a
mixture of two redox forms, the reduced form, mitwpl, and the oxidized form, mitoquinone
(Tabara et al., 2014). In this context, the idemweéstigating the physiological and biochemical
effects of hydroxylated mitoquinones enabling tHentification of new therapeutic targets

arises.
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2.2.3. Clinical manifestations of CoQo deficiencies

There is a wide range of clinical manifestationsoagated with Co deficiency. It has been
estimated that 1 in 100,000 individuals is affedgdCoQo deficits worldwide (Hernandez-
Camacho et al., 2018). Patients with Ge@sufficiency have reduced levels of CaQn
tissues. Low levels are explained either by mutation the genes encoding proteins of the
CoQuo biosynthesis pathway (COQ genes) or its regulafmmary CoQo deficiencies)
(Salviati et al., 1993) or by defects in other rmatondrial functions that are indirectly involved

in CoQuo biosynthesis (secondary Cafdeficiencies) (Yubero et al., 2016).

Primary CoQo deficiencies are sporadic conditions that are teadly caused by autosomal
recessive mutations. These deficiencies usuallgcafinultiple organ systems in a highly
variable way, including the central nervous sys{@NS), peripheral nervous system (PNS),
respiratory system, liver, kidney, skeletal musbkeart and sensory system (Alcazar-Fabra et
al., 2018; Hernandez-Camacho et al., 20E8)re 8).

Meanwhile, secondary Co@ deficiencies are more common than primary defwies)
probably because of the diversity of biological dilons and metabolic pathways in which
CoQuo is involved. Secondary deficiencies may be duenterferences with the signaling
pathways involved in the Ca@biosynthesis process. They can also be relatediéoeffects
of a malfunction of the mETC and a general detation of mitochondrial function
(Rodriguez-Aguilera et al., 2017). Furthermore, @ol@vels seem to be reduced in aging
(Hernandez-Camacho et al., 2018) and a secondacjetiey of CoQo may be a side effect of
hypercholesterolemia treatment with statins sirath bholesterol and Ca@share part of their
biosynthesis pathways (Acosta et al., 2016). Adddlly, mutations in genes not related to
CoQuo biosynthesis have been reported to cause:Es€gondary deficiencies. Among them:
the aprataxin gene (APTX), which causes ataxiacmutbmotor apraxia (Quinzii et al., 2005;
Sacconi et al., 2010); the electron-transferriraydiprotein dehydrogenase gene (ETFDH),
which causes isolated myopathy (Gempel et al., 288&coni et al., 2010) or the BRAF (RAF
kinase, isoform B) gene, which causes cardiofatawous syndrome (Aeby et al., 2007,
Sacconi et al.,, 2010). Moreover, CpQleficiency was reported in a patient with mtDNA
depletion syndrome (Montero et al., 2009; Saccarale 2010).Although, the connection

between these mutations and GeQeficiency is unknown.
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Figure 8. Organs and systems affected in primary @o@eficiencies, specifying clinical
manifestations in each one and the genes involuetthém. Abbreviations: CNS = central
nervous system; PNS = peripheral nervous systegur€iadapted from (Alcazar-Fabra et al.,
2018)



Nevertheless, supplementation of Ge@ the clinics has been used for a long time. flitsé
successful use of Ca@was in 1967 when Yuichi Yamamura reported @08¥ a treatment

for congestive heart failure (Greenberg & Frishni90; Singh et al., 2007; Yamamura et al.,
1967). Later, the application of Cefdhas been successful in other diseases, such as
immunodeficiencies (Mantle et al., 2021), encepmgiopathy or ataxia (Hirano et al., 2006),
Parkinson's and Huntington's disease (Yang e2@0D9), cancer (Brea-Calvo et al., 2006) and
diabetes (Shen & Pierce, 2015).

Beneficial effects have also been reported in saftethe side effects of statins (Crane, 2007).
More specifically, ubiquinol, the reduced form od@io, was recently approved as a drug in
case of primary CoQ deficiency; by contrast, some patients with a sdaoy CoQo deficiency
showed no clinical relief (Rodriguez-Aguilera et, &017). These controversial observations,
gained by Co@ derivate as supplements in the clinics, highligheé timportance of

investigating their biosynthesis, function and rioldhuman pathology in more detail.

2.3. CALCIUM AND REACTIVE OXYGEN SPECIES

2.3.1. Calcium homeostasis and signaling

Calcium ions (C#) are essential signaling molecules implicatechi iegulation of diverse
cellular functions, such as cell differentiationeng expression, proliferation, muscle
contraction, protein folding, energy metabolisng agrll death (Berridge, 2012; Berridge et al.,
2003; Bravo-Sagua et al., 2017).

The low resting cytosolic Ga(cytC&*) concentration and &asignaling have to be strictly
regulated since any deregulated increase in éyt@auld cause cell damage or even cell death
(Hajnoczky et al., 2006). Furthermore, the regalatf the functions of specific organelles
depends on the propagation of the cytG#gnal, such as the nucleus for gene regulategptsy
(Bagur & Hajnoczky, 2017; Zhang et al., 2009), #r@imitochondria for oxidative metabolism
(Bagur & Hajnoczky, 2017; Griffiths & Rutter, 2009)

The intracellular free Cais highly variable depending on its location. Eaample, cytCH
concentration is 107 M under resting conditions, while €aconcentration in the extracellular
medium is 103 M. Within the cell, C&" levels in the nuclear matrix (n€x and in the

mitochondrial matrix (mC4) resemble those of the cytosol. However, in irdhatar C&*



stores, a much higher €aconcentration can be accumulated (1-5 ¥ ¥). The main C&
store in non-excitable cells is the endoplasmiccuétim (ER) and, in excitable cells the
sarcoplasmic reticulum (SR) (Bagur & Hajnoczky, 201

In a resting cell, cytC4 remains in an optimal range thanks to the actibthe plasma
membrane C4 transport ATPase (PMCA) and theWa&t* exchanger (NCX). When cyt&a
increases, it can be stored in the ER/SR vig'8aPase (SERCA) or can enter the
mitochondria via voltage-dependent anion chann¥BAC) (cytosol to IMM) and the
mitochondrial C&" uniporter (MCU) complex (IMM to matrix). In thisay, a homeostatic

control of cytC&" is achievedFigure 9).

Nevertheless, cellular stimuli such as membraneoldegation, extracellular signaling
molecules or intracellular messengers generateeatgr than 10-fold increase in cytCa
concentration. This increase occurs by the entrgxtrfacellular C# via the C&" channels of

the plasma membrane or by the release off @am the ER/SR via the inositol 1,4,5-
triphosphate receptor 3R) and the ryanodine receptor (RyR)gure 9).

Each cell type demands a particulafCsignaling to adapt to its physiological requiretsen
and it presents a specific combination of'Cehannels and pumps that make them unique.
(Berridge et al., 2000). These Ta@hannels and pumps possess different activitystiolds,
namely, the PMCA and SERCA pumps have high aféisifor C&" and a low pumping rate
(Juhaszova et al., 2000), whereby they respondntl sncreases in cytGj restoring the
levels. In comparison, NCX and MCU have a loweimétff for Ca¢* and higher transport rates

(Boyman et al., 2009nd thus can limit more strictly cyt€aransients.

Additionally, although the general amplitude of@gt* concentration reaches a maximum of
around 1¢ M near the open Cachannels, a 10-100 x 0 concentration can be achieved.
This substantial local Gincrease activates Eadetection motifs of proteins with low affinity
for C&*, which do not respond to fluctuations in the globaCa* levels. An example is a
mechanism known as storage-operatett €atry (SOCE), the main &asignaling pathway in
non-excitable cells (Parekh & Putney, 2005; Putd@®g6, 1990). This influx of Gaoccurs
through the plasma membrane, after a decrease 4hoBatent from the ER. The primary
function of SOCE is to refill the intracellular €astores to maintain the balance of cellular
Ca&*. The process begins when stromal interaction mitded¢ (STIM1) (and its isoform
STIM2), a transmembrane protein that is locatedhi@a ER, detects a decrease in’*'Ca

concentration in the endoplasmic reticulum (ER"CéLiou et al., 2005; Roos et al., 2005;



Zhang et al., 2005). Under resting conditions?*Gabound to a pair of EF-hand domains of
STIM1. However, when the &acontent of the ER lumen drops, Calissociates from the
STIM1 EF-hands domains (Bagur & Hajnoczky, 2017k A result, STIM1 unfolds,
oligomerizes and translocates to specific ER regioear the plasma membrane (named ER-
PM junctions), where it interacts with and actisdige plasma membrane®Cahannel calcium
release-activated calcium channel protein 1-3 (Q+3) (Schindl et al., 2009). Thus, defining
the C&" release-activated €a(CRAC) channelsRigure 9) (Bagur & Hajnoczky, 2017).

During SOCE, mitochondria take up Tdy the MCU complexRigure 10). The elevated
mCé&"* enhances the activity of critical enzymes of th@ATand leads to the activation of
mitochondrial dehydrogenases, resulting an increaS&DH production and OXPHOS. This
in turn causes the greater proton motive forcenaihtains the m and consequently, there
is an increase in ATP production (Parekh & Put@28@5). Thus, mCa uptake plays a critical
role in matching ATP production to an increased aethand enhancing the generation of

antioxidants.
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Figure 9. Intracellular C&* signaling. The sarcoplasmic / endoplasmic retioul€C&*
ATPases (SERCA) pumps 2Cao the endoplasmic reticulum (ER) which is the mmai
intracellular C&* store. The ryanodine receptors (RyR) and the iob4i4,5-triphosphate
receptors (Ins (1,4,5) P3R) mediate the releas@adf from the ER. C4 is then taken up by
neighboring mitochondria through voltage-gated amgelective channel proteins (VDAC; in
the mitochondrial outer membrane) and the mitochiah@a?* uniporter complex (MCU; in
the inner mitochondrial membrane), leading to ATBduction. Depletion of ER Gastores
leads to activation of the Gasensing protein stromal interaction molecule 1I§&T; in the
ER), which binds and activates the?Cahannel protein C4 release-activated G4 channel
protein 1 (ORAIL; in plasma membrane) working aSa&" release-activated Ca channel
(CRAC) for store-operated €aentry (SOCE). Transient receptor potential chasr{@RPC)
also mediates the entry of €anto the cell as CRACs. &aexport from the cytosol is mediated
by plasma membrane €aATPases (PMCA), maintaining the intracellularXCaoncentration
at adequate values for correct cell signaling. bidéion to ER, lysosomes store Zand it
can be released through TRPC mucolipin 1 (TRPML1Abbreviations: ADP = adenosine
diphosphate; ATP = adenosine triphosphate?Cacalcium ions; CRAC = the GArelease-
activated C&"; ER = endoplasmic reticulum; Ins(1,4,5)P3R = intosil,4,5-triphosphate
receptors; MCU = mitochondrial G4 uniporter; PMCA = plasma membrane €aATPases;
ORAI1 = calcium release-activated calcium channat@n 1; RyR = ryanodine receptor;
SERCA = sarcoplasmic / endoplasmic reticulun¥'GsTrPases; STIM1 = stromal interaction
molecule 1; SOCE = storage-operated ?Cantry; TRPC = Transient receptor potential
channels; TRPML1 = TRPC mucolipin 1; VDAC = voltadgpendent 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 mentibhefore, it is necessary to facilitate
C&* uptake into the mitochondrial matrikigure 10). The large electrochemical gradient (-80
mV) generated by mETC across the IMM drive€'Glaix through the MCU complex.
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Figure 10. Schematic representation of the MCU complaxthe left, the complex keeps the
pore closed, on the right the pore is open allovimgflow of calcium ions to the mitochondrial
matrix. Abbreviations: C4 = calcium ions; EMRE = essential MCU regulator; @ and b
= mitochondrial calcium uniporter a and b; MCUR1 mitochondrial calcium uniporter
regulator 1; MICU1-3 = mitochondrial calcium uptake-3, IMM = inner mitochondrial

membrane; IMS = intermembrane space; OMM = outdoafiondrial membrane.

MCU complex is a multiprotein complex composed atfochondrial calcium uniporter a and
b (MCUa and MCUb), the channel-forming subunit@ngl with essential MCU regulator
(EMRE), mitochondrial calcium uptake 1, 2 and 3 QWi1, MICU2 and MICU3) and
mitochondrial calcium uniporter regulator 1 (MCUR1)

MCUa (often called just MCU) are believed to forono-oligomers, with a highly conserved
'DIME' sequence motif serving as a’Caelectivity filter and the transmembrane domaliag t
form a hydrophilic pore crossing the IMM, whichalls the entry of G4. Loss of MCUa
completely abolishes all channel functions, leadimg lack of mC& uptake. MCUD is a
similar protein and shares 50 % homology to MCU&UWb alters the assembly of the complex
by changing the stoichiometry of mitochondriaPCsubunits, inhibiting C4 entry (Lambert
et al., 2019). MICU1, MICU2 and MICUS3 form heterodirs, which under resting conditions
act as MCU gatekeepers, thanks to the dominatimbitory effect of MICUZ2, thus preventing
vicious C&" cycles. As soon as €ssignaling is induced, the increase irfCeoncentration in
the IMS causes a conformational change in MICUsdil@ading to the release of the MICU2-
dependent inhibition and triggering a rise of MCdlivaty aided by MICU1 and MICU3 (De
Stefani et al., 2015). EMRE was defined as an éiss@CU regulator based on studies that

determined that the necessary channel componengrdper MCU complex operation are



MCU and EMRE. Besides, EMRE controls MICUs intei@ts with MCU and, therefore, may
also indirectly contribute to channel gating (Liua¢, 2020). MCURL1 has been identified as
another component that regulates the role of MEIg;believed to form a scaffold for channel

formation (Mallilankaraman et al., 2012).

It has been estimated that the IMM contains 10M@&W channels per pfrand MCU complex
is activated by G4 concentrations around 1 uM depending on the gpd {Petrungaro et al.,
2015).

2.3.2. Reactive Oxygen Species and redox signaling

ROS are the most common oxidants in cells andexrergted when £s reduced to superoxide
(Oz2 *), hydrogen peroxide (#D.), hydroxyl (HO), peroxyl radicals (RO etc (Gaschler &
Stockwell, 2017).

ROS were initially considered toxic products thanhge cellular structures and cause
oxidative stress (Holmstrom & Finkel, 2014). Howe\eis presently accepted that ROS act
as important messengers in many cellular signatimgrades (Casas et al., 2015; Jezek &
Hlavata, 2005).

Oxidative stress occurs when the production of R@&eeds the defense provided by the
antioxidant systems. Indeed, when in excess, R@Q3ricmer different signaling cascades and
pathways, contributing to various cardiovasculaak@no et al., 2003), neurological or
metabolic pathologies (Lemire & Appanna, 2011; Ria al., 2003) or cancer (Thanan et al.,
2014).

In contrast, ROS are also required as regulatocglbmetabolism (Jezek & Hlavata, 2005). In
this regard, they function as signaling molecutes tegulate essential physiological processes
such as cell proliferation and differentiation, aalar tone, the innate immune response and
inflammation (Casas et al., 2015; Holmstrom & Fink&14).

Mitochondria are thought to be the major sourc®0fS in most cell types (Murphy, 2009).
Accordingly, mitochondrial ROS (MROS) productiontightly connected with mCa In
particular, mitochondria produceeOat Complexes |, Il and Ill of mETC (Murphy, 200%he
O2 ° produced at Complex | is believed to be releasdg within the matrix, whereas at
Complex lll, @ * is discharged both into the matrix and into thé&I{Finkel, 2011).



Mitochondrial is also thought to influence mROS production. Aaréase in the proton
motive force is associated with elevated ROS prtooc whereas a decrease leads to a
reduction in generated ROS (Mailloux & Harper, 20Ithis is based on the fact that a high
proton motive force slows down the flow of @&ong the mETC. This deceleration of e
increases the probability that a freendl interact with Q, leading to the production of20
(Holmstrom & Finkel, 2014).

Other contributors to the generation of mMROS inelatketabolic enzymes. Some of them can
be found in the OMM, e.g., monoamine oxidase ardatyome b5 reductase (Cb5R), whereas
other are located in the IMM, e.g., glycerol-3-pbloste dehydrogenase (GPDH) and electron
transfer flavoprotein-ubiquinone oxidoreductase RyQystem. There are also several matrix
enzymes and complexes, including PDH a#aetoglutarate dehydrogenas&(GDH) that can
generate @° (Finkel, 2011; Lin & Beal, 2006).

ROS are generated by other cellular sources. Orjermsaurce for intracellular oxidant
production is the family of NADPH oxidases whicle anembrane-bound enzymes that transfer
e from cytosolic NADPH to @to produce @ . This group of enzymes, known as NOX
enzymes, is composed of seven-members (Nox1-5 act1D2) and their activity is also
depended of G4 (Bedard & Krause, 2007; Dikalov, 2011; Finkel, 208aul et al., 2016).

In addition, intracellular enzymes such as the kiaet oxidase, cyclooxygenases, cytochrome
p450 enzymes and lipoxygenases produce B®fart of their normal enzymatic function.
Furthermore, cell organelles, such as the perox@soand the ER can also generate ROS
(Finkel, 2011; Holmstrom & Finkel, 2014).

2.3.2.1. Antioxidant systems

All biological systems are in redox homeostasispkag a balance between oxidative and
reducing reactions. The accumulation of oxidant evoles, causing failures in redox
homeostasis, can lead to disease or even deaths&we production of oxidants can occur
either by overproduction or by a loss in the callubduction capacity. In both cases, generated
oxidizing agents can oxidize DNA, proteins anddgithus altering their structure, activity,
and physical properties (Jezek & Hlavata, 2005)cdmbat the harmful effects of ROS and
the aberrant production of oxidized biomoleculegllsc have developed antioxidant

mechanisms (Holmstrom & Finkel, 2014).



The @ ° generated by mitochondria is rapidly convertet#0. by the enzymatic activity of
either manganese (Mn) or copper/zinc (Cu/Zn)-depehsguperoxide dismutase (SOD), which
are located in the mitochondrial matrix and the |WESpectively (Fridovich, 1997; Holmstrom
& Finkel, 2014; Mailloux & Harper, 2012).

The generated #D: is far more stable than,O and can cross membranesC4is hence, the
main ROS involved in cell signaling. To this encQd can control intracellular signaling
pathways by reversibly oxidizing cysteine residueskey proteins (Bogeski et al., 2010;
Gibhardt et al., 2020). However,>B can also cause oxidative stress; thus, a number of
enzymes such as glutathione peroxidases (GPx)xipedoxins (PRDX), thioredoxins (TRX),
and glutaredoxins (GRX) can scaveng®H Catalase (CAT) is another enzyme that can also
degrade KO- (Finkel, 2011; Holmstrom & Finkel, 2014; Maillo Harper, 2012).

Furthermore, (as already depicted in chaptgr CoQio is a very important antioxidant in the

IMM but also in other cellular membranes.

2.4. FERROPTOSIS

Ferroptosis is a recently described form of regulatell death (Dixon et al., 2012). It is
characterized by an iron-mediated cell death, chbgehe accumulation of lipid peroxidation
products in membranes. Ferroptosis appears to mmpletely different from other forms of
regulated cell death, such as apoptosis, necroslsaatophagy, in terms of morphology,
biochemistry and genetics (Doll & Conrad, 2017)vélitheless, recent studies have shown that
ferroptosis plays an essential regulatory rolehm dnset and development of nervous system
disease, heart disease, liver disease, gastromaeslisease, lung disease, kidney disease,
pancreatic disease and more (Li et al., 2020). &bez, a better understanding of its
pathogenesis is necessary for proposing new tafgete treatment and improvement of the
prognosis of these diseases. To this end, :1©6@s been suggested as an inhibitor of lipid
peroxidation and consequently, a suppressor abéssis (Jiang et al., 2021).



2.4.1. Lipid peroxidation

Lipid peroxidation (LPO) is a sequence of devastatixidative reactions in which free radicals
attack unsaturated fatty acids in membranes difileelor subcellular compartments (Yin et al.,
2011).

The toxic effects of lipid peroxides may be dugwo general mechanisms. On the one hand,
extensive LPO alters their assembly, compositidrycture and dynamics and leads to a
disruption of cell membranes. On the other handhdodighly reactive compounds, lipid
peroxides can also propagate a more significanergéion of ROS or degrade into reactive
compounds capable of cross-linking DNA and proteins

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

more than one double bond. Oxidation of PUFAs @a bon-enzymatic or enzymatic process.

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

initiation, propagation, and terminatioRigure 11).

In theinitiation step, free radicals abstract the allylic hydrogeafatty acid molecule, forming

a lipid radical and water.

In thepropagation phase, the lipid radical reacts rapidly witht®form a lipid peroxyl radical
(ROQO), which can subtract a hydrogen atom from anolipet molecule generating a new
lipid radical and a lipid hydroperoxyl (ROOH). Thuadical compounds can give rise to new

radicals, causing a chain reaction.

In thetermination reaction, if the concentration of radicals is hagtough that two radicals
can react, they will form a new chemical bond bemvehem and eliminate the radical.
Alternatively, antioxidants could donate one hydnogtom to the ROGspecies resulting in
the formation of non-radical products and thus,pstbe radical's propagation. These
antioxidants are the central defence mechanismmsigancontrolled LPO and other oxidative
damage (Ayala et al., 2014; Gaschler & StockwdllL 7).

The enzymatic peroxidation of PUFAs can be caroigdby two different groups of enzymes.

PUFAs esterified with phospholipids can only bedized by lipoxygenases. In contrast, free
fatty acids can be oxidized by lipoxygenases, aycjgenases and by cytochrome P450
(Gaschler & Stockwell, 2017).
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Figure 11 Lipid peroxidation process. (1) The Initiatiorept lipid radicals are formed when

free radicals take the allylic hydrogen from fa#tgids. These lipid radicals are stabilized in
different resonance structures by delocalizatiorthaf free electron. (Brastianos et al.) The
Propagation phase: Peroxyl lipid radicals are fortnafter lipid radicals react with oxygen.

The new lipid peroxyl radicals may abstract a hygio from another lipid molecule, which
create a new lipid radical and lipid hydroperoxid8) The Termination step: two lipid radicals
react with each other to form a stable bond. Antlarts also stop de reaction donating a
hydrogen atom to the lipid peroxy radical speciesich generate non-radical products.

Abbreviations: H = proton; O; = molecular oxygen; R= free radical.



2.4.2. Lipid peroxidation in ferroptosis

In 2012, Dixonet al used the term "ferroptosis” for the first timax@n et al., 2012). Name
that comes from Greek word "ptosis” meaning "a'falid ferrum, which is iron in Latin,
suggesting the significance and repercussion sfrtietal in this kind of cell death (Doll &
Conrad, 2017). A certain amount of iron is esséritia proper cellular metabolism. Most
cellular iron is bound to heme, bound in FeS chsster stored in the iron storage protein
ferritin. However, there is a small amount of ithiat is loosely bound, named "labile". Cells
harbour a labile redox-active iron pool in the gl mitochondria and lysosomes (Amoretti
et al.). Labile iron acts as a pro-oxidant in fetasis through a series of redox reactions known
as "Fenton chemistry"Fgure 12). Radical compounds generated in these reactittaska
unsaturated fatty acids and cause LPO. Hencecruigal to maintain the pools in an optimal
range concentration (0.5 — 5.5 uM) (Cabantchik 4301

In the first step of Fenton chemistry, a hydroxaeon and a highly reactive hydroxyl radical
are generated by the formation of ferric iron frbra oxidation of ferrous iron byJ>. Ferric
iron can be reduced to its ferrous state and credtgdroperoxyl radical if another28. is
available. Besides, the union of twe®4 generates hydroxyl and hydroperoxyl radicals. €hes
generated radicals act in the initiation phaseR®OL(Doll & Conrad, 2017).

Fenton reaction

2+ 3+ . -
Fe + H, O, ——— Fe" + HO + OH

Ferrous Hydrogen Ferric Hydroxyl Hydroxide
peroxide radical anion

3+ 2+ ] +
Fe”* + H,0, ——— Fe“" + HOO  + H

Hydroperoxyl Proton

radical
2 H,0, ——— HO" + HOO" + H,0

Figure 12 Fenton reaction. Ferrous ion reacts with hydrogenoxide to produce the hydroxyl
radical (HO). Ferric ion from the previous reaction can beuwedd back to ferrous iron in the
presence of superoxide and generate hydroperoxgicah Two hydrogen peroxide can

generate hydroxyl and hydroperoxyl radicals.



2.4.3. Regulation of Ferroptosis

2.4.3.1.Glutathione-dependent pathway

Until recently, ferroptosis was thought to be coléd only by a glutathione-dependent
pathway (Yang et al., 2014Figure 13), in which glutathione peroxidase 4 (GPX4) is Ithain
regulator. GPX4 prevents ferroptosis by reducingd®nto non-toxic lipid alcohols through
the following reactionKigure 14) (Yang et al., 2014):

2 GSH + lipid - hydroperoxide ——> GSSG + lipid - alcohol + H,O

Glutathione Glutathione
disulfide

Figure 14. Two reduced Glutathione molecules are converte@rt oxidized Glutathione
disulfide molecule reducing lipid hydroperoxideghe corresponding alcohol and producing

water. This reaction inhibits the oxidative strasduced ferroptosis.

Another critical part of this pathway is the avhildy of cysteine/cystine since it is necessary
for glutathione synthesis. Cysteine is transported cells via neutral amino-acid transport
systems, whereas cystine, the oxidized form anghtedominant in the extracellular space, is
carried by the cystine/glutamate antiporter(Ssystem (Bannai & Tateishi, 1986).

Glutathione (GSH) is synthesized in the cytosoltlwg enzymes, glutamate-cysteine ligase
(GCL), composed of catalytic and modifier subu@€LC and GCLM) and GSH synthetase.
Both steps are dependent on ATP. Then, GSH isilmis&d to the nucleus, the ER and the
mitochondria, constituting the major cellular artéant system GSH / GSSG (Lu, 2013)

Hence, the cystine uptake by:S»ynthesis of GSH and proper functioning of GPXel lkeey

cellular processes suppressing ferroptosis.

Small-molecule compounds can be inducers of feopt(FINS) by interfering with the
protective effect of this pathway. Among them, @masa small molecule identified by Dixon
et al that blocks Sxc-, and hence depriving the cellysteine and inhibiting the synthesis of
GSH (Dixon et al., 2014); RAS-selective lethal (RB$that can triggers ferroptosis blocking



GPX4 activity (Yang & Stockwell, 2008); and buthine sulfoximine, which inhibits the
enzyme GCL, prevents the production of GSH frontaipe (Guo et al., 2009).

2.4.3.2.FSP1-CoQo-NAD(P)H pathway

In 2019 another regulatory axis was proposed tp pleentral role in ferroptosis. The FSP1-
CoQuo—-NAD(P)H pathway Figure 13) suppresses LPO and ferroptosis in cooperatioh wit
GPX4 and GSH, but in an independent manner (Bersatka., 2019; Doll et al., 2019).

Ferroptosis suppressor protein 1 (FSP1) was knasvAleM2 (apoptosis-inducing factor
mitochondrial 2), based on its homology to the efitandrial apoptosis-inducing factor (AIF
or AIFM1). However, FSP1 lacks the N-terminal mioadrial targeting sequence of AlF, is
not found in mitochondria and does not trigger apsis. Instead, FSP1 is localized at the
plasma membrane, where it mediates the NADH-depgnéduction of Cog to ubiquinol-

10 (CoQoH>) (Figure 15).

H* + NADH + ubiquinone-10 —— NAD* + ubiquinol-10

Figure 15 Reduction of ubiquinone-10 to ubiquinol-10 depericof NADH and H with the
consequent production of NADNAD'" = oxidized nicotinamide adenine dinucleotide; NADH
= reduced nicotinamide adenine dinucleotid€’; H proton; NAD" = oxidized nicotinamide
adenine dinucleotide; NADH = reduced nicotinamidke@ine dinucleotide.

CoQuo acts as radical-trapping antioxidant inhibitingQ@.mPy preventing the production of
ROO and reduced CofQ supresses the initial F§6eOO, with concomitant formation of

ubisemiquinone. This quenching of radicals prevémspropagation of LPO.
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Figure 13 Graphic scheme representing the oxidative lipid dgen(in red) and the anti-
ferroptotic function of CoQ (in green) as a suppa@s of phospholipid peroxidation
independent of the glutathione pathway (in bluégoAlepicted (in pink) the reactions where
the drugs BSO and Erastin act and block the amtbfeotic effect of glutathione.
Abbreviations: BSO = buthionine sulfoximine; CoQ Goenzyme Q; CoQH= reduced
Coenzyme Q; Fé = Ferrous iron; FSP1 = Ferroptosis suppressor @iot 1; GPX4 =
glutathione peroxidase 4; GSH = glutathione; GSSGlatathione disulphide; ROG- lipid
peroxyl radical; ROOH = lipid hydroperoxyl radicalNAD(P) = oxidized nicotinamide
adenine dinucleotide (phosphate); NAD(P)H = reducecbtinamide adenine dinucleotide
(phosphate); PUFA = polyunsaturated fatty acid; RO©&active oxygen species; Xc System
= cystine/glutamate antiporter.



2.5. ROLE OF COQ10AND THE IMPORTANCE OF FERROPTOSIS

IN CARDIOMYOPATHY

Cardiovascular diseases (CVDs) are the leadingeaaiueath in the world, taking an estimated
17.9 million lives each year (2021 WHO). Intereghyn patients with Cog deficiency often
have heart related pathologies; moreover, arourtd 05 all heart disease patients present low
levels of CoQo(Zozina et al., 2018). For example, in patientdwisthemic heart disease and
dilated cardiomyopathy, the CegXxontent has been found to be much lower than attline
patients. Furthermore, depending on the severityhef cardiomyopathy, this decrease is
directly proportional to the progression of theedise (Kumar et al., 2009; Zozina et al., 2018).
Various theories have been proposed about thefd@®Qoin CVDs.

Firstly, for its antioxidant function against ROBdafree radicals in biological membranes as
mentioned above. The reduced form of Gg@Qbiquinol, has its full function as an antioxitlan
preventing the serious cellular damage that RO8ymes by reacting with cell membranes,
DNA, and proteins. Moreover, oxidative stress paguand cytokines can cause hypertrophy
by triggering myocyte growth (Nakagami et al., 2D08 addition, ferroptosis is discovered in
CVDs more recently and ubiquinol stops the inipebcess of LPO avoiding ferroptotic cell
death (Zhai et al., 2021).

Secondly, Co@ plays an important role in the energy needs ofhib&t since it is a main
component in the transport ofreecessary for the production of ATP. For instatioe cardiac
contraction process, which involves the releaggaf from the SR and its binding to troponin
C in myofilaments to cause cardiomyocytes to cantr@quires a large contribution of energy
from the mitochondria (Kai et al., 2005; Schaub &g, 1986). Furthermore, a possible cause
of myocardial insufficiency is a low energy prodoat in the mitochondria (Kumar et al.,
2009).

In addition to that, recent studies attribute amitammatory properties to Ca@ possibly
through the regulation of nitric oxide (Jung et @D09). This mechanism can be effective in
the treatment of CVDs, since some of them, for gdarheart failure (Palty et al.), are related
to a chronic pro-inflammatory state. Therefore, seeretion of cytokines and chemokines
would not induce myocardial fibrosis, preventing ttevelopment of heart failure (Kai et al.,
2005; Zozina et al., 2018).






3. OBJECTIVES



In the present study, my main goals were to ingagti the role of coenzyme;Qin C&*

signaling and redox homeostasis, and to test aljpp@skerapeutic use of CoQs and OH-CoQs.
In order to understand the role of GeQ addressed the following objectives:

1. To determine whether depletion or increase in Gafects the mitochondrial €aand
redox signaling in human skin fibroblasts (HSF).

2. To test whether addition of mitochondrial targetedQ and OH-CoQ alters the
mitochondrial C&" and redox signalling in HSF genetically deficienCoQio, and to
identify the parameters involved.

3. To investigate the role of Cagin the regulation of ferroptosis in HSF and thedton
of CoQs and OH-CoQs as inhibitors of ferroptosis.

4. To unravel a connection between Ge@&* signaling and ferroptosis in HSF.

Since patients with CofQ deficiency often display heart-related pathologiefocused my
efforts on the role of CofQ in these diseases. For this purpose, | addressedblowing
objectives:

1. To investigate whether Cag@affects the CH signaling in cardiomyocytes.
2. To determine the function of Cagdn the regulation of ferroptosis in cardiomyocytes
and to identify a possible therapeutic use of CaQs OH-CoQs.



4. MATERIALS AND METHODS



4.1. CONSUMABLES

Laboratory consumables (pipettes, tips, centrifigiees, cell culture flasks, dishes and

microplates) are purchased from Sarstedt, Eppenaiadf Corning/Falcon.

4.2. CELL LINES

Table 1. Cell lines used in the study.

Cell

Description

HSF

Primary human skin fibroblasts (Ce

S

provided by the Department of Dermatology,

Venereology and Allergology, UMG)

P104

Fibroblasts from a 15-year-old woman w
cerebellar ataxia caused by a mutation in
ADCK3 gene, which generates a Go(

deficiency*

P106

Fibroblasts from a child with multipl
disorders caused by a mutation in the CQ
gene that leads to a Cafleficiency*

COQ4mut iPSC-CM

(COQ4 mutated iPSC-Cardiomyocytes)

IPSC were generated using the CytoTune-

Sendai  Reprogram-ming  Kit  (Life

Technologies, Carlsbad, Californi

www.thermofisher.com), from primar

J

D

the

Q2

iPS

dermal fibroblasts. Those fibroblasts were

from a 4-year-old girl diagnosed with minpr

mental retardation and lethal rhabdomyoly
caused by a mutation in the COQ4 gé¢
(c.483 G>C), leading to a CaXeficiency.




CQ4mut-iPSC were differentiateih vitro
into pure cardiomyocytes by Johanna Heine
(AG Katrin Streckful3-Bomeke, Gottingen)|.

COQ4corr iPSC-CM CRISPR-Cas9 gene editing was used to|get
COQ4-corrected iPSC from COQ4-mutated
iPSC#

(COQ4 corrected iPSC-Cardiomyocytes)

CQd4corr-IPSC were differentiateish vitro
into pure cardiomyocytes by Johanna Heine
(AG Katrin Streckful3-Bomeke, Gottingen)|.

* Cells provided by Prof. Placido Navas from PabloQlavide-CSIC University, Seville,
Spain.

#iPSCs with mutation in COQ4 and the corrected ane® provided by Banco Nacional de
Lineas Celulares (BNLC), Instituto de Salud CatlgdMadrid, with the authorization of Pablo
Menéndez, Josep Carreras Leukaemia Research tastchool of Medicine, University of
Barcelona, Spain. Primary dermal fibroblasts withtation in COQ4 gene (from which the
IPSCs were generated) were obtained from the pgati@ccordance with procedures approved
by the Clinic Hospital of Barcelona and informeahsent was obtained in accordance with the
Declaration of Helsinki. iPSCs were generated el#h of Pablo Menéndez (Romero-Moya et
al., 2017).

4.3. CELL CULTURE

Human Skin Fibroblasts (HSF) were maintained ink@ato's modified Eagle's medium
(DMEM; Gibco Cat. No. 41966-029) and 10 % fetal in@vserum (FBS; Sigma-Aldrich, Cat.
No. F7524). The fibroblasts from patients with ¢jemetic deficiency in CoQ P104 and P106,
were also cultured in DMEM and 10 % FBS plus 1 %iélin-Streptomycin (10,000 units
penicillin and 10 mg streptomycin/mL; Sigma-Aldrjchat. No. P4333). During experiments
cells were cultured without antibiotics, and P16d 8106 were maintained with DMEM + 10
% FBS as HSF. Cells were grown on untreated T&k ftd 37 °C in a humidified 5 % GO
atmosphere, and the medium was changed every thiodirth day. For passaging cells,
confluent flask were washed once with phosphatéebed saline (PBS; Applichem, Cat. No.



A-0964), followed by a short trypsinization with08. % trypsin-EDTA (Thermo Fisher
Scientific, Cat. No. 25300-062). The trypsin wasitnalized with culture medium (1:5) and
after a centrifugation step (1,000 rpm, 5 min) egroving the supernatant; the cells were re-
suspended in their culture medium and seeded ateitessary confluence. For counting cells,
The Countess™ Il FL Automated Cell Counter was u$be sample was prepared by adding
10 L of cell suspension to 1Q_ of 0.4 % trypan blue stain (Thermo Fisher SciatCat No.
15250061), and loaded into the counting chambeuii@ss™ Cell Counting Chamber Slide).

The iPSC-CM were maintained in medium RPMI 1640 Meg GlutaMAX™ Supplement
Reagent (Thermo Fisher Scientific, Cat. No. 618X0)}0with the addition of B-27™
Supplement (50X), serum free (Thermo Fisher Sdien€at. No. 17504-044). iPSC-CM were
kept in 6-well plate and medium was changed ewsry days. To digest iPSC-CM, 0.05 %
trypsin-EDTA was used for 5 min, whose reaction mastralized with FBS (1: 1) and followed
with a centrifugation step (1,000 rpm, 5 min). Boupernatant was discarded and the pellet with
the cells was resuspended in Cardio digest medamaming their culture medium plus 25
mM Hepes (Thermo Fisher Scientific, Cat. No. 1568)120 % FBS and 2 uM Thiazovivin
(Sigma-Aldrich, Cat. No. SML1045). Cells were caaohin a Neubauer counting chamber and
seeded at desire cell amount in a Geltrex (TherrsloelF Scientific, Cat. No. A1413302) pre-
coated (overnight at 4 °C) plates.

4.4, CELL TREATMENTS

4.4.1. Inhibition of CoQ 10 synthesis by 4-

Nitrobenzoate in HSF

HSF cultured in DMEM + 10 % FBS were treated witmM¥ 4-nitrobenzoate (4-NB; Sigma-
Aldrich, Cat. No. 72910), an analogue of 4-hydroxyboate (4-HB), precursor of the
benzoquinone ring, which inhibits 4-hydroxybenzgadé/prenyl transferase (COQ2) leading
to a decrease in the biosynthesis of @®o demonstrate that the effects of 4 mM 4-NB were
caused by Co@Q deficiency rather than side effects of the complufibroblasts were
supplemented also with 4 mM 4-NB + 2 mM 4-HB (Sig&idrich, Cat. No. 240141). Medium
was changed at day 1, 3 and 5, and cells werectedlat day 7 for further experiments. 4-NB
and 4-HB were dissolved in Dimethylsulfoxid (DMS8igma-Aldrich, Cat. No. D2650) in a



concentration of 0.1 M and stored at -20 °C. Theatiment protocol was based on the

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

4.4.2. Addition of Quinones to HSF, P104 and
P106

Cells cultured in DMEM + 10 % FBS were treated witlitoquinone mesylate (mitoQ);
Hycultec, Cat. No. HY-100116A), hydroxyl-mitoquir®ntrifluoroacetate (OH-mitoQ)*,
decylubiquinone (DecylQ; Sigma-Aldrich, Cat. No.q12), hydroxyl-decylubiquinone (OH-
decylQ)*, coenzyme @(Q1; Sigma-Aldrich, Cat. No. C7956) twydroxy-coenzyme ¢(OH-

Qu)* in concentrations and for the duration as inthdain each experiment.

* Hydroxylated quinones were provided by Dr. ReithKappl, Medical Faculty of Saarland
University, Homburg, Germany.

Quinones were dissolved in DMSO in a concentratibhO mM, they were further dissolved
in ddHO to obtain a stock solution of 1 mM. The compouwese stored at -20 °C.

4.4.3. Addition of ferroptosis inducers to HSF

In order to induce ferroptosis cultured cells weeated with BSO (Sigma-Aldrich, Cat. No.
B2515), erastin (Sigma-Aldrich, Cat. No. E7781)R8L3 (Selleckchem, Cat. No. S8155) in
concentrations and for the duration as indicatezhich experiment.

FINs were dissolved in DMSO in a stock solutior22d 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 CellTitere® Cell Viability Assay (CTB; Promega,

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

cells. The assay is based on the ability of liviedls to convert a redox dye (resazurin) into a



fluorescent end product (resorufin). Nonviable s;ellowever, rapidly lose this metabolic
capacity and thus, do not generate a fluorescgmaki(Promega Corporation, Technical
Bulletin, 2016).

In order to characterize the fibroblasts of thigdgtin respect to metabolic capacity and
proliferation, to compare the toxicity of the usgpanones, or their effect in the regulation of
the ferroptosis, 1 x Fdibroblasts were seeded per well into a transpge@&swell plate. Each

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

before any treatment or drug addiction. For théed#nt experiments see below:

To check if 4-NB and 4-HB cause any effect on thaiferation and viability of the
cells, treated cells were seeded in a total volom&00 pL DMEM + 10 % FBS per
well.

- To check and compare de toxicity of the differeningnes, cells were seeded and
medium was changed 4 hours later and DMSO (asapntritoQ, OH-mitoQ, decylQ,
OH-decylQ, Q and OH-Q were added at 0.1 uM, 0.5 pM, 1 uM, 2.5 uM or 5, |xM
a total volume of 100 uL DMEM + 10 % FBS per well.

- In order to induce ferroptosis and see the effethh@quinones in the regulation of this
cell death; medium was changed 4 hours after eelllieg and ferroptosis was induced
by adding 100 uM BSO, 1 uM erastin or 0.5 uM RSh.&ivolume of 100 uL DMEM
+ 10 % FBS per well. After 1 hour, the quinonest@®i, OH-mitoQ, DecylQ, OH-
DecylQ, Q and OH-Q) and DMSO (as control) were added on top to alfina
concentration of 0.5 pM and in a total volume 0020 per well.

- To reduce the content of Cefin fibroblast and induce ferroptosis, 1.25 pM

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

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

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

of Simvastatin and ferroptosis was induced by agl@irfinal concentration of 1 pM

erastin or 0.5 uM RSL3. Quinones (or DMSO as cohtkere also added in a final
concentration of 0.5M. The total volume was 200 puL of DMEM + 10 % FB& pvell.

After the indicated growth time (12, 24, 48 or Tdurs), in each well with 100 pL or 200 pL
growth medium, 10 pL or 20 uL of CellTiter-Blue® &gent were added, respectively, and the

assay was incubated at standard culture condi{®ns’C, 5 % CQ for 4 hours. Then,



fluorescence was recorded by using a Mithras LBM4RQimode Microplate Reader (Berthold

Technologies GmbH & Co. KG). The settings usedlierexperiments are shownTable 2.

Table 2. Measurement settings for proliferation assy.

Excitation Filter 550 nm

Emission Filter 600 nm

Counter position Top

Shake 100 rpm before plate reading

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

values, were background subtracted (medium onlg)veere normalized with untreated cells.

4.6. VIABILITY ASSAY USING PFA FIXATION AND CRYSTAL

VIOLET STAINING

Cell viability upon FIN treatment was assessed Bl dixation with 4 % PFA
(Paraformaldehyd; stock solution of 16 % dissoliedPBS and calibrated with NaOH
(Applichem, Cat. No. A.1432) for a pH = 7.2; Sigikrich, Cat. No. P6148) dissolved in
PBS, followed by staining with a 0.05 % crystalleicsolution Table 3).

For this purpose, 300,000 cardiomyocytedl were seeded in 6-well plates. After their
attachment, cells were treated with different com@ions of FINs and quinones (RSL3 10
MM 216 hours / Erastin 10 uM 72 hours and 0.5 pMn@bQ, OH-mitoQ, decylQ or OH-
decylQ 216 hours). Afterwards, FIN-resistant cellre fixed with 4 % PFA for 5 minutes.
Cells were subsequently washed thrice with 1 x BB&stained with 0.05 % crystal violet for
30 minutes at room temperature. Following stainaals were washed twice with deg®l and
allowed to dry before imaging. Images were acquirsithg a Carl Zeiss Axiovert S100TV
inverted microscope featuring a sCMOS pco.edge amex objective and VisiView®
Software (Visitron Systems GmbH, Puchheim, Germamg quantification was performed

using ImageJ.



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 1X Gibco 14190-094
Methanol 1% Carl Roth 4627.5

ddH0 - - -

4.7. DETERMINATION OF M RNA EXPRESSION LEVELS

To check expression levels of genes related tasolitpand mitochondrial calcium mobilization
in fibroblasts, real-time quantitative polymerasaia reaction (RT-gPCR) was performed.
Initially, RNA was isolated from the different fibiblasts. Then, complementary DNA (cDNA)

was synthesized and, finally, RT-gPCR was performed

4.7.1. RNA isolation

The total RNA was isolated using the RNeasy Plusi Kit (Qiagen, Cat. No. 74134) according
to the manufacturer’s protocol. First, all fibroftig (with each study treatment) were grown in
T75 flask to 85 - 95 % confluence and trypsinizeaallected as a pellet. The pellet was re-
suspended and lysed in 700 pL RLT Plus bufferMercaptoethanol (Applichem, Cat. No. A-
1108). Each cell-homogenized lysate was then teartsfa gDNA Eliminator spin column
placed in a 2 mL collection tube. After a shortnsgown, the column was discarded and the
flow-through was saved. Next, 700 pL of 70 % ethdRdOH; Carl Roth, Cat. No. 5054.1)
was added and mixed well by pipetting. The mix thas transferred to an RNeasy spin column
placed in a 2 mL collection tube and spun down. fibe-through was discarded and the
column was washed once with 700 uL Buffer RW1 avidd with 500 pL Buffer RPE working
solution. After centrifugation to dry the membrarieghe RNeasy spin column, the column was

transferred to a new collection tube. Lastly, tHe¢ARwas eluted by the addition of 50 pL



RNase-free BO (DEPC-treated water) followed by a centrifugatsdep and the flow-through
containing the total RNA was collected. The RNA cemtration was measured with the
NanoDrop 2000c (Thermo Scientific).

4.7.2. cDNA synthesis

The cDNA was synthesized by reverse transcriptioomf the isolated RNA using the
SuperscriptTM IV Reverse Transcriptase Kit (Invitem, Cat. No. 18091050, 18091150). First,
800 ng of template RNA were mixed with 50 uM Olid@F)20 primers (Invitrogen, Cat. No
18418-020) and 10 mM dNTP mix (Invitrogen, Cat. N8427-013) to a final volume of 13
pL (addition of DEPC-treated water if necessary)isTRNA-primer mix was heated at 65 °C
for 5 minutes in a thermo cycler (C1000TM Thermgtl@r, Bio-Rad), which allow the primer
annealing. Then, the annealed RNA was incubatedeofor at least 1 minute.

In the next step, RT reaction mix was prepared mgixd pL of 5x SuperScriptTM IV buffer
(Invitrogen, Cat. No. 18090200), 1 puL of 100 mM D{Oithiothreitol (DL-); Sigma-Aldrich,
Cat. No. D 0632), 1 pL of Ribonuclease Inhibitonvitrogen, Cat. No. 10777-019) and 1 pL
of SuperScript™ |V Reverse Transcriptase (200 U/(lhyitrogen, Cat. No. 18090200) for
each annealed RNA sample. To each annealed RNA,0f RT reaction mix were added, the
combined reaction mixture was incubated at 55 1CL@bminutes and lastly the reaction was
inactivated by incubating at 80 °C for 10 minutestll steps in the thermos cycler). The

synthesized cDNA could then be used immediately?foR 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 monitbby RT-qPCR using QuantiTect SYBR
Green PCR Kit (Quiagen, Cat. No. 204141). This&ittains the 2x QuantiTect SYBR Green
PCR Master Mix, which in turn contains: HotStarT&@A Polymerase, QuantiTect SYBR

Green PCR Buffer, dNTP mix (including dUTP), SYBRe@n I, ROX™ passive reference dye
and 5 mM MgCi (seeTable 4for more details). The SYBR Green | dye is a flsoent dye



(494 nm Excitation) that binds with all double-sii@d DNA molecules, emitting a fluorescent

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

To proceed with the RT-gPCR, the 2x QuantiTect SY&®en PCR Master Mix was mixed
together with the primers of interest and DEPCta@avater, getting the so called reaction mix.
(All primers were purchased from Qiagen and aredign Table 5. Then, the RT-qPCR
reaction mix and the cDNA (49 uL + 1 pL respectyelere pipetted into a 96-well PCR plate
(Table 6). The plate was closed with a 4titude® adhesivéR|Beal (4titude®, Cat. No. 0560)
in order to avoid the evaporation of the conterd ttuhigh temperature cycles. The RT-qPCR
was performed with the Stratagene Mx3000P qPCRe8y§éAgilent Technologies), using the
cycling program described ifable 7.

The results were analysed with the MxPro gPCR soBwTBP (TATA box binding protein)
was used in all RT-gPCRs as a housekeeping geeeCThHnumber of cycles required for the
fluorescent signal to exceed the fluorescent tlmiedhvalues of the target mRNAs were

normalized to the CT values of TBP. Data were gtetet using the DCT method.

Table 4. Components and their description includedh 2x QuantiTect SYBR Green PCR

Master Mix.

Component Description

HotStarTaq DNA HotStarTag DNA Polymerase is a modified form ofaambinant
Polymerase 94 kDa DNA polymerase, originally isolated fromithermus

aguaticus cloned intcE. coli.

(Deoxynucleoside-triphosphate: DNA deoxynucloetidyisferase,
EC 2.7.7.7).

QuantiTect SYBR Contains Tris-Cl, KCI, (N&)2SQs, 5 mM MgCb, pH 8.7 (20 °C)
Green PCR Buffer

dNTP mix Contains dATP, dCTP, dGTP, and dTTP/dUTRItbapure quality
Fluorescent dyes SYBR Green | and ROX

RNase-free water Ultrapure quality, PCR grade



Table 5. RT-gPCR oligonucleotides (sequences 5’ 3.3

Name Forward primer sequence Reverse primer sequence

HK TBP H CGGAGAGTTCTGGGATTGT GGTTCGTGGCTCTCTTATC
ORAI1 |  ATGAGCCTCAACGAGCACT GTGGGTAGTCGTGGTCAG
ORAI2 | TGGAACTGGTCACCTCTAAC GGGTACTGGTACTGCGTCT
ORAI3 |  GTACCGGGAGTTCGTGCA GGTACTCGTGGTCACTCT
STIM1 CAGAGTCTGCATGACCTTCA GCTTCCTGCTTAGCAAGGTT
STIM2 GTCTCCATTCCACCCTATCC GGCTAATGATCCAGGAGGTT
MCUa | CACACAGTTTGGCATTTTGG TGTCTGTCTCTGGCTTCTGG
MCUb | TTTTGCGTGTGAAGCTGTGT TACCAAGGGAAGGCCATGT
Micul GTGTTCAGCCCTCACAACCT CCACCAAACTGCCTCTCAGT
Micu2 AGCGCTTCATGCAGTTTTCT CAGCTGTTTGGATCCCTGAC
Micu3 CCAGTTTGGAAAGGCTCATC ATTCTGAACCCTGCATGTGG
MCUR1 GCCCTTCCCCAGTACCAC AGAGTTTCCTGCTCCCAGAA
EMRE CTTGAGGAAAGATGGCGATG | CGACATAGAGAAAGGGGATCA

The annealing temperature for all used primers%8a¥C.

Table 6. Components of the reaction mix used for RGPCR.

Reagent

Volume used per reaction (L)

2x QuantiTect SYBR Green PCR

10 pM forward primer

10 pM reverse primer

ddH0

cDNA (< 500 ng)

25
15
1.5
21
1



Table 7. RT-gPCR cycling program.

Number of cycles Temperature (°C) Time (min:sec) $p
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 methoddise detect specific proteins among a
mixture of proteins extracted from cells. This nuethconsists of four main steps: sample
preparation (sectiord.8.1), protein separation by size (secti@gh8.2), transfer to a
nitrocellulose membrane (sectidB.3) and labelling of the desired proteins with the o$
corresponding primary and secondary antibodiegi(ses.8.4). WB were done with the help

of loana Todoran.

4.8.1. Sample preparation

First, fibroblasts were grown in T75 flask to 895 % confluence and treated with 0.5 uM
mitoQ or OHmItoQ, and same amount of vehicle (DMSQ) 24 hours. Next, cells were
washed twice with ice-cold 1x DPBS to remove théioma and any debris and they were lysed
directly on the plate with the appropriate volunfi¢ysis buffer (TGH lysis buffer), which was
dependent on cell confluence. The TGH lysis buffas prepared freshly (always keeping it on
ice. See recipd@able 8). Immediately with a rubber scraper, the cellsevecraped and the
lysates were collected and transferred to 1.5 nbeduThe tubes were incubated on ice for 20

minutes, during that time cells were often resudpdrand subsequently centrifuged at 13,000



rpm for 10 minutes at 4 °C. The supernatants welleated and transferred to new tubes and

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

The protein concentration of the cell lysates waangjfied using the Bradford reagent (see
recipeTable 9). This method is a protein colorimetric assay Hase COOMASSIE® Brilliant
Blue G 250, a dye that shows a change in absorlfesme470 nm to 595 nm upon binding to
proteins. Therefore, it shows a differential colalmange in response to different protein
concentrations. For each sample, 1 uL of protesatly was mixed with 799 uL dé®and 200
puL Bradford's reagent. 200 ul of each sample wasgabin triplicate into 96-well plates. In
addition, to estimate the amount of proteins insthi@tion, a calibration curve for bovine serum
albumin protein (BSA) was performed, ranging frof @ 20 pg / mL. Quickly, the absorbance
at 595 nm was read using the Berthold Mithras LB 8dvice. The amount of absorption was

directly proportional to the protein present in Haenple.

Table 8. TGH lysis buffer recipe

Chemical Concentration Company Product number
NagVOg4 1mM Sigma-Aldrich, S6508-50G
PMSF 1mM Sigma-Aldrich P7626

NaF 1 mM Sigma-Aldrich  S7920-100G
Protease Inhibitor (P1) 1X Roche 1183617001

Table 9. Bradford reagent recipe

Chemical Concentration  Company Product number
COOMASSIE® Brilliant Blue 339 uM Serva 35050

G 250

Ethanol 19.2 % Carl Roth P075.4
HaPOy 34 % Carl Roth 9079.1

ddH0 - - -



4.8.2. Protein separation by size

Protein separation was performed by sodium dodesyifate polyacrylamide gel
electrophoresis (SDS-PAGE). First, all samples vegljasted to reach the same concentration
(50 pg), mixed with 4x Lammli buffer (Bio-Rad, Cdtlo 1610747 (containing 1:10 -
mercaptoethanol (Gibco, Cat. No. 1985-023)) andctierd at 95 ° C. Next, the proteins were
loaded into the formed wells in the polyacrylamgid, which was totally buffered (Running
Buffer, see recipe imable 10. The polyacrylamide gel consisted in two pafts, stacking gel
and the separating geldbles 11-14to see the recipe). Next, an electric current amgsdied
that ran through the gel, causing proteins thahagatively charged to migrate through towards
the anode (positively charged). Smaller proteirsspaore easily through the pores of the gel
migrating faster, while larger proteins encounteraresistance and migrate more slowly, thus
separating the proteins by their molecular weighe applied voltage at the beginning of the
electrophoresis was 60 V, once the samples redbleeskparating gel, it was increased to 110
V. A protein ladder (Precision Plus Protein ™ DQallor 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

ddH.0O - - -

pH=8.3

Table 11. Stacking gel buffer recipe

Chemical Concentration Company Product number
Tris 0.5M Carl Roth 5429.3

SDS 0.4 % Sigma-Aldrich  L-4509

ddH.O - - -

pH = 6.8. It was adjusted with NaOH 2 M (Merck, OQdb, 109136) or HCI 1 M (Carl Roth,
Cat. No. K025.1).



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

ddH.0O - - -

Table 13. Separation gel buffer recipe

Chemical Concentration  Company Product number
Tris 15M Carl Roth 5429.3

SDS 0.4 % Sigma-Aldrich  L-4509

ddH0 - - -

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

Table 14. Separation gel recipe

Chemical Concentration Company Product number
Separation gel buffer 3X - -

Acrylamide 10 % Carl Roth 248272357
APS 0.075 % Sigma-Aldrich  A3678
TEMED 6.67 M Sigma-Aldrich| T7024

ddH0 - - -



4.8.3. Protein transfer to a nitrocellulose

membrane

The proteins were transferred from the polyacrytingel to a 0.2 pm nitrocellulose membrane
(Bio-Rad, Cat. No. 1704270) with the Trans-Blot®rBaiTM Transfer System following the
manufacturer's recommendations. The membranesrandfdér stacks were equilibrated in
transfer buffer (the recipe is shownTiable 15 for 3 minutes. The "transfer sandwich" was
then assembled in the following order: botton (&ksette (anode), bottom transfer stack,
nitrocellulose membrane, gel top transfer stagh,(tp cassete (cathode), and it was placed in

the device. The transfer was performed at 1.3 A/ 2lor 7 minutes.

Table 15. Transfer buffer recipe

Chemical Concentration| Company Product number
5 X transfer buffer* 1X Bio-Rad 1704270
Ethanol 20 % Carl Roth 9065.2

ddH0 - - -

" Part of the Trans-BI6tTurbo” RTA mini 0.2 um nitrocellulose transfer kit, Bio-&a#
1704270.

4.8.4. Membrane blocking and antibody incubation

Once the transfer was finished, the nitrocellulosmbranes were blocked for 1 hour with a 5
% BSA (Sigma-Aldrich, Cat. No. SLBV4989) TBS sohrti (Table 16), then the primary
antibodies were added and incubated overnight &.4r'he primary antibodies used were Anti-
MCU (D2z3B) Rabbit mAb (Cell Signal. Tech., Cat. M997S), Anti-MCUb (C109B
Antibody (C-term) (Abgent Cat. No. AP12355b)), AMICU2 (Sigma-Aldrich, Cat. No.
HPA045511) and Anti-MICU3 (Sigma-Aldrich, Cat. N6éPA024779) 1:500. And as a loading
control it was used Calnexin (ENZO, Cat. No. ADIAS860-F) 1:1000.



The membranes were then washed three times witfBB<T (Table 17) for 5 minutes each
time (on a rocker platform) and incubated with skeondary antibody IRDye 800CW Donkey
anti-Rabbit (Li-Cor, Cat. No. 926-32213) 1:10,0€4), 1 hour at room temperature and in the
dark. Finally, the membranes were washed threestimin 1x TBS-T for 10 minutes each time
and imaged using the Odyssey® CLx system. Bands guantified with Image Studio ™ Lite

program.

Table 16. TBS recipe

Chemical Concentration Company Product number
Tris 50 mM Carl Roth 5429.3

NacCl 150 mM AppliChem A2942

ddH0 - - -

pH = 7.6. It was adjusted with NaOH 2 M (Merck, GClt. 109136) and HCI 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

NacCl 150 mM AppliChem A2942
Tween® 20 0.1% Carl Roth 9127.1

ddH0 - - -



4.9. CYTOSOLIC PARAMETER MEASUREMENTS

4.9.1. Cytosolic C&* measurements in HSF

Cytosolic C&" measurements in fibroblasts were performed bygusicalcium-imaging system
on a fluorescence microscope equipped with an Aetio8100TV (Carl Zeiss), pE-340fura
(CoolLED, Andover, United Kingdom) LED light soureath LED 340 nm (excitation filter:
340/20) and 380 nm (excitation filter: 380/20) ttggr with a T400 LP dichroic mirror and
515/80 emission filter, 20x Fluar (N.A. 0.75) olijee and a sSCMOS pco.edge camera. Data

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

Cytosolic C&" was measured with the ratiometric acetoxy-metiyéreFura-2 (Fura-2 AM;
ThermoFisher, Cat. No. F1221), which diffuses astbe cell membrane and is de-esterified
by cellular esterases generating Fura-2 free agitien free cytCH binds to Fura-2, the peak
excitation wavelength changes from 380 nm to 340 while the peak emission around 510
nm remains unchanged. The values obtained by niegstire ratio of the fluorescence
emission signal (340 nm / 380 nm) in the presefikaown free C& concentrations, correlate
with the concentration of cyt€a(Tinning et al., 2018).

For the cell preparation process, fibroblasts (Q00) were seeded on 25 mm round glass
coverslips with a thickness No. 1.5 (VWR, Radn&A ] Cat. No. 6310172) 24 hours before
measuring and in a confluence of 75 — 85 %. Cellsevseeded in 2 mL DMEM medium
supplemented with 10 % FBS. If necessary the acgdise treated. In the case of CeQ
inhibition, they were treated for 7 days prior histexperiment as indicated in chaptet.1.

In the case of addition of quinones or FINs to cealture, this was done once they had been
seeded on the coverslips. It was waited for this ¢elattach to the bottom (minimum 4 hours)
and the quinones were added at a concentratiorbgild and erastin at 1 uM, for 24 hours

prior imaging.

Before measuring, cells were stained withM Fura-2 AM solution (1 mM stock solution
dissolved in DMSO) in growth medium for 30 minutgsroom temperature on a platform
shaker (Grant-Bio PMR-30 mini rocker-shaker).

For the measurements, a perfusion system was aeadisting of two tubes: an input tube
connected to 1 mL syringe through which the worksogution is added and the output tube

that discharges the previous solution into a liquasbte bottle by a suction line connected to a



vacuum pump; and an imaging chamber to which habled are connected, creating a small
perfusion channel that enables a rapid solutioh@xge with minimal disturbance of the cells.
Before each measurement, the perfusion system ladntaging chamber were properly
cleaned with 70 % EtOH and ddB, the input tube was carefully loaded with thestfir

measuring solutionTable 19).

After incubation of FURA-2 AM and after removal ekcess medium, the coverslip with the
attached cells was assembled in the imaging charkbst, the coverslip was mount onto the
chamber ring. The perfusion chamber was then fixgl silicone paste, on top. A 12 mm
round glass coverslip with a thickness No. 1.5 (VViR&dnor, ISA, Cat. No. 630-2190) was
inserted on the perfusion chamber fixed as welhwiticone {igure 16). Lastly, the imaging
chamber was placed into the microscope and corthéxtiie perfusion tubes from both sides

allowing the perfusion of solutions through the rolver.

The cells were perfused carefully with the firstasring solution to wash away remaining
medium and poorly attached cells, and were legiquailibrate for a few minutes before starting
the measurement. The measurements were performeRinger's buffer (pH 7.4; 310
mosmol/L) containing 145 mM NaCl, 4 mM KCI, 10 mMuBose, 10 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), B #igCl,, and concentrations of CaGls
indicated, or in 0 mM Caglwith 1 mM EGTA at room temperature. The settingsdlin the

experiments are describedTiable 18

-

chamber ring 25mm coverslip with the perfusion chamber 12 mm coverslip
attached cells

input tube

output tube




Figure 16. Image chamber and perfusion system for cytosoké" measurements. The
individual parts that make up the image camerasdrewn at the top of the figure. In the lower
left corner, the assembly is shown, and in thetrigk final result ready to be placed in the

microscope with the connected tubes that creat@dinision system.

Before starting the measurement, the cells thae weccessfully loaded with the dye were
identified and individually selected with the imagisoftware, thus defining the regions of
interest (ROI) to monitor the change of cytCim each cell. By using a specific measurement
protocol (seélable 19for detailed protocol) several parameters weraiabt: first, with 0.5
mM C&* Ringer solution a baseline. Then 2Glee Ringer’s solution was perfused to get the
minimum levels of cytCH. For ER C4" store depletion, the chamber was perfused wiffi-Ca
free Ringer's solution containing IM thapsigargin (Tg; Sigma-Aldrich, Cat. No. T9033;
dissolved as 1 mM stock solution in DMSO) or 100 pigtamine (His; Sigma-Aldrich, Cat.
No. H7125-1G; dissolved as 10 mM stock solutioBMSO) observing the increase in cytCa
resulting from ER C4. Once the C4 levels returned to minimum (minimum fluorescence
levels), 0.5 mM C% Ringer solution with Tg or His was perfused to swwa SOCE. Last,
Ca*-free Ringer’s solution with Tg or His was perfusedeturn to minimum values and ensure

that the cells are in good condition.

Table 18. Measurement settings for Fura-2 imagingfaytosolic Ca&*in HSF.

Excitation 1 340 nm (filter: 340/20; 25% intensity, 30 ms expestime)
Excitation 2 380 nm (filter: 380/20; 5% intensity, 30 ms exp@stime)
Dichroic mirror T400 LP

Emission 510 nm (515/80 emission filter)

Objective Fluar 20%/0.75

Cycle time 5 sec

Number of cycles 260



Table 19. Protocol for cytosolic C&" measurements of fibroblast.

Number of cycle Solution used

0-Start 0.5 mM C&*Ringer’s solution

30 0 mM C&*Ringer’s solution

60 0 mM C&"*Ringer’s solution with 1 pM Tg / 100 pM His
160 0.5 mM C&*Ringer’s solution with 1 uM Tg / 100 uM His
220 0 mM C&*Ringer’s solution with 1 uM Tg / 100 uM His
260-Stop -

The obtained 340 nm / 380 nm background corredtedscence ratios were analyzed and
plotted by using Microsoft Excel 2016. Data arespreged as average ratio of 340 nm / 380 nm

values for Fura-2 AM over time (minutes).

4.9.2. Cytosolic C&* measurements in

Cardiomyocytes

Cytosolic C&" measurements in cardiomyocytes were performed Zgiss Axio Observer 7
setup, equipped with a Plan-Apochromat 20x (N.&) Objective and pE-340fura (CoolLED,
Andover, United Kingdom) LED light source with etation LEDs at 340 nm (excitation filter:
340/20) and 380 nm (excitation filter: 380/20) tthger with a 409 nm dichroic mirror and
510/84 nm emission filter, keeping a humidified asphere of 37 °C during the measuring.
Cardiomyocytes were field-stimulated at 0.5 Hz018.and 3 ms using a MyoPacer EP Field
Stimulator model MEP100 (lonOptix Corporation, Milt MA.) in order to synchronize the

contraction and images were acquired with Zen 8f@vare (Zeiss, Oberkochen, Germany).

For cell preparation process, 7 - 8 weeks aftatiaardifferentiation initiation, 300.000 iPSC-
CM were seeded in a 25 mm x 25 mm squared glassrglgps with a thickness No. 1.5

(Corning, Cat. No. 2850-25) placed in 6-well plagstting a monolayer. The coverslips were



previously coated with Geltrex overnight at 4 °QII€ were seeded in 2 mL RPMI 1640
GlutaMAX™ medium supplemented with B-27 and keptest for 6 days.

Cytosolic C&" was measured with Fura-2 AM dye and before meagutihe staining
proceeded as described in sectbf.l.for HSF. After incubation of FURA-2 AM and after
removal of excess medium, the coverslip with thachied cells was assembled in the MyoPacer
imaging chambef00 pL of Ringer's buffer containing 2 mM Tavere added on top and the

chamber was placed into the microscope connedatitiget electrodes.

Before starting the measurement, the iPSC-CM tleae \successfully loaded with the dye and
contracting were identified and individually sekstiwith the imaging software defining ROI

to monitor the change of cyt€an each cell.

The settings used for imaging are describebable 20 No particular protocol was used since
variations in cytC&# were due to contractioper se Only addition of 500 uL 2 mM CGé&
Ringer’s solution with 30 uM digitonin (dig; Sigmfddrich, Cat. No. D141) was added at the
end causing holes in the plasma membrane and ¢hertife abrupt entry of &ainto the

cytosol proving that the measurement worked.

Table 20. Measurement settings for Fura-2 imagingfaytosolic Ca*in cardiomyocytes.

Excitation 1 340 nm (filter: 340/20; 25% intensity, 20 ms exp@stime)
Excitation 2 380 nm (filter: 380/20; 5% intensity, 20 ms exp@stime)
Dichroic mirror 409 nm

Emission 510 nm (510/84 emission filter)

Objective Plan-Apochromat 20x/0.8

Cycle time 0.2 sec

Number of cycles -

The obtained 340 nm / 380 nm background corredtetdscence ratios were analyzed and

plotted by using Microsoft Excel 2016. Data arespréged as average ratio of 340 nm / 380 nm



values for Fura-2 AM over time (seconds). For difigation, a minimum of 8-10 peaks were
analyzed for each cell and the average of all efitlvas determined. Then, the average of all
cells in each individual measurement was calcujatedl subsequently the average of all

performed measurements was quantified.

4.9.3. Cytosolic H.O2 measurements in HSF

The oxidative state of the cells was measured basedhe production of ¥D.. These
measurements were done by using an imaging systenCarl Zeiss Observer D1 microscope
equipped with a 40x oil EC-Plan Neofluar (N.A. 1.8bjective, multifilter system, a
fluorescence camera (Axiocam 702 mono, Zeiss) &fdl fluorescence system (Colibri, Zeiss)

at 37 °C. Data acquisition was performed with tlea 2.6 (Zeiss) software.

Cytosolic HO> (cytH202) production was measure by using the protein seogo-HyPer
(HyPer 3) {igure 17). This sensor is YFP-based, containing two OXYRhdms which upon
oxidation by HO- form a disulfide bond, leading to a shift of thetexcitation maxima.

RD—SH
& H202 &S
pYFP —Tm opYFP %;
ORRD oy Grx OxyRRD

Figure 17. HyPer sensor illustration. HyPer has circular-pautated YFP as fluorophore and
two OxyR domains which upon increase ediform a disulfide bond, leading to a shift and

increase in excitation ratio. Image taken from &éBil& Belousov, 2017).

For the cell preparation process, fibroblasts wese transfected with nucleoporation using
Amaxa™ 4D-Nucleofector™ System (4D-Nucleofector™&tnit and 4D-Nucleofector™
X Unit). Each nucleoporation proceeded by trangfigct x 16 cells with the program DT-130
and 1 pg of cyto-HyPer sensor and 100 pL P2 Prinely 4D-NucleofectorTM X Kit L
(Lonza. Catalog #: V4XP-2024) in Nucleovette™ Vésséfter transfection, fibroblasts
(100,000) were seeded in growth medium, on 25 mundaglass coverslips with a thickness
of No. 1.5 (getting a confluence of 75 — 85 % oé turface) as described for cyfCa



measurements. The medium was changed 4 hoursatatehe cells were kept at rest between

24 and 48 hours to achieve a successful sensoessipn.

If necessary the cells were treated. In the cas®qlio inhibition, they were treated for 7 days
prior the transfection as indicated in sectibA.1 In the case of addition of quinones to cell
culture, this was done once they had been seedédeoroverslips after transfection. It was
waited for the cells to attach to the bottom (mimmm4 hours) and the quinones (DMSO as
control) were added at a concentration of 0.5 puM2#bhours prior imaging. Then, the coverslip
with the attached cells was assembled into the énchgmber and placed on the microscope to

proceed with the measurement.

The imaging chamber used for these experimentsiwvgsde, consisting only in a chamber ring
in which the coverslip with the attached cells lscpd and fixed with silicone, and a locking
ring that keeps the solution in (skgure 18). All the experiments also performed in Ringer's
buffer containing 0.5 mM C&

The settings used for the measurements are dedcmb&able 21. Firstly, successfully
transfected cells were located, and ROl were saleotdividually by using the imaging
software. Secondly, the measurement protocol wdsmpeed as described below: it was started
with 0.5 mM C&" Ringer solution to obtain a baseline. Then, arabgolume of 0.5 mM CH
Ringer solution with 200 pM #¥D» (Sigma-Aldrich, Cat. No. H1009), to get a final
concentration of 100 uM, was added on top to meathe maximal cell oxidative capacity.
Finally, to reduce the status of the cells, theesamiume as initially with 30 mM DTT was
added (threefold concentration than desired, 10 ifs@Table 22for protocol).

As a control to access the pH sensitivity of cytgPidr, the pHsensitive but HO, insensitive
mutant cyto-SypHer (cyto-HyPer-C199S) was useddaitar pH changes in the cytosol, using

the same experimental settings.

For analysis, all transfected cells were used dtaiimed data was exported and analyzed using
Microsoft Excel 2016. Data are presented as avevhdleorescence ratio 505 nm / 420 nm

over time (minutes) normalized by the backgroundréscence.



Table 21. Measurement settings for cyto-HyPer, cgtSypHer, mito-HyPer and mito-

SypHer imaging of cytosolic and mitochondrial HO:2 levels.

Excitation 1 420 nm (filter: 420/40; 30 % intensity, 30 ms exy@stime)
Excitation 2 505 nm (filter: 500/15; 30 % intensity, 30 ms exjp@stime)
Dichroic mirror 515 nm

Emission Filter: 539/25

Objective 40x% oil EC-Plan Neofluar (N.A. 1.3)

Cycle time 1 sec

Number of cycles 300

Table 22. Protocol for cytosolic and mitochondriaH202 measurements of fibroblast.

Number of cycle Solution used
0-Start 500 pL 0.5 mM C& Ringer’s solution
100 Addition of 500 uL 0.5 mM CARinger’s solution

with 200 UM HO;

200 Addition of 500 uL 0.5 mM CARinger’s solution
with 30 mM DTT

300-Stop -



chamber ring 25mm coverslip with the locking ring
attached cells
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Figure 18. Image chamber for cytosolic and mitochondriadOz mitochondrial C&" and
mitochondrial membrane potential measurements.iddigidual parts that make up the image
chamber are shown at the top of the figure. Inldleer left corner, the assembly is shown, and

in the right, the final result ready to be placadtbe microscope.

4.10. MITOCHONDRIAL PARAMETER MEASUREMENTS

Mitochondrial C&*, H,0. and measurements were measured using the same imaging
system as described for cyto-HyPer (see chap®8.) In case of fibroblasts it was used the
imaging chamber describe Figure 18 while to measuring iPS-CM the MyoPacer imaging

chamber was used (see chagtéx2.)

4.10.1. Mitochondrial Ca?* measurements in HSF

Mitochondrial C&* imaging was performed using the FRET (fluorescaesenance energy
transfer) sensor 4n23cpV (igure 19). The mechanism of fluorescence resonance energy
transfer is a distance-dependent physical procésshveonsists of a donor fluorophore in an
excited electronic state, which may transfer itStaxion energy via FRET to a nearby acceptor

fluorophore through long-range dipole-dipole int#i@ns, if the donor’s emission and the



acceptor’'s excitation spectra overlap. Concretelydmt-D3cpV, the donor and acceptor
fluorophores are CFP and YFP respectively. BotHiaked by a calmodulin-M13 domain that
enables the detection of €a Furthermore, the sensor has 4 mitochondrial ipatbn
sequences (4mt) that ensure the proper localizatitime mitochondrial matrix.

FRET

480 nm 515 nm

420 nm

Figure 19. D3cpV sensor illustration. D3cpV has CFP as doftiorophore and YFP as the

acceptor fluorophore, which are tagged with 4 niitmedrial localization sequences (4mt; not
shown) and fused with calmodulin and MLCK calmadbinding peptide M13. In presence of
C&", C&" binds to calmodulin, enabling the interaction withl3-peptide, lowering the

distance between the two fluorophores and allovARIET. (Image taken from Palmer et al.,
2006, Chemistry and Biology).

The cell preparation proceeded exactly as desciibetiapterd.9.3.for the cytHO.in HSF
measurements but using 1 uM of 4mt-D3cpV sensdeaas

The settings used for imaging are described@iable 23,and the measurement protocol was
performed as described below: it started with OMs @e?* Ringer solution to obtain a baseline.
Then, an equal volume of 0.5 mMT&inger solution with His (in a double concentratiuf

the desired concentration considering the diluteoxd concentration for His was 100 uM) was

added on top to measure the MiQ#ptake (se@able 24for detailed protocol).

For analysis, all transfected cells with the cartecalization were used and obtained data were
exported and analyzed using Microsoft Excel 2018alare presented as average of FRET/CFP
ratio over time (minutes) normalized by the backagbfluorescence.



Table 23. Measurement settings for 4mt-D3cpV imagipof mitochondrial Ca?*.

CFP signal (donor)

YFP signal

(acceptor)

FRET signal

Objective

Cycle time

Number of cycles

excitation: 420 nm (filter: 420/40; 30 % intensity6 ms
exposure time); emission: CFP filter (dicroic mirr@l58;
emission filter: 483/32)

excitation: 505 nm (filter: 500/15; 30% intensit®, ms
exposure time); emission: YFP filter (dicroic mirrd20;
emission filter: 542/27)

excitaion: 420 nm (filter: 420/40; 30 % intensit§2 ms
exposure time); emission: YFP filter (dicroic mirrd20;
emission filter: 542/27)

40x% oil EC-Plan Neofluar (N.A. 1.3) (for fibrobla$t
40x% air Plan Neofluar (N.A.0.75) (for iPSC-CM)
3 sec

100

Table 24. Protocol for mitochondrial C&* measurements of fibroblast.

Number of cycle

Solution used

0-Start

40

100-stop

500 pL 0.5 mM C#& Ringer’s solution

Addition of 500 uL 0.5 mM CARinger’s solution
with 200 uM His



4.10.2. Mitochondrial H 202 measurements in HSF

The levels of mitochondrial #D. (mH2O2) were measured by using the protein sensor HyPer
(figure 17) targeted to the mitochondria (mito-HyPer).

The cell preparation, the protocol, the settingsduend the data analysis were exactly the same
as cytHO, measurements (see chapte®.3). As well the pH sensitivity of mito-HyPer was
control by using the pH-sensitive but®}-insensitive mutant mito-SypHer, using the same

experimental settings.

4.10.3.  Mitochondrial membrane potential

measurements in HSF

Mitochondrial membrane potential measurements wamneed out with Tetramethylrhodamin-
methylester-perchlorat (TMRM; Sigma-Aldrich, Cat.Nr5428), a fluorescent cell-permeant
dye that accumulates in healthy cell with activéoetiondria, thereby emitting a red-orange

fluorescent signal.

To perform the experiment, cell preparation proeeeexactly as described in secti®.1
For measuring, the cells were stained with 1 uM TWIRolution (100 uM stock solution
dissolved in DMSO) in growth medium for 10 minutgsroom temperature on a platform
shaker.

After incubation of TMRM and after removal of exsesedium, the coverslip with the attached
cells was assembled in the imaging chamber ananthe was measured using the settings
described inrable 25.

As in the previous G4 and HO, measurements, ROIs were selected by using theirignag
software. The protocol used for m was as following: first, with 0.5 mM EaRinger solution
a baseline was obtained. Then, an equal volumeSom®1 C&* Ringer solution with 2 pM
Carbonyl cyanide m-chlorophenyl hydrazine (CCCRBn&i-Aldrich, Cat. No. C2759), to have
1 uM CCCP final concentration, was added on tophfeinduction of mitochondrial membrane

depolarization (se€able 26).

For the analysis, obtained data were exported twwddoft Excel 2016 and are presented as

arbitrary fluorescence units (background subtrantedn intensity) over time (minutes).



Table 25. Measurement settings for TMRM imaging ofmitochondrial membrane

potential.

Excitation

Dichroic mirror
Emission

Objective

Cycle time

Number of cycles

white LED ranging from 540 nm — 580 nm (filter: 33B;

20 % intensity, 2 ms exposure time)

573 nm

Filter: 630/92

40x% oil EC-Plan Neofluar (N.A. 1.3) (for fibrobla3t
40x% air Plan Neofluar (N.A.0.75) (for iPSC-CM)

5 sec (for fibroblasts) / 1 sec (for iPSC-CM)

150 (for fibroblasts) / 300(for iPSC-CM)

Table 26. Protocol for mitochondrial membrane potetial measurements of fibroblast.

Number of cycle

Solution used

0O-Start

50

150-stop

500 pL 0.5 mM C#& Ringer’s solution

Addition of 500 pL 0.5 mM CARinger’s solution
with 2 uM CCCP



4.10.4. Mitochondrial membrane potential

measurements in Cardiomyocytes

Mitochondrial membrane potential measurements BCHM were also performed using
TMRM dye.

For the cell preparation process, the same protaegl followed as in sectioh.9.2 After
having the cells for 6 days at rest, the measuresneere performed. For this purpose, iIPSC-
CM were stained with 1 uM TMRM solution (100 uM skosolution dissolved in DMSO) in

growth medium for 10 minutes at room temperature ptatform shaker.

After TMRM incubation and after removal of excessdium, the coverslip with attached cells
was assembled in the MyoPacer imaging chamber and was measured using the settings
described imable 25 Before starting, ROIs (the iPSC-CM that were sgstully loaded with

the dye and contracting) were selected using tlagimg software.

The protocol used for m was as following: first, with 2 mM G&aRinger solution a baseline
was obtained. Then, an equal volume of 2 mM*@inger solution with 2 uM CCCP was
added on top (having a final concentration of 1 GRICP) for the induction of mitochondrial

membrane depolarization (s€able 27).

Table 27. Protocol for mitochondrial membrane potetial measurements of

cardiomyocytes.

Number of cycle Solution used
0-Start 500 pL 2 mM C& Ringer’s solution
150 Addition of 500 pL 2 mM C# Ringer’s solution

with 2 uM CCCP

300-stop -

For the analysis, obtained data were exported wwrddoft Excel 2016 and are presented as

arbitrary fluorescence units (background subtrantedn intensity) over time (minutes).



4.11. RESPIRATION MEASUREMENTS

To measure respiration, Seahorse assays were ipedausing an XF96 Extracellular Flux
Analyzer (Seahorse Bioscience, Billerica, MA, USAgtting the oxygen consumption rate
(OCR), an indicator of mitochondrial respiratiomdathe extracellular acidification rate

(ECAR), an indicator of glycolysis, in real-timelime fibroblasts.

During the assay, the oxygen consumption rate (O€Reasured before and after the addition
of electron transport chain inhibitors to measumaious parameters of mitochondrial
respiration. Firstly, baseline cellular OCR is measd. Next oligomycin (Sigma-Aldrich, Cat.
No. 0O4876), an inhibitor of ATP synthase (complexs/added, which decreases electron flow
through the ETC, resulting a reduction in mitochialdrespiration or OCR. This decrease in
OCR give information of cellular ATP production. Mg CCCP, an uncoupling agent that
collapses the proton gradient and disrupts the ms added. Which means that the ETC goes
to its maximum rate providing details of the maximegpiratory capacity. Lastly, antimycin A
(Sigma-Aldrich, Cat. No. A8674) and rotenone (Sigiidrich, Cat. No. 557368), inhibitors
of complex Il and | respectively, are added totsthown ETC function, revealing the non-

mitochondrial respiration.

In this experiment, respiration in control fibrofia was compared to fibroblasts treated with
mitoQ or OHmMItoQ. To do this, before seeding thiksdato the Seahorse 96-well plate (XF96

V3-PS, Cat. No. 101085-004). Fibroblasts were iatedh for 24 hours with 0.5 uM quinones

and the same amount of vehicle (DMSO).

Then, the assay procedure started with the coafitige Seahorse 96-well plate with poly-L-
lysine (50 pg/mL; Biochrom, Cat. No. L7240), 20 pér well. The plate was, then, sealed and
kept at 4 °C overnight. Agilent Seahorse XFe96 &odHlular Flux Assay Kit was also
calibrated over night at 37 °C (in the Seahorsabator) with 180 uL XF Calibrant (pH = 7.4)
(Cat. No. 100840-000).

Next day, fibroblasts were seeded in normal cultaeglium in a proper amount to form a
monolayer of 90 - 100 % confluence (40.000 cellsvpal) in the Seahorse 96-well plate. The
plate was incubated at 37 °C and 5 %@ 4 hours.

After the 4 hours incubation, the culture mediunswamoved and replaced it with 180 pL of
Seahorse XF DMEM medium (Agilent, Cat. No. 1035781+ 10 mM Glucose + 1 mM Na-



pyruvate + 2 mM L-Glutamine. The plate was incutlatethe non-C®@incubator at 37C for

at least 45 - 60 minutes to equilibrate.

The drug cartridge was prepared diluting the drtmgsheir working concentration in XF

working medium as described Trable 28.

Table 28. Drug dilutions for Seahorse assay.

Stock Volume of  Volume of = Working Concentration
Concentration | XF the drug | concentration | in the Assay
Medium
Oligomycin | 50 mM 3 uL 30 uM 3 uM
CcCccCpP 100 mM 5mL 0.5puL 10 uM 1uM
Antimycin A | 10 mM 10 pL 10 uM 1uM
Rotenone 10 mM 10 pL 20 uM 2 UM

The respective drug dilution was poured in a chhpiee and load the cartridge using a

multichannel pipette.

Port A (Oligomycin): 25 uL

Port B (CCCP): 27.5 L

Port C (Rotenone + Antimycin A): 30 puL

Then, the prepared cartridge was placed in the XEB&éacellular Flux Analyzer (Seahorse
Bioscience, Billerica, MA, USA). A calibration step pursued before starting the assay.
Afterwards the plate with the cells was inserteo ithe machine and periodic measurements

were performed.

Data analysis were quantified using Microsoft EX2@16.



4.12. LIPID PEROXIDATION MEASUREMENTS

LPO was measured using the lipophilic fluoresceetgrobe BODIPY8Y59'C11 (4,4-difluoro-
5-(4-phenyl-1,3-butadienyl)-4-bora-3a,4a-diazagarene-3-undecanoic  acid; Molecular
Probes, Cat. No. D-3861). BODIP¥%% C11 measures the antioxidant activity in lipid

environments by exploiting its loss of fluorescenpen interaction with peroxyl radicals.

For the cell preparation process, fibroblasts (Q00) were seeded on 25 mm round glass
coverslips with a thickness No. 1.5 24 hours befoeasuring and in a confluence of 75 — 85
%. Cells were seeded in 2 mL DMEM medium suppleeentith 10 % FBS. 6 hours before

measuring, fibroblasts were treated with quinome¥@ FINs. The quinones were added at a

concentration of 0.5 uM and erastin at 5 uM.

Thereafter, cells were loaded with BODIBY*!C11 at a final concentration of 2 uM (2 mM
stock solution dissolved in DMSO) in growth medifon 30 minutes at room temperature on

a platform shaker.

After the loading time, the coverslip with the attad cells was assembled in the imaging
chamber Figure 18) and the LPO was measured using the same imagsatgns as described
for cyto-HyPer (see chaptdr9.3. The settings used for these experiments areridedcin
Table 29.

As in the previous measurements done in this ingagyistem, ROIs were selected by using the
imaging software. The protocol used for LPO waflswing: first, with 0.5 mM C&" Ringer
solution a baseline was obtained. Then, an equameof 0.5 mM C# Ringer solution with
200 uM KO, to have 100 uM kD> final concentration, was added on top ($able 30).

For the analysis, obtained data were exported twddoft Excel 2016 and are presented as
ratio-fluorescence microscopy of lipid oxidatiomt{o 505/555; background subtracted) over

time (minutes).



Table 29. Measurement settings for lipid peroxidabn in fibroblasts.

OXIDATED

REDUCED

Objective
Cycle time

Number of cycles

excitation: 505 nm (filter: 500/15; 30 % intensigy/ms
exposure time); emission: HyPer filter (dichroicriar:
515; emission filter: 539/25)

excitation: white LED ranging from 540 nm — 580 nm
(filter: 550/32; 30 % intensity, 10 ms exposure d)m
emission: R-GECO filter (dichroic mirror: 573; ersisn
filter: 630/92)

40x% oil EC-Plan Neofluar (N.A. 1.3)
2 sec

150

Table 30. Protocol for lipid peroxidation measuremats of fibroblast.

Number of cycle

Solution used

0O-Start

50

150-Stop

500 pL 0.5 mM C#& Ringer’s solution

Addition of 500 pL 0.5 mM CARinger’s solution
with 200 uM HO-






5. RESULTS



5.1. ROLE OF COQ10IN MITOCHONDRIAL CAZ* AND REDOX
HOMEOSTASIS IN HSF

Based on the discovery of OH-CoQs and their redopgrties that allow them to transfer®Ca
through artificial biomembranes (Bogeski et al.12)) we investigated the role of Can
mitochondrial C&" and redox homeostasis in cell cultures. For thippse, we established

several experimental study models to manipulate igco@tent in the cell.

5.1.1. First model: Inhibition of CoQ 10 biosynthesis
in HSF

We first depleted CofQin primary HSF. This approach was based on a pobttescribed by
Quinzii et al. (Quinzii et al.,, 2012) in which thdrug 4-NB was used to inhibit Ca§
biosynthesis, as described in chaptdr. 1

Initially, we tested whether the inhibition of Cafbiosynthesis by 4-NB had any effect on
mCé&™, measured with 4mt-D3cpV sensor. The protocol ist&d on measuring first the basal
levels of mC4" and then the Cauptake capacity of the mitochondria, after histavaddition.
The effect of histamine is mediated through receptioat belong to the family of G protein-
coupled receptors (GPCR) and when activated, aadasof second messengers is generated
ending in the formation of BPwhich binds to IER located in the ER membrane, promoting the
release of C4 from ER C&" stores. The increase of €an areas close to the mitochondria
generates a driving force that allows the uptakéasf to the mitochondria (Esbenshade et al.,
2003).

In cell depleted for CoQQ, our measurements show an increase in ¥#h@aboth resting
conditions Fig. 20, B and following cell activationKig. 20, Q. It was confirmed that these
changes were due to the inhibition of GeQiosynthesis by 4-HB, which recovers the original
CoQio biosynthesis rate. Mitochondrial €aconcentration in HSF treated with 4-HB were

similar as in the control cell§ig. 20).



A HSF B C
— Ctrl
— 4NB
4NB + 4HB Basal Ca?* A Ca**
1.5 His
& 1: | 0.9 oD 0.9 -
§&12 % s gg:
gQ of Ok o
g ! 80085 50 06
S 1 SF SF 05
5% 09 S S 04
£% o8 EE s 02
S g% 08 2S£ 021
07 e sSc
I 0.1 1
o1 & o
'0””;””5””;3”'";""é' 0\5 b-\ib !b‘g@ 0\&\ @9 .Se@
Time (min) N N

Figure 20. Mitochondrial Ca?* in HSF treated with 4NB and 4NB + 4HB.(A) Data are
shown in ratio FRET/CFP over time (min). First Basétochondrial C&" levels are shown.
Then, addition of 100 uM histamine to 4mt-D3cpV eegsing cells, which results in FRET
ratio increase, represents?Captake to mitochondria. (B) Quantification of blaGa?* levels

in mitochondria. (C) Quantification of values after histamine stimulation (max - min). n
values = 284 (Ctrl), 312 (4NB), 230 (4NB + 4 HB)1im three independent experiments. Data
are presented in mean £ SEM. All P-values wereautatied by using Student's t-tests. *p < 0.05;
**p < 0.01; **p < 0.001.

Next, parameters that could have been altereddogdhbrease in Ca@and could be responsible
for the increase in m&4 were tested. We first checked whether cell peadifion and viability
were increased, which would cause a greater defioarmhergy and consequently an increase
in mC&*. Results of CTB assays during 96 hours excludedtipothesis that the increase in
mCé&™* was connected with a higher proliferation ratecsino differences could be observed
between the treatmentsig. 21).
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Figure 21. Proliferation and Viability of HSF treated with 4ANB and 4NB + 4HB.
Proliferation and Viability measured by using thellTiter-Blue® Cell Viability Assay. The
graph represents the number of cedissustime, from 24 hours to 96 hours. Data are presente
as the mean of seven independent experiments +(BEM wells / each experiment).



The increase in mG4could also be explained by an increase in c¥tCaherefore, we
analyzed the expression of genes related to SORRA(D-3, STIM 1, 2). Data analysis showed
no significant differences as a result of Gef@duction Fig. 22, B. In addition, we measured
cytC&* imaging with FURA-2AM. The levels of cyt€awere monitored by quantifying
several parameters such as the basal éyi€eels Fig. 22, O, the ER C# store content and
depletion following cell activation with histamir{€ig. 22, D), as well as SOCE induced by
increasing the external €axoncentrationig. 22, B. As there were no significant differences
between conditions, we also discarded the ideattigaincrease in mChis due to variations

in cytC&™.
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Figure 22. Non-mitochondrial parameters that couldaffect mitochondrial Ca?* 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 4#4B. Data are presented as the average
of four independent experiments + SEM (n = 3 wedlach experiment). (B - E) Cyt€devels
measured with FURA - 2 AM of HSF ctrl and HSF tezhtvith 4ANB and 4NB + 4HB. (B) The
graph represents the fluorescence ratio 340/380towe (min). First basal cytCalevels are
shown. Next, addition of 100 uM histamine to FURAAM loaded cells results in an increase
of ratio 340/380, first peak, and the addition xtf-acellular C&" provoke the second peak. (C)
Quantification of basal Galevels in the cytosol. (D) Quantification ofvalues after histamine
stimulation (max — min), which leads to the depletof C&* from the ER, represents theCa
store in the cells. (E) quantification of the second peak (max — min),alihis due to Ca
addition in the buffer, represents SOCE. n valaa$= 269, 4NB = 135, 4NB + 4HB = 223;



from one independent experiment. Data are presdntedean = SEM. All P-values were
calculated by using Student's t-tests. *p < 0.0p5;< 0.01; ***p < 0.001.

Given these results, we next examined mitochongaehmeters that could be involved in the
increase in mC4. First, we measured the m with TMRM. We found that a decrease in
CoQuo by 4-NB caused an increase in the mthat was reversed by restoring the content of
CoQuo by 4-HB Fig. 23, A and B. This result leaves open the possibility thatnges in the

m  are the cause of the variations ir*Csignaling in HSF.

Furthermore, we determined the expression of gewvedved in the MCU complex, the main
C&* channel in the IMM that allow the uptake of?Céo mitochondria. The data showed a
decrease in the expression of MCUb, whose fundsato block the entry of Gainto the
mitochondria matrix, suggesting that a greater fiGmtake was possible. Besides, no
significant differences in the rest of genes, MCM&U1-3, MCUR and EMRE were detected
(Fig. 23, C and D.
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Figure 23. Mitochondrial parameters that could affect mitochordrial Ca?* 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 afidB + 4HB. (A) Arbitrary fluorescence
units (Intensity mean) over time (min). First, dasdues are shown and then, addition of 1 uM
CCCP to TMRM loaded cells depolarize the membrarterasults in fluorescence decrease.



(B) Quantification of basal m values. n values: ctrl = 272, 4NB = 274, 4NB + 4HR99;
from two independent experiments. (C - D) RelafRiMA expression of genes involved in
MCU complex of HSF ctrl and HSF treated with 4ANB 44B. (D) Amplification of the graph

to show the MCUD values. Data are presented as/#r@age of seven independent experiments
+ SEM (n = 2 wells / each experiment). All P-valwe=re calculated by using Student's t-tests.
*p < 0.05; **p < 0.01; **p < 0.001.

Finally, we evaluated miD- levels by using HyPer sensor targeted to mitochandddition
of H2O: at the end of the experiment was used as a pesitintrol Fig. 24, A). Quantification
of basal mHO- levels did not vary after the reduction of Ge®Qetween the condition&ig.
24, B), so we concluded that the decrease in 6@® 4-NB did not affect redox signaling in
HSF.
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Figure 24. Mitochondrial H202 imaging measured with mitoHyPer of HSF ctrl and HE
treated with 4-NB or 4-NB + 4-HB. (A) Traces are presented as Ratio fluorescencg (50
nm/420 nm) over time (min) with addition of 100 puNAO> at time 1.5 min, which causes
oxidation of the probe and increased the signal.réB) Quantification of HO2 basal levels in
mitochondria. n values: ctrl = 131, 4NB = 165, 4MBIHB = 149; from three independent
experiments. Data are presented in mean + SEMPAIRlues were calculated by using
Student's t-tests. *p < 0.05; **p < 0.01; ***p <0D1.

These results suggest that the decrease inddnyQ4-NB in HSF causes an increase in AiCa

probably due to changes in the mor changes in the MCU complex.



5.1.2. Second model: Addition of mitoquinones to
HSF

In the second experimental model, we approachesitity from the opposite perspective. The
objective was to increase the concentration of a@® HSF to further clarify its role.
Especially, it was sought to increase the conte@iod.o in the mitochondria. For this purpose,
we treated the cells with the mitochondrially taegeCoenzyme Q (mitoQ) (Tabara et al., 2014)
and its hydroxylated form, OH-mitoQ.

First, we analyzed whether mtalevels were affected in HSF once the content of
mitochondrial Co@ had been increased by pre-incubation with mito@bBrFmitoQ for 24
hours. As described above, we performed measursnsémiCa&" imaging with 4mt-D3cpV
(Fig. 24, A). Addition of mitoQ significantly decreased basaC&* levels, whereas addition
of OH-mitoQ increased basal levels of MO&ig. 24, B. Besides, HSF treated with mitoQ
resulted in decreased €auptake to mitochondria after cell activation, mat significant
differences in HSF treated with OH-mita@rsuscontrol were detectedrig. 24, O.
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Figure 24. Mitochondrial Ca?* levels in HSF treated with mitoQ and OH-mitoQ during

24 hours.(A) Data are shown in ratio FRET/CFP over time (mFirst basal C4 levels are
shown. Then, addition of 100 uM histamine to 4mep\8 expressing cells, which results in
FRET ratio increase, represents’Qaptake to mitochondria. (B) Quantification of blaGa?*
levels in mitochondria. (C) Quantification ofvalues after histamine stimulation (max - min).
n values: ctrl = 86, mitoQ = 74, OH-mitoQ = 78;rrdhree independent experiments. Data are
presented in mean + SEM. All P-values were caledldly using Student's t-tests. *p < 0.05;
**p < 0.01; **p < 0.001.



Next, we analysed parameters that can influencagesin mC# signaling. We started by
determining the proliferation and viability of thells with the CTB assay. We found that mitoQ
treatment for 72 hours decreased the proliferataa by about 35 % in HSF. In contrast, no

changes in viability could be observed following @titoQ treatmentKig. 25).
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Figure 25. Proliferation and Viability of HSF treated with mitoQ and OH-mitoQ.
Proliferation and viability measured by using thellGter-Blue® Cell Viability Assay. The
graph represents cell viability (% of contrersustime (in 12 h and 72 h). Data are presented
as the average of four independent experimentsM @& 3 wells / each experiment). All P-
values were calculated by using Student's t-t&sts.0.05; **p < 0.01; ***p < 0.001.

Since an increase in m&€acould be explained by an increase in cytCae next measured
cytC&* levels with FURA-2AM. The measuring protocol whe tsame that we used in the
previous model but thapsigargin was used to dephetdER C&' stores instead of histamine.
Thapsigargin is a compound isolated from a spepifat that is a cell permeable inhibitor of
SERCA which inhibition leads to depletion of ER?*Cstores, consequently increasing cyiCa
(Rasmussen et al., 1978). Interestingly, in thigseedxmental model we found that increased
mitochondrial Co@ content due to the addition of mitoQ for 24 hoaffected cytC& signal.
Data showed that the basal cytCevels, C&" storage in the ER, as well as SOCE were
strongly reduced. By contrast, OH-mitoQ treatmeiat bt affect basal cytGa values in
comparison with control HSF, but €atorage in ER and SOCE were both increabeyl 26,

A-D). These results could explain our results in Aiglgnaling.
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Figure 26. Cytosolic C&* levels in HSF treated with mitoQ and OH-mitoQ during 24
hours. (A) The graph represents the fluorescence rat@3B0 over time (min). First basal
C&* levels are shown. Next, addition of 1 uM thapgigyato FURA - 2 AM loaded cells results
in an increase of ratio 340/380, first peak, arelatdition of extracellular Gaprovoke the
second peak. Last, addition of free?Chuffer decreases to minimum the ratio fluorescence
(B) Quantification of basal C4levels in the cytosol. (C) Quantification of values after
thapsigargin stimulation (max — min), which leadsthe depletion of G4 from the ER,
represents the €astore in the cells. (D) quantification of the second peak (max — min),
which is due to C4 addition in the buffer and represents SOCE. neslatrl = 487, mitoQ =
378, OH-mitoQ = 222; from at least three independ&periments. Data are presented in mean
+ SEM. All P-values were calculated by using Studdartests. *p < 0.05; **p < 0.01; ***p <
0.001.

In addition, mitochondrial parameters were tesk@st, we measured m with TMRM. Data
analysis showed that the treatment with mitoQ #bh@urs in HSF caused strong depolarization
of the membrane and by contrast, OH-mitoQ did mov@ke any changd-{g. 27, A-B). Acute
addition of mitoQ confirmed its negative effect tme m . Similar as after 24 hours
pretreatment, acute addition of OH-mitoQ did noteralthe potential Kig. 27, C-D.
Furthermore, the mitoQ-induced decrease in mvas dose-dependerfiig. 27, E-H).
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Figure 27. Mitochondrial membrane potential in HSFtreated with mitoQ and OH-mitoQ.

(A, B) Mitochondria membrane potential of HSF camhd HSF treated with mitoQ and
OHmItoQ during 24 hours. (A) Arbitrary fluorescenaeits (Intensity mean) over time (min).
First, basal values are shown and then, additiod ¢fM CCCP to TMRM loaded cells
depolarize the membrane and results in fluorescadeceease. (B) Quantification of basal m
values. n values: ctrl = 147, mitoQ = 199, OH-miteQ00; from two independent experiments.
(C, D) Acute effect of mitoQ and OH-mitoQ additio(C) Arbitrary fluorescence units
(Intensity mean) over time (min). First, basal esare shown and then, addition of 1 pM
CCCP to TMRM loaded cells depolarize the membrarterasults in fluorescence decrease.
(D) Quantification of m  decrease due to the quinones (values before atlitnguinones
(min 3) — values before adding CCCP (min 9)). rugal ctrl = 90, mitoQ = 64, OH-mitoQ =
120; from two independent experiments. (E, F) Mimudrial membrane potential of HSF
treated with several concentrations of DMSO, astrognduring 24 hours. (E) Arbitrary
fluorescence units (Intensity mean) over time (mkijst, basal values are shown and then,
addition of 1 uM CCCP to TMRM loaded cells depatarithe membrane and results in
fluorescence decrease. (F) Quantification of basal values. n values: 0.1 uM DMSO = 34,
0.3 uM DMSO = 46, 0.5 uM DMSO = 48; from one indegent experiments. (G, H)
Mitochondrial membrane potential of HSF treatechwieveral concentrations of mitoQ, during
24 hours. (G) Arbitrary fluorescence units (Intépsnean) over time (min). First, basal values
are shown and then, addition of 1 uM CCCP to TMRsldled cells depolarize the membrane
and results in fluorescence decrease. (H) Quaatific of m  potential values. n values: 0.1
UM mitoQ = 106, 0.3 uM mitoQ =99, 0.5 uM mitoQ 82t from one independent experiments.
Data are presented in mean = SEM. All P-values wal®ulated by using Student's t-tests. *p
< 0.05; **p < 0.01; ***p < 0.001.



MCU complex gene expression was no affected in ti&fed with mitoQ and OH-mito@iQ.

28, A). As confirmation, WB analyses were performed \uhievealed increased protein levels
of MCUb and MICU3 and a slight decrease in MICU2 addition to no changes in MCUa,
caused by both mito-CoQs individuall¥zig. 28, B-F. Since this effect was very small and the
same occurred with both mito-CoQs, the oppositectthat they induced in m&acan hardly
be explained by changes in protein expression oUMGmplex.
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Figure 28. MCU complex expression in HSF treated wh mitoQ and OH-mitoQ during

24 hours. (A) Relative RNA expression of genes involved in MiComplex in HSF ctrl and
HSF treated with mitoQ and OH-mitoQ. Data are presstas the average of four independent
experiments + SEM (n = 2 wells / each experimehll) P-values were calculated by using
Student's t-tests. *p < 0.05; **p < 0.01; **p <0@1. (B - F) Protein expression of MCU
complex in HSF ctrl and HSF treated with mitoQ &@td-mitoQ. From C to F is presented the
guantification (MCUa (C), MCUb (D), MICU2 (E), MICR[F)), each graph shows the density
of each band normalized by that of calnexin. n = 1.

We next checked if the mitochondrial bioenergetitpat is affected by mito-CoQs treatment.
For this purpose, Seahorse assays were performedhich several inhibitors of the ETC were
added, allowing the measurement of various mitodhahrespiration parameters (described
in chapter.11). After 24 hours of mitoQ treatment, basal regmraalmost reached minimum

values, maximum respiratory capacity was robustjuced and ATP-linked respiration was



also decreased by about four-folds. These charigestoccur with the OH-mitoQ treatment,
which maintained levels similar to those of thetcollHSF Fig. 29, A-D). Analysis of ECAR
determined that the cellular metabolism changedrtmre glycolytic state after treatment with

mitoQ (Fig. 29, E-B.
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Figure 29. Mitochondrial and non-mitochondrial resgration 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 injecBoof several compounds, oligomycin,
FCCP, and antimycin A + rotenone, delimits fourdimtervals within each of which OCR is
roughly constant. Basal respiration is the valugt joefore oligomycin injection, minimal
respiration is the lowest value after oligomycijeation, and maximal respiration is the highest
value after FCCP injection. ATP-linked respiratichma measure of the capacity of the cell to
meet its energetic demands (basal respiration +mainmespiration). All values were calculated
after subtraction of non-mitochondrial respiratipralues after antimycin A + rotenone
injection). Quantification of basal (B) and maxing@l) OCRs and ATP-linked respiration (D)
in HSF ctrl and HSF treated with mitoQ and OH-mit@@ta are presented as the mean of five
independent experiments + SEM (n = 8 wells / eagieement). (E-F). ECAR levels versus
time (min) of HSF control and HSF treated with mtor OH-mitoQ. (F) Quantification of
basal values. Data are presented as the mean ohd@pendent experiments = SEM. (n = 8
wells / each experiment). All P-values were calday using Student's t-tests. *p < 0.05; **p
<0.01; ***p < 0.001.



In addition, we determined mB- levels by using HyPer sensor targeted to mitochangirst,
we measured basal levels of s, then, addition of B> (to oxidize the sensor) and DTT (to
reduce the sensor) were used as positive cont®iF Were pre-incubated for 24 hours with
mitoQ or OH-mitoQ and the antioxidant effect of bbotito-CoQs was testeéiy. 30, A. As
seen inFig. 30, B basal mHO, levels were markedly lower after OH-mitoQ treatinand
even lower with mitoQ in comparison to control HEriantification of mH.O. showed that
the oxidation of the sensor was lower after predration with mito-CoQsHKig. 30, O,
probably due to the fact that the mito-CoQs aikistthe mitochondria and continue to act as

scavengers of ¥Do.
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Figure 30. Mitochondrial H202 in HSF treated with mitoQ or OH-mitoQ during 24 hours.

(A) Traces are presented as Ratio fluorescence {820 nm) over time (min), addition of
100 uM HO:; at time 2 min, causes oxidation of the probe ame@msed the signal ratio;
addition of 10 mM DTT at time 4min, reduced the o(B) Quantification of kD> basal
levels in mitochondria. (C) Quantification ofH>O> (max- basal). n values: ctrl = 107, mitoQ
= 97, OH-mitoQ = 143; from three independent expents. Data are presented in mean *
SEM. All P-values were calculated by using Studentests. *p < 0.05; **p < 0.01; ***p <
0.001.

Lastly, we analyzed cytosolic2B. (cytH0>) levels by performing the same protocol as for
mH20> using HyPer3 sens(ffig. 31, A). HSF were also pre-incubated for 24 hours witto@i

or OH-mitoQ. As depicted ifrig. 31, B quantification of basal cyt#D. levels showed no
differences between the mitoQ or OH-mitoQ pre-iratidn when compared to the control
treated cells.
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Figure 31. Cytosolic HOz2in HSF treated with mitoQ and OH-mitoQ during 24 haurs. (A)
Traces are presented as Ratio fluorescence (50820min) over time (min) with addition of
100 uM HO- at time 2 min, which causes oxidation of the prabe increased the signal ratio;
and 10 mM DTT at time 4 min, which reduced the prof8) Quantification of KD, basal
levels in the cytosol. (C) Quantification ofH202 (max- basal). n values: ctrl = 57, mitoQ =
30, OH-mitoQ = 35; from three independent experitsieData are presented in mean £ SEM.
All P-values were calculated by using Studentésts. *p < 0.05; **p < 0.01; ***p < 0.001.

With the second experimental model we can condliaiemito-CoQs affect mGamost likely
via regulation of SOCE and the m, and they might also be affecting a4 signaling
preserving their antioxidant role.

5.1.3. Third model: addition of mitoquinones to
CoQuodeficient fibroblasts

In the third model, we used HSF derived from twtigrds with a genetic deficiency in CafQ
(named P104 and P106). By adding mitoQ and OH-mfitwQ4 hours to the cell culture, we
aimed to replenish Co@and test the pharmacological properties of thenito-CoQs.

First, we tested mCG4aonce mito-CoQs were added. MitochondriafGanaging, measured
with 4mt-D3cpV sensor in P104 treated with mito@ &H-mitoQ, determined that addition
of mitoQ decreased the basal MQOavels, whereas the addition of OH-mitoQ did rit¢rethe
basal levels of mCG4 Furthermore, mitoQ treatment resulted in decrda®&" uptake to
mitochondria after cell activation in P104, butsignificant differences were observed in OH-
mitoQ-treated P104Fg. 32, A-C). Although this result was not statistically sigrant, in
P106, the trend was almost the safig.(32, D-B.
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Figure 32. Mitochondrial Ca?* in P104 and P106 treated with mitoQ and OH-mitoQ
during 24 hours. (A-C) Mitochondrial C&" levels in P104; (D-F) mitochondrial €devels in
P106. (A, D) Ratio FRET/CFP over time (min). Fibstsal mC& levels are shown. Then,
addition of 100 puM histamine to 4mt-D3cpV expregsaells results in FRET ratio increase,
which represent the &auptake to mitochondria (B, E) Quantification oshhC&" levels in
mitochondria. (C, F) Quantification of values after histamine stimulation (max - min). n
values: P104 ctrl = 94, P104 + mitoQ = 78, P104H-BitoQ = 75, P106 ctrl = 29, P106 +
mitoQ = 24, P106 + OH-mitoQ = 37; from at leaskethindependent experiments. Data are
presented in mean + SEM. All P-values were caledl&ty using Student's t-tests. *p < 0.05;
**p < 0.01; *p < 0.001.

Furthermore, in this experimental model additiomitoQ did also affect Casignaling at the
cytosolic level. Curiously, cytGaimaging experiments with FURA-2 AM determined that
basal cytC& levels in P104 were not altered after the additibmitoQ, although they were
significantly reduced in P106. Besides, ER'Gadore and SOCE were remarkably reduced in
both P104 and P106. By contrast, the treatmentl6#iRRnd P106 with OH-mitoQ practically
did not modify the basal values of cyfGahe storage of Gain ER or SOCE in comparison
to the untreated fibroblastBi@. 33).
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Figure 33. Cytosolic C&* levels in P104 and P106 treated with mitoQ or OH-itoQ during

24 hours. (A-D) Results of cytosolic Ga measurements in P104; (E-H) results of cytosolic
C&* measurements in P106. (A, E) The graph represeatBuorescence ratio 340/380 over
time (min). First basal cytGalevels are shown. Then, addition of 1 uM thapsjoato FURA

- 2 AM loaded cells results in an increase of ré&4®/380, first peak, and the addition of
extracellular C& provoke the second peak. Last, addition of fre&" @affer decreases to
minimum the ratio fluorescence. (B, F) Quantifioatiof basal C4 levels in the cytosol. (C,
G) Quantification of values after thapsigargin stimulation (max — mwfjch leads to the
depletion of C& from the ER, represents the®Catore in the cells. (D, H) quantification of
the second peak (max — min), which is due t&' @ddition in the buffer and represents SOCE.
n values: P104 ctrl = 209, P104 + mitoQ = 116, PA@H-mitoQ = 169, P106 ctrl = 60, P106
+ mitoQ =56, P106 + OH-mitoQ = 23; from three ipdedent experiments. Data are presented
in mean + SEM. All P-values were calculated by gsstudent's t-tests. *p < 0.05; **p < 0.01;
***p < 0.001.

In order to determine if changes in m were due to treatment with mitoQ or OH-mitoQ, we
performed experiments using TMRM. MitoQ treatmesuised almost total depolarization of
the membrane in both fibroblasts, P104 and P10&reds OH-mitoQ provoked a smaller
reduction in P104 and no changes in P106 in comgartio control cellsHig. 34).
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Figure 34. Mitochondrial membrane potential in P104and P106 treated with mitoQ or
OH-mitoQ during 24 hours. (A, B) Mitochondria membrane potential of P104 atvd P104
treated with mitoQ and OHmItoQ during 24 hours. f&bpitrary fluorescence units (Intensity
mean) over time (min). First, basal values are shawd then, addition of 1 uM CCCP to
TMRM loaded cells depolarize the membrane and tesul fluorescence decrease. (B)
Quantification of basal m values. n values: P104 ctrl = 118, P104 + mito(B%, P104 +
OH-mitoQ = 89. (C, D) Mitochondria membrane potahtif P106 ctrl and P106 treated with
mitoQ and OHmMItoQ during 24 hours. (C) Arbitrarydtescence units (Intensity mean) over
time (min). First, basal values are showed and,taddition of 1 uM CCCP to TMRM loaded
cells depolarize the membrane and results in fammece decrease. (D) Quantification of basal
m  values. n values: P106 ctrl =53, P106 + mitoQ =RIB)6 + OH-mitoQ = 48. Data are
collected from two independent experiments andpagsented in mean £ SEM. All P-values
were calculated by using Student's t-tests. *p08,0¢*p < 0.01; ***p < 0.001.

Afterwards, using Seahorse assays, we checkeda€handrial respiration is affected by mito-
CoQs treatment. The results showed that due toQmiteatment, basal respiration nearly
reached 0 values, maximum respiratory capacity @rastically reduced and ATP-linked
respiration was also significantly decreased inhbbbroblasts. Conversely, OH-mitoQ
treatment did not alter mitochondrial respiratiéig( 35).
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Figure 35. Mitochondrial and non-mitochondrial respration 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. (Buddtification of maximal respiration
capacity after FCCP injection of P104 ctrl and P1@&ted with mitoQ or OH-mitoQ. (C)
Quantification of ATP-linked respiration which waalculated by doing basal respiration —
minimal respiration. Being minimal respiration, tluavest value after oligomycin injection.
The graph shows values of P104 ctrl and P104 tteat¢h mitoQ or OH-mitoQ. (D)
Quantification of OCR basal levels of P106 ctrl &1dD6 treated with mitoQ or OH-mitoQ. (E)
Quantification of maximal respiration capacity aff€CCP injection of P106 ctrl and P106
treated with mitoQ or OH-mitoQ. (F) Quantificatiai ATP-linked respiration which was
calculated by doing basal respiration — minimapnedion. Being minimal respiration, the
lowest value after oligomycin injection. The gregitows values of P106 ctrl and P106 treated
with mitoQ or OH-mitoQ. All values were calculatafter subtraction of hon-mitochondrial
respiration (values after antimycin A + rotenonedtion). For P104, data are presented as the
average of three independent experiments £+ SEM&nwells / each experiment). For P106,
data are presented as an individual experiment&§mells). 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 0l levels by using HyPer sensor targeted to
mitochondria. P104 and P106 were pre-incubate@4onours with mitoQ or OH-mitoQ and
the antioxidant effect of both mito-CoQs was tegtad. 36, A, D. Basal mHO: levels were
lower after OH-mitoQ treatment in P104 and P106 eweh lower with mitoQ, as depicted in

Fig. 36, B and E respectively. Quantification of H.O2 showed that the oxidation of the sensor



was lower after pre-incubation with mito-CoQsd. 30, C, B, proving their strong role as

H-O, scavengers.
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Figure 36. Mitochondrial H202in P104 and P106 treated with mitoQ or OH-mitoQ duing

24 hours. (A-C) H2O- imaging in P104; (D-F) ED2 imaging in P106. (A, D) Traces are
presented as Ratio fluorescence (505 nm/420 nnm)tiowe (min), addition of 100 uM - at
time 2 min, causes oxidation of the probe and emxd the signal ratio; addition of 10 mM
DTT at time 4 min, reduced the probe. (B, E) Quamaiion of HO. basal levels in
mitochondria. (C, F) Quantification of H.O> (max- basal). n values: P104 ctrl = 37, P104 +
mitoQ = 29, P104 + OH-mitoQ = 45, P106 ctrl =1808% mitoQ = 20, P106 + OH-mitoQ =
28; from three independent experiments. Data asgmted in mean + SEM. All P-values were
calculated by using Student's t-tests. *p < 0.0p5;< 0.01; ***p < 0.001.

Last, we analyzed the expression of genes invoingtie MCU complex, comparing HSF,
P104 and P106. Although HSF cannot be consideredieguate control since each fibroblast
comes from a different individual, we were ablaliscard large changes due to big variations
in the C&" channel itself. The data showed no statisticafipificant differences between the
three cell linesKig. 37).
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Figure 37.MCU complex expression in HSF, P104 and P10@Relative RNA expression of
genes involved in MCU complex in HSF, P104 and PD@a are presented as the average of
three independent experiments + SEM (n = 2 wedlach experiment). All P-values were
calculated by using Student's t-tests. *p < 0.0p5;< 0.01; ***p < 0.001.

The third experimental model strongly suggests thig-CoQs affect mCGa most likely via
regulation of SOCE and the m rather that due to Ca@itself. Mito-CoQs affect mkD>
signaling preserving their antioxidant role. MitoQut not OH-mitoQ, negatively alters

essential cellular parameters such as respiration, and C&" signaling.

5.2. COQ10DEFICIENCY IN I PSC-DERIVED CARDIOMYOCYTES

Next, we investigated the influence of Ce@n C&" signaling in iPSC-derived CM. For this
purpose, we used COQ4-mutated iPSC-CM which cordamutation in the COQ4 gene
causing Co@ deficiency; and COQ4-corrected iIPSC-CM, iPSC frilra same patient in
which COQ4 mutation was corrected, recovering #lkilar levels of Co@. For some of the
experiments, control iPSC-CM were also used, whalthough they belonged to another
healthy person and cannot be considered a perattot, could be useful in interpreting the

obtained results.

First, we studied cytCaby live imaging measurements with FURA-2 AM. Catuitransients
caused by contractions were detected, reflectéleriorm of peaks. We tried to synchronize
the contractions using MyoPacer in order to qugrkié changes in cyt€a It was observed
that the contractions in both iPSC-CM did not patdhe desired rate in all experiments.
However, all cells contracted at the same timewstgsmall fluctuations and great irregularity
in COQ4-mutated iIPSC-CMF({g. 38, whereas COQ4-corrected iPSC-CM presented much
larger fluctuations (peaks) and more regularitydeein themFKig. 39. As the pace failed in



most of the measurements, we could not quantifyfréguency of beating, but we observed

that it was much faster in COQ4-mutated iPSC-CM timaCOQ4-corrected iPSC-CMFiQ.
38 and 39.

These fluctuations were quantified, and the baakies of cytC& were obtained, determined
as the minimum values. For this, we calculatedtiremum values of each peak as shown in
Fig. 40, C The data showed no significant differences aliotihere was a trend towards a
higher cytC&" level in the COQ4-mutated iPSC-CHig. 40, A). In the same way, we analysed
the amplitude of the oscillations as shownFig. 40, C (red arrows - blue arrows). The
quantification determined that the elevations ofCag* were significantly higher in each
contraction in the COQ4-corrected iPSC-CM compdeethe mutated oneig. 40, B. In

addition, we also studied control iPSC-CM, whiclowhd a similar behaviour to the COQ4-
corrected iPSC-CMdHg. 40, A-B).
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Figure 38. Cytosolic C&* in COQ4-mutated iPSC-CM. (A-C) Three measurements as
example where each graph represents the fluorescatic 340/380 versus time (sec) and each
individual trace represents the cytCuaariations of a single cell. (D-F) The averagalbthe
traces of the corresponding experiments (graphgeatitem). n values: (D) COQ4-mutated

iPSC-CM = 18; (E) COQ4-mutated iPSC-CM = 26; (F)@mutated iPSC-CM = 13.



Cytosolic Ca?*/
Ratio 340/380
Cytosolic Ca?*/
Ratio 340/380
Cytosolic Ca2*/
Ratio 340/380
o

0 1
Time (sec) COQ4-corrected Time (sec) COQ4-corrected

Time (sec) COQ4-corrected

1 14 1
0.9 A 0.9 4 0.9
0.8 A 0.8 1 0.8
~ 07 - 07 - 07
E\;g 06 - ?dgo.s ‘ng 06
L—’E 0.5 A _<_a§ 0.5 gg 0.5
g,g 0.4 §_g 0.4 §_9 0.4
5& 0.3 4 §§ 0.3 - g& 0.3
0.2 A 0.2 1 0.2

0.1 4 COQ4-corrected 0.1 - COQ4-corrected 0.1 COQ4-corrected
0 0 0

0 1 2 3 4 5 6 7 8 01 2 3 4 5 6 7 8 01 2 3 4 5 6 7 8

Time (sec) Time (sec) Time (sec)

Figure 39. Cytosolic Ca&* in COQ4-corrected iPSC-CM. (A-C) Three measurements as
example where each graph represents the fluorescatic 340/380 versus time (sec) and each
individual trace represents the cytCuaariations of a single cell. (D-F) The averagalbthe
traces of the corresponding experiments (graphseatieem). n values: (D) COQ4-corrected
iIPSC-CM = 23; (E) COQ4-corrected iPSC-CM = 24; @®)Q4-corrected iPSC-CM = 3.
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Figure 40. Cytosolic C&" in COQ4-mutated iPSC-CM, COQ4-corrected iPSC-CM ad
control IPSC-CM. (A) Quantification of the minimum values. (B) Quiication of the
amplitude of the oscillations (max - min). (C) Repentative scheme that help to understand
how the quantification was done, where the redvesrshow the maximum values and the blue
arrows the minimum values of the peaks. n valuesitrol iPSC-CM = 103, from one
independent experiment; COQ4-mutated iIPSC = 2% ftwo independent experiment;
COQ4-corrected IPSC-CM = 139; from three indepehd&periments. Data are presented in



mean + SEM. All P-values were calculated by usitglént's t-tests. *p < 0.05; **p < 0.01;
***n < 0.001.

Then, measurements of the m by TMRM showed lower levels in COQ4-mutated iPSK-C

compared to the corrected onégy( 41, A-B).
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Figure 41. Mitochondrial membrane potential in COQ4mutated and corrected iPSC-
CM. (A) Arbitrary fluorescence units (Intensity meamneotime (min). First, basal values are
shown and then, addition of 1 uM CCCP to TMRM lahdells depolarize the membrane and
results in fluorescence decrease. (B) Quantificatidbasal mitochondrial membrane potential
values. n values: COQ4-mutated iPSC = 100, COQeectmd iPSC-CM = 53; from two
independent experiments. Data are presented in th&dM. 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 observé tha low values of the m coincide
with the small oscillations of cyt€a Since there is no driving force pushing?Cato the

mitochondrial matrix, C4 release from the SR is very small.



5.3. USE OF TARGETED QUINONES AGAINST FERROPTOSIS IN
HSF

Taking into account the findings regarding the tagon of ferroptotic death through Cef)
(Bersuker et al., 2019; Doll et al., 2019) and oesults, we analyzed whether there is a

connection between the Cefand C&' signaling with ferroptotic cell death.

Ferroptosis in HSF was induced using BSO and exdsiist, we performed proliferation and
viability experiments with CTB and from the anabysie obtained the Wg(Fig. 42). We choose
100 uM BSO and 1 uM for erastin as final dosesitiuce ferroptosis.
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Figure 42. Ferroptosis induction in HSF.Proliferation and Viability experiments were
performed with CellTiter-Blue®. HSF were culturedtwBSO (100 uM, 1 mM, 5 mM, 10
mM, 20 mM, 50 mM) for 24 hours (A) and 48 hours éBd erastin (10 nM, 25 nM, 50 nM, 80
nM, 100 nM, 500 nM, 1 uM , 5 uM, 10 pM, 50 uM) @4 hours (C). Data are presented as
the mean of at least 2 independent experimentsht BE= 3 wells / each experiment).

Since ferroptosis is characterized by the accunamatf LPO products in cell membranes, we
compared the effects of different CoQs dependintpem location. Thus, we tested mito-CoQs
(used in the previous section) and plasma membeageting quinones, decylQ and its
hydroxylated form, OH-decylQ. Furthermore, we ats@luated @ and OH-Q for some

experiments.

First, we evaluated the toxicity of CoQs (mitoQ, @titoQ, decylQ, OH-decylQ, QOH-Qy).
Proliferation and viability experiments measuredhwCTB showed that mitoQ and;Q@t
concentrations greater than 2.5 uM and OH-mito€patentrations greater than 5 uM, present
certain toxicity for the cells. In contrast, decylQH-decylQ and OH-Qdid not affect cell

viability at the same concentratiorfsd. 43).
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Figure 43. Toxicity of quinones assessment in HSProliferation and viability measured by
using the CellTiter-Blue® Cell Viability Assay of $F in the presence of various
concentrations of DMSO as a control (A), OH-mitdg),(OH-decylQ (C), OH-Q(D), mitoQ
(E), decylQ (F) and ©XG). For each experiment, cells were incubatet @ibQs for 72 hours
before fluorescence measurement. Data were nomalizth untreated HSF (Control). Data
are presented as the mean of four independent imygds + SEM (n 2 wells / each
experiment).

5.3.1. Antiferroptotic effect of quinones

A possible antiferroptotic effect of the CoQs wasglged. First, we incubated HSF with various
concentrations of DMSO (control), to rule out a bk toxic effect of the vehicle, and 100
KM BSO or 1 uM erastin for 72 hours. As depictedrig. 44, BSO induced 60 % cell death,

whereas erastin induced 95 %.
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Figure 44. Ferroptosis in HSF with BSO and erastinProliferation and viability measured
by using the CellTiter-Blue® Cell Viability Assag HSF in the presence of 100 uM BSO (A)
or 1 uM erastin (B) together with different congatipns of DMSO (as control) for 72 hours



before fluorescence measurement. Data were nomdahith untreated HSF and presented as
the average of at least three independent expetste8EM (n = 3 wells / each experiment).

Accordingly, we induced ferroptosis with 100 uM B$&y. 45) or 1 uM erastinKig. 46) and
we added the different concentrations of CoQs aHe30Qs for 72 hours. The results showed
that mito-CoQs (mitoQ and OH-mito@ig. 45. A, D respectively) protected better from
ferroptosis than untargeted quinones. In the erparts in which we induced ferroptosis with
BSO, just 0.1 uM of mitoQ or OH-mitoQ were ablentaintain 100 % survival. Using higher
concentrations of these CoQs, it was seen that @blQrhad a greater antiferroptotic effect.
In contrast, decylQ, Qand their hydroxylated forms only reached aroudd@viability even
at more concentrated doses, between 0.5 uM and {FigVv45. B, C, E, F. Similarly, when
we induced ferroptosis with erastin, it was obsémyeat only mitoQ achieved a viability of 62
% with 0.1 uM Fig. 46. D. However, the greatest survival (almost 80 %) aaseved with
0.5 puM OH-mitoQ Fig. 46. A). Meanwhile, CoQs targeting the plasma membrangaired
higher doses, between 1 uM and 5 uM, to reach &b viability Fig. 46. B, C, E, B.

Figure 45. Induction of ferroptosis in HSF with BSOand addition of CoQs and OH-CoQs
as treatment.Proliferation and viability measured by using the|Titer-Blue® Cell Viability
Assay in HSF in the presence of 100 uM BSO togethtr various concentrations of OH-
mitoQ (A), OH-decylQ (B), OH-@Q(C), mitoQ (D), decylQ (E) or F) for 72 hours before
fluorescence measurement. Data were normalized wmiteated HSFHRig. 44, A). Data are



presented as the mean of at least three indepepapatiments + SEM (n = 3 wells / each
experiment).

Figure 46.Induction of ferroptosis in HSF with erastin and adlition of CoQs and OH-
CoQs as treatment Proliferation and viability measured by using thellTiter-Blue® Cell
Viability Assay in HSF in the presence of 1 uM dératogether with various concentrations of
OH-mitoQ (A), OH-decylQ (B), OH-Q(C), mitoQ (D), decylQ (E) or Q(F) for 72 hours
before fluorescence measurement. Data were nomdaizh untreated HSH{g. 44, B. Data
are presented as the mean of at least three indepeaxperiments + SEM (n = 3 wells / each
experiment).

To determine whether CoQ treatment also affects,Mquantified LPO with the lipophilic
fluorescent dye probe BODIPY581/591 C11 after prelrating HSF with erastin and mitoQ,
OH-mitoQ, decylQ, and OH-decylQ. The results inthdathat all CoQs significantly decreased
LPO. It should be noted that mitoQ, OH-mitoQ andyli® stood out for their efficacy
compared to OH-decylQ, which was the least effedfig. 47, A-B). To verify this result, we
measured LPO in HSF pre-incubated with CoQs altimes evaluating the effect that CoQs
cause by themselves. There were no significanemdiffces between HSF untreated (control)
and treated with mitoQ, OH-mitoQ and decylQ, wherédl-decylQ significantly increased
LPO in HSF. Although without significant differerg;anitoQ and OH-mitoQ also showed a
tendency to increase LP®ig. 47, Q.



Figure 47. Protective effect of CoQs and OH-CoQs otipid peroxidation. LPO was
measured using the lipophilic fluorescent dye prB@DIPY®®V%% C11. (A, B) HSF were
incubated with 5 uM erastin for 6 hours to induegdptosis and 0.5 uM mitoQ, OH-mitoQ,
decylQ or OH-decylQ were also added in order toxktite effect of quinones on LPO. 0.5 uM
DMSO was added as control too. n values: ctrl/E06, mitoQ/Er = 153, OH-mitoQ/Er = 138,
decylQ/Er = 147, OH-decylQ/ Er = 165; from threelependent experiments. (A) Data are
presented as ratio-fluorescence microscopy of Ilgxaiation (OX / RED ratio; background
subtracted) over time (minutes). (B) The graph shthe quantification of LPO before 100 uM
H-0, addition. (C) HSF were incubated with 0.5 puM mit@@H-mitoQ, decylQ or OH-decylQ.
Also 0.5 yM DMSO was added as control. The grapisgmts the quantification of LPO levels.
n values: ctrl = 44, mitoQ = 29, OH-mitoQ = 37, W€ = 15, OH-decylQ = 10; from two
independent experiments. Data are presented in th&dM. 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 C& signaling and

ferroptosis in HSF

In order to investigate if Cais involved in the regulation of ferroptosis afdt iis linked to
quinones' functions, we performed measurementsyiiaé’. Interestingly, the addition of
erastin to the cell culture medium robustly redubadal cytC# levels, the amount of &a
stored in the ER and SOCEig. 49).



Figure 48. Cytosolic C&* in HSF during induction of ferroptotic death. The graphs show
the comparison of cytosolic €abetween control HSF and HSF treated with 1 pMterder

24 h. (A) The graph represents the fluorescende 8#0/380 over time (min). First basal
cytCa" levels are shown. Next, addition of 1 pM thapsigato FURA - 2 AM loaded cells
results in an increase of ratio 340/380, first peakl the addition of extracellular €@rovoke
the second peak. Last, addition of freé'Qaiffer decreases to minimum the ratio fluorescence
(B) Quantification of the basal €alevels in the cytosol. (C) Quantification ofvalues after
thapsigargin stimulation (max — min), which leadsthe depletion of G4 from the ER,
represents the &astore in the cells. (D) quantification of the second peak (max — min),
which is due to C4 addition in the buffer and represents SOCE. neslatrl = 487, ctrl/Er =
357; from three independent experiments. Data sesepted in mean £ SEM. All P-values
were calculated by using Student's t-tests. *p080**p < 0.01; ***p < 0.001.

Since we considered important to compare the rblmitochondrial-targeted and plasma-
membrane-targeted quinones, before proceedingthgtleffect that CoQs have on ferroptosis,
we assessed the effect that decylQ and OH-decy® ba the cytCH signaling (results of
mitoQ and OH-mitoQ has been already showig.(26)). The results showed small changes
after the addition of these CoQs compared to cbht8s. OH-decylQ caused a slight decrease
in basal cytC# levels and both CoQs seemed to increase SGEE49).

Figure 49. Cytosolic C&* in HSF treated with decylQ and OH-decylQ.(A) The graph
represents the fluorescence ratio 340/380 over (ini@). First basal cytCélevels are shown.
Next, addition of 1 uM thapsigargin to FURA - 2 Avhded cells results in an increase of ratio
340/380, first peak, and the addition of extradaHC&* provoke the second peak. Last,
addition of free C# buffer decreases to minimum the ratio fluoresce(@eQuantification of
the basal CH levels in the cytosol. (C) Quantification ofvalues after thapsigargin stimulation
(max — min), which leads to the depletion ofClaom the ER, represents the®Catore in the
cells. (D) quantification of the second peak (max — min),alatis due to G4 addition in the
buffer and represents SOCE. n values: ctrl = 48yl = 487, OH-decylQ = 374; from three
independent experiments. Data are presented in th&M. All P-values were calculated by
using Student's t-tests. *p < 0.05; **p < 0.01; p*¢ 0.001.



Next, we further explored the preventive effecttthainones could be providing against
ferroptosis and the importance of<CaNe pre-incubated HSF with erastin together witl)S.
For these experiments, we analyzed the effect dadmgenitoQ, decylQ and their hydroxylated
forms (OH-mitoQ and OH-decylQJFig. 50). Interestingly, we again observed a pattern that
distinguishes between hydroxylated and non-hydeted CoQs. MitoQ and decylQ showed
an elevation of basal cyt€devels, to normal values (basal cytCaCtrl = 0.310, mitoQ / Er
=0.296, decylQ / Er = 0.318) while OH-mitoQ and -@etylQ showed no changes compared
to HSF incubated with erastin alone (basal c$tGa0.28) Fig. 48, B; Fig. 50, B and [ On
the other hand, mitoQ and decylQ decreased ER<Iarage even more, while OH-mitoQ and
OH-decylQ increased it reaching normal values, exaeeding them in the case of OH-decylQ
( C&*ER: Ctrl = 0.130, OH-mitoQ / Er = 0.126, OH-decyl@r = 0.156) Fig. 48, C; Fig.
50, C and Q. In addition, the four CoQs increased SOCE, dmal ihcrease was more
significant in the OH-CoQs, being OH-mitoQ the dhat was closest to normal values (
SOCE: Ctrl =0.139, Ctrl / Er = 0.057; mitoQ / EO81, decylQ / Er = 0. 085, OH-DecylQ /
Er = 0. 097, OH-mitoQ / Er = 0.117i@. 48, D; Fig. 50, D and Hl.

Figure 50. Cytosolic C&* in HSF treated with CoQs and OH-CoQs during inducion of

ferroptotic death. The graphs show the comparison of cytosolié*@@tween HSF treated
with 1 uM erastin for 24 hours and HSF treated vithM erastin together with 0.5 uM of
mitoQ and OH-mitoQ (A-D) or decylQ and OH-decylQ-KE for 24 hours. (A and E) The



graph represent the fluorescence ratio 340/380 twer (min). First basal cytGalevels are
shown. Next, addition of 1 uM thapsigargin to FURAAM loaded cells results in an increase
of ratio 340/380, first peak, and the addition mfracellular C&" provoke the second peak.
Last, addition of free Ca buffer decreases to minimum the ratio fluoresceiiBeand F)
Quantification of the basal €4devels in the cytosol. (C and G) Quantification ofalues after
thapsigargin stimulation (max — min), which leadsthe depletion of G4 from the ER,
represents the &astore in the cells. (D and H) quantification of the second peak (max —
min), which is due to G4 addition in the buffer and represents SOCE. nealatrl/Er = 357,
mitoQ/Er = 380, OH-mitoQ/Er = 376, decylQ/Er = 259H-decylQ = 299 ; from three
independent experiments. Data are presented in th&dM. 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 beegtiag against ferroptosis as effectively as
untargeted CoQs, which remain in the plasma menebeamiding LPO. Besides, hydroxylated

forms could be protecting better than native formsaddition, the induction of ferroptosis by

FINs disturbs cytCH signaling which is almost recovered with the usEaQs.

5.4, COQ10-DEFICIENT CELLS AND FERROPTOSIS

Finally, after observing the strong protective effef CoQs against ferroptosis, we used cells
devoid of CoQo. Based on the current knowledge, we expectedttiese cells will be more

sensitive to FIN-induced ferroptosis.

For this purpose, we used fibroblasts lacking @pl@beled as P104 and P106. The cells were
treated with a wide range of RSL3, BSO or erastimcentrations to induce ferroptosis. CTB
assays showed that 0.5 uM of RSL3 reduced cellilitiaimore than 50 % in control HSF,
being only around 20 % of HSF able to survive viithM RSL3. On the contrary, P104 and
P106 were insensitive to RSL3, and even presemedaease in viability of 20 - 50 % in
comparison with the untreated cellsd. 51, A). Furthermore, 100 uM BSO induced around
50 % of HSF death, while P104 and P106 again shawechanges in viability with up to 5
mM BSO. Only high concentrations of BSO (50 mM) sxadireduction in viability by 50 % in
the CoQo deficient fibroblastsKig. 51, B. In addition, the same experiment was performed
with erastin. 1 uM erastin caused 50 % HSF deatiching 83 % with 5 uM. As well as with
the previous used FINs, P104 and P106 were mucle nesistant to erastin. While 10 uM
erastin were needed to halve the viability in PF)6 still exhibited almost 87 % viability at



that concentration. The addition of 50 uM erastasweeded to reduce 90 % the viability of
both cells Fig. 51, Q.

The study continued trying to achieve such expeetistt with COQ4 iPSC-CM. The idea was
the same, we tried to induce ferroptotic deathH®yuse of FINs and to prevent it with the
treatment of quinones$=ig. 52. For this experiments, we determined cell viapiby crystal
violet staining comparing control iPSC-CM with CO5C-CM. We pre-incubated the cells
with RSL3 and CoQs and OH-CoQs for 216 hours. bhtamh, we added erastin on top the last
72 hours. At first sight, we did not observe angrade in cell viability between the different
conditions and neither we saw differences betw@&Ci-CM-control Fig. 52, A) and iPSC-
CM-CoQuo deficient Fig. 52, B, apart only from an increase in cell death prdypabused by
mitoQ with or without addition of erastin. Howevérg quantificationKig. 52, Q showed that
after inducing cell death with FINs around 50 %tloé control iPSC-CM died, while only
around 20 % death was achieved in the iIPSC-CM mgckioQo. Furthermore, OH-mito,
decylQ and OH-decylQ seem to have a minimal tengdemacrease cell viability after the

induction of ferroptosis, but it is not statistlgasignificant. On the other hand, mitoQ
significantly decreased cell viability in both iP<DA.



Figure 51. Induction of ferroptosis in HSF, P104 ad P106 with RSL3, BSO and erastin.
Proliferation and Viability measured by using thallTiter-Blue® Cell Viability Assay in HSF,

P104 and P106 in the presence of RSL3 (A), BSOafi) erastin (C) for 24 hours before
fluorescence measurement. Data were normalizedwitteated HSF. Data are presented as

the average of n = 3 wells £ SEM of a represergarperiment, being repeated at least 2 times.



Figure 52. Induction of ferroptosis in control and COQ4-mutated iPS-CM with RSL3 +
erastin and addition of quinones as treatmentiability measured by using PFA fixation and
crystal violet staining after treating the cellswalifferent concentrations of FINs and quinones.
Images of control iPSC-CM (A) and COQ4-mutated iRS@ (B) after being stained with
crystal violet. (C) Quantification of cell viabiit Data were normalized with untreated cells.
Data are presented as the mean of n = 2 wells drmerindependent experiments + SEM.



Finally, as these cells were resistant to the iidoof ferroptotic death, we decided to reduce
the CoQo content in our control fibroblasts (HSF) by tregtihe cells with simvastatin. Then,
we induced ferroptosis with RSL3 or erastin andqyer proliferation and viability assay by
using CTB. As depicted iRig. 53 both addition of 0,5 uM RSL3 and 1 pM erastirH8F,
caused 50 % of cell death compared to HSF cortimiiever, when HSF's Cagcontent was
reduced, RSL3 and erastin did not cause any effecell viability.

Figure 53. Induction of ferroptosis in HSF with RSL3 and erastin after CoQo reduction.
Proliferation and Viability measured by using thalTiter-Blue® Cell Viability Assay in HSF.
HSF were preincubated with simvastatin (simv) &hdurs and ferroptosis was induced by 24
hours RSL3 or erastin treatment before fluorescemeasurement. Data were normalized with
untreated HSF. Data are presented as the meateaSathree independent experiments + SEM
(n = 3 wells / each experiment).

These results suggested that some alternativeategypathway or antioxidant system may be

acting to compensate Cad3 protective properties in cells with Ca@eficiency.






6. DISCUSSION



6.1. CoQ10AND CAZ* SIGNALING

Mitochondria take up large amounts offCas discovered 60 years ago (Deluca & Engstrom,
1961). Since then, numerous studies have showmitat® signaling is essential for many
cellular functions, such as proliferation, ATP $ygis and cell death (Balaban, 2009; Patron
et al., 2013). Defective Gasignaling would lead to failures in those physipbal processes
and, consequently, to the appearance and prognestipathologies. Several investigations
have tried to identify the proteins and the mechrasi involved in CH transport into the
mitochondria. It is known that to reach the mitootigal matrix, C4" has to cross the OMM
and the IMM. While the OMM is permeable to*through VDAC, the IMM does not have
this permeability and needs specific channels amasporters. The major role in controlling
mC&"* uptake in the IMM is played by the MCU complex (Baman et al., 2011; De Stefani
et al., 2011; Perocchi et al., 2010). However, ointhe characteristics of MCU complex is its
low affinity for C&*, being activated at concentrations around 1 puM @ependent on the
electrochemical gradient of €ahat arises from the m (about -180 mV) (De Stefani et al.,
2016; Kirichok et al., 2004; Petrungaro et al.,20Considering this and the fact that in resting
conditions the cytCa concentration is 10’ M (Bagur & Hajnoczky, 2017), an increase in
C&* localized near the mitochondria is necessary fitmehondria to take up Gavia MCU
complex. This increase in €acan be controlled by the organellar architectuné @ynamics

or generated by a stimulus or signaling mechanisons) as SOCE (Parekh, 2008). However,
we suggest that there must be some component iM¥ehat mobilizes C& from the cytosol

to the mitochondria in resting conditions.

In addition to MCU complex, other transporters haeen proposed as regulators of fiCa
signals. LETM1 (leucine zipper-EF-hand-containimgnsmembrane protein 1) has been
suggested as a €#1* exchanger and could potentially act both on inflox efflux depending
on whether the mCG& concentration is low or high, respectively (Jiagtgal., 2009). NCX
(mitochondrial N& -C&* exchanger) has also been proposed as a candidagulate mCH.
Initially, it was suggested that it participatedtie export of C& from the mitochondrial matrix
(3Na'/C&*) (Palty et al., 2010). However, it has recentlgiehown that NCX can also act in
the opposite direction by transporting?Céo the matrix (Samanta et al., 201B).addition,
mitochondrial uncoupling proteins 2 and 3 (UCP9 2+8re also described to participate in the
mCé&* uptake (Graier et al., 2008). Although, there ébate over the function of these



transporters (Brookes et al., 2008) and more rekeamnecessary to fully understand their roles

in mC&* regulation.

Given the role of Co@ as a major antioxidant and transporter @frel H in the mETC, it was
hypothesized in the past that if C@ capable of transportingHt could also transport other
cations such as €a Thus, in this study, we manipulated the contérn€oQio in HSF. We
found that the basal levels of mCand the uptake of Eaby the mitochondria were higher
when CoQo was decreasedrig. 20). This result suggests that Ce@nay participate in the

efflux of C&* ions from the mitochondrial matrix, instead ofde* uptake.

However, it is unclear if CAtransport is a real function of CefQOtherwise, it could be that,
due to alterations in Ca@content, other parameters are affected, beingnsdple for these
changes in G4 signaling. For example, an increase in cell pesdifion and viability, would
cause a greater energy demand; or an increaseeitetiels of cytC#, would cause the
activation of the MCU complex allowing the entry ©&*. We tested both parameters and
showed that neither of them affected riCsignaling Fig. 21, 23. Furthermore, changes in
m  could also explain such increase in riCaince the entry of CGathrough the MCU
complex is dependent on the electrochemical gradreat exists through the IMM (m )
(Jacobson & Duchen, 2004; McKenzie et al., 20Imgrestingly, we detected an increase in
m  after the decrease in CoQwhich was reversed by restoring the content @@ the
cell (Fig. 23. A, B. On the other hand, our observations also inditi@t the increase in m€a
could also be due to changes in the MCU complexeGexpression analysis showed a
significant decrease in MCUDb, a blocking part ¢ tomplex (Lambert et al., 2019), which
would positively affect the entry of &a(Fig. 23, D). However, the cells treated with 4NB +
4HB, displayed a decrease in MCUb expression andhe contrary, mCa levels were not

altered.

6.1.1. CoQ supplementation

With the idea of correcting deficiencies in Ge@nd the drawbacks that they entail, numerous
studies have suggested beneficial effects of {ceQpplementation in several diseases. For
instance, in cardiomyopathy, patients with modetatgevere heart failure treated with GeQ
showed that Co@Q treatment was safe, improved symptoms and reducgdr adverse

cardiovascular events (Mortensen et al., 2014)thieamore, Mohseni et al. found that GeQ



supplementation was able to improve blood presancelower cholesterol in patients with
hyperlipidemia and myocardial infarction (Mohsetrak, 2014). In addition to cardiac diseases,
there are studies showing that supplementation WitQo has a beneficial effect on
hypertension (Gonzalez-Guardia et al., 2015), dialkédney diseases (Xiao et al., 2017) and
multiple sclerosis (Mao et al., 2013). Moreover,(z@administration significantly reduced
triglyceride concentrations in patients with metabdisease (Sharifi et al., 2018nproved
chronic obstructive pulmonary disease (Chen et28l19) and neurodegenerative diseases
(Muthukumaran et al., 2018), and it has even besstribed as a potential treatment for
COVID-19 (Ouyang & Gong, 2020). More focused onitigochondria, since it contains large
amounts of Cog, the mitochondrial-targeting Cag analogue, mitoQ, has long been
considered as a potential drug. For instance, @y sl cardiac fibrosis in mice showed that
mitoQ improves cardiac hypertrophy, fibrosis and Hysfunction in pressure-overloaded
hearts by inhibiting the interaction between TGIFand mitochondrial redox signalling (Goh
et al., 2019). It should be noted that most stugiedormed with Co@ supplementation
focused on its function as an antioxidant. It ierestated, literally, that the main benefit of
CoQuo supplementation comes from its ability to redug&ative stress, which is the most
important and relevant function (Gutierrez-Marisealal., 2020). While it seems clear that
mitoQ experimentally reduces ROS levels in mitoch@nand prevents oxidative stress, far
less attention has been paid to potential sidectstfeConsidering that mitoQ accumulates in
mitochondria in very high concentrations, the poisy that it may regulate mitochondrial
function at other levels should not be ignoredpémticular, mitoQ could interfere with €a

signaling, since we show that Caf@an modulate mCGa

In previous studies, our research group has extelysanalyzed the physicochemical and
physiological properties of CaQand CoQo. Interestingly, a new group of specifically
hydroxylated quinones (OH-CoQs) through radical maatsms at high pH or in the presence
of cytochrome P450 was identified. OH-CoQs weretegstable and acted as potent ROS
scavengers. Furthermore, they were able to effigi@amd selectively bind alkaline earth metal
cations, particularly G4, and transport them through an artificial bio-meamie. It is worth
noting that the chemical approach to produce hydabed derivatives used in the studies could,
in principle, be replaced by the action of monoyases or other hydroxylating enzymes in
organisms (Bogeski, Gulaboski, et al., 2011; Gubet al., 2013). Thus, these results
suggested that OH-Cagxould be a good candidate for regulating*@a mitochondria when
cytCa* levels are low.



Hence, with these findings and aiming to elucidiagemechanism of action behind this increase
in mC&*, when decreasing Ca@content, we treated HSF with mitoQ and its hydtated
form, OH-mitoQ. Addition of mitoQ significantly retted mC%" levels fitting with the
previous results, while OH-mitoQ increased théng.(24). Further experiments showed that
mitoQ depolarized the membrarigq. 27), reduced C4 signaling also at cytosolic leveig.

26) and reduced mitochondrial respiratidng. 29. By contrast, OH-mitoQ was shown to be
a good antioxidant that does not alter mitochohdmatabolism. Furthermore, the gene
expression levels of components of the MCU comgidxhot show an increase in MCUBI§.

28, A). Therefore, it was not possible to explain tHfe@ by changes at the genetic level. On
the other hand, at the protein levElg. 28, B-H, MCUDb is highly expressed when we pre-
incubate with mitoQ, suggesting that it may affe@&* to some extent. It should also be noted
that pre-incubation with OH-mitoQ also producesramease in MCUDb protein, while m&a

is not inhibited. These results show that modifaa in gene or protein expression of MCU
complex are not likely to be the cause of fiGzanges, but they suggest that mitoQ affects
mCé&™* most likely via regulation of the m and SOCE.

Supporting our results, previous studies also foilmad mitoQ decreased the m in bovine
aortic endothelial cells (BAECs) at concentratibigher than 1 uM, in this case, showing no
toxicity when measuring cell viability (Fink et aR009). Furthermore, Gottwald et al. have
shown, using live imaging and bathvitro andin vivomodels, that mitoQ (500 nmol/L) caused
inflammation and acute mitochondrial depolarizaiiiKidney proximal tubules (Gottwald et
al., 2018). Another study has reported that mito@QIa actually increase ROS production in
some cancer cells, and this was associated witaceedse in m and mtDNA integrity
(Pokrzywinski et al., 2016). Moreover, mitoQ hasoabeen found to induce autophagy in liver
cells (Lyamzaev et al., 2018). Besides, it has liEmeribed as inappropriate for the therapy of
acute pancreatitis. In this disease, bile acidsldepe the mitochondrial membrane anditro
studies with mitoQ showed that mitoQ not only dod reduce such depolarization, but it rather

enhanced it. im vivo models, mitoQ treatment was also not protectiveafi) et al., 2015).

In addition, and supporting our data, it was putdd that mito-CoQs enhanced ECAR under
basal respiratory conditions (Fink et al., 2012)ggesting that these compounds enhance
glycolysis Fig. 29, E, B. This increase in glycolysis produced by mitoQswascribed to be
dose-dependent. Additionally, mitoQ has been repotd suppress fatty acid oxidation (Fink
et al., 2012).



Therefore, our results and, as mentioned, othelietitshow that mitoQ treatment is toxic to

some cells, at least in the concentration usedaltiee devastating side effects.

6.1.2. Toxicity of mitoQ

Studies showed that the toxic effect of mitoQ mageahd on time and dose. Hence, one study
indicated a marked reduction in oxidative respiratat mitoQ concentrations above 150 nM.
It is pointed out that the use of mitoQ for thenaipepurposes must consider the bioenergetic
action and the doses must be low enough to avaidtiaal limitation of the generation of
cellular ATP (Fink et al., 2012). Of note is thabsh of the cellular studies demonstrating the
benefits of mitoQ involved concentrations in theeprange or above what they examined
herein. For example, a study showed that concémisadf 0.5 and 1 pM of mitoQ significantly
reduced endogenous DNA damage, while lower corateois had no impact. The results of
this investigation suggest that mitoQ may have-iamthunosenescent potential on human
peripheral mononuclear cells (Marthandan et all,1J20However, our data reflected that at a
concentration of 0.1 uM, mitoQ caused a decreaseenm (Fig. 27, G if we compare it
with the vehicle Fig. 27, B. Although it would be interesting to study howwier
concentrations of mitoQ affect other physiologigatameters, the change in the malready
indicates that there is a change in mitochondrietamolism.On the other hand, other studies
showed that the toxic effect of mitoQ could be ealisy the TPP+ cation. Reily et al. compared
effects of antioxidants directed to the mitochoadrincluding mitoQ, on the cellular
bioenergetics of mesangial cells, with the lipojhtlation TPP+, which lacks the antioxidant
functional group and is responsible for directimg tmolecule to the mitochondria. They
demonstrated that the TPP+ can alter mitochondmattion at concentrations frequently
observed in cell cultures (0.1 - 1 uM), indepenberitthe antioxidant functional groups (Reily
et al., 2013). Another study proved that depoldéigzam in kidney proximal tubules is due
to increased permeability of IMM, rather than axitant activity, since this effect is repeated
by TPP+, but not by Elamipretide (SS-31), anothi#ochondrial target antioxidant lacking in
TPP+ (Gottwald et al., 2018). On the contrary, Febkl., showed that the effects of mitoQ on
IMM uncoupling are not caused by the TPP+ cationetyp because the cation itself did not
alter the bioenergetic profile (Fink et al., 201Qur data is supported by these last results since
both mitoQ and OH-mitoQ present the TPP+ catiom, while mitoQ causes alterations in

mitochondrial bioenergetics, OH-mitoQ, at the satoacentration, does noFif. 29. It is



likely that the effects of TPP+ compounds also depmn the cell type, since the bioenergetics
of cells show a variety of responses dependinghennumber of mitochondria and their
regulation (Dranka et al., 2011).

In conclusion, there is a pressing need to undeidbetter the mechanism of action of mitoQ
on mitochondrial function before treating patienthwt. On the contrary, we demostrate OH-

mitoQ as a good potential candidate.

6.2. COQ10AND REDOX SIGNALING

Mitochondria are thought to be the main sourceR©E in most cell types. O is produced

in complexes | and Il of the ETC, which is quicldgnverted into KO, a much more stable
ROS, by SOD. @° and HO- are no longer considered simply as cytotoxic bypotsl of
respiration (Zorov et al., 2014). On the contr&@S are well established as important second
messengers and signaling molecules that participaaemultitude of physiological processes
(D'Autreaux & Toledano, 2007). Besides, accumutatevidence suggests an important
interaction between Ghand redox signalling (Bogeski, Kappl, et al., 201%et al., 2014;
Jacobson & Duchen, 2002; Saul et al., 2016). Adogtg, high mC&" concentration is
associated with increased energy production, fieguih greater flux through the ETC and
subsequently higher levels of generate®DHDiebold & Chandel, 2016; Ermakova et al.,
2014; Murphy, 2009)H-0- acts as a regulator of cell signaling pathwaysubh the oxidation
of thiol groups of proteins, affecting their loaati interaction and enzymatic activities.
However, when BED> levels exceed a certain threshold, indiscrimireadielation is triggered,

which can even culminate in cell death (Pak e2820).

In several studies have been shown that#h&@ad redox signalling are altered and significantly
contribute to disease progression and pathoge(lesisasters et al., 2009; Nakayama et al.,
2007). It was shown the relevance ofGan the mitochondrial permeability transition (mP;TP
a relevant process in both necrosis and apoptelideath (Lemasters et al., 2009). Therefore,
we wonder if mC& and redox signalling also was also involved ireotlypes of programmed

cell deaths.

Oxytosis was first described more than 30 yeardragerve cells as a non-excitotoxic pathway
for glutamate-induced cell death (Miyamoto et 4889; Murphy et al., 1988; Murphy et al.,
1990; Tan et al., 2001). The main characteristiasxgtosis are GSH depletion, lipoxygenase



activation, accumulation of ROS, and increasetf @dlux (Lewerenz et al., 2018). In 2012, a
pathway with similar characteristics as oxytosis wentified in transformed fibroblasts and it
was called ferroptosis (Dixon et al., 2012). Aletavidences indicate that these are the same
cell death pathways. Several studies have shovimcagase in cytGaduring the last stage of
ferroptotic death. (Li et al., 1997; Tan et al. 98R Furthermore, several compounds that
decrease Cainflux, such as CoCI2 (Tan et al., 1998) and apqhine (Ishige et al., 2001)
have been described as inhibitors of ferroptoticdssath induced by erastin and RSL3, further
supporting a role for late-stage Canflux in oxytosis/ferroptosis. Moreover, Nagadeaé
recently showed that erastin induced®Ciaflux in HT22 cells (Nagase et al., 2020). An
additional study showed that the abolition of Orarid Orai3 also protects against RSL3-
induced ferroptosis (Goldberg et al., 2020), thsioling more evidence that the Cantry is

a characteristic of this cell death. Another graign detected an increase in cytOa the last
stage of ferroptosis. But in this case, it was @iséed with nanopores in the MP instead of with

SOCE (Pedrera et al., 202Noteworthy, all studies were conducted in mousklicels.

In this study, we induced ferroptosis with BSO analstin in HSF and could record increase in
cell death Fig. 44) and increase in LPOF{g. 47). However, contrary to what has been
described, the induction of ferrotosis with erastaused a significant decrease in the basal
levels of cytC&', as well as C4 store content in the ER and SOGHg( 49).

This discrepancy may be due to the different phasdke ferroptotic process. In the early
phases of ferroptosis there could be a decreasg@z*, while in the final phase there could
be an increase. We pre-incubated HSF with 1 pMierés 24 hours and perhaps this was not
enough time to show that increase in cytQavels before cell death. But when checking the
methods that Nagase et al., 2020 used for thadlystbhey use lower concentrations during the
same time (0.2 uM or 0.5 uM for 24 h); thus disrhagtthis possible explanation. However,
ferroptosis is a specie- and cell-type procesgefbee, although this effect on €devels

appears to be consistent in mouse models, it migihlbe happening the same in humans.

6.2.1. CoQs against ferroptosis

In 2004, Dhanasekaran et al. published that pegrtrent of BAECs with the mitochondrial
antioxidants, mitoQ (1 pum) but not with the untdegkantioxidants (vitamin E) inhibited LPO



and protein oxidation (Dhanasekaran et al., 20@4\as reported that mitoQ reduced the
cellular iron concentration, as it is now knownttlitaalso functions as an iron chelator
(Bentinger et al., 2007; Bentinger et al., 2010).

Our results showed that mitoQ (0.51) reduced LPOKig. 47) and reduced m#D- levels Fig.
30, 36, but it did depolarize the mitochondrial membréifig. 27, 39.

On the other hand, Friedmann Angeli et al. dematedr that the mitochondria-targeted

antioxidant mitoQ is much less efficient in protegtcells against ferroptotic cell death caused
by the removal of Gpx4 (KO) or the use of FINs ¢firg RSL3 or BSO), compared to the

membrane-targeted antioxidant decylQ. The study aase in mouse embryonic fibroblast

(Pfal cells), and specifically, they determined th@0 times higher concentrations of mitoQ

were needed. They state that not only the extrammitodrial compartments but also the
mitochondria were involved in the increase in LROsed by Gpx4 depletion. However, rescue
with mitochondria-targeted antioxidants was muds lefficient than with non-targeted ones
(Friedmann Angeli et al., 2014).

Trying to simulate these results, in addition toifyeng the effect that OH-CoQs, targeted to
mitochondria or untargeted has on ferroptosis, eed quinones to HSF in which ferroptotic
death was induced by BSO or erastin. Contrary t@atwias been described, mito-CoQs
protected the cells from ferroptosis to a similatead as untargeted CoQs that remain in the
plasma membrand=ig. 45, 4§. Furthermore, although there was not a big diffiee, there
was a trend that indicated that hydroxylated fopmugect better. In addition, LPO was reduced

following treatment with all quinones.

To further study the involvement of €an the regulation of ferroptosis and the contridwitof
CoQs in its regulation, we induced ferroptosis wetlastin and tested cyt€devels after a
treatment with CoQs. Surprisingly, the levels ofGa* were almost restored, suggesting the

participation of C#' in ferroptotic cell deathRig. 48, 50.

The protecting effects of mitochondrially targetpdnones may be because not all mitoQ and
OH-mitoQ molecules reach the mitochondria. Duehrtlipophilicity, some proportion of
these molecules could remain in the plasma memblamay also be that the effect is different
depending on the species. Although most studiesaestigating fibroblasts, mouse fibroblasts
and human fibroblasts can behave completely difteridevertheless, additional studies are

needed to understand the role of coenzyme Q asawetiitochondria in ferroptosis.



6.2.2. Resistance of Co@-deficiency cells to

ferroptosis

In order to understand the clinical relevance of todings, we evaluated the potential
therapeutic use of quinones targeting mitochondrspecially their hydroxylated forms. In
primary HSF deficient in CofQ and also in iPSC differentiated cardiomyocytesnfioatients
deficient in CoQo, we induced ferroptosis with erastin, BSO or RSBY. utilizing this
approach, it was possible to block the glutathidependent pathway at different points: by
inhibiting the cystine/glutamate antiporter, the IG@nzyme or GPX4, respectively.
Considering the two known pathways that proteciregderroptosis: glutathione-dependent
pathway and FSP1 - Ca6) NAD(P)H pathway, we assumed that these cellthenabsence
of CoQ-dependent protection, would be much moresitea to FIN-induced ferroptosis.
Unexpectedly, the concentration of FINs neededtluce ferroptotic cell death in HSF and
IPSC-derived cardiomyocytes was significantly higimethe CoQo-defficient cells Fig. 51).
While 100 uM BSO was enough to lower the cell papah to half, 50 mM BSO was required
to achieve just that 50 % cell death in GeQeficient fibroblasts. Likewise, 1 pM erastin in
healthy HSF caused a reduction in viability betw88n 90 %, while not even 10 uM erastin
affected the viability of Cog-deficient fibroblasts. The similar effect could dleserved upon
treatment with RSL3, 0.5 pM caused the death ofentimein 50 % of the healthy HSF, while in
CoQuo deficient fibroblasts, the viability was intact@ren increased with 5 pM. In the case of
cardiomyocytesKig. 52), much higher concentrations of the drugs (RSL® erastin) were
needed to induce ferroptosis. Nevertheless, thectelfas similar, as we observed that after
treatment with FINs, around 50 % cell death wasea& in the control cardiomyocytes, while
only around 25 % of cardiomyocytes lacking Ge@ere not viable following treatment with
the same concentration of FINs. These results stgg¢hat some other alternative pathway or

antioxidant system may be activated or upreguleteells with CoQo deficiency.

It had been described that direct inhibition of G{ly BSO) leads to upregulation of an
alternative antioxidant pathway that may also sttmawn ferroptosis. For example, high levels

of SLC7Al11-mediated import of Cystine, in conjuonctiwith the thioredoxin system, may



replace the GSH-dependent metabolic pathway in smie bothin vitro andin vivo (Cao &
Dixon, 2016; Harris et al., 2015; Mandal et al.1@)

Figure 54. Significant gene hits of CoQ deficency fibroblasatipnts versus control.
Corresponding full change (FC) values from the carafive analysis ran with Affymetrix
GeneChip Human Genome U133 Plus 2.0 Array by Neaasl. are transformed via
sign(x)*log10(|x|). Genes are categorized by tHealb®r after the treatment: non-affacted (
uneffected (U); partially recovered (pR); completeovered (R); opposite regulation (O).
Graph done with the help of Christian Ickes.

Fernandez-Ayala et al. compared the transcriptdneerdrol fibroblasts with Cog-deficient
fibroblasts and Cog-treated Co@-deficient fibroblasts (Fernandez-Ayala et al., 201p-
regulation of TRX or SLC7A11 was not observed, @lih this could be due to the small
number of samples that have been obtained for sisaljlowever, other ferroptosis relevant
genes RB1, FDFT1 and IDI1 were significantly dowegulated. RB1 encodes a protein, which
is a negative regulator of the cell cycle; and bBDFT1 and IDI1 genes encode proteins

involved in the biosynthesis pathway of GeQ@urthermore, SLC40A1 was up-regulated in



fibroblasts deficient in Cofg and its expression was fully recovered after Ce@ttment FFig.

54). SLC40A1 encodes the only iron export proteindportin (FPN) in the cell membrane,
whose function is to maintain iron homeostasis (laiLittleton et al., 2015). Recent studies
show that the down regulation of SLC40A1 causemarease in the amount of cellular iron
which can cause an acceleration of ferroptosis ¢Batral., 2021; Geng et al., 2018; Hao et al.,
2021). Thus, the upregulation of CLS40A1 providegoasible explanation for our results,
although most likely, CLS40A1 does not participaliene and the rest of the genes that appear
up-or down-regulated should not be ignored andr tbentribution to ferroptosis warrants
further investigation. With a higher expressionStfC40A1, the iron molecules that trigger

ferroptosis are exported, and consequently the eell escape this type of cell death.

These findings reveal new ferroptosis-relevant l&guy mechanisms in cells and patients with
CoQuo deficiency. Understanding these mechanisms mighirportant in order to determine

the clinical and therapeutic relevance of our fingsi.



/. CONCLUSSIONS



In conclusion, our results suggest that @o@odulates C4 signalling, which is crucial for

essential cellular parameters, most likely via fatjon of SOCE and the m .

CoQuo analogues targeted to mitochondria, including @jthave been shown to be good
antioxidants, with beneficial effects in combatitize development of several diseases.
However, our results, supported by other studieswed that mitoQ disturbed viability,
respiration, m and C&" signalling in some cells. Therefore, this studgwéd mitoQ as a

toxic compound, indicating that the therapeutic ofsthis quinone should be stopped.

On the other hand, we found that the antioxidatetces of OH-mitoQ (the hydroxylated form
of mitoQ) were comparable to those of mitoQ, anthlvzere effective inhibitors of ferroptosis,
similarly as untargeted CoQs. In addition, OH-miti@ not cause cytotoxic effect and did not

change cellular metabolism.

Furthermore, we found that cyt€aignaling was disturbed in the ferroptotic procass CoQs
and OH-CoQs almost restored stable cyt@avels.

Lastly, we found that CofQ deficient cells were resistant to ferroptotic adhth, suggesting
that some alternative regulatory pathway or antiart system may be acting to compensate

its protective properties.
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2.0 Array. Values represent the FC (mean) for gete corresponding to different patient samplesMSA
analysis; R=1.5; false discovery rate (FDR) = 0 #b)parenthesis, FC of non-significant genes by the
statistical threshold used, which were selectechgwd their role in specific processes and pathwiays

the case of different probes selected for one gealees represent the mean of FC for each probe.

¥FC in the comparative analysis ran with Affymet®ene Chip Human Gene 1.0 ST Array. In

parenthesis, FC of non-significant genes by thissitaal threshold used. Genes with no change (nc).

§ Effect of CoQo supplementation on gene expression in Gal@ficiency: unaffected genes by GoQ
treatment (U); genes that restored the expresstbarepartially (pR) or completely (R); genes with
opposite regulation than in Cefdeficiency (O); and specifically regulated genedyafter CoQo

supplementation (S). Genes non-affected by Le@plementation ().

**Effect of CoQuo supplementation on mRNA levels analysed by Q-RRP@bsitive values, increase on

gene expression; negative values, decrease oregpnession.
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