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Abstract

Mitochondrial dysfunction leads to rare mitochondrial diseases but is also present in a
vast number of common disorders such as glaucoma and diabetes. Despite the large number
of affected patients, there is a striking unmet medical need for pharmacological approaches
that directly target mitochondrial function. For this purpose, short-chain quinones (SCQs)
have been widely investigated as potential therapeutic molecules for mitochondrial diseases
and related disorders. To date, only the synthetic benzoquinone idebenone has been clinically
approved in limited countries for a single mitochondrial disease, Leber’s hereditary optic
neuropathy (LHON). Although idebenone consistently shows very good safety and efficacy
against vision loss in some LHON patients, its activity is limited by its rapid metabolic
inactivation. To overcome these significant limitations, a library of novel SCQs was designed
and synthesized at the University of Tasmania. From this panel, some compounds showed
significantly improved cytoprotective activity in vitro compared to idebenone under
conditions of mitochondrial dysfunction in the human hepatocarcinoma cell line HepG2. To
identify the most promising SCQs from this novel library to aid its further development
against mitochondrial diseases and related disorders, the current project aimed to characterize
in vitro bioactivity, metabolic stability and toxicity profiles as well as in vivo therapeutic
efficacy for selected candidate molecules. An in vitro bioactivity profile for 103 SCQs was
generated that assessed metabolism related markers, redox activity, expression of
cytoprotective proteins and oxidative damage in HepG2 cells. Cytoprotection by SCQs in the
presence of rotenone was observed to be correlated with the NAD(P)H:quinone
oxidoreductase 1 (NQO1)-dependent reduction of SCQs, which suggests an unexpected mode
of action for SCQs that appears to involve a modification of NQO1-dependent signaling rather
than a protective effect by the reduced quinone itself. Subsequently, a simple and efficient
reverse-phase liquid chromatography (RP-LC)-based method was developed to determine the
metabolic stability of the 16 most cytoprotective SCQs in HepG2 cells. In this assay, 15 SCQs,
showed significantly higher metabolic stability than idebenone. Furthermore, detailed toxicity
profiles were generated for the 11 best SCQs that displayed enhanced cytoprotection and
improved metabolic stability. Compared to idebenone, lower metabolic toxicity, lower toxicity
with regards to membrane integrity, lower long-term toxicity, as well as an absence of
mitochondrial toxicity, pyknosis, DNA damage, or transformation potential were identified
for different SCQs to different extents. Lastly, two novel SCQs identified with enhanced
cytoprotection, improved metabolic stability, absence of mitochondrial toxicity or
transformation potential were assessed for their protective activity in a rat model of diabetic
retinopathy. Both compounds, given topically as eye drops, showed superior activity to
restore vision in this pre-clinical model compared to the reference compounds idebenone and
elamipretide. Unfortunately, due to aberrant animal housing conditions, the study was unable
to demonstrate systemic therapeutic efficacy in this model. Overall, the results described in
this thesis rationalize the selection of development candidates from a range of novel SCQs and
inform their further development towards their clinical use.
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Chapter 1
Literature Review

1. Mitochondria

Mitochondria have seen a resurgence in interest due to the increased understanding of
their diverse roles in human diseases. Beyond the long forged concept of powerhouses of the
cell [1], mitochondria are also functional components that regulate calcium signaling [2],
redox activity [3], metabolism [4], cell survival, death [5], cycle and proliferation [6].

1.1. Structure

Mitochondria are rod-shaped or spherical double membrane organelles in mammalian
cells, enclosed by the outer mitochondrial membrane (OMM) which separates it from the
cytosol as well as the inner mitochondrial membrane (IMM), which separates the
intermembrane space from the mitochondrial matrix (Figure 1) [7]. Enzyme composition
largely differs between the cytoplasm and the intermembrane space [8]. While the
intermembrane space acts as a proton depository, the IMM mainly hosts the machinery for
the production of cellular adenosine triphosphate (ATP) [8]. The IMM contains the entire
electron transport chain (ETC, or respiratory chain), ATP synthase, and specific transport
proteins which regulate metabolite passage for ATP, adenosine diphosphate (ADP) and other
respiratory substrates [9]. Enclosed by the IMM, the mitochondrial matrix hosts the majority
of essential mitochondrial macromolecules such as metabolic enzymes, mitochondrial
ribosomes, transfer RNA (tRNA) and mitochondrial DNA (mtDNA) [9]. Soluble and
membrane-bound matrix enzymes, including the ones for the tricarboxylic acid cycle (TCA)
are responsible for the oxidation of energy-rich substrates such as pyruvate and fatty acids [9].

m+DNA oMM
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Figure 1. Model of mitochondrial structure. Outer mitochondrial membrane (OMM)
separates mitochondria from cytosol, whereas inner mitochondrial membrane (IMM)
separates mitochondrial intermembrane space that serves as a depository for protons (cyan)
and matrix that hosts the majority of mitochondrial macromolecules such as mitochondrial
ribosomes (blue), transfer RNA (tRNA, lavender) and mitochondrial DNA (mtDNA, green).
Mitochondrial electron transport chain (ETC, orange) and ATP synthase (brown) located in
the IMM.
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1.2. Energy Conversion
1.2.1. Cytosolic Energy Conversion

Although the majority of cellular chemical energy in the form of ATP is produced by
mitochondprial oxidative phosphorylation (OXPHOS), this process heavily relies on pyruvate,
a major metabolite of cytosolic glycolysis [10]. Glycolysis is the process of glucose metabolism,
through glucose-6-phosphate (G6P, 1 ATP consumed), fructose-6-phosphate (F6P),
glyceraldehyde-3-phosphate (G3P, 1 ATP consumed) to pyruvate (4 ATP and 2 NADH
produced) [11] (Figure 2, green). Alternatively, G6P can enter the pentose phosphate pathway
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Figure 2. Glucose metabolism and mitochondria in cellular energy conversion. Glucose is
metabolized through glycolysis (green) to produce pyruvate, which can either undergo
anaerobic respiration (cyan) to form lactate or enter mitochondria to form acetyl-CoA. Acetyl-
CoA from either glucose of fatty acid -oxidation either enters the tricarboxylic acid (TCA)
cycle (red) or produces ketone bodies (purple). However, while The TCA cycle produces
NADH, ketogenesis consumes NADH. Mitochondrial NADH can also be sourced via the
aspartate-malate shuttle (lavender) in which malate transports electron into mitochondria.
Mitochondrial NADH is then used by the mitochondrial electron transport chain (ETC) to
produce the majority of cellular ATP (detailed in Figure 3). In addition, the glycolysis
intermediate glucose-6-phosphate (G6P) can fuel the pentose phosphate pathway (PPP, blue)
to generate NADPH which is essential for fatty acid synthesis and glutathione (GSH)
reduction.
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(PPP) which does not directly involve ATP production but is essential for the biosynthesis of
several cellular macromolecules [12] (Figure 2, blue). The PPP produces NADH phosphate
(NADPH), which is mainly used for metabolic processes such as fatty acid biosynthesis and
glutathione (GSH) reduction. During the PPP, G6P is oxidized into ribulose-5-phosphate,
which undergoes reversible conversion to xylulose-5-phosphate (X5P), or ribose-5-phosphate
(R5P) that are used for nucleotide biosynthesis [12]. Additionally, reversible conversions exist
between X5P and F6P, R5P and G3P in a non-oxidative manner [13]. The extent of utilization
of selected pathways that metabolize glucose , depends on the cellular needs and levels of
cytosolic NADP+ [14]. Given that the PPP is the major source of NADPH], it is mainly activated
in cells and tissues under conditions of oxidative stress (OS) as a defense mechanism or when
cells are rapidly proliferating to generate sufficient biosynthesis capacity [15]. Compared to
aerobic respiration that consumes oxygen and produces up to 36 ATP per glucose molecule,
anaerobic respiration only produces 2 ATP under conditions of hypoxia and involves the
oxidation of pyruvate to lactate (Figure 2, cyan) to sustain NAD* generation that drives
glycolysis (Figure 2, green) [11].

1.2.2. Mitochondrial Energy Conversion

Upon entering the mitochondria, pyruvate is oxidized and combined with coenzyme A
(CoA) to form acetyl-CoA, which is the key molecule that enters the TCA cycle (Figure 2, red)
[16]. Alternatively, acetyl-CoA can be derived from (-oxidation of fatty acids (Figure 2, orange)
[17]. After the generation of fatty acyl-CoA in the cytosol (1 ATP consumed), fatty acyl-CoA
is imported into the mitochondrial matrix with the help of the carnitine transporter in the IMM
for B-oxidation into acetyl-CoA [18]. This oxidative process of 3-oxidation includes the serial
degradation from [-hydroxyacyl-CoA (1 FADH: produced), p-ketoacyl-CoA (1 NADH
produced) to fatty acyl-CoA with a shorter chain (2 carbon less) and acetyl-CoA [17]. Under
physiological conditions, by fueling acetyl-CoA into the TCA cycle (also known as the Krebs
cycle) by either glycolysis or 3-oxidation, a series of subsequent oxidative reactions is initiated
from citrate, to a-ketoglutarate, succinyl-CoA, succinate, fumarate, oxaloacetate and
ultimately citrate again (Figure 2, red) [16]. During these reactions, energy-rich reduction
equivalents (3 NADH, 1 FADH:) and 1 guanosine triphosphate (GTP) are generated per cycle
[16]. GTP is responsible for cellular protein synthesis and is an essential signaling molecule to
transduction, especially G-proteins, where it is hydrolyzed into guanosine diphosphate (GDP)
via actions of the GTPases [19]. In line with these roles, GTP is also used to generate ATP by
substrate level phosphorylation in the mitochondria or cytoplasm [20]. In the absence of
carbohydrates as energy source, mitochondrial B-oxidation in tissues such as the liver leads
to the synthesis of ketone bodies (ketogenesis). This process is mainly designed as part of an
emergency program to supply the organism with a form of chemical energy such as (-
hydroxybutyrate to protect tissues with high energy dependency such as the brain. (Figure 2,
purple) [21]. In contrast to GTP, TCA cycle-derived NADH and succinate are fed directly into
mitochondrial ETC as electron donors to initiate OXPHOS (Figure 3) [10]. Although
mitochondrial membranes are impermeable to NADH, mitochondrial NADH can
alternatively be supplemented via the aspartate-malate shuttle (Figure 2, lavender) [22] or the
glycerol phosphate shuttle [23]. The aspartate-malate shuttle translocates glycolysis-derived
energy equivalents into the mitochondria. Here, oxidation and amination of malate to
aspartate produces NADH, before aspartate leaves the mitochondria to be converted to
cytosolic malate under the consumption of NADH.

The ETC consists of four individual redox active complexes, NADH dehydrogenase
(Complex I), succinate dehydrogenase (Complex II), cytochrome bci (Complex III) and
cytochrome c oxidase (Complex IV) (Figure 3) [24]. While Complex I transfers electrons from
NADH to ubiquinone (Q) to form ubiquinol (QHz), Complex II also contributes to the reduced
ubiquinol pool by transferring electrons from succinate to ubiquinone to form ubiquinol.
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From the reduced ubiquinol pool, Complex III transfers electrons to cytochrome c (Fe3*), which
is transiently reduced as cytochrome ¢ (Fe?). Subsequently, Complex IV transfers the electrons
from cytochrome c (Fe?*) to the final electron acceptor oxygen to form water [24]. Among the
four complexes, Complex II is considered a separate entity from the other three that form a
supercomplex, since Complex II is encoded only by nuclear DNA (nDNA) and is the only
complex that is also part of the TCA cycle [25]. During the redox reactions of the ETC, an
electrochemical proton gradient is established by complexes I, IIl and IV where protons are
translocated from the matrix into the intermembrane space [24]. This imbalance of electrical
charge and proton concentration drives the system to maintain an equilibrium state [24]. ATP
synthase (also called Complex V) harnesses the free energy stored in the electrochemical
gradient. By translocating protons from the intermembrane space back into the matrix, it
phosphorylates ADP to produce ATP [24].
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Figure 3. Schematic representation of mitochondrial oxidative phosphorylation. Complexes I
and II transfer electrons from NADH or succinate to ubiquinone (Q), respectively, to produce
reduced ubiquinol (QHz2). Complex III then oxidizes QH: to Q while reducing cytochrome c (cyt
¢, Fe%), which itself transfers electrons from Complexes Il to IV. Complex IV transfers electrons
to oxygen to form water. While protons generated from Complexes I, IIl and IV are translocated
to the intermembrane space of mitochondria and drive ATP synthase to translocate protons
back to the matrix and phosphorylates ADP to produce ATP.

1.3. Regulation of Cellular Redox Status
1.3.1. Cytosolic Defense Mechanisms

While the majority of NADH is produced during mitochondrial energy conversion,
excessive NADH production can lead to reductive stress and ultimately production of
excessive amounts of reactive oxygen species (ROS) [26]. ROS describes a family of free
radicals, that include superoxide (O2*-), hydroxyl radicals (OH*), and non-radicals such as
hydrogen peroxide (H202) (Figure 4) [26]. Similarly, nitrogen derived free radicals, reactive
nitrogen species (RNS), include peroxynitrite (ONOO-) and nitric oxide (NO*) [26]. These free
radicals have essential signaling roles at low concentrations but can be detrimental to cellular
functions at higher concentrations [27]. On the one hand, ROS and RNS regulate a multitude
of cellular activities such as metabolism and proliferation, while on the other hand elevated
levels of ROS or RNS results in oxidative stress (OS) or nitrative stress (NS) that damages
cellular macromolecules [27]. This includes damage such as lipid peroxidation with 4-
hydroxynonenal (4-HNE) and malonaldehyde (MDA) as the major toxic byproducts,
nitrosylation of proteins mostly in the form of nitrotyrosine and nitrocysteine, and DNA
damage in the form of strand breaks and base modifications such as 8-oxo-2'-deoxyguanosine
(8-ox0-dG) [28].
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Figure 4. The role of mitochondria in redox status regulation. Cytosolic oxygen can be
converted to either superoxide (O2*-) via NADPH oxidase (NOX), or nitric oxide (NO*) via
NO synthase (NOS). NO* can react with O2*- to form peroxynitrite (ONOO-). NOX-derived
Oz~ is dismutated into hydrogen peroxide (H202) via cytosolic superoxide dismutase 1 (SOD1)
or extracellular SOD3 (not shown), followed by neutralization via catalase (CAT) or
glutathione peroxidase (GPx) into water, or converted back to hydroxyl radicals (OH") via
Fenton reaction. GPx catalyzed reduction of H202 involves the oxidation of two glutathione
(GSH) molecules into one glutathione disulfide (GSSG) molecule, which is reduced to two
GSH molecules via glutathione reductase (GR). In the mitochondria, electrons leaking from
the ETC produce O2*-, which can be neutralized by SOD2 and subsequent reactions involving
CAT or GPx, GSH or converted back to OH* via Fenton reaction. Red shades, reactive oxygen,
and nitrogen species; green shades, antioxidants.

Under physiological conditions, oxygen in cells can be converted into O2*- by cytosolic
NADPH oxidase (NOX) with NADPH as a substrate, or by the mitochondrial ETC with
NADH as a substrate. Oxygen can also be converted into NO* by NO synthase (NOS) with
NADPH and arginine as substrates [29] (Figure 4). It is important to note that low levels of
Oz*- are constantly produced even under physiological conditions. Therefore, cellular and
mitochondrial antioxidant defenses play an important role for the clearance of cellular ROS
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and to maintain redox homeostasis [29]. NOX-derived Oz*- can be dismutated into H20O: by
copper-zinc-dependent superoxide dismutases (Zn/CuSOD), specifically, by cytosolic SOD1
or extracellular SOD3 [30]. Subsequently, H20: is neutralized into water by antioxidant
enzymes such as catalase (CAT), or glutathione (GSH) peroxidase (GPx) with two reduced
glutathione molecules (GSH) converted via a disulfide bridge into its oxidized glutathione
(GSSG) that is subsequently recycled to GSH by glutathione reductase (GR) [30]. In addition,
H20:2 can be converted into the highly reactive OH* in the presence of Fe?* via the Fenton
reaction [31]. By reacting with O2*-, NOS-derived NO* can be converted to highly reactive
ONOO- that is responsible for protein nitrosylation [32].

1.3.2. Mitochondrial Defense Mechanisms

Like cytosolic or extracellular defenses, mitochondria also host multiple defense
mechanisms against oxidative damage. In the mitochondria, the ETC is responsible for a large
part of the Oz~ production due to leakage of electrons that react with oxygen [33]. The
contribution of superoxide from these complexes differs in different tissues and pathological
conditions [34]. For example, Complex I was suggested to be the major contributor of Oz*- in
the brain, whereas Complex III was reported for this role in the heart [35]. The highly reactive
ETC-derived O2°- is detoxified in the mitochondria by manganese-dependent SOD (MnSOD,
or SOD2) to H202, which is subsequently neutralized by additional antioxidant enzymes such
as CAT or GPx, but can also be converted back to the oxidative OH* via Fenton reaction as
described in the cytoplasm [29]. Additional enzymes such as peroxiredoxin and thioredoxin
are also important in regulating mitochondrial ROS levels [36]. Apart from these enzymatic
defenses, non-enzymatic small molecules such as vitamins C, E and coenzyme Q10 (CoQio)
also defend against mitochondrial OS [37]. For example, CoQo, a lipid-soluble benzoquinone
found in all cellular membranes including the IMM, protects cellular membranes and
lipoproteins against oxidative damage (Figure 5) [38]. In the mitochondria, CoQuo transfers
two electrons from two NADH molecules via Complex I or from one succinate molecule via
Complex II to Complex IIl. In the reduced hydroquinone form (CoQioHy), it exerts its
antioxidant activity [39]. In contrast, the one-electron reduction of CoQi by mostly
cytochrome p450 (Cyp450), which converts the quinone into the semiquinone form (CoQioH*)
and contributes to OS [39]. Since CoQ10H* is unstable, it spontaneously converts back to CoQuo,
which is associated with O2*- generation and the production of other radical species as part of
the detoxification process [40].
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Figure 5. Schematic representation of two- or one-electron reduction of CoQio. Mitochondrial
CoQuo undergoes two-electron reduction via Complexes I or II with NADH or succinate as
the substrate into the hydroquinone form (CoQioH2), or one-electron reduction via
cytochrome p450 (Cyp450) with NADH as a substrate into the semiquinone form (CoQioH*).
Recycling of CoQuH* produces O2*~.

6



Literature Review

1.4. Mitochondrial Quality Control

When mitochondrial antioxidant and repair defenses are overwhelmed, cell fate is
stringently regulated by mitochondrial quality control to maintain a healthy mitochondrial
network. As the key regulator of cell fate under pathological conditions, mitochondria control
cell survival via ATP production that fuels adaptive cellular processes such as repair. In
contrast, mitochondria also control cell death by releasing pro-apoptotic factors such as
cytochrome c to induce a programmed cell death mechanism [41]. At the crossroads of cell
protection and destruction, these quality control mechanisms are largely regulated by
mitochondrial dynamics and mitophagy.

1.4.1. Mitochondrial Dynamics

Mitochondria govern metabolic processes in the cell, not only by importing fuels such as
pyruvate and fatty acids into the TCA cycle (catabolism), but also by supporting the synthesis
of macromolecules such as proteins, lipids and nucleotides (anabolism) [42]. For this purpose,
mitochondrial morphology under different environmental conditions is regulated by
mitochondrial dynamics, a tightly controlled balance of fission and fusion (Figure 6) [43].

Mitochondrial fission (yellow box), which is the segregation of large elongated
mitochondria into several smaller mitochondria, is essential for growing and dividing cells
that require adequate number of mitochondria segregated into the daughter cells [43].
Mitochondrial fission is mediated by the dynamin-related protein 1 (Drpl; Figure 6, dark
purple spots), a guanosine triphosphatase (GTPase) [44]. While Drpl is distributed
throughout the cytosol, it translocates to OMM via actin- and microtubule-dependent
mechanisms when activated by post-translational modifications, such as phosphorylation,
dephosphorylation and ubiquitination [44]. Several Drpl receptor proteins (Figure 6, light
purple spots) in the OMM interact with Drpl to allow mitochondrial fission, including
mitochondrial dynamic protein 49 (Mid49) and 51 kDa (Mid51), fission factor (Mff), and
fission protein 1 (Fisl) [45]. These interactions form a ring-like higher order structure that
pinches off the membrane stalk of mitochondria into two daughter mitochondria [45]. Under
conditions of stress, damaged daughter mitochondria with minor defects in mtDNA or
proteins can be segregated from the functional daughter mitochondria through mitochondrial
fission (Figure 6, yellow box).

In contrast to mitochondrial fission, which is physiologically promoted by the
oversupply of substrate, mitochondrial fusion (Figure 6, cyan box) is promoted by a shortage
of substrate. In this context, OXPHOS is required to meet cellular metabolic needs [46].
Mitochondrial fusion equilibrates mitochondrial components across several mitochondria by
allowing healthy mitochondria to be complemented with components from other
mitochondria and to temporarily compensate for minor defects in mtDNA or proteins in
damaged mitochondria [47]. Mediated by three GTPases, mitofusin 1 (Mfnl) and 2 (Mfn2;
Figure 6, light green ovals) and optic atrophy 1 protein (Opal, dark green spots) [47],
mitochondprial fusion equilibrates mitochondrial components across several mitochondria. It
is though that for the fusion of the OMM, Mfn1 and Mfn?2, interact with each other and create
a lipidic hole to initiate fusion. Subsequently, the L-isoform of Opal initiates the fusion of the
IMM and the formation of cristae [48].

Collectively, mitochondrial dynamics are controlled by mitochondrial ETC activity,
cellular energy status, and environmental factors, such as toxins and stress [45]. The dynamic
balance of fission and fusion maintains the equilibrium of fragmented and interconnected
mitochondria, which is essential for homeostasis of mitochondrial components, such as
mtDNA, proteins and metabolites, which is ultimately essential for cell survival [45]. When
cells experience stress such as starvation and exposure to drugs, mitochondrial dynamics
plays the critical role to maintain functional mitochondria [46]. For example, toxins or
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ultraviolet radiation promote mitochondrial fission, which is balanced by mitochondrial
fusion to maintain cell viability [46]. Impaired mitochondrial fission or fusion leads to
mitochondrial dysfunction and a variety of related degenerative disorders. Mutations in Mfn1,
Mfn2 or Opal lead to reduced metabolism and mitochondrial electrochemical potential,
reduced oxygen consumption, OXPHOS deficiency, elevated ROS levels and loss of mtDNA
[49]. These mitochondrial changes result in mitochondrial pathologies, illustrated for example,
by dominant optic atrophy (DOA) as a consequence of Opal mutations [50].
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Figure 6. Schematic representation of mitochondrial quality control by mitochondrial
dynamics and mitophagy. Mitochondrial fission (yellow box) is mediated by Drpl (dark
purple spots) interacting with to Drpl receptors (light purple spots) to form a ring and
pinches mitochondria off into two daughter mitochondria. Mitochondria damaged by stress
(red) can be segregated from functional mitochondria (yellow) via mitochondrial fission.
Mitochondrial fusion (cyan box) complements healthy mitochondria with other
mitochondria by mitofusins (light green ovals) interacting with each other to fuse the OMM
followed by optic atrophy 1 protein (Opal, dark green spots) fusing the IMM. Damaged
mitochondria can undergo mitophagy (lavender box) followed by mitogenesis for
mitochondrial homeostasis. 5-AMP-activated protein kinase (AMPK) senses low levels of
energy phosphorylates Unc51-like autophagy activating kinase 1 (ULKI) to initiate the
nucleation of phagophore (gray). Microtubule-associated protein 1 light chain 3 (LC3, dark
blue spots) is recruited to elongated phagophores and interacts with mitophagy receptors
(light blue spots) until mitochondria are engulfed to form autophagosomes, which become
autophagolysosomes after fusing with lysosomes (brown) and degraded.
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1.4.2. Mitophagy

Autophagy is the general catabolic removal of damaged or unnecessary cellular
organelles or components [51]. To maintain cellular homeostasis under physiological and
pathological conditions, autophagy allows the controlled degradation and recycling of lipids,
amino acids and generate energy [52]. To support this process, adenosine-5"-monophosphate
(AMP)-activated protein kinase (AMPK) acts as a central regulator of cellular energy
homeostasis that is ubiquitous in cells [52]. AMPK phosphorylates Unc51-like autophagy
activating kinase 1 (ULK1) to initiate the nucleation of an isolated double membrane called
phagophore (Figure 6, gray) [52]. While the phagophore elongates, microtubule-associated
protein 1 light chain 3 (LC3; Figure 6, dark blue spots) is recruited to the phagophore [53]. As
the phagophore continues to elongate, a portion of cytoplasm including organelles are
completely engulfed by the phagophore until the phagophore matures to an autophagosome
via the binding of LC3 to autophagy receptors [53]. After the autophagosome fuses with a
lysosome (Figure 6, brown), it becomes an autophagolysosome, where acidic hydrolyses
degrade the damaged or unnecessary cellular organelles or components [53]. Despite this
natural degradation process, autophagy has also been described to be associated with cell fate
and to exert multiple roles in physiological and pathological processes such as homeostasis
and aging.

Under physiological conditions, the anti-apoptotic family of Bcl-2 proteins prevents the
oligomerization of pro-apoptotic proteins, such as B cell/lymphoma 2 (Bcl-2)-associated X
(BAX) and Bcl-2-killer (BAK) protein families, to protect the OMM against permeabilization
[54]. However, in the presence of toxins such as excess ROS , the OMM can become permeable
and allow the release of pro-apoptotic factors such as cytochrome ¢ from the mitochondria
[55]. To counteract this process, mitophagy (Figure 6, lavender box), which represents a
special form of autophagy, removes the damaged or dysfunctional mitochondria from the
healthy mitochondrial network (Figure 6, lavender box). This is typically done by segregation
into daughter mitochondria by mitochondrial fission, followed by the degradation of
damaged mitochondria (Figure 6, red) [56]. Under conditions of energy substrate deficiency,
this process also provides the cell with a source of additional energy via the metabolic use of
energy rich amino acids [57]. In this case, low levels of ATP are sensed by AMPK, followed by
ULK1 phosphorylation, phagophore nucleation and elongation, LC3 recruitment and
interactions with specific mitophagy receptors (Figure 6, light blue spots), including
phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1)/Parkin, Bcl-2 interacting
protein 3 (BNIP3) and 3 like (Bnip3L/Nix), FUN14 domain containing 1 (FUNDC1) and
cardiolipin [58]. Under physiological conditions, cells strictly have to control mitophagy levels
since insufficient mitophagy leads to the accumulation of dysfunctional mitochondria, while
excessive mitophagy can induce non-apoptotic cell death [57]. At present, there is only limited
information how the interplay between mitophagy and mitochondrial biogenesis
(mitogenesis) ensures a population of functional mitochondria [59], and how both quality
control mechanisms (mitochondrial dynamics and mitophagy) crosstalk under physiological
or pathophysiological conditions [60]. What is evident, is that the mitochondrial functions
described above are central to cell survival. Therefore, it is not surprising that mitochondrial
dysfunction has been associated with a myriad of diseases, which will be discussed in the next
section.

2. Mitochondrial Dysfunction

Mitochondria are crucial for a wide range of cellular functions, while dysfunctional
mitochondria are associated with numerous pathologies, ranging from rare mitochondrial
diseases like Leber’s hereditary optical neuropathy (LHON) [61] and Leigh syndrome (LS) [62]
to common disorders such as Alzheimer’s disease [63] and diabetes [64].
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2.1. Hereditary Mitochondrial Diseases

The transmission of nDNA, which follows the principles of Mendel’s Laws (i.e., Law of
Dominance, Law of Segregation and Law of Independent Assortment), is known as
Mendelian inheritance [65]. Following an autosomal dominant, autosomal recessive or X
chromosome-linked pattern, Mendelian inheritance of nDNA mutations results in Mendelian
disease phenotypes [65]. In comparison, these principles are not followed by the mtDNA
transmission, which exemplifies the non-Mendelian inheritance [66]. In this type of
inheritance, mutations in mtDNA are passed from the mother to the offspring [66]. Given the
presence of spontaneous mutations, it can be remarkably difficult to identify non-Mendelian
inheritance using family trees in families involving genetic diseases [67]. In fact in these
families, many individuals carrying mtDNA mutations may never receive the correct
diagnosis [67]. Moreover, the proportion of mtDNA mutations can largely differ between the
offspring in one generation (known as oocyte bottleneck) [68]. As the only human genetic
condition that involves both genomes, hereditary mitochondrial diseases can affect almost any
organ at any age (Table 1) [69]. They are characterized by a wide spectrum of nDNA and/or
mtDNA mutations in a wide range of genes that ultimately cause OXPHOS defects either
directly or indirectly [69]. While mtDNA only encodes the most crucial few proteins for
mitochondrial Complexes L, III-V as well as transfer (mt-tRNA) and ribosomal (mt-rRNA)
RNA, the nDNA encodes the majority of mitochondrial proteins that are translated in the
cytoplasm and subsequently imported into the mitochondria [69]. Since human cells contain
many mitochondria, with many copies of mtDNA carried in each, it is not uncommon to
observe cells or populations having differing amounts of mutant mitochondria (termed as
heteroplasmy), or a mixture of healthy and mutant mtDNA copies within the same
mitochondrion [70]. The level of these mutant mtDNA copies is associated with theseverity of

Table 1. Exemplary mitochondrial diseases and comparisons.

. Mutation(s) .
Disease Inheritance Features Ref.
mtDNA nDNA

Homoplasmy, incomplete penetrance,
gender imbalance, acute vision loss, RGC [71,72]
loss, possible recovery window

Mostly
LHON v v Maternal
Incomplete penetrance, gender balance,
DOA v Mendelian  vision loss, RGC loss, no spontaneous [73]
recovery

Multi systems affected: central and
peripheral nervous systems,
musculoskeletal system, myocardium and
pancreas, optic neuropathy, and atrophy

FA v Mendelian [74]

Heteroplasmy, both neurological and non-
neurological phenotypes:
encephalomyopathy, lactic acidosis, stroke-
like episode, and optic atrophy

MELAS v v Maternal [75]

Heteroplasmy, complex genetics,

phenotypes, and pathologies: vomiting,

dysphagia, progressive loss of movement [76]
or mental abilities, myopathy, ataxia, and

optic atrophy

Mostly

LS v v Mendelian

LHON, Leber’s hereditary optic neuropathy; DOA, dominant optic atrophy; FA, Friedreich’s ataxia;
MELAS, mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes; LS, Leigh
syndrome; RGC, retinal ganglion cell.
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hereditary mitochondrial diseases [77]. Higher levels of mtDNA mutations can be associated
with disease severity but this effect can be mutation- and tissue-specific [77]. In contrast,
homoplasmy represents the case where all mtDNA molecules in each cell are identical, either
all of them are unaffected or all are mutated [70].

2.1.1. Leber’s Hereditary Optic Neuropathy

Although LHON (Table 1) is a rare mitochondrial disease (prevalence estimated
at >1:31,000 in Northeast England [78] and 1:39,000 in the Netherlands [79]), it is one of the
most common inherited optic neuropathies that is mainly characterized by bilateral loss of
vision. In addition, LHON is also associated with loss of color vision and contrast sensitivity,
increased intraocular pressure (IOP), loss of retinal ganglion cells (RGCs), thinning of retinal
nerve fiber layer (RNFL), macular dystrophy and optic atrophy [71]. The majority of LHON
patients (up to 95%) harbor one of three homoplasmic mtDNA point mutations (m.3460G>A,
m.11778G>A and m.14484T>C) that result in amino acid changes in Complex I subunits [80].
These mutations decrease mitochondrial membrane potential, OXPHOS, ATP synthesis to
different degrees, and lead to loss of the highly metabolic active retinal ganglion cells (RGCs)
[81]. For many of the individuals who carry these primary mtDNA mutations, LHON does
not develop during their life [82]. This incomplete penetrance, can be caused by the variability
of mtDNA sequence that characterize different mtDNA haplogroups [83]. There is mounting
evidence that in different mtDNA haplogroups, OXPHOS efficiency and ROS production can
be different [84,85]. Another explanation for the incomplete penetrance of LHON are
environmental triggers such as smoking and likely additional, so far unidentified modifying
factors [86]. In particular, cigarette toxicity is postulated to trigger LHON in mutation carriers
by reducing mtDNA copy number, impairing OXPHOS and affecting ROS scavenging [86].
Another predominant feature of LHON is the high male to female ratio in patients [87]. Male
mutation carriers show 5-10 times higher the risk than female carriers to develop the disease
[87]. It was suggested that this gender imbalance is caused by the neuroprotective effect of
estrogens [88].

The LHON patients that do not carry any of the three pathogenic mtDNA mutations,
carry either other rare mtDNA mutations or possibly mutation in nDNA. Only recently it was
reported that LHON can also be caused by mutation in the nuclear DNAJC30 gene that leads
to mitochondrial Complex I impairment [72]. Although this type of LHON follows autosomal
recessive Mendelian inheritance, the hallmarks described for mtDNA mutation derived
LHON including incomplete penetrance and gender imbalance are also observed for cases
with the newly identified DNAJC30 mutation [72]. The reason behind this remains to be
explained. Irrespective of the underlying mutation in mtDNA or nDNA, clinical
manifestations of LHON are thought to include three stages: a pre-symptomatic phase
characterized by peripapillary angiopathy without reduced visual acuity, an acute phase
characterized by painless vision loss due to dysfunctional RGCs, and a chronic phase in which
RGC loss results in permanent blindness [81]. This three-phase model indicates a window of
opportunity for possible spontaneous recovery of dysfunctional but viable cells. However, to
date, the chance of spontaneous partial vision recovery has only been reported for LHON
patients with mtDNA mutations and is highly dependent on the underlying mutation [89]. To
identify visual improvement that makes a difference to patients day-to-day life, clinically
relevant recovery (CRR) from baseline is used as the measure [89]. The highest chance of CRR
is associated with the m.14484T>C mutation, which can be as high as 37-71% between 1-4 years
after disease onset, while CRR is only seen in ~4% of patients with the m.3460G>A and
m.11778G>A mutations [89]. Nevertheless, this unique characteristic highlights that there is a
chance that pharmacological interventions could restore vision during the early stages of the
disease, which justifies the development of mito-protective drug candidates.
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2.1.2. Autosomal-Dominant Optic Atrophy

Autosomal-dominant optic atrophy (DOA; Table 1) is another common hereditary
mitochondrial disease whose penetrance is also incomplete (88% in the general population)
[90]. Most DOA patients (>60%) harbor mutations in the nuclear gene OPA1 [73], which
encodes an IMM protein that is essential for mitochondrial fusion, membrane maintenance
and OXPHOS. Thus, OPA1 mutations lead to mitochondrial dysfunction [87]. DOA shares
many features with LHON, such as RGC loss and a comparable disease prevalence estimated
at 1:50000 in Caucasians [91], although a study from the Netherlands reported an incidence of
up to 1:12000 [91]. In contrast to LHON, the Mendelian inheritance of DOA shows no gender
imbalance [71,92]. Although within DOA patients, inter- and intra-familial disease
progression can differ significantly, the majority still experience further deterioration of vision
in later life [93,94], and unlike LHON, no spontaneous recovery was reported. Interestingly,
both DOA and LHON display reduced OPA1 expression and clinical endpoints including
biliteral loss of color vision, loss of central vision with relative sparing of the peripheral visual
field, which indicates the potential presence of some shared underlying pathological
mechanisms for these two inherited mitochondrial diseases [95].

2.1.3. Friedreich’s Ataxia

Friedreich’s Ataxia (FA; Table 1) is another mitochondrial disease caused by mutations
in the nuclear FXN gene [74]. A large majority of cases (~96%) are caused by a homozygous
guanine-adenine-adenine (GAA) trinucleotide repeat expansion while only a small minority
(~4%) are caused by point mutations in the FXN gene [96]. In healthy individuals that typically
carry only 1~85 GAA repeats, this gene encodes the mitochondrial frataxin protein that is
essential for the synthesis of iron-sulfur clusters, which are essential components of the
electron transport chain complexes. [96]. In contrast, FA patients commonly carry 600~900
GAA repeats that lead to deficiency in RNA transcription and subsequently a lack of frataxin
protein [97]. The more GAA repeats an FA patient carries, the earlier the onset of disease and
higher severity of the disease can be expected [97]. In line with LHON and DOA, FA patients
also show oculomotor abnormality-induced loss of vision, loss of contrast sensitivity, RGC
loss, RNFL thinning and optic atrophy [74,98]. Unlike these two diseases however, FA affects
many other organs and tissues, including the central and peripheral nervous systems, skeletal
and heart muscles and the pancreas [99]. FA patients experience progressive degeneration of
the nervous systems. Symptoms often develop from the age of 10~16 years and include gait
and limb ataxia, dysarthria, distal leg weakness, deep sensory loss.

2.1.4. Mitochondrial Encephalomyopathy with Lactic Acidosis and Stroke-Like Episodes

Unlike LHON, DOA or FA that are genetically caused by either mtDNA or nDNA
mutations, more complex mitochondrial diseases such as mitochondrial encephalomyopathy
with lactic acidosis and stroke-like episodes (MELAS; Table 1) can be associated with
mutations in both mtDNA and nDNA (POLGI [100]). However, the majority of MELAS
patients carry mutation in the mitochondrial gene MT-TL1 (m.3243A>G) that encodes mt-
tRNA, which affect the translation of proteins that are crucial for OXPHOS [101]. In contrast
to mtDNA homoplasmy in LHON patients, the percentage of heteroplasmy in MELAS
patients determines the expression of symptoms and severity of the disease [102]. These
symptoms may include both neurological and non-neurological phenotypes. Apart from
phenotypes such as encephalomyopathy, lactic acidosis and stroke-like episodes that are
included in its name, MELAS patients also develop vomiting due to blood acidity as well as
vision loss, seizures, recurrent headaches, altered consciousness and dementia [75]. In line
with a fundamental role of mitochondria in vision, the ophthalmological phenotypes of
MELAS patients include loss of retinal pigment epithelium, loss of photoreceptors and
macular dystrophy, which are nevertheless distinct from LHON, DOA or FA [87].

12



Literature Review

2.1.5. Leigh Syndrome

Leigh syndrome (LS; Table 1) represents a mitochondrial disease that is mainly caused
by mutations in nDNA or mtDNA [76]. To date, genetic information for LS is largely missing
and half of the LS cases remain unexplained [103]. Within the described cases, mutations
in >75 mtDNA and nDNA genes have been identified [103]. Most patients carry mutations in
nDNA, such as SURF1 that encodes the Surfl protein essential for mitochondrial Complex IV
assembly [103,104]. In contrast, only ~20% of LS patients harbor mutations in mtDNA, such
as in MTATP6 that encodes mitochondrial ATP synthase subunit 6 [103,104]. For this mtDNA
mutation, a recent case report suggested a high rate of heteroplasmy (94%) to show effects in
patients [105]. The described disease-causing mutations in nDNA and mtDNA cover
mitochondrial Complex I-V, mitochondrial transcription and translation, thiamine
metabolism, and the pyruvate dehydrogenase complex (PDC) [76]. Similar to the large range
of affected pathways, different symptoms are described in LS patients including vomiting,
dysphagia, progressive loss of movement or mental abilities, myopathy, ataxia and optic
atrophy [106]. Compared to LHON, DOA, FA or MELAS, the disease heterogeneity in LS in
terms of genetics, phenotypes and pathologies makes the disease extremely complex and
refractory for patients. Nevertheless, the identification of new LS-associated genes is ongoing
to elucidate the disease mechanisms in more detail.

2.2. Disorders Associated with Mitochondrial Dysfunction

Apart from hereditary mitochondrial diseases that are associated with mutations in
mtDNA or nDNA, it is increasingly recognized that mitochondrial dysfunction also occurs
early and contributes to the pathology of a wide range of unrelated disorders, including
neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
glaucoma [107], autoimmune disorders such as multiple sclerosis (MS) [108], inflammatory
disorders such as ulcerative colitis (UC) [109], and metabolic disorders such as diabetes [110]
(Table 2). In the context of these disorders, the accumulation of ROS-induced damage
represents a major similarity, as this ROS is thought to originate predominantly from
mitochondrial oxygen consumption.

Table 2. Exemplary disorders associated with mitochondrial dysfunction.

Type Disease Features Ref.

Most common form of dementia, senile plaques,
AD neurofibrillary tangles, mutation in APP and [111]
presenilin, OS

Tremor, rigidity, difficulty with walking, substantia

Neurocflegeneratlve PD nigra dopamine neuron death, presence of Lewy [112]
disorder .
bodies, OS
Vision loss increased IOP, RGC loss, RNFL thinning,
Glaucoma  optic atrophy, impaired color vision and contrast [113]
sensitivity, OS
Autoimmune MS CNS demyelination, progressive axonal degeneration, 114
disorder acute and chronic inflammation, OS [114]
Inflammatory uc Inflammation of colonic and rectal mucosa, depletion 115
disorder of mucus and goblet cells, OS [115]
Large number of affected patients, dysregulated
. glucose metabolism, increased insulin resistance,
Metabolic . . . . . .
disorder Diabetes  reduced insulin secretion, sustained hyperglycemia, [116]

complications in multiple tissues including the eyes,
kidneys, heart and brain, OS

AD, Alzheimer’s disease; PD, Parkinson’s disease; MS multiple sclerosis; UC, ulcerative colitis; APP,
amyloid precursor protein; IOP, intraocular pressure, RGC, retinal ganglion cell; RNFL, retinal nerve
fiber layer; OS, oxidative stress.
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2.2.1. Alzheimer’s Disease

The most common form of dementia, Alzheimer’s disease (AD; Table 2), mainly affect
the elderly with an estimated global prevalence of 1:86 by 2050 [111]. AD is neurologically
characterized by the accumulation of two pathologic hallmarks, the senile plaques containing
amyloid-B (AP) and neurofibrillary tangles containing tau protein. Mutation of the
transmembrane protein, amyloid precursor protein (APP), was identified to cause autosomal
dominant AD [117]. Together with these findings, A was postulated as the key factor in the
pathogenesis of AD. While mutations in more AD-associated genes have been explored, such
as presenilin 1 (PSEN1) and presenilin 2 (PSEN2), most AD cases are still unexplained [118].
Nevertheless, mitochondrial dysfunction is widespread in AD and is thought to be involved
in AB and/or tau accumulation, as either a cause or consequence [119]. Mitochondria in AD
patients display damage in mtDNA and OXPHOS enzymes, altered mitochondrial dynamics,
reduced ATP synthesis and excessive ROS production that leads to OS [120]. In fact, extensive
OS occurs early during AD and was observed throughout the body as oxidatively damaged
neuronal macromolecules, including the brain and peripheral regions [121]. Consistent with
a connection between mitochondria and vision, some AD patients also develop visual
problems, including vision loss , loss of color vision and contrast sensitivity, RGC loss, RNFL
thinning, macular dystrophy and optic atrophy [122]. Overall, it is acknowledged that
mitochondprial dysfunction plays a critical role in pathogenesis of AD.

2.2.2. Parkinson’s Disease

Parkinson’s disease (PD; Table 2) is the second most common neurodegenerative disease
among the elderly that is characterized by tremors, rigidity and walking difficulties. PD
patients show progressive death of dopamine neurons in the substantia nigra, and the
presence of Lewy bodies composed of a-synuclein [112]. Monoamine oxidase-induced
oxidative deamination of dopamine forms H:0, and oxidation of the catechol moiety of
dopamine by enzymes such as cyclooxygenases forms Oz*- [123]. Significant amounts of ROS
generated by these mechanisms are detrimental to mitochondrial macromolecules and lead to
the release of cytochrome ¢, which eventually promotes apoptotic cell death [123].
Accumulating evidence in animal models of PD and human PD patients suggested that
mitochondrial dysfunction occurs early in the pathogenesis of PD [124]. Mitochondrial
abnormalities involve mtDNA mutations, downregulation of endogenous antioxidant
systems (such as SOD, CAT, GSH in the reduced form, GPx), impairment of the mitochondrial
ETC, alterations of mitochondrial morphology, dynamics and trafficking [125]. Additionally,
mutations in nDNA have been described to be associated with PD, such as a-synuclein that
affects mitochondrial import receptors and parkin that affects mitochondrial quality control
[126]. Based on the mitochondrial pathology associated with PD, PD patients are also affected
by vision loss, impaired color vision and contrast sensitivity, loss of RGCs, RNFL thinning
and optic atrophy [127].

2.2.3. Glaucoma

A growing body of evidence has illustrated a strong connection between mitochondrial
dysfunction and vision loss. Since the eye is one of the tissues that require the highest level of
energy within the nervous system, it is not surprising that vision is particularly vulnerable
when mitochondrial dysfunction impairs energy supply. On the one hand, visual impairment
is associated with most mitochondrial diseases and related disorders, while on the other hand
mitochondrial dysfunction has been described in almost all ophthalmological diseases, such
as glaucoma, cataracts, age-related macular degeneration, and diabetic retinopathy [113].
Glaucoma (Table 2) is a group of optic neuropathies associated with loss of vision, impaired
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color vision, contrast sensitivity, loss of RGCs, RNFL thinning, and increased intraocular
pressure (IOP) [128]. For the most common form of glaucoma, primary open-angle glaucoma
(POAG), changes in mtDNA and elevated mtDNA content have been described [129]. More
importantly, decreased mitochondrial Complex I- (but not Complex II-) dependent respiration
and reduced ATP synthesis were observed systemically in POAG patients [130]. It was
hypothesized that mitochondrial dysfunction-induced ROS is involved in the dysregulation
of IOP by the trabecular meshwork [131], which renders RGCs susceptible and initiates POAG
[132], although there is no consensus so far. In support of this hypothesis, decreased GSH
plasma levels [133], the major retinal antioxidant, together with increased levels of
malondialdehyde [134], a biomarker for ROS-induced lipid peroxidation were observed in
POAP patients. Despite some evidence that mitochondria could be causally involved in the
pathogenesis of glaucoma, their detailed molecular contribution towards POAG remains to
be established.

2.2.4. Multiple Sclerosis

The autoimmune disorder multiple sclerosis (MS; Table 2) is a leading cause of
neurologic disability in adults with the incidence inconsistently reported in the general
population [135]. It is characterized by demyelination of the central nervous system (CNS)
and subsequent progressive axonal degeneration [114]. Following the acute inflammation that
emerges at the initiation sites of new lesions in the CNS of MS patients, the subsequent chronic
inflammation initiates the death of oligodendrocytes, axons, and neurons [136]. Despite some
progress over the last years, the precise etiology for MS is unknown and many factors such as
hypoxia, vitamin D deficiency, defects in nDNA and mtDNA as well as viral infections were
proposed to contribute to the development of MS [137]. While MS is thought to be an auto-
immune disease, it is also increasingly viewed to be associated with mitochondrial
dysfunction. Among many subtypes of MS, such as primary, secondary, relapsing progressive
and relapsing-remitting MS, varying levels of mitochondrial dysfunction have been reported
to different extents. These include mtDNA damage, impaired mitochondrial ETC, altered de
novo synthesis of mitochondrial complexes, excess ROS production, dysregulated
mitochondrial permeability and Ca?* storage [138,139]. For primary progressive MS (PPMS),
the highest level of mitochondrial impairment was described [140]. Not surprisingly, some
MS patients also develop visual impairment that shares many characteristics of LHON
patients such as loss of vision, impaired color vision and contrast sensitivity, RGC loss, RNFL
thinning and optic atrophy [141]. In fact, in some MS patients, the main LHON mtDNA
mutations (i.e., m.3460G>A, m.11778G>A and m.14484T>C) have been described. For these
LHON/MS overlap syndrome patients, more aggressive disease phenotypes have been
described compared to MS or LHON [142]. In addition, CNS demyelination that typifies MS
has also been described in LHON patients that carry the m.11778G>A mutation [142]. These
similarities suggest not only a mechanistic interaction between the co-occurrence of MS and
LHON, but also strongly suggest that mitochondrial dysfunction is crucial for the
pathogenesis of MS.

2.2.5. Ulcerative Colitis

Ulcerative colitis (UC; Table 2) is one of two main inflammatory bowel diseases.
Although the exact mechanisms initiating this disease are yet to be elucidated, it is
characterized by inflammation limited to the colonic and rectal mucosa, depletion of mucus-
producing goblet cells as well as symptoms of diarrhea and weight loss [115]. There is
significant evidence that connects UC and mitochondrial dysfunction [115]. On the one hand,
compromised mitochondrial Complexes II-IV but not Complex I, decreased mitochondrial
membrane potential and ATP production have been described in the colonic epithelium in UC
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patients [143]. This suggests that altered function of complexes II-IV could contribute to
epithelial damage in UC. On the other hand, reduced levels of mtDNA have also been
described in UC patients [144]. The involvement of mitochondria in this disorder is consistent
with the regulatory role of mitochondria in the inflammatory process. Under conditions of
mitochondrial dysfunction, mitochondria release mtDNA and cardiolipin into the cytoplasm
[145], which activates the nod-like receptor family pyrin domain containing 3 (NLRP3)
inflammasome to trigger inflammation and cell death [145,146]. This pathology subsequently
induces ultrastructural epithelium abnormalities in UC patients [147]. At present, there is a
growing recognition that mitochondria are integral part of this inflammatory disorder, which
rationalizes the testing of mito-protective drugs to counteract UC symptoms in pre-clinical
models of UC [148,149] as well as in patients in the future.

2.2.6. Diabetes

In addition to neurodegenerative and inflammatory disorders, mitochondrial
dysfunction has also been reported in metabolic disorders such as diabetes (Table 2), which is
estimated to cause 592 million deaths worldwide by 2035 [150]. Studies in diabetic patients
consistently described mitochondrial dysfunction, altered mitochondrial bioenergetics,
biogenesis, and dynamics, including excessive ROS production, reduced mitochondrial
content and OXPHQOS deficiencies [116]. However, it remains unclear whether mitochondrial
dysfunction is the initiating, contributing or simply associated pathology for diabetes. It is
also unclear if mitochondrial dysfunction appears in parallel to abnormalities that manifest
early in the pathogenesis of diabetes, including dysregulated glucose metabolism, increased
insulin resistance and reduced insulin secretion, or as their consequence [151]. Despite the
parallel development of mitochondrial dysfunction and insulin resistance in vitro and in vivo
[152,153], other potential factors are hypothesized to concomitantly contribute to both
mitochondrial dysfunction and insulin resistance, including OS, incomplete fatty acid
oxidation (FAO), imbalance of FAO and TCA cycle or OXPHOS capacity [154]. Due to
mitochondrial dysfunction and/or insulin resistance, sustained hyperglycemia leads to
diabetic complications in multiple tissues including the eyes, kidneys, heart and brain, and
may further exacerbate other functional impairment such as SARS-CoV-2-induced severe
acute respiratory syndrome [155]. Of the many diabetic complications, diabetic retinopathy
(DR) represents the most frequently occurring complication and one of the leading causes of
blindness that affects adults aged above 20 [156]. DR shares many disease characteristics with
other mitochondrial diseases and disorders that involve visual impairment, including LHON,
DOA, AD, PD, glaucoma and MS [157]. But in contrast to LHON that affects central vision,
glaucoma that affects peripheral vision, vision loss in DR patients is spotty across the visual
field due to intraretinal bleeding and growth of scar tissues [157]. The bleeding complications
in DR patients are a result of microvascular damage, increased vascular permeability, vascular
occlusions, that can also lead to localized areas of ischemia [158].

2.3. Summary of Ophthalmological Phenotypes

In almost all mitochondrial diseases and disorders associated with systemic
mitochondrial dysfunction, visual impairment has been observed, albeit with different
ophthalmological phenotypes (Table 3). Despite our restricted understanding of the etiology
of these diseases and disorders, mitochondrial dysfunction has been illustrated as the most
likely unifying feature as it renders the eyes particularly vulnerable. Therefore, therapeutic
approaches to protect against mitochondrial dysfunction appear promising and have been
clinically investigated in some cases, which will be discussed in detail in the next section.
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Table 3. Comparison of ophthalmological phenotypes in mitochondrial diseases and diseases
associated with mitochondrial dysfunction.

. -) -) ) +) -) ) -) -)
Disease V CV CS 10P RPE PR RGC RNfL MD OA  Ref.
LHON v VY v v v v 81]
DOA v v v J v J [94]
FA v v v v v [74]
MELAS v v v Y 87]
AD v J v v v v [122]
PD v v v v v N27]
Glaucoma v v v v v v v [128]
MS v N, v v v [141]
DR v v J J v 57

(-)V, vision loss; (-)CV, color vision loss; (-)CS, contrast sensitivity loss; (+)IOP, increased intraocular
pressure; (-)RPE, retinal pigment epithelium loss; (-)PR, photoreceptor loss; (-)RGC, retinal ganglion cell
loss; (-)RNFL, retinal nerve fiber layer thinning; MD, macular dystrophy; OA, optic atrophy. LHON,
Leber’s hereditary optic neuropathy; DOA, dominant optic atrophy; FA, Friedreich’s ataxia; MELAS,
mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes; AD, Alzheimer’s
disease; PD, Parkinson’s disease; MS multiple sclerosis; DR, diabetic retinopathy.

3. Pharmaceutical Approaches against Mitochondrial Dysfunction

Despite dietary and physical therapies that can to some limited extent alleviate
mitochondrial dysfunction-associated symptoms, the development of small molecule drug
candidates is an essential component for the treatment of mitochondrial disease and related
disorders. The discovery and refinement of mitochondrial therapeutics have been largely
fueled with financial investments in the orphan drug field. Although mitochondrial diseases
are relatively rare, mitochondrial dysfunction also represents in the pathogenesis of a wide
range of common disorders. This indicates that therapeutics designed to improve
mitochondrial diseases should be considered in the wider context of disorders that involve
mitochondrial dysfunction. To date, only a few pre-clinical and clinical-stage drugs with
limited efficacy are in development or are available to patients in some selected countries
(Table 4).

Table 4. Exemplary pharmaceutical approaches in development.

Compound Structure Class/MoA
o Short-chain quinone,
0 OH antioxidant,
Idebenone p52Shc inhibitor,
o PPARa/y agonist,
o Lin28A inducer
Trial Phase  Design Status Results Identifier

Randomized, double-blind, No dat
MELAS ITA placebo-controlled; n = 27, 8-65 Completed o cam NCT00887562

y/0; 200-2250 mg/d, 1 month; released
Randomized, double-blind, Primary

LHON I placebo-controlled; n = 85, 14-65 Completed endpoint NCT00747487
y/0; 900 mg/d, 3 years; missed
Randomized, double-blind, Primary

FA III placebo-controlled, n =232, >8 y/o;  Completed endpoint NCT00905268
180-2250 mg/d, 12 months; missed
Open-label, single group; n = Active, not

LHON v 250, > 12 y/o; 12 months recruiting NCT02774055
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Compound

Structure

Class/MoA

Vitamin E derivative,

Va'thm?’lone short-chain a-tocotrienol
(Vincerinone/ Linone
EPI-743/PTC-743) quinone,
antioxidant
Trial Phase  Design Status Results Identifier
Reported
FA A Open-labelin =4, 18-65y/0; 1200 (o jeted POV \ie101962363
mg/d, 18 months; neurological
functions
Randomized, placebo-controlled, Reported
LS 1IB double-blind; n = 35, children; 300 Completed improved NCT01721733
mg/d, 6 months; movement
Non-randomized, open-label; n = R
itoch ial A
Mitochondrial -, 94, > 1 y/o; 50-300 mg/d, 13 ctive, not NCT01370447
disease recruiting
months;
LS I Open-label; n =30, 1-18 y/o; 15 Actlv.e,. not ) NCT02352896
mg/kg — 600 mg/d, 36 months recruiting
Compound Structure Class/MoA
i
Sonlicromanol o N NH Vitamin E derivative,
(KH176) H ROS modulator
HO
Trial Phase = Design Status Results Identifier
Randomized, placebo-controlled, Reported
Mltochondrlal I double-blind, single-center, two- Completed tolerance NCT02909400
disease way cross-over; n =20, > 18 y/o; and safe
200 mg/d, 28 d; ty
Randomized, placebo-controlled,
Mitochondrial I double-blind, multi-center, three- Recruiting i NCT04165239
disease way cross-over; n=27,>18 y/o;
100-200 mg/d, 52 weeks;
Mltochondnal I Open-label, multi-center; n =27, > Not y.e.t ) NCT04604548
disease 18 y/o; 200 mg/d, 52 weeks recruiting
Compound Structure Class/MoA
. . Short-chain quinone,
Mitoquinone . .
MitoQ mitochondria-targeted,
(MitoQ) antioxidant
posmvely charged form)
Trial Phase  Design Status Results Identifier
Prospective, randomized, double- No data
PD I blind; n =128, >30 y/o; 40-80 mg/d, = Completed NCT00329056
released
12 months;
Randomized, parallel-group, No data
MS I placebo-controlled; n =9, 18-70 Completed released NCT03166800

y/o; 20-40 mg/d, 12 weeks;
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MS I placebo-controlled; n = 60, 18-70 Recruiting - NCT04267926
y/o; 40 mg/d, 12 weeks;
Randomized, parallel-group, Not vet
ucC 11 placebo-controlled; n =9, > 18 y/o; . Or yiiin - NCT04276740
20-40 mg/d, 24 weeks ecruiting
Compound Structure Class/MoA
o]
Visomitin ®P_© S}Tort-chaln .qulnone,
(SkQ1) mitochondria-targeted,
antioxidant
(o]
(positively charged form)
Trial Phase  Design Status Results Identifier
R ted
Drv eve Randomized, double-blind, to‘isf;nie
y ey I placebo-controlled, single-center; Completed . NCT02121301
syndrome and mito-
n=91,<19 y/o; 0.155 pg/mL, 28 d; .
protection
Drv eve Randomized, double-blind, No data
Y ey I placebo-controlled, multi-center; n ~ Completed NCT03764735
syndrome released
=451, >18 y/o; 9 weeks;
Drv eve Randomized, double-blind, Active. not
s Iz’ dr};me III placebo-controlled, multi-center; n recruit;n - NCT04206020
y =610, >18 y/o; 9 weeks 8
Compound Structure Class/MoA
NH,
o
Os _NH Tetrapeptide,
Elamipretide j/ mitochondria-targeted,
(MTP-131/55-31) NH, HN” " "SNH,  ROS modulator,
HoN H H\/g cardiolipin stabilizer
Y o ’
NH o i
OH
Trial Phase  Design Status Results Identifier
Prospective, randomized, double- No data
LHON 1I blind, vehicle-controlled; n =12, Completed released NCT02693119
18-50 y/o; 1%, < 52 weeks; s
. . Observational, prospective,
Mitochondrial dat
crochondrial -y multicenter; n = 215, 16-80 y/0; 52 Completed 0 921 NCT03048617
disease released
months;
Mitochondrial Randomized, double-blind, Primary
disease I placebo-controlled, crossover; n = Completed endpoints NCT02805790
30, > 16 y/o; 40 mg/d, 4 weeks; missed
Mitochondrial Randomized, double-blind, Primary
di ocho I parallel-group, placebo-controlled;  Terminated endpoints NCT03323749
1sease n =218, 16-80 y/o; 24-144 weeks missed

MoA, mode of action; MELAS, mitochondrial encephalomyopathy with lactic acidosis and stroke-like
episodes; LHON, Leber’s hereditary optic neuropathy; FA, Friedreich’s ataxia; LS, Leigh syndrome; PD,
Parkinson’s disease; MS multiple sclerosis; UC, ulcerative colitis; p52Shc, SHC-transforming protein 1
isoform; PPARa/y, peroxisome proliferator-activator receptor alpha/gamma; Lin28A, lin-28 homolog A
protein; ROS, reactive oxygen species.
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3.1. Idebenone

To date, idebenone (Table 3) is the only drug that is commercially available to patients
with mitochondrial dysfunction. Idebenone showed some limited efficacy to restore vision
loss and visual acuity in some LHON patients [159]. Thus, it is marketed in Europe for this
indication since 2015. Especially for the subgroup of recently affected LHON patients,
idebenone showed sustained improvements in visual acuity and color vision [160,161].
Subsequent reports suggested that idebenone might also ameliorate mitochondrial Complex
I deficiency and stabilize or restore visual acuity in DOA patients [162,163]. Based on its
cytoprotective activities under conditions of mitochondrial dysfunction (mito-protection),
idebenone was suggested for a wider range of mitochondrial dysfunction-associated
disorders. For example, in patients with Duchenne muscular dystrophy (DMD), a
neuromuscular disorder that is associated with mitochondrial dysfunction, a Phase III trial
(NCT01027884) suggested that idebenone reduced the loss of respiratory function in the
patients [164]. However, in a subsequent trial in DMD patients, when used in combination
with glucocorticoid steroids (NCT02814019), idebenone was unable to demonstrate its efficacy.
This lack of effectiveness was also reported for several other indications associated with
mitochondrial dysfunction, such as in FA patients (NCT00905268). The reason behind this lack
of demonstrable efficacy is not known. Despite this, idebenone consistently demonstrated
superior safety in healthy subjects (2250 mg/day, 14 days) [165], LHON (900 mg/day, 24 weeks)
[159] and DMD (900 mg/day, 52 weeks) [166] patients. The efficacy of idebenone is largely
restricted by its limited absorption, a rapid first-pass effect [167], and its reliance on the
cytosolic NAD(P)H:quinone oxidoreductase 1 (NQO1) as the single reductase for its
bioactivation [168,169].

Based on a large number of in vitro and in vivo studies, idebenone has long been
considered a strong antioxidant in a wide context of diseases [39]. As a structural analogue of
the naturally occurring CoQuo, idebenone has a much shorter and less lipophilic side chain
with a terminal hydroxy group (logP = 1.24, logD = 3.57) [39]. Upon entering the cell,
idebenone is reduced by NQO1 before re-oxidized by Complex III of the mitochondrial ETC
[168]. The reduced form of idebenone, idebenol, was reported to act as an electron carrier in
the mitochondrial ETC in the absence of functional Complex I [168,169]. Thus, under
conditions of rotenone-induced Complex I dysfunction, this Complex I bypass effect was
reported by several studies to reactivate electron flow, proton pumping and ATP synthesis
[168,170].

Contrary to the traditional belief that idebenone is a mere antioxidant that shares
structural similarity with CoQuo, recent reports paint a very distinct picture for the modes of
action of idebenone [171]. First, idebenone was reported to directly bind and inhibit p52Shc,
an isoform of SHC-transforming protein 1, at nanomolar concentration [172]. This interaction
between idebenone and p52Shc dissociates p52Shc from the activated insulin receptor, thus
sensitizes insulin binding to insulin receptor and is suggested to show anti-diabetic activity
[172]. A second novel view portrays idebenone as a peroxisome proliferator-activator receptor
alpha/gamma (PPARa/y) agonist, albeit at higher concentrations than for p52Shc inhibition
[173]. In addition, the effect on PPARa/y observed in vivo was minor and was not exclusive
for idebenone as CoQuo reportedly shared this activity as well [173]. Finally, idebenone was
reported to activate the in vivo expression of Lin-28 homolog A protein (Lin28A), an RNA-
binding protein predominantly located in the cytoplasm [174]. This activity was shown to be
required for retinal neuroprotection and recovery of vision in a mouse hypoxia-reperfusion
injury model of retinal injury [175]. Although it is unclear at present if these activities of
idebenone are causally connected, they all converge to activate Akt signaling, which increases
mitochondprial function [176], reduces inflammation [177], improves resistance to stress [178],
hypoxia [179] and drug exposure [180], increases insulin sensitivity and alters metabolic
functions [181,182]. Based on the speculation that these activities of idebenone could be
downstream of a shared pathway, further investigations might identify new indications for
idebenone to support its clinical use.
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3.2. Vatiquinone

Apart from idebenone as the only marketed drug, several other related drug candidates
are in clinical development. Vatiquinone (vincerinone/EPI-743/PTC-743; Table 4) is a vitamin
E quinone derivative (a-tocotrienol quinone) that also possesses antioxidant activity. Like all
SCQs, in its reduced state it can act as electron donor and thus this mechanism is believed to
be responsible for maintaining mitochondrial redox homeostasis [183]. Consistent with this
antioxidant activity, vatiquinone was reported to significantly increase GSH levels in vivo
[183]. Compared to idebenone, vatiquinone was reported to display better in vivo
bioavailability [184] and higher antioxidant activity in vitro with a half maximal effective
concentration (ECs0) of ~20 nM [185]. Vatiquinone was initially developed against FA
(NCT01962363) and LS (NCT01721733). Although neurological function in FA patients was
reported to be improved, the FA study (NCT01962363) was not placebo-controlled [186]. In
addition, the observed efficacy was only compared against natural historical records, which
questions the conclusions drawn by the authors [186]. Although movement in LS patients was
reported to be improved, the single-arm open-label design of the LS study (NCT01721733) is
equally questionable to provide sufficient evidence for its efficacy [187]. Two other clinical
trials have been registered for vatiquinone (NCT01370447 for general mitochondrial disease,
NCT02352896 for LS), however test subjects are not recruited yet for either trail. At present,
the efficacy of vatiquinone for mitochondrial diseases or related disorders remain unclear.

3.3. Sonlicromanol

Sonlicromanol (KH176; Table 4) is another drug candidate currently in clinical
development. This drug is structurally similar to the soluble vitamin E derivative Trolox [188].
Therefore, it can be expected that in vivo, a portion of sonlicromanol is metabolically
converted to the quinone form and thus would show structural similarity to vatiquinone.
Among the Trolox derivatives, sonlicromanol was optimized with regards to best
compromised potency, drug-like properties and toxicity. In line with an antioxidant activity,
sonlicromanol was reported to reduce lipid peroxidation and RGC degeneration in a
mitochondrial Complex I-deficient mouse model of LS [189]. In a randomized, placebo-
controlled, double-blind Phase II study, sonlicromanol was tested in patients carrying the
mitochondrial 3243A>G mutation (NCT02909400). Although this completed study reported
favorable tolerance and safety of sonlicromanol, no significant clinical improvements were
observed, as no formal primary end points were defined prior to this exploratory study [190].
Nevertheless, the results for two other clinical trials (NCT04165239 and NCT04604548) in
general mitochondrial diseases are still pending. Although sonlicromanol has widely been
portraited as an antioxidant, missing efficacy data largely restrict the assessment of its
potential to treat mitochondrial diseases at present.

3.4. Mitoquinone

To more efficiently and directly target mitochondria, mitoquinone (MitoQ) was designed
by coupling idebenone to the lipophilic cation triphenyl phosphonium [191]. Its positively
charged form (structure shown in Table 4) can shuttle into the mitochondria and extensively
accumulate in a mitochondrial membrane potential-dependent manner [192]. Similar to
idebenone, vatiquinone and other SCQs, mitoquinone also requires enzymatic reduction to be
bioactivated to mitoquinol to exert its cytoprotective activity [193]. Like other quinone
compounds, mitoquinol was also reported to scavenge ROS and reduce lipid peroxidation
[193]. In contrast to idebenone however, that bypasses the inhibitory effect of rotenone on
mitochondrial Complex I [168,169], the cytoprotective activity of mitoquinone is blocked in
the presence of rotenone, which suggests that mitoquinone bioactivation largely relies on
mitochondrial Complex I [194]. Several clinical trials involving mitoquinone (NCT00329056
for PD; NCT03166800 for MS) have been completed, but no efficacy data have been reported.
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Although several other clinical trials are active (NCT04267926 for MS; NCT04276740 for UC),
it remains unclear whether mitoquinone can be used to treat mitochondrial diseases or related
disorders.

3.5. Visomitin

Another SCQ, visomitin (SkQ1), was designed similarly to mitoquinone to directly target
mitochondria by conjugating a triphenyl phosphonium cation to the quinone tail (positively
charged form shown in Table 4). Although visomitin largely shares structural similarity with
mitoquinone, it displays a plastoquinone core opposed to the benzoquinone core of
mitoquinone. Compared to mitoquinone, visomitin was reported to display much higher
antioxidant activity at sub-micromolar concentrations, while both molecules exerted pro-
antioxidant effects at higher concentrations [195]. Visomitin was reported with protection
against cardiolipin oxidation and apoptotic cell death in vitro [195], protection against lipid
and protein peroxidation [195,196] and vision loss [197] in vivo as well as anti-inflammatory
activity and ocular wound healing ex vivo [198]. Several clinical studies reported the safety
and efficacy of visomitin formulated as eye drops against the dry eye syndrome that is
characterized as a chronic inflammatory disease [199,200]. Although visomitin has been
marketed for this syndrome in Russia, clinical trials registered in US for the same indication
are either completed without posted results (NCT02121301 and NCT03764735) or still ongoing
(NCT04206020). Therefore, properly controlled subsequent Phase III trials are still required to
demonstrate its clinical efficacy.

3.6. Elamipretide

A structurally completely different candidate that is designed to directly target
mitochondria is the tetra-peptide elamipretide (MTP-131/SS-31; Table 4). Similar to
mitoquinone, it strongly accumulates in the mitochondria. However, in contrast to
mitoquinone, its translocation into the mitochondria is not mitochondrial membrane
potential-dependent [201]. Only recently, it was proposed that elamipretide exerts its mito-
protection in part by altering mitochondrial membrane surface electrostatics [202]. This
mechanism of action could include the alteration of ion and basic protein distribution at the
membrane interface, and/or modulation of physical properties of the mitochondrial lipid
bilayers [202]. Although the exact protective mechanism is not clear, elamipretide is known to
bind cardiolipin in the IMM and to protect cardiolipin from peroxidation [203]. Under certain
conditions, cardiolipin can tightly bind to cytochrome c. As a result, cytochrome c is refolded
to display peroxidase activity, which can damage cardiolipin [203]. It is thought that the
conversion of cytochrome c to a peroxidase may be prevented by elamipretide, which should
therefore maintain OXPHOS and ATP production [203]. The antioxidant activity of
elamipretide was reported to be dependent on the presence of 2’,6’-dimethyltyrosine in its
structure that directly acts as antioxidant [204]. In addition, elamipretide was shown to reduce
ROS production and to prevent apoptosis in vitro [204] and ex vivo [205]. Consistent with
these results, in vivo studies in models of diabetes and DR also reported a therapeutic effect
of elamipretide to alleviate diabetic pathology [206] and to restore DR-induced vision loss
[207]. In a recent rat model of diabetic retinopathy, elamipretide showed significantly
increased activity against oxidative protein damage in the retina compared to idebenone [208].
Although these pre-clinical results seem promising, they should be treated with caution when
translating results obtained from cell or rodent models to human pathology. Clinical efficacy
of elamipretide has not been demonstrated in a number of clinical trials (NCT02805790,
NCT03323749, NCT02693119 and NCT03048617). As an additional disadvantage, peptides in
general are unsuited for oral administration. This highlights why the development of
elamipretide as an effective treatment against mitochondrial dysfunction still appears
challenging.
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3.7. Novel Short-Chain Quinones

SCQs have been widely investigated as potential therapeutic molecules for mitochondrial
diseases and related disorders, which is largely based on their antioxidative potential.
However, a theoretical framework for the pleiotropic protective effects of SCQs is largely
missing. To overcome the significant limitations of the only marketed benzoquinone
idebenone, a library of novel SCQs was designed and synthesized at the University of
Tasmania (UTAS). These compounds center around a 2,3-disubstituted naphthoquinone core
with an amide linkage on the alkyl side chain (structures detailed in Chapters 2-5). For these
novel naphthoquinone core-based compounds, their redox characteristics were measured to
identify a potential connection with their biological activity. In contrast to previous studies
that supported vitamin E-derived quinones such as vatiquinone as superior to benzoquinones
such as idebenone [184], our previous work demonstrated that it is the group on the alkyl side
chain and not solely the redox characteristics of the quinone moiety or lipophilicity that
determines the extent of cytoprotection by individual compounds [209]. In addition, a number
of the naphthoquinone-based SCQs showed significantly improved cytoprotective activity in
vitro compared to idebenone under conditions of mitochondrial dysfunction [209]. To identify
the most promising SCQs from this novel library to towards their clinical use against
mitochondrial diseases and disorders, the current project aimed to characterize their in vitro
bioactivity, metabolic stability, and toxicity profiles as well as in vivo therapeutic efficacy for
selected candidates. For this purpose, an extensive number of assays were designed and
performed. The results of these experiments are presented and discussed in detail in Chapters
2-5.
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Bioactivity Profiles of Cytoprotective Short-Chain
Quinones

Previously, a number of novel SCQs designed and synthesized at UTAS showed
significantly improved cytoprotective activity in HepG2 cells compared to idebenone under
conditions of mitochondrial dysfunction [209]. Following this observation, the aim of this
chapter was to better understand the SCQ-induced cytoprotection at a molecular level. For
this purpose, 103 protective or non-protective SCQs in total were selected, including 78 SCQs
that were previously described [209] plus 25 novel SCQs that were not reported before (see
Tables 1 and S1 in Chapter 2 for detail). This large panel of structurally similar compounds was
though to help identify a common mode of action. Therefore, this chapter attempted to
generate bioactivity profiles for these 103 SCQs for the first time in the same cell line. For this
purpose, endpoints were strategically selected that were previously proposed to protect cells
against mitochondrial dysfunction, including metabolism related markers (acute rescue of
ATP levels, effects on the accumulation of lactate and p-hydroxybutyrate), redox activity
(NQO1-dependen reduction to the hydroquinone form of SCQs), expression of cytoprotective
proteins (Lin28A, Hsp70 and acetylated tubulin) and oxidative damage (lipid peroxidation,
protein nitrosylation and DNA double strand breakage). Overall, this chapter aimed to
address whether SCQ-induced cytoprotection could be associated with a single unified
mechanism or not.
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Abstract: Short-chain quinones (SCQs) have been investigated as potential therapeutic candidates
against mitochondrial dysfunction, which was largely thought to be associated with the reversible
redox characteristics of their active quinone core. We recently reported a library of SCQs, some of
which showed potent cytoprotective activity against the mitochondrial complex I inhibitor rotenone
in the human hepatocarcinoma cell line HepG2. To better characterize the cytoprotection of SCQs at a
molecular level, a bioactivity profile for 103 SCQs with different compound chemistries was generated
that included metabolism related markers, redox activity, expression of cytoprotective proteins and
oxidative damage. Of all the tested endpoints, a positive correlation with cytoprotection by SCQs in
the presence of rotenone was only observed for the NAD(P)H:quinone oxidoreductase 1 (NQO1)-
dependent reduction of SCQs, which also correlated with an acute rescue of ATP levels. The results of
this study suggest an unexpected mode of action for SCQs that appears to involve a modification of
NQO1-dependent signaling rather than a protective effect by the reduced quinone itself. This finding
presents a new selection strategy to identify and develop the most promising compounds towards
their clinical use.

Keywords: mitochondrial dysfunction; short-chain quinone; bioactivity; cytoprotection

1. Introduction

Mitochondria are essential organelles involved in many cellular processes such as the
control of cell death, Ca?-signaling as well as redox- and energy-homeostasis [210-212].
Mitochondria provide about 95% of the cellular chemical energy in the form of adenosine
triphosphate (ATP) via oxidative phosphorylation (OXPHOS). Any insult or genetic
predisposition that impairs mitochondrial function can lead to a range of mitochondrial
diseases such as Leber’s hereditary optic neuropathy (LHON), Leigh syndrome (LS) and
dominant optic atrophy (DOA) [71]. In addition, mitochondrial dysfunction is also present in
a vast number of common inflammatory (i.e., ulcerative colitis) [109], neurodegenerative (i.e.,
Alzheimer’s disease, Parkinson’s disease, glaucoma, age-related macular degeneration) [107],
neuromuscular (i.e., Duchenne muscular dystrophy, multiple sclerosis) [108], and metabolic
disorders (i.e., diabetes, obesity) [110], which illustrates that mitochondrial pathology is
widespread. However, despite the large number of affected patients, there is an obvious lack
of approved drugs that aim to target mitochondrial function directly. This represents a
significant unmet medical need and thus, new drug candidates are needed that can be
developed into effective and safe medications.

25



Chapter 2

The chemical class of quinones is known for their wide biological activities that are
largely due to the reversible redox characteristics of the quinone core [39,168,169]. Naturally
occurring quinones such as coenzyme Qio (CoQio) and vitamin K are described as signaling
molecules, enzymatic cofactors and antioxidants that are generally well tolerated and are
known to be required for normal mitochondrial function [213]. Although this could make
these compounds ideal drug candidates to protect normal mitochondrial function, their
generally high hydrophobicity is thought to interfere with drug absorption and distribution
[214]. Therefore, synthetic quinones such as idebenone, EPI-743 [215], MitoQ [216], SkQ1 [217],
KH176 [190] are marketed or are under development. At present, the only synthetic quinone
clinically approved for a single mitochondrial disease is the benzoquinone idebenone [218],
which showed some activity to protect against vision loss and restored visual acuity and color
vision in LHON patients [159,160,219]. Although idebenone is safe and well tolerated in vitro
(ICs0 = 151.7 uM, 24 h) [220] and in vivo (2250 mg/d, 14 d) [165], it is not an ideal drug as it
shows low solubility (logP =1.24, logD = 3.57) and more importantly is characterized by very
low metabolic stability in vitro (f12 =2 h, 40 uM) [221] and in vivo (12 = 3 h, 150 mg) [167],
which significantly restrict its therapeutic potential.

To overcome these significant limitations, we previously described a class of short-chain
quinones (SCQs), which centers around a 2,3-disubstituted naphthoquinone core with an
amide linkage on the alkyl side chain [209]. Some of these SCQs showed significantly higher
cytoprotective activity [209], higher metabolic stability [221] and/or lower cytotoxicity [220] in
the human hepatocarcinoma cell line HepG2. This cell line, widely employed in in vitro
studies, represents a robust testing platform to offer reproducible outcomes due to its
phenotypic stability and unlimited availability [222]. Two SCQs from our library also showed
significantly better restoration of visual acuity compared to idebenone in a rat model of
diabetic retinopathy [208]. However, in this in vivo model, the two SCQs differed in their
molecular activities; while one significantly reduced vascular leakage, the other effectively
suppressed oxidative damage [208]. Despite these associations, it is unclear, which
bioactivities are causally responsible for the SCQ-dependent cytoprotection observed in vitro
and in vivo, which also applies to all other quinones in development. Therefore, the current
study approached this problem by characterizing multiple in vitro bioactivities that were
previously proposed to be responsible for cytoprotection of quinones. A large number of
closely related SCQ compounds with different cytoprotective activity was tested in the same
cell line to answer the question whether SCQ-induced cytoprotection can be associated with
a single unified mechanism or not. For this purpose, different cellular responses to 103 SCQs
1-103 (Table 1), including 24 novel SCQs (1-21, 33 and 101-102; see Table S1 for details) were
assessed with regard to metabolism-related markers, redox activity, expression of
cytoprotective proteins, and oxidative damage. These endpoints were correlated to the
specific compound chemistries and to their cytoprotective potentials. In contrast to studies
that employ only a single molecule, using a large range of closely related compounds allows
to correlate varying cytoprotective activities with biological endpoints, which can link specific
activities to a chemical family of compounds. This approach can provide essential information
towards the underlying mode(s) of action to support the development of selected candidates
of this class of compounds towards their clinical use.
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Chapter 2

2. Results

2.1. Cytoprotection against Mitochondrial Dysfunction

In the present study, a transient challenge with the mitochondrial complex I inhibitor
rotenone reduced HepG2 cellular viability to 26.9 + 7.9% (Figure 1, dotted line) compared to
cells not exposed to rotenone (100%). Under these conditions of rotenone-induced
mitochondrial dysfunction, 62 out of the 103 SCQs significantly improved viability (54
compounds, p < 0.001; 4 compounds, p < 0.01; 4 compounds, p < 0.05; Table S2). Of the 62
cytoprotective compounds, 9 compounds (35, 42, 64, 68, 69, 71, 92, 97 and 99, p < 0.001)
significantly improved cell viability in the presence of rotenone to >90% compared to cells not
treated with rotenone. While more than half of the test compounds protected viability to levels
above rotenone-treated cells, 7 compounds (25, 30 and 44, p <0.001; 48 and 51, p <0.01; 31 and
32, p <0.05) were cytotoxic and reduced cell viability more than rotenone alone (Table 52). Of
the 7 chemical classes, compounds with an amino alcohol, amino acid, amino ester (p <0.001)
or acid (p < 0.05) side chains significantly increased viability when compared to rotenone-
treated cells. The highest cytoprotection by compounds with an amino ester side chain was
significantly higher than those with aliphatic (p < 0.001), acid (p < 0.05), aliphatic ester (p <
0.001) or slight polar (p < 0.01) side chains (Figure 1; Table S3).
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Figure 1. Cytoprotection of short-chain quinones (SCQs) belonging to different chemical
classes against mitochondrial dysfunction in HepG2 cells. Each point represents the average
responses from several independent experiments for one SCQ. Black solid lines represent the
mean for each chemical class. Error bars were omitted for clarity (for detailed information see
Tables S2 and S3). Gray dotted line represents the effect of rotenone.

2.2. Metabolism-Related Markers
2.2.1. Acute Rescue of ATP

One of the dominant parameters affected by mitochondrial dysfunction is cellular ATP
synthesis. A mode of action was previously proposed for benzoquinones that relies on the
bypass of complex I to restore mitochondprial electron flow in the presence of rotenone, which
was termed ATP rescue [168-170]. Compared to non-treated HepG2 cells (100%), rotenone
rapidly reduced cellular ATP levels to 33.6 + 11.1% within 1 h (Figure 2a, dotted line). Under
these conditions, 54 out of 103 SCQs (52 compounds, p < 0.001; 2 compounds, p < 0.05; Table
S2) significantly rescued ATP levels to levels above those of rotenone-treated cells (Figure 2a).
Of the 54 compounds, 12 compounds (39, 40, 61, 64, 67, 68, 70, 71, 83 and 85-87, p < 0.001)
significantly rescued ATP levels in the presence of rotenone to >90% compared to cells not
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treated with rotenone. Of the 7 chemical classes, compounds with amino alcohol, amino ester
(p < 0.001) or amino acid (p < 0.01) side chains significantly increased ATP levels when
compared to rotenone-treated cells. The highest rescue of ATP level by compounds with an
amino ester side chain was significantly higher than those with aliphatic, acid, amino acid,
aliphatic ester or slight polar (p < 0.001) side chains (Figure 2a; Table S3). A correlation was
observed between test compound-induced cytoprotection and extent of cellular ATP level
rescue (R? = 0.44, Figure 2e).
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Figure 2. Effect of SCQs on metabolism-related markers in HepG2 cells. (a) Cellular ATP
levels (gray dotted line represents the effect of rotenone), (b) extracellular lactate levels of
SCQs, (c) extracellular -hydroxybutyrate (BHB), and (d-f) their correlations with SCQ-
protected viability. Each point represents the average responses from independent
experiments for one SCQ. Error bars were omitted for clarity (for detailed information see
Tables 52 and S3). Linear regression was generated using GraphPad Prism (version 8.2.1, San
Diego, CA, USA).

2.2.2. Extracellular Lactate

Under conditions of mitochondrial dysfunction, NAD* is required to maintain the
process of glycolysis, which is generated from NADH during the oxidation of pyruvate to
lactate [224]. Quinones are reduced to the hydroquinone form in the presence of cellular
reductases like NAD(P)H:quinone dehydrogenase 1 (NQOL1), a process that also oxidizes
NADH to NAD-*. This quinone-generated NAD* could theoretically be used to maintain
glycolysis without the need to generate potentially toxic lactate levels. Alternatively, SCQs
could increase glycolysis further to compensate for reduced mitochondrial ATP synthesis,
which could increase lactate levels. Therefore, the current study tested if SCQs could affect
lactate production of HepG2 cells. In non-treated cells, lactate in cell culture supernatant was
measured as 67.3 + 8.05 umol/mg protein (100%; Figure 2b). The test compounds altered
extracellular lactate levels between 65.1 and 236.6%. Some compounds with aliphatic (27, 29
and 33, p <0.001; 24, p < 0.01; 13, p < 0.05), amino alcohol (62, 66 and 76, p < 0.001; 60, p <0.01;
72, p <0.05) or slight polar side chains (51 and 89, p <0.001; 58, p < 0.05; Table S2) significantly
increased lactate levels compared to the non-treated cells. In contrast, some compounds with
aliphatic (26, p <0.01), acid (39, p <0.01), amino acid (96, p < 0.01) or slight polar (103, p < 0.05;
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Table 52) side chains significantly decreased lactate levels compared to the untreated cells.
However, based on the means of the 7 chemical classes, none significantly altered lactate levels
(Figure 2b). No correlation was observed between cytoprotection and extracellular lactate
levels (R2< 0.1, Figure 2e).

2.2.3. Extracellular 3-Hydroxybutyrate

In the absence of carbohydrates, cells also utilize fatty acids to generate ATP via the {3-
oxidation of lipids that can lead to the accumulation of ketone bodies [225]. In addition, ketone
bodies such as B-hydroxybutyrate (BHB) can initiate bioenergetic and mito-hormetic signaling
pathways by inhibiting histone deacetylases and by reducing mitochondrial oxidative radical
formation [226]. Therefore, the influence SCQs on the accumulation of BHB in the supernatant
of HepG2 cell cultures was measured. In non-treated cells, BHB levels in cell culture
supernatant were measured as 1.75 + 0.41 umol/mg protein (100%; Figure 2c). In comparison,
all test compounds except 33 (1132.1%, Figure 2c, outside y axis) with an aliphatic side chain
altered cellular BHB levels between 60.2 and 311.8%. Some compounds with aliphatic (23, 24,
32 and 33, p <0.001), amino alcohol (2, 14, 16, 59, 60, 64, 66, 69, 71-73, 75 and 76, p < 0.001; 35
and 67, p < 0.05), acid (18 and 38, p < 0.001; 39, p <0.01), amino acid (11, 43 and 100, p < 0.001;
93, p <0.01), amino ester (81, 84 and 85, p <0.001; 12 and 80, p < 0.05) or slight polar (51, 55, 56
and 103, p <0.001; Table S2) side chains significantly increased BHB levels when compared to
non-treated cells. In contrast, some compounds with aliphatic (34, p < 0.01), amino alcohol (1,
p<0.001; 8, p <0.01) or aliphatic ester (47, p < 0.05, Table S2) side chains significantly decreased
BHB levels when compared to non-treated cells. Overall, except for compounds with aliphatic
or aliphatic ester side chains, all other 5 classes significantly increased BHB levels in the cell
culture media (Table S3). No correlation was observed between cytoprotection and
extracellular BHB levels (R? < 0.1, Figure 2f).

2.3. Redox Activity

It was previously reported that benzoquinones are largely (93.9%) reduced from the
quinone to their hydroquinone form by the cytoplasmic enzyme NQOI1 [168], while for
naphthoquinones, this information was so far not available. It was generally assumed that the
hydroquinone form is responsible for cytoprotection, antioxidant function and other
beneficial activities. To determine to what extent the reduction of SCQs is NQO1-dependent,
its activity in HepG2 cells was inhibited by dicoumarol as previously described [168]. When
the reduction of SCQs (Figure 3a, Table S2) was compared in the absence and presence of
dicoumarol, significant differences were observed, with NQO1 dependence between 0.2 and
82.1% (Figure 3b, Table S2). Of the 7 chemical classes, the highest NQO1 dependence for
reduction was seen for compounds with an amino alcohol side chain, which was significantly
higher than for those with aliphatic, acid, amino acid or aliphatic ester side chains (p < 0.001,
Figure 3b, Table S3). The highest dependence on other reductases was detected for
compounds with an aliphatic ester side chain and was significantly higher than those with
amino alcohol (p <0.001), amino ester (p < 0.01) or slight polar (p < 0.05) side chains (Figure 3c,
Tables 52 and S3). No general correlation between cytoprotection and chemical reduction of
test compounds per se was observed (R2<0.1, Figure 3d). However, a mild positive correlation
was observed for cytoprotection and NQO1-dependent reduction of quinones. Conversely,
cytoprotection negatively correlated with reduction by non-NQO1 reductases (R? = 0.23,
Figure 3e,f). In addition, a mild positive correlation was also observed for NQO1-dependent
reduction and the acute rescue of cellular ATP levels in the presence of rotenone. Similar to
cytoprotection, reduction by non-NQO1 reductases negatively correlated with the acute
rescue of cellular ATP levels (R? = 0.39, Figure 3g-h).
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Figure 3. Redox activity of SCQs in HepG2 cells. (a) Total reduction of quinones (R-Total), (b)
reduction by NQO1 (R-NQO1), (c) reduction by other reductases (R-Other) and their
correlations with (d-f) SCQ-protected viability and (g h) acute rescue of ATP levels. Each dot
represents the average responses from independent experiments for one SCQ. Error bars were
omitted for reasons of clarity (for detailed information see Tables S2 and S3). Linear
regressions were generated using GraphPad Prism (version 8.2.1, San Diego, CA, USA).

2.4. Expression of Cytoprotective Proteins
2.4.1. Cellular Lin28A Expression

Recently, retinal Lin28A protein expression induced by a benzoquinone was reported to
be responsible for the cytoprotective activity observed [175]. This finding was extremely
surprising, as Lin28A is generally not expressed in adult tissues (except for reproductive
tissues), but is known to be involved in differentiation of embryonic tissues. Lin28A
overexpression regulates metabolism by enhancing mitochondrial enzyme production,
glycolysis and mitochondrial OXPHOS to alleviate mitochondrial dysfunction and to promote
tissue repair [227-229]. Since this activity could account for the cytoprotective effects observed
with our test compounds, their effects on Lin28A levels in HepG2 cells were determined. In
our in vitro system, the test compounds only mildly altered Lin28A levels between 94.7 and
107.0% (Figure 4a). Only 74 (7.0 £ 3.9%, p < 0.01) with an amino alcohol side chain and 81 (6.0
* 3.2%, p < 0.05) with an amino ester side chain significantly increased Lin28A levels (Table
S2). None of the 7 chemical classes significantly increased Lin28A levels and no statistical
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significance was observed between the classes (Figure 4a, Table S3). Since only two significant
effects were detected, no general correlation was observed between cytoprotection and

Lin28A expression (R2< 0.1, Figure 4d).
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Figure 4. SCQ-induced expression of cytoprotective proteins in HepG2 cells. SCQ-induced (a)
Lin28A levels; (b) Hsp70 levels; (c) acetylated tubulin (acetyl-tubulin) levels, and their (d—f)
correlations with SCQ-protected viability. Each point represents the average responses from
several independent experiments for one SCQ. Black solid lines represent the mean for each
chemical class. Error bars were omitted for clarity (for detailed information see Tables S2 and
S3).

2.4.2. Cellular Hsp70 Expression

Heat shock protein 70 (Hsp70) is essential for mitochondrial function. It chaperones
mitochondrial protein biogenesis, translocates and folds proteins, and prevents their
aggregation to maintain mitochondrial proteostasis [230-233]. Hsp70 also plays critical roles
in mitochondrial DNA (mtDNA) maintenance and replication [234] and protects against
diabetes, which is associated with mitochondrial dysfunction [235,236]. Since some quinones
have been reported to increase Hsp70 levels [237-239], the effects of our test compounds on
Hsp70 expression in HepG2 cells were assessed. The test compounds altered Hsp70 levels
between 92.0 and 167.7% (Figure 4b, Table 52). Some compounds with aliphatic (13, 27 and 30,
p <0.001), amino alcohol (74, p < 0.01; 66 and 76, p < 0.05), acid (17, 37 and 41, p <0.001; 39, p <
0.05), aliphatic ester (44, p <0.05), amino ester (20, 79, 83 and 84, p <0.001; 21, p <0.01) or slight
polar (52, 54, 58 and 103, p < 0.001; 51, p < 0.05) side chains showed a significant upregulation
of Hsp70, while none of the compounds led to a significant downregulation of Hsp70 (Table
52). Of the 7 chemical classes, only compounds with a slight polar side chain (130.0 + 23.7%, p
< 0.001) significantly upregulated Hsp70 expression (Figure 4b, Table S3). Comparisons
between the chemical classes revealed that compounds with a slightly polar side chain also
showed significantly higher Hsp70 induction levels compared to those with amino alcohol (p
< 0.01) or amino acid (p < 0.05) side chains (Figure 4b, Table S3). However, no general
correlation between cytoprotection and Hsp70 expression was detected (R? < 0.1, Figure 4e).
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2.4.3. Tubulin Acetylation

There is significant evidence that inhibition of histone deacetylase 6 (HDAC6) protects
against mitochondrial dysfunction by increasing mitochondrial biogenesis [240], stabilizing
the cytoskeleton [241], regulating mitochondrial homeostasis [242], increasing oxidative
metabolism [243], restoring mitochondrial transport [244], and increasing mitochondrial
motility and fusion [245] to sustain cell viability in vitro and in vivo. Previous reports
indicated that some short-chain naphthoquinones can inhibit HDAC6 [246]. As HDAC6
inhibition increases tubulin acetylation [247], acetylated tubulin was used as a surrogate
marker to detect HDAC6 inhibition in HepG2 cells by our SCQs. The test compounds altered
tubulin acetylation between 84.8 and 134.5% (Figure 4c, Table S2). Some compounds with
aliphatic (23, 24, 27 and 34, p < 0.001; 25 and 33, p < 0.01), amino alcohol (70, p < 0.01; 61, p <
0.05), acid (37 and 40, p < 0.001), amino acid (19, p < 0.001), aliphatic ester (47, p < 0.001; 44, 45
and 48, p <0.01; 46, p <0.05), amino ester (20 and 83, p <0.001; 79, p <0.01; 84 and 85, p < 0.05)
or slight polar (51, 53, 54 and 57, p < 0.001) side chains significantly increased tubulin
acetylation, while only 74 (86.2 +7.8%, p <0.05) with an amino alcohol side chain significantly
reduced tubulin acetylation (Table S2). None of the 7 chemical classes significantly increased
tubulin acetylation and no statistical significance was observed between the classes (Figure 4c,
Table S3). No general correlation was observed between cytoprotection and tubulin
acetylation levels (R? < 0.1, Figure 4f).

2.5. Effects on Oxidative Damage
2.5.1. Basal Lipid Peroxidation

The mild correlation between cytoprotection and chemical reduction could suggest that
cytoprotection by SCQs against mitochondrial dysfunction involves the redox characteristics
of the quinones [168,169]. One mechanistic explanation could be a hormetic form of protection
where SCQs induce a sublethal level of damage that induces cytoprotective and
mitoprotective pathways. This effect, termed mito-hormesis, can involve the production of
oxidative radicals and has been demonstrated in a variety of systems in vitro and in vivo
[248,249]. Most SCQs that are developed as potential therapeutics are characterized as
antioxidants and consequently have been reported to prevent lipid peroxidation [193,195,250],
while some reports revealed that SCQs can act as pro-oxidants at higher concentrations
[251,252]. Unlike reported for a range of benzoquinones [169], none of the naphthoquinone
test compounds in the current study showed any significant changes of basal lipid
peroxidation (BLP) in HepG2 cells when compared to non-treated cells (Figure 5a, Tables 52
and S3). Consequently, no correlation was observed between cytoprotection and BLP levels
(R2<0.1, Figure 5d).

2.5.2. Oxidative Protein Damage

Given that the redox activity of some quinones can include pro-oxidative behaviour
[251,252], we tested our SCQs for their effects on cellular nitrotyrosine levels as a surrogate
marker for oxidative protein damage in HepG2 cells. In our system, the test compounds
altered oxidized protein levels (100%) between 69.3 and 121.1% (Table S2). Some compounds
with aliphatic (26 and 101, p <0.001), amino alcohol (36 and 63, p <0.001; 59 and 64, p <0.01; 1
and 35, p < 0.05), acid (18 and 39, p < 0.001; 37, p < 0.01), amino acid (11, 90, 96 and 100, p <
0.001; 92, 93, 95 and 97, p < 0.01; 94 and 98, p < 0.05), aliphatic ester (47, p <0.001; 44, p < 0.01),
amino ester (50, p < 0.01) or slight polar (57, p < 0.01; 52, p < 0.05) side chains significantly
reduced oxidative damage, while only 58 and 103 (p < 0.05) with slight polar side chains
significantly increased nitrotyrosine levels (Table S2). Of the 7 chemical classes, only
compounds with an amino acid side chain significantly lowered nitrotyrosine levels (79.6 +
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6.2%, p < 0.05), while no statistically significant differences were observed between the 7
chemical classes (Figure 5b, Table S3). No general correlation between cytoprotection and

oxidative protein damage was detected (R2 < 0.1, Figure 5e).
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Figure 5. Effect of SCQs on oxidative damage in HepG2 cells. (a) basal lipid peroxidation, (b)
nitrotyrosine levels, (c) y-H2AX-positive cells, and their (d—f) correlations with SCQ-protected
viability. Each point represents the average responses from several independent experiments
for one SCQ. Black solid lines represent the mean for each chemical class. Error bars were
omitted for clarity (for detailed information see Tables S2 and S3). Gray dotted lines represent
effect on non-treated cells.

2.5.3. Oxidative DNA Damage

Since the redox activity of some quinones can include pro-oxidative behavior [251,252],
we tested our SCQs for their effects on cellular y-H2AX levels as a surrogate marker for DNA
damage in HepG2 cells. In our system, test compounds mostly altered the number of y-H2AX-
positive cells (1.1 +0.8% for non-treated cells, Figure 5c, gray dotted line) between 0.2 and 7.3%
(Table S2), except for 103 with a slightly polar side chain (46.0 + 10.8%, p < 0.001). Of the 103
test compounds, only 43 (6.0 £ 1.9%, p < 0.05) with an amino acid side chain as well as the
epoxide alkylating agents 54 (7.3 + 3.4%, p < 0.01) and 103 with a slightly polar side chain,
significantly increased the number of y-H2AX-positive cells (Table S2). Overall, compounds
with a slight polar side chain (9.2 + 15.0%, p < 0.05, Figure 5c, average line and 103 outside y
axis) significantly elevated the percentage of positive cells on average, while all other chemical
classes appeared non-genotoxic (Table S3). No general correlation between cytoprotection and
oxidative DNA damage was detected (R? <0.1, Figure 5f).

2.6. Heatmap of Results

All in vitro bioactivities (Figures 1-5, Table S2) and physical properties (Figure S1, Table
52) of the test compounds 1-103 are summarized as a heatmap (Figure 6).
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Figure 6. Heatmap of results shown in Figures 1-5 and Figure S1. Each column represents
one parameter and each line represents one short-chain quinone (SCQ). For some compounds,
not all parameters could be assessed (gray boxes). Data expressed as the mean of multiple
independent experiments. ACytoprotection (%) = SCQ-protected viability (%)—basal viability
level (rotenone-treated, 26.9%); AATP (%) = SCQ-protected ATP level (%)—basal ATP level
(rotenone-treated, 33.6%); logP, partition coefficient; logD, distribution coefficient; BHB, 3-
hydroxybutyrate; BLP, basal lipid peroxidation; R-Total, total reduction of quinone; R-NQOT1,
reduction of quinone by NQO1; R-Other, reduction by other reductases; y-H2AX, y-H2AX-
positive cells. Raw data available in Table S2.
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3. Discussion

This study aimed to characterize the in vitro bioactivities of a library of 103 recently
described short-chain naphthoquinones (SCQs) [209,220,221] to investigate the underlying
mechanism(s) of SCQ-dependent cytoprotection. For this purpose, the current study
employed not only the previously reported endpoints of cytoprotection and normalization of
cellular ATP levels [209], but also assessed additional bioactivities of quinones that are
indicative of mitochondrial function, compound bioactivation, expression or activities of
cytoprotective proteins (Lin28A, Hsp70, HDACS6), oxidative damage and DNA damage. The
results of these endpoint measurements were used to reveal potential correlations with SCQ-
induced cytoprotection. While correlations obtained in vitro do not necessarily allow a direct
translation to the in vivo situation, the current study aimed to provide a first unbiased insight
into the molecular activities of SCQs by utilizing a larger number of test compounds.

A prior study, based on a small numbers of SCQs, suggested that a combination of a
naphthoquinone core with selected functional groups attached to a side chain, was
responsible for the cytoprotective activity of SCQs [209]. The previous study also concluded
that the lipophilic tail moiety is the major determinant of cytoprotection [26], which was
confirmed by the current study that observed a large range of cytoprotective activities
associated with different side chain chemistries. While most compounds showed some level
of cytoprotection against mitochondrial dysfunction, of particular interest were the
compounds with an amino ester side chain, all of which significantly protected cellular
viability against rotenone with the highest average cytoprotection of all side-chain classes
tested. Based on the results of the current study, the structure-activity relationship (SAR) with
the most active compounds supports the function of the side chain playing a key role in the
activity of the short chain naphthoquinones of this study, which confirms the results of a prior
study [209]. The incorporation of an amide into the side chain significantly increased the
cytoprotective activity compared to the presence of a polar carboxylic acid or less polar ester
linkages. However, at present the exact role of the amide function is not clear. Future studies
have to establish if the amide function just changes the polarity of the molecule or if it is
directly involved in target binding.

Overall, it is surprising that most endpoints assessed in this study did not correlate with
the cytoprotective activity of the test compounds. This suggests that in our test system most
endpoints previously attributed to mitoprotection (i.e., extracellular lactate, (-
hydroxybutyrate, expression of Lin28A or Hsp70, HDACS6 inhibition, basal lipid peroxidation,
oxidative protein or DNA damage) are not responsible for the cytoprotection against rotenone
and that other underlying mechanisms are responsible for the cytoprotective effects. While
we acknowledge that our results cannot exclude tissue-specific bioactivities, such as
neuroprotection, the enzymatic reduction of SCQs and the acute redox-dependent rescue of
ATP levels mildly correlated with cytoprotection in the present study. SCQs are believed to
be bioactivated by two-electron reductases such as NQO1 to the hydroquinone form upon
entering the cell [209]. Despite their reduction in the cytosol, some hydroquinones can donate
electrons to the mitochondrial electron transport chain (ETC) to restore proton flux, membrane
potential and ATP production under conditions of complex I-deficiency [168,169]. This is
achieved by SCQs bypassing the dysfunctional complex I and feeding electrons to complex I1I
of the ETC (Figure 7). Therefore, both cytosolic and mitochondrial activities are required for
the acute rescue of ATP levels in vitro. Based on the common quinone core of our test
compounds, it was expected that all test compounds are reduced by NQO1 to a similar extent.
However, our test compounds exhibited variable levels of reduction by NQOL1. This indicates
that our SCQs are bioactivated not only by NQO1, but also other reductases that could include
vitamin K epoxide reductase (VKOR), as predicted by the shared naphthoquinone moiety
with vitamin K [253,254]. Surprisingly, SCQ reduction by NQO1 was positively correlated
with cytoprotection, while reduction by other reductases was negatively correlated with SCQ-
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induced cytoprotection. This was entirely unexpected, as it should not matter how SCQs are
bioactivated or where the electrons for their reduction originate from, since only the
hydroquinone form was so far thought to be responsible for the protective effects. Our data
significantly question this view and suggest a different interpretation that it is not the reduced
SCQs themselves that are responsible for the cytoprotective activity but instead their effect on
NQO1 and its substrates.
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Figure 7. Schematic representation of ligand-induced structural change of NQO1 and
hypothetical mechanism for SCQ-induced cytoprotection. Q, short-chain quinone; NQO1,
NAD(P)H:quinone oxidoreductase 1; QHz, short-chain hydroquinone.

One possible explanation could be that SCQs, by activating NQO1, alter the levels of
NQO substrates such as cytoplasmic NADPH, which is subsequently responsible for a
cytoprotective activity. For another quinone, dunnione, this mode of action was proposed to
be responsible to ameliorate acute pancreatitis on the basis that lower levels of NADPH would
result in reduced NADPH oxidase (NOX)-dependent ROS production and reduced tissue
damage [255]. Although we did not test cytoplasmic NADPH/NADP* ratios in our cells, it has
to be noted that cytoplasmic NADPH is essential for a variety of essential cellular function
such as nucleotide synthesis and reactivation of glutathione [256,257]. Therefore, reduced
NADPH levels should under physiological conditions lower the concentrations of the most
important cellular antioxidant, and consequently increase oxidative stress. In contrast, we did
not find any evidence that oxidative damage is associated with the cytoprotective activity of
the test compounds. In addition, it is not easily conceivable how reduced cytoplasmic NADPH
levels could protect against mitochondrial rotenone toxicity. Therefore, this possibility might
apply to certain pathological conditions, while it does not seem to be valid for the test system
of this study.
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Alternatively, SCQs could affect cellular NADH levels by their interaction with NQO1.
Their NQO1-dependent reduction could increase cellular NAD* levels. A previous study
observed the activation of the NAD+*dependent deacetylase sirtuin 2 (Sirt2) in response to the
NQOI1 substrate B-lapachone [258]. Although Sirt2 suppresses inflammation [259], stimulate
the pentose phosphate pathway [260], it is also associated with neurodegenerative and
metabolic diseases and cancer [261]. In this report, Sirt2-dependent deacetylation of
microtubules was dependent on NQO1-generated NAD+ [258]. Based on our observation that
SCQ-induced tubulin acetylation did not correlate with their cytoprotective effects and that
overall only minor effects on tubulin acetylation were observed, it is unlikely that the SCQs in
the present study affected Sirt2 activity and therefore the NADH/NAD- ratio. It is also unclear
how increased NAD- levels, if present at all, could protect cells against rotenone toxicity,
without at the same time upregulating lactate levels.

Another explanation why selective reduction of SCQs by NQO1 correlated with their
cytoprotective activity could involve a direct modification of NQO1 activities by SCQs. While
the current study did not assess the effect of SCQs on NQO1 enzymatic activity, it is important
to note that inhibition of NQO1 activity has never been reported as cytoprotective. In contrast,
NQO1 inhibition increased the sensitivity of cells to a host of stressors [262] and hence it is
unclear how a possible inhibition of NQO1 activity per se, could be responsible to protect
against rotenone exposure [263,264]. Therefore, our data suggests that SCQs might either
activate NQOT1 or provide it with additional functionality (Figure 7). NQOL1 is a cytoprotective
enzyme that not only detoxifies xenobiotics and displays endogenous superoxide dismutase
activity but is also involved in a multitude of cellular signaling events. By acting as
proteasomal gatekeeper [265], NQOL1 controls protein levels of key signaling molecules such
as the tumor suppressor p53 [266], and HIF1 [267]. It is possible that binding of selected SCQs
to NQOI1 could alter the 3D structure of NQO1, which was described for another NQO1
substrate 3-lapachone [258]. The authors of this study proposed that NQO1 acts as a sensor of
the cellular redox environment by binding to specific substrates based on an altered protein
structure. In this study, NQO1 co-localized with acetylated tubulin during mitosis and it was
suggested that this activity would mediate cytoprotection by modifying acetylated tubulin
dynamics [258]. Although the present study did not observe major changes to tubulin
acetylation, we did not investigate local changes such as on the mitotic spindle. Altered NQO1
structure and activity based upon ligand binding provides a completely novel view on how
SCQs could modify cellular signaling by activating NQO1 and controlling its binding to
selective proteins to mediate cytoprotection. Similar to the binding of selected proteins, NQO1
also selectively binds to certain mRNAs, a function that for example increases the translation
of al-antitrypsin [268]. Therefore, future studies will investigate if exposure to the
cytoprotective SCQs described in this study can mediate the pleiotropic effects of NQO1 by
affecting NQOI1 binding to proteins or RNAs. We previously reported that the redox activity
of the quinone moiety is required but not sufficient for cytoprotection by SCQs [209]. Instead,
the cytoprotective activity was localized to the structure of the side chain [209]. Together with
the results of the present study, this could suggest that it is the SCQ side chain that generates
selectivity for NQOL to alter its interaction with RNA or protein molecules. This hypothesis
will have to be verified in future studies in molecular detail using additional test compounds.

Our results also confirm previous reports that quinone-dependent rescue of ATP levels
is dependent on NQO1 [168,169]. Most SCQs that rescued ATP levels were cytoprotective, and
consistently, most that left ATP levels unaffected or even decreased them further were not. It
is important to note that this does not necessarily imply that rescuing ATP levels is
cytoprotective per se. Instead, it is more likely that the rescue of ATP levels is merely a
reflection of the ability of quinones to interact with NQO1 and to get reduced. The reduced
hydroquinones subsequently bypass complex I by shuttling electrons to complex III of the
mitochondrial ETC, which enables ATP production in the presence of rotenone [168].
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Collectively, this study attempted a pharmacological approach to characterize chemically
closely related SCQs and identified several promising SCQs with interesting in vitro
bioactivities. This study aimed to identify a possible mode of action (or lack thereof) by
correlating different bioactivities with the corresponding cytoprotective effects for each
compound and compound chemical class. The results of the present study question whether
SCQ-induced cytoprotection is caused by previously suggested bioactivities such as their
antioxidant function. Instead, the results suggest that the mode of action of SCQs could
involve a so far unidentified direct modification of NQO1-dependent signaling. The detailed
mode of action of SCQs will require confirmation in the presence of rotenone in combination
with selected SCQs in future experiments. The current results not only serve as a starting point
to elucidate this NQO1-dependent form of cytoprotection, but if confirmed, also enables the
future optimization of mitoprotective SCQs. Based on the current status, understanding this
mode of action, in combination with detailed in vivo pharmacokinetic and efficacy studies
will identify the most mitoprotective, stable and safe candidates that could be developed for
a large range of mitochondrial diseases and disorders associated with mitochondrial
dysfunction.

4. Materials and Methods

4.1. Chemicals and Reagents

All SCQ test compounds were synthesized in-house (Chemistry, School of Natural
Sciences, University of Tasmania, Hobart, TAS, Australia) with purities >95% determined by
NMR analysis. Dimethyl sulfoxide (DMSO), Dulbecco’s Modified Eagle Medium (DMEM),
sodium bicarbonate, glutamic pyruvic transaminase, monopotassium phosphate (KH2POs),
phenazine methosulphate (PMS), dichlorophenolindophenol (DCPIP), nicotinamide adenine
dinucleotide (NAD-), tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI),
menadione, celastrol, shikonin, tubastatin, paraformaldehyde (PFA), Tween 20, rat tail
collagen, and bovine serum albumin (BSA), rabbit polyclonal anti-Lin28A antibody
(SAB2702125), and mouse monoclonal anti-acetyl-tubulin antibody (T7451) were purchased
from Sigma-Aldrich (Ryde, NSW, Australia). Fetal bovine serum (FBS), penicillin-
streptomycin, ethylenediaminetetraacetic acid (EDTA), trypsin, phosphate buffered saline
(PBS), Hanks Balanced Salt Solution (HBSS), BODIPY C11ssi/501, Triton X-100, 4',6-diamidino-
2-phenylindole (DAPI), goat anti-mouse Alexa Fluor 594 secondary antibody (A-11072), and
goat anti-mouse Alexa Fluor 488 secondary antibody (A-11029) were obtained from
ThermoFisher Scientific (Scoresby, VIC, Australia). D-luciferin and luciferase were obtained
from Promega (Alexandria, NSW, Australia). DC Protein Assay Kit was purchased from
BioRad Laboratories (Gladesville, NSW, Australia). Water-soluble tetrazolium salt (WST-1)
was from Cayman Chemical (Redfern, NSW, Australia). Lactate dehydrogenase was from Cell
Sciences (Newburyport, MA, USA). Rabbit monoclonal anti-Hsp70 antibody (EP1007Y) and
mouse monoclonal anti-3-nitrotyrosine antibody (ab61392) were from Abcam (Melbourne,
VIC, Australia). Mouse monoclonal anti-phospho-Histone H2AX antibody (05-636-1) was
from Merck (Kilsyth, VIC, Australia). Cell culture plastics were obtained from Corning
(Mulgrave, VIC, Australia), if not stated otherwise.

For all assays, stock solutions of test compounds (SCQs) and reference compounds (10
mM in DMSO) were prepared as single use aliquots and stored at —20°C until used. All test
compounds were used at a final concentration of 10 uM, as previously published [169,269].

4.2. Cell Culture

The human hepatocellular carcinoma cell line HepG2 (HB-8065) was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). The cells were cultivated in
DMEM (10% FBS, 1 g/L glucose, 3.7 g/mL sodium bicarbonate, 100 U/mL penicillin-
streptomycin, and 0.584 g/L glutamine) under standard conditions (37°C, 5% CO2, 95%
humidity). The cells were routinely passaged twice weekly in T25 cell culture flasks.
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4.3. Cytoprotection against Mitochondrial Dysfunction

Cytoprotection against mitochondrial dysfunction was measured as previously
described [270]. Briefly, 5 x 103 cells/well were preincubated in DMEM, in 96-well plates with
test compounds (10 uM in DMEM) for 2 days prior to being challenged by the mitochondrial
complex I inhibitor rotenone (1 uM in HBSS, 7 h). After post-incubation with only test
compounds (10 uM in HBSS) for an additional 24 h, cell viability was quantified by analyzing
ATP content per well using a luciferase-based reaction as previously described [270]. Data
was standardized on the non-treated control (no rotenone) and expressed as mean + standard
deviation (SD) of 6 replicates from 3 independent experiments.

4.4. Acute Rescue of ATP Levels

Acute rescue of ATP levels in the presence of rotenone was measured as previously
described [169]. Briefly, 1.5 x 10¢ cells/well were seeded in 96-well plates in DMEM. After 24
h, cells were simultaneously incubated with test compounds (10 uM) and rotenone (10 uM)
or rotenone alone for 1 h in glucose-free DMEM before ATP levels were measured using a
luciferase-based reaction as previously described [169]. Data was standardized on the non-
treated control (no rotenone) and expressed as mean + standard deviation (SD) of 6 replicates
from 3 independent experiments.

4.5. Extracellular Lactate

To quantify the effects of the test compounds on extracellular lactate levels, cells were
seeded at a density of 1 x 105 cells/well in 6-well plates in DMEM. After 24 h, media was
replaced with challenge media (DMEM supplemented with 25 mM glucose, 8 mM L-
glutamine, 100 U/mL penicillin-streptomycin and 1 mM pyruvate). After 48 h, cell culture
media was collected for lactate measurement and the remaining cells were lysed at room
temperature (RT) in lysis buffer (0.5% Triton X-100/PBS) for protein measurement using the
DC Protein Assay as recommended by the manufacturer. Lactate was measured as previously
described [168]. Briefly, 10 puL of collected cell culture media was added to 90 pL of reaction
buffer (10 mM KH2POs, pH 7.8, 1 mg/mL BSA, 0.5 mM PMS, 2 mM EDTA, 0.3 mM DCPIP,
0.08 mM NAD¢, 0.5 U/mL glutamic pyruvic transaminase, 1.5 mM glutamate, 1.25 U/mL
lactate dehydrogenase) in transparent 96-well plates including lactate standards from 3 to 23
mM. Absorbance at 600 nm was measured using a plate reader (Multiskan Go, ThermoFisher
Scientific, Scoresby, VIC, Australia) every 2 min over a period of 100 min at 30°C. Data was
standardized on protein levels and was expressed as percentage Lactate/Protein compared to
non-treated cells. Data represents the mean * SD of 6 replicates from 3 independent
experiments.

4.6. Extracellular B-Hydroxybutyrate

Effect of test compounds on B-hydroxybutyrate (BHB) in the cell culture supernatant was
assessed by seeding 1 x 10* cells/well in 96-well plates in DMEM. After 24h, media was
replaced with DMEM containing test compounds. After 72 h, supernatant was collected. To
50 pL of reaction mixture (containing 0.5 mM PMS, 2.5 mM NAD+ 0.00625 U BHB-
dehydrogenase, 10 pM DCPIP in 100 mM Tris-HCI buffer), 50 pL of cell supernatant was
added to initiate the reaction. Absorbance at 600 nm was measured every 30 s for 10 min at
RT using a plate reader (Multiskan Go, ThermoFisher Scientific, Scoresby, VIC, Australia). A
BHB standard curve with BHB concentrations from 0.15 to 5 mM was used to calculate BHB
levels in the supernatant of test compounds-treated cells. Data represents the mean + SD of 6
replicates from 3 independent experiments.

42



Feng et al 2021

4.7. Reduction of Test Compounds

To measure cellular reduction of test compounds in vitro, 1 x 104 cells/well were seeded
in 96-well plates in DMEM. After 6 h, media was replaced with DMEM containing 0.3 g/L
glucose and 2% FBS and incubated for 18 h. Subsequently, media was replaced with DMEM
with/without test compounds with/without dicoumarol (10 uM) and incubated for 1h. Finally,
media was replaced with HBSS with/without test compounds containing a water-soluble, cell-
impermeable redox tetrazolium dye (WST-1, 450 uM) and absorbance at 450 nm was
measured every 2 min for 2 h at 37°C using a plate reader (Multiskan Go, ThermoFisher
Scientific, Scoresby, VIC, Australia) as previously described [271,272]. Total reduction of test
compounds = maximum absorbance in the absence of dicoumarol. Reduction by NQO1 (%) =
maximum absorbance in the presence of dicoumarol divided by that in the absence of
dicoumarol, x 100%. Reduction by other reductases (%) = 100% — Reduction by NQO1 (%).
Data represents the mean + SD of 6 replicates from 3 independent experiments.

4.8. Cellular Lin28A Expression

To measure cellular Lin28A protein levels, 5 x 103 cells/well were seeded in 100 pL serum-
free DMEM in 384-well plates (781091, uClear, Greiner, Ryde, NSW, Australia) pre-coated
with rat tail collagen (1:20 in HBSS, pH 7.4, 50 pL, 45 min) and left to adhere overnight.
Subsequently, cells were treated with test compounds (in HBSS, 100 uL) for 24 h. After fixation
(4% PFA/PBS, 50 uL, 10 min), permeabilization (0.5% Triton X-100/PBS, 50 pL, 10 min) and
blocking (5% FBS + 5% BSA in PBS, 50 uL, 1 h), cells were exposed to rabbit polyclonal anti-
Lin28A antibody (1:500 in blocking buffer, overnight). After washing with PBST (0.1% Tween-
20/PBS, 50 pL, 5 min, 3x), cells were exposed to goat anti-rabbit Alexa Fluor 594 secondary
antibody (1:10,000 in PBST, 15 pL, 1 h) in the dark. After another 3 x washing with PBST,
nuclei were counter-stained with DAPI (1:10,000 in PBST, 15 pL, 2 min; Figure S2). After 3 x
washing with PBST, cells were stored in 50 uL PBS for high content imaging using an INCell
2200 analyzer (10x magnification, GE Healthcare, Rydalmere, NSW, Australia). Average
cellular Lin28A intensity was automatically quantified on each acquired image using IN Carta
image analysis software (GE Healthcare, Rydalmere, NSW, Australia). Data was standardized
on the non-treated control (100%) and expressed as mean + SD of at least quadruplicates from
one assay. At least 1 x 103 cells were analyzed separately per treatment.

4.9. Cellular Hsp70 Expression

To measure cellular Hsp70 protein levels, cells were seeded, treated, fixed, and
permeabilized as described under 4.6. Celastrol [273] and shikonin [274] were used as positive
control compounds. After blocking, cells were exposed to rabbit monoclonal anti-Hsp70
antibody (1:1000 in blocking buffer, 15 uL, overnight). After exposure to goat anti-rabbit Alexa
Fluor 594 secondary antibody (1:10,000, 15 pL, 1 h), cells were stained using DAPI and stored
in PBS (Figure S2), images were aquired using an INCell 2200 analyzer (10 x magnification)
and analyzed using IN Carta image analysis software as described above (GE Healthcare,
Rydalmere, NSW, Australia). Average cellular Hsp70 intensity was automatically quantified
for each acquired image. Data were standardized on the non-treated control (100%) and
expressed as mean * SD of at least quadruplicates from one assay. At least 1 x 103 cells were
analyzed for each treatment.

4.10. Quantification of Acetylated Tubulin

To measure cellular acetyl-tubulin levels, cells were seeded, treated, fixed, and
permeabilized as described above. Tubastatin was used as a positive control [275]. After
blocking, cells were exposed to mouse monoclonal anti-acetyl-tubulin antibody (1:1000 in
blocking buffer, 15 uL, overnight). After exposure to goat anti-mouse Alexa Fluor 488
secondary antibody (1:10,000, 15 uL, 1 h), cells were stained using DAPI and stored in PBS
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(Figure S2), images were aquired using an INCell 2200 analyzer (10x magnification) and
analyzed using IN Carta image analysis software as described above (GE Healthcare,
Rydalmere, NSW, Australia). Average cellular acetyl-tubulin intensity was automatically
quantified for each acquired images. Data were standardized over the non-treated control
(100%) and expressed as mean + SD of at least quadruplicates from one assay. At least 1 x 10°
cells were analyzed for each treatment.

4.11. Basal Lipid Peroxidation

To assess the effects of the test compounds on basal levels of lipid peroxidation, 2 x 10*
cells/well were seeded in black 96-well plates in DMEM. After 24 h, the media was removed,
and cells were loaded with 10 uM dye solution (1% BODIPY C11ss1591 in 100 uL HBSS per well)
for 30 min. Subsequently, the dye solution was replaced with 100 uL HBSS with/without test
compounds and incubated for 1 h. After the cells were washed 3 x with PBS, fluorescence was
measured (Ex/Em 490/520 and Ex/Em 490/600 in 50 uL PBS) using a plate reader (Fluoroskan
Ascent, ThermoFisher Scientific, Scoresby, VIC, Australia) [169]. Fluorescence ratios were
calculated and presented as percentage of non-treated control cells. Data represents the mean
+ SD of 6 replicates from 3 independent experiments.

4.12. Quantification of Oxidative Protein Damage

To assess if the test compounds induce oxidative damage, cells were seeded, treated,
fixed, and permeabilized as described above. Shikonin was used as a positive control [276].
After blocking, cells were exposed to mouse monoclonal anti-3-nitrotyrosine antibody (1:500
in blocking buffer, 15 uL, overnight). After exposure to goat anti-mouse Alexa Fluor 488
secondary antibody (1:10,000, 15 uL, 1 h), cells were stained using DAPI and stored in PBS
(Figure S2), images were aquired using an INCell 2200 analyzer (10x magnification) and
analyzed using IN Carta image analysis software as described above (GE Healthcare,
Rydalmere, NSW, Australia). Average cellular nitrotyrosine intensity was automatically
quantified for each acquired images. Data were standardized over the non-treated control
(100%) and expressed as mean + SD of at least 8 replicates from one assay. At least 2 x 10° cells
were analyzed for each treatment.

4.13. Quantification of Oxidative DNA Damage

To assess if the test compounds induce some level of genotoxicity, cells were seeded as
previously described and treated with 10 uM test compounds. Since y-H2AX signal can
decrease over time due to DNA repair, this assay captured SCQ-induced DNA damage after
a short treatment period of 4 h. Celastrol was used as a positive control [277]. After fixation,
permeabilization and blocking, cells were exposed to mouse monoclonal anti-phospho-
Histone H2AX antibody (1:1000 in blocking buffer, 15 uL, overnight). After exposure to goat
anti-mouse Alexa Fluor 488 secondary antibody (1:10,000, 15 uL, 1 h), cells were stained using
DAPI and stored in PBS (Figure S2), images were aquired using an INCell 2200 analyzer (10 x
magnification) and analyzed using IN Carta image analysis software as described above (GE
Healthcare, Rydalmere, NSW, Australia). The number of y-H:AX-positive cells was
automatically quantified for all acquired images. Percentage y-H:AX-positive cells was
expressed as mean + SD of at least quadruplicates from one assay. At least 500 cells were
analyzed for each treatment.

4.14. Statistical Analysis

One- or two-way ANOVA followed by Dunnett’s multiple comparison post-test was
performed using GraphPad Prism (version 8.2.1, San Diego, CA, USA) to compare test
compounds and control(s) or between chemical classes: *** p < 0.001, ** p < 0.01, * p < 0.05,
otherwise non-significant (Tables S2 and S3).
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Figure S1. Physical properties of short-chain quinone (SCQ) test compounds. (a) Partition
coefficient (logP), (b) distribution coefficient (logD) and (c-d) their correlations with SCQ-
protected HepG2 cell viability. Partition coefficient (logP) of test compounds was predicted
using ChemDraw Professional software (version 16.0, PerkinElmer, Waltham, MA, USA).
Distribution coefficient (logD) of test compounds was predicted using MarvinView software
(version 19.25, ChemAxon, Budapest, Hungary).
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Chapter 3

Metabolic Stability of New Mito-Protective
Short-Chain Naphthoquinones

In drug development, metabolic stability refers to the susceptibility of compounds to be
biotransformed. This process, which happens mainly in the liver aims to reduce toxicity of
xenobiotics or to enable faster excretion from the body. Knowledge of metabolic stability is
therefore critical to select drug candidates with favorable pharmacokinetic (PK) properties.
Since metabolic stability has a major impact on the pharmacological and toxicological profiles
of compounds, it is of significant interest before drug candidates can be progressed towards
clinical development. For this thesis, it is important to note that the benzoquinone idebenone,
has been widely described to be associated with poor metabolic stability [165,167,278]. Despite
this disadvantage, idebenone still showed cytoprotection against mitochondrial Complex-I
dysfunction in a previously reported test system using a liver-derived cell line [209]. The 16
most cytoprotective SCQs identified in Chapter 2, showed significantly enhanced
cytoprotection in the same test system compared to idebenone (see Table 1 in Chapter 3 for
detail). To work towards predicting in vivo toxicity of the 16 identified SCQs, computational
(logP and logD prediction) and in vitro cell-based assays were required to assess the metabolic
stability of the selected compounds. Thus, the main goal of Chapter 3 was to develop an in
vitro test system that could mimic liver-like in vivo conditions to assess in vitro PK properties
of the cytoprotective compounds. This information was deemed essential, before in vivo PK
studies of selected drug candidates can be initiated.
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Abstract: Short-chain quinones (SCQs) have been identified as potential drug candidates against
mitochondrial dysfunction, which is largely dependent on their reversible redox characteristics of the
active quinone core. We recently synthesized a SCQ library of > 148 naphthoquinone derivatives and
identified 16 compounds with enhanced cytoprotection compared to the clinically used benzoquinone
idebenone. One of the major drawbacks of idebenone is its high metabolic conversion in the liver,
which significantly restricts is therapeutic activity. Therefore, this study assessed the metabolic
stability of the 16 identified naphthoquinone derivatives 1-16 using hepatocarcinoma cells in
combination with an optimized reverse-phase liquid chromatography (RP-LC) method. Most of the
derivatives showed significantly better stability than idebenone over 6 hours (p <0.001). By extending
the side-chain of SCQs, increased stability for some compounds was observed. Metabolic conversion
from the derivative 3 to 5 and reduced idebenone metabolism in the presence of 5 were also observed.
These results highlight the therapeutic potential of naphthoquinone-based SCQs and provide essential
insights for future drug design, prodrug therapy and polytherapy, respectively.

Keywords: mitochondrial dysfunction; idebenone; short-chain quinone; metabolic stability; HepG2
cell culture; reverse-phase liquid chromatography

1. Introduction

Mitochondrial dysfunction has been linked to a vast number of disorders ranging from
primary mitochondrial disorders such as Leber’s hereditary optical neuropathy (LHON) to
common diseases associated with mitochondrial dysfunction such as diabetes [279-281].
Despite the large numbers of patients that show mitochondrial dysfunction, there are hardly
any drugs on the market that aim to target mitochondrial function directly. This represents a
significant unmet medical need and thus, new drug candidates are needed that can be
developed for this purpose. Potential drugs to protect against mitochondrial dysfunction
include short chain quinones (SCQs), which possess reversible redox characteristics due to the
quinone core [39,168,270]. The benzoquinone idebenone has shown some limited activity to
protect against vision loss and restore visual acuity in patients with LHON [159-161]. As a
consequence, it is marketed in Europe for this indication since 2015. In line with a protective
activity against mitochondrial dysfunction, it was recently suggested that idebenone could
also have anti-diabetic activity based on an insulin-sensitizing effect. This activity was
suggested to be based on its ability to inhibit the interaction of p52Shc with the insulin receptor
[172].
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We recently reported the design and synthesis of a library of > 148 short-chain
naphthoquinone derivatives [209] that intended to overcome the known limitations of
idebenone such as limited bioactivation and rapid metabolic inactivation. From this panel, 16
SCQs (1-16, Table 1) showed significantly improved cytoprotective activity in vitro compared
to idebenone (p < 0.033) under conditions of mitochondrial dysfunction [209]. The current
study determined the in vitro metabolic stability of 16 new SCQs to identify promising drug
development candidates, before in vivo pharmacokinetic studies in animal models can be
initiated. A simple and efficient analytical methodology was developed that was based on
gradient-elution reverse-phase liquid chromatography (RP-LC) in conjunction with sample
preparation by acetonitrile (ACN) precipitation. This methodology allowed the required
quantitation of SCQs at appropriate pM concentrations in the highly complex cell culture
media used in in vitro metabolic stability studies. The human hepatic cell line HepG2 was
previously described to mimic in vivo metabolism with liver-like conditions [282]. Although
HepG2 cells show lower expression of metabolic enzymes compared to human liver samples
ex vivo, this cell line is perfectly suited and widely used for in vitro metabolic studies due to
their high phenotypic stability and unlimited availability, which provides a robust and
reproducible test platform [283,284]. This study was essential to anticipate drug behavior
(pharmacokinetics and metabolism) in vivo and will aid the development of the most
promising compounds towards their clinical use.
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2. Materials and Methods
2.1. Chemicals, Solutions and Cells

Idebenone was provided by Santhera Pharmaceuticals (Pratteln, Switzerland) as
reference compound. The novel SCQs (1-16) were synthesized as described previously [209].
LC-grade ACN was purchased from VWR (Queensland, Australia). Purified water was from
a Milli-Q system (Millipore, MA, USA). Formic acid (FA), dimethylsulfoxide (DMSO),
Dulbecco Modified Eagle Medium (DMEM, D5523), and sodium bicarbonate were purchased
from Sigma-Aldrich (New South Wales, Australia). Fetal bovine serum (FBS) was purchased
from SAFC Biosciences (Victoria, Australia). 0.25% Trypsin, ethylenediaminetetraacetic acid
(EDTA), and phosphate-buffered saline (PBS) tablets were purchased from ThermoFisher
Scientific (Victoria, Australia). The HepG2 cell line (HB-8065) was purchased from ATCC
(Manassas, VA, USA).

The stock solutions of each SCQ (100 mM) were prepared in DMSO and stored at -20 °C.
Working standard solutions of each SCQ (1.0, 2.5, 5.0, 7.5, 10.0 pM) were prepared by dilution
of the appropriate stock solutions with 25% ACN in water. DMEM cell culture media was
prepared according to the manufactures instructions and sterilized by filtration using 0.22 ym
bottle top filters (Corning, VIC, AU). DMEM was supplemented with FBS (10%), sodium
bicarbonate (3.7 g L1), and stored at 4 °C. EDTA solution (0.5 mM, pH 8) was sterilized using
0.45 um filters and stored at -20 °C.

2.2. RP-LC Instrumentation

The LogP values in Table 1 were predicted by the ChemDraw software (PerkinElmer,
Waltham, MA, USA). The LogP values suggested that these SCQs range from low (0.74) to
intermediate (3.50) lipophilicity. Thus, RP-LC was used for separation and quantitation. An
UltiMate™ 3000 LC system equipped with an UV detector (ThermoFisher Scientific, Victoria,
Australia) was used. The system operation, data acquisition and processing were performed
using Chromeleon software (version 6.0, ThermoFisher Scientific, Victoria, Australia).
Analytical separations were carried out on an Acclaim™ Polar Advantage II RP-LC column
(2.2 um, 2.1 x 10 mm) at 25 °C. Mobile phase A and B was 0.1% FA in purified water and 0.1%
FA in ACN, respectively. Flow rate was 0.2 mL min" which gave a void time (VT) of 1.2 min.

2.3. Metabolic stability study

2.3.1. Cell Culture

HepG2 cells were cultured in DMEM culture media in an atmosphere of 95% humidified
air and 5% CO: at 37 °C. Cells were passaged twice a week when reaching approximately 75%
confluency. Cell monolayers were washed with PBS once before harvested with 0.5 mL EDTA
and 0.5 mL trypsin for 3.5 min and counted using a hemocytometer (Paul Marienfeld GmbH,
Lauda-Konigshofen, Germany). Cells were routinely grown in 25 cm? cell culture flasks (2 pm
vent cap, Corning, Victoria, Australia) with 2 x 10¢ cells seeded in 5 mL culture media. After
thawing from liquid nitrogen storage, cells were passaged for at least 2-3 weeks to reach
steady cumulative growth rates before used for any experiments.

2.3.2. Cell Culture System Development

To effectively compare the metabolic stability of our novel SCQs to the reference
compound idebenone, a cell culture system had to be developed that would replicate the high
metabolic conversion of idebenone in the liver observed in vivo [165,167,278]. We therefore
employed the hepatic cell line HepG2 to expose the test compounds to hepatic-like enzymatic
activities [160]. In addition, the test concentration for SCQs and idebenone had to take into
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consideration two opposing factors. On the one hand the assay would need to contain
sufficient test compound to maximize detection accuracy, on the other hand, the concentration
needed to be below the levels that might induce toxicity towards the cultured cells. Based on
previous data [209], no significant cell loss was observed when HepG2 cells were treated with
most SCQs at a concentration of 200 uM for 24 h, which led us to select the lower concentration
of 40 uM as test concentration. In addition, to approach the metabolic conversion rates of
idebenone in vivo (t12 =3 h at a single dose of 150 mg) [167], three different cell densities of
2.5 x 105, 5.0 x 105 and 1.0 x 10¢ cells in 2 mL media were initially evaluated using a single
concentration of idebenone (40 uM). All three cell densities showed similar rates of metabolic
conversion of idebenone with about ~50%, 76% and 87% metabolized drug after 2, 4 and 6 h,
respectively (supplementary Figure S1-52). We therefore selected the lowest cell concentration
(2.5 x 105 cells in 2 mL culture media) for this assay.

2.3.3. Sample Preparation

Log phase HepG2 cells were seeded at 2.5 x 105 cells well in tissue culture-treated 6-well
plates (Corning, Victoria, Australia) and allowed to adhere overnight. After one day, the
culture media was replaced with fresh culture media (2 mL well!) containing the test
compounds (12 parallel wells per SCQ). After incubation of cells with test compounds for up
to 6 hours, the cell culture media containing the residual SCQs was removed from the 6-well
plates. 1 mL of cell culture media containing each tested compound was collected at different
time points (£ =0, 2, 4, 6 h). Several methods of sample preparation were tested (e.g., dilution
with organic solvents followed by evaporation) and the most suited approach was identified.
Each sample (1 mL) was mixed 1:1 with ACN, vortexed for 10 s, and then centrifuged at 2000
x g for 10 min at 25 °C. 1 mL of each supernatant was diluted 1:1 in purified water and filtered
using 0.45 pum filters prior to immediate analysis by RP-LC. The final concentration of tested
compounds for RP-LC analysis was <10 uM.

2.3.4. RP-LC Gradient Optimization and Analytical Performance

The RP-LC method was developed so that <10 pM of each SCQ could be quantified with
acceptable repeatability (RSD%) and recovery (%). The mobile phase gradient was adjusted to
generate a retention time (RT) of all compounds between 3.00-9.05 min (supplementary Table
S1). The final conditions included a gradient flow of mobile phase B: 25% (same ACN% in the
sample) for 2 min, 25-95% for 3 min, 95% for 4 min, 95-25% for 1 min, 25% for 5 min (total run
t =15 min, including column post-conditioning). The injection volume (2-20 uL) and detection
wavelength (210, 230, 254, 480 nm) were then varied to optimize sensitivity, with 20 uL sample
injection volume and detection at 210 nm identified as ideal (supplementary Figure S3).
Supplementary Table S1 summarizes the analytical figures of merit for the RP-LC of all the
compounds. Peak areas were found to be linear between 1-10 uM (supplementary Figure S4),
with coefficients of determination (R2) between 0.982-1.000. The limit of quantification (LOQ)
of each compound was established as 1 pM. RSD% (n = 3) at all concentrations (1.0, 2.5, 5.0,
7.5, and 10 pM) were between 0.4-7.6%. The percentage recovery (86.7-116.2%) was calculated
by dividing the concentrations found at ¢t = 0 by 10 uM x 100%, with RSD% from 1.2-10.6%.
The above values for analytical figures of merit were considered acceptable for determining
metabolic stability of the compounds with concentrations <10 uM.

2.4. Statistical Analysis

GraphPad Prism (version 8.2.1, San Diego, CA, USA) was used to perform statistical
analysis between three or more groups through one-way or two-way ANOVA, respectively.
The differences were statistically significant when *** p <0.001, ** p <0.002, * p < 0.033.
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3. Results and Discussion
3.1. Superior Metabolic Stability of UTAS SCQs

The recovery (%) of SCQs at t =0 was very consistent by using precipitation with ACN
(Figure 1). Idebenone showed a significant reduction from ¢ = 2 h onwards (p < 0.001) with
~27.3% remaining at ¢ = 6 h, which was consistent with its short half-life in vivo [167,285]. In
contrast, of the 16 SCQs tested, six (1, 2, 4, 5, 6 and 10) demonstrated supreme stability without
a significant metabolic conversion over a period of 6 hours. Except for the sulfide derivative
16, most of the SCQs tested were significantly more stable than idebenone (p <0.001). Att=4
and 6 h, 15 SCQs (excluding 16) were significantly more stable than idebenone (7 p < 0.033;
others p < 0.001). Given that the enzymatic activities of HepG2 cells are not comparable to
those of fresh liver samples or other immortal cell lines such as HepaRG [283,284], it has to be
noted that HepG2 cells may not be sensitive enough to differentiate our best six SCQs 1, 2, 4,
5, 6 and 10. On the other hand, the comparative metabolic kinetics against idebenone using
our test system clearly demonstrated improved stability of the novel SCQs. Although the use
of fresh liver biopsies or different cell lines could have increased the speed of metabolic
conversion in vitro, it is important to point out that the kinetics achieved in our test system
mirror the metabolism of idebenone in patients with reported #i2 of ~3 h in vivo (150 mg in a
single dose) [167]. In addition, our results highlight that the sulfide derivative 16 is not as
competitive as the other amides 1-15, due to its significantly reduced metabolic stability.
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Figure 1. Metabolic stability study of 16 new SCQs and the reference benzoquinone idebenone.
HepG2 cells were exposed to each SCQ at 40 uM for up to 6 h. Concentrations found at ¢ =0
were normalized to 100% and concentrations found at other time points were normalized by
accordingly dividing by the concentrations found at £=0, x 100%. Data was expressed as mean
+ standard error of mean (SEM) from at least one experiment, with at least 3 data points each.
Two-way ANOVA was performed to compare concentrations found at £=2, 4, 6 h to t =0 for
each compound: *** p <0.001, ** p <0.002, * p < 0.033.

3.2. Increased Metabolic Stability by Carbon Chain Extension

Apart from the metabolic stability information provided by this assay, structure-
metabolic stability relationships were also obtained from the 16 compounds. The results
indicate that the amide linkage is very stable in general and instability occurs due to other
substituents in the side chain. Comparing the difference in amides, the data suggest that the
carbon chain between the quinone core and the amide linkage appears to increase metabolic
stability (Figure 2). The tyramine derivative 7 was less stable, likely due to the phenolic group,
but the tyramine derivatives 8 and 9 showed increased metabolic stability when the carbon
chain was extended. 9 was significantly more stable than 8 over 4 h (p <0.002), 6 h (p < 0.033)
and 7 at all time points (p < 0.033). This increased stability correlates with increased
lipophilicity, as it correlates to the log of distribution coefficient (LogD) with increases from
3.43, 3.87 to 4.31. Increased lipophilicity could either increase affinity to its target and to
cellular and mitochondrial membranes or at higher levels could reduce absorption due to a
higher membrane localization. In the current test system this would reduce interaction with
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metabolic enzymes located in the cytoplasm but in vivo could reduce the absorption of the
compounds or their blood-brain barrier penetration. This connection between lipophilicity
and metabolic stability was not observed for the L-phenylalanine derivatives 5 and 6, which
were two of the six most stable compounds.
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Figure 2. Comparison of metabolic stability and carbon chain length between the quinone
core and the amide linkage for the structurally similar tyramine derivatives 7-9. Data was
expressed as mean + SEM from at least one assay, with at least 3 data points each: *** p <0.001,
**p<0.002, * p <0.033.

3.3. Natural Enantiomer as a Prodrug Alternative

While no differences between the stable enantiomers 1 and 2 were observed, the naturally
occurring L-phenylaninol 3 was found much less stable than its unnatural D-enantiomer 4 (p
< 0.001) (Figure 3). This indicates some selectivity for the enzymatic degradation of this
enantiomer. In addition, the L-phenylalaninol derivative 3 was much less stable than and its
oxidized form, the L-phenylalanine derivative 5 (p <0.001). From the L-prolinol derivative 14
to its oxidized form, the L-proline derivative 15, the change in stability did not reach statistical
significance. Initially, these two oxidized forms were expected to be the metabolites of the two
reduced forms, respectively. The peaks of the oxidized forms were expected to be observed
and quantifiable from chromatograms of the reduced forms according to relevant retention
times and linearity. So far, a ~10% conversion from the L-phenylalaninol derivative 3 to the L-
phenylalanine derivative 5 was detected according to the retention time, yet conversion from
14 towards 15 was not detected at all. Furthermore, the conversion from 3 to 5 was confirmed
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Figure 3. Metabolic stability of enantiomers 3 and 4 and their metabolic conversion to their
oxidized forms 5 and UTAS#94, respectively. The concentration of 5 and UTAS#94 were
calculated according to their analytical figures of merit, followed by normalization over the
initial recovered concentrations of 3 and 4, respectively. Data was expressed as mean + SEM
from three independent experiments, with at least 3 data points each.
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using mass spectrometry (supplementary Figure S5). In comparison with their enantiomers,
no conversion was detected for the unnatural D-phenylalaninol derivative 4 to is oxidized
form D-phenylalanine derivative UTAS#94 (Figure 3) [209], which was not cytoprotective
enough to be selected for the current study. This suggested that the reduced form 3 might be
used as a prodrug for the oxidized form 5 as an alternative. Given the lower lipophilicity of 5
(LogD = 0.12), 3 (LogD = 3.10) could represent a promising prodrug approach where upon
crossing the blood-brain barrier, conversion from 3 to 5 would produce a highly active drug
candidate to protect against mitochondrial dysfunction-induced neurotoxicity and visual
impairments.

3.4. Metabolically Stable UTAS SCQ as an Alternative for Polytherapy

The conversion from the L-phenylalaninol derivative 3 to the L-phenylalanine derivative
5 appeared to reach a plateau at ~10% conversion from ¢ =2 h and persisted for the entire test
period until £ = 6 h. Guided by the superior stability of 5, we hypothesized that 5 might be a
metabolic enzyme inhibitor. A concentration series of the unstable reference SCQ idebenone
was tested for metabolic stability for 6 h without or with 40 uM 5 (Figure 4). A significant
reduction of idebenone metabolism by 40 uM 5 was observed from 20 uM idebenone onwards.
Not surprisingly, 5 was found stable as described in combination with all concentrations of
idebenone (supplementary Figure S6). These results suggested that 5 inhibited metabolic
enzymes and could be used in combination with idebenone as a polytherapy alternative to
overcome its poor stability reported in vivo [167,285]. Future studies will need to address the
type of inhibition and to identify the specific enzyme that is inhibited.
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Figure 4. Reduced idebenone metabolism in the presence of the L-phenylalanine derivative 5.
Data was expressed as mean + SEM from three independent experiments, with 4 data points
each. Non-linear fits and two-way ANOVA were performed for comparisons between with
or without 5 supplemented: *** p <0.001, * p <0.033.

4. Conclusions

A library of novel short-chain naphthoquinones was designed to support the discovery
of drug candidates to protect against mitochondrial dysfunction [209]. From this library, 16
compounds showed significantly improved cytoprotective activity under conditions of
mitochondrial dysfunction. We presented new methods to study the metabolic stability of our
novel SCQs in vitro. Our method is characterized by high recovery rates, due to a simple
precipitation procedure that eliminated interferences during RP-LC analysis. The methods
also provided quick and reliable results in an accelerated manner within a typical working
day. This allowed us to mimic the metabolic conversion of SCQs in vitro in a manner
comparable to their metabolic conversion in vivo. Among 16 new SCQs tested, 15 showed
significant metabolic stability compared to the clinically used benzoquinone idebenone.
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Furthermore, structure-metabolic stability relationships, metabolic conversions and inhibition
of idebenone metabolism were addressed. Overall, these methods and results not only assist
to anticipate drug behavior in vivo in terms of their pharmacokinetic properties and
metabolism but also provide essential insights for future drug design, prodrug therapy and

polytherapy.
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Table S1. Analytical figures of merit for the RP-LC of 16 new short-chain quinones (SCQs)

and the clinical used benzoquinone idebenone for the metabolic stability study.

¢ (WM
Compound ID RT Equation R? fOL(IEd e)it Recovered %  RSD%
t=0

1 UTAS#81  3.75 Y =0.5063*X-0.1593  0.996 11.5+0.7 115.1+7.0 6.1
2 UTAS#80  3.75 Y =0.7420*X-0.3726  0.999 10.5+0.4 105.2+3.9 3.7
3 UTAS#62 418 Y =1.0500*X-0.1085  1.000 10.9+0.9 109.4 +8.8 8
4 UTAS#78  4.18 Y =0.2149*X-0.1450 0995 11.0+0.4 110.5+4.3 39
5 UTAS#37  5.36 Y =1.0230*X-0.1533  0.999 11.1+0.1 110.6 +1.3 12
6 UTAS#72  6.62 Y =0.8226*X-0.1267  0.999 11.4+0.3 1142 +£3.2 2.8
7 UTAS#74 430  Y=0.6179*X+0.0429 0999 87+03 86.7 +3.4 3.9
8 UTAS#88  5.10 Y =0.4251*X+0.0593 1.000 9.7+05 96.6 +4.7 4.9
9 UTAS#89  6.73 Y =0.1286*X-0.0725 0982 11.6+1.1 116.2+4.9 4.2
10 UTAS#54 514  Y=0.6036"X-0.0735 1.000 9.5+0.2 94.9+2.0 2.1
11 UTAS#77 479 Y =0.9435*X-0.0502  1.000 10.5+0.2 105.0+1.9 1.8
12 UTAS#91  5.67  Y=0.2690"X-0.0253 0.996 10.8+0.2 107.8 +2.5 2.3
13 UTAS#95 694  Y=0.3125"X-0.1449 0998 109x04 109.1£3.9 3.9
14 UTAS#61  3.00  Y=1.0490*X+0.0349 1.000 10.9+0.8 109.5+7.9 7.2
15 UTAS#43 321 Y =0.5825*X-0.0804 0999 9.7+0.8 96.7+7.8 8.7
16 UTAS#46 452  Y=09530"X+0.0376 0985 11.1+1.1  111.1+10.8 9.7

Idebenone 9.05 Y =0.8976*X-0.0881  1.000 99+1.1 99.1+10.5 10.6

Standards were prepared at 10 uM in 25% ACN and 20 ul was injected. Other conditions are
described in Section 2.2, 2.3 and main text. Linear regression of peak area (A) and concentration
of standards were generated using GraphPad Prism 8.2.1 with coefficient of determination (R2)
calculated. LOQ =1 uM. 1 mL cell culture media containing 40 uM compounds at t = 0 were 1:1
precipitated with ACN, vortexed and centrifuged. 1 mL supernatant was 1:1 diluted with purified
Recovered% was calculated by
dividing the concentration found at t = 0 by 10 uM x 100%. Data was expressed as mean =*
standard deviation (SD) (n > 3). The repeatability (RSD%) was calculated by dividing the absolute
SD by the mean.

water, filtered, degassed prior to immidiate RP-LC analysis.
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Figure S1. Metabolic conversion of the reference SCQ idebenone over 6 h by different cell
densities. Data was expressed as mean + SD from one experiment, with 3 data points each.
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Figure S2. Exemplary chromatograms of SCQ peaks detected after 2, 4 or 6 h metabolism.
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Figure S3. Linear responses of idebenone to injection volumes between 2-20 uL. Data was
expressed as mean + SD from one experiment, with 3 data points each.
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Figure S4. Linear responses of 16 new SCQs and the reference benzoquinone idebenone between
1-10 uM. Data was expressed as mean + SD from three independent experiments, with 3 data

points each.
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Figure S5. Exemplary mass spectrometry chromatograms for the metabolic conversion from the
L-phenylalaninol derivative 3 to the L-phenylalanine derivative 5. The detection and quantitation
of 5 were performed using a H-Class UPLC-MS/MS system coupled to a XEVO TQ triple
quadrupole mass spectrometer (Waters, NSW, AU). Analytical separation was carried out on a
Waters Acquity UPLC BEH C18 column (2.1 x 100 mm, particle size 1.7 um) at 30 °C. Mobile
phases were 0.1% formic acid in purified water (A) and acetonitrile (B) with a flow rate of 0.3 mL
min. The final conditions included a gradient flow of mobile phase B: 40 % for 1 min, 40-90 %
for 4 min, 90 % for 1 min, 90-40 % for 0.5 min, 40 % for 3 min (total run ¢ = 9.5 min, including
column post-conditioning). The mass spectrometer was operated in positive ionization mode,
using electrospray ionization source (ESI). The tuning parameters of 5 were optimized by using
a standard solution containing 8.11 ng mL-' 5 (20 nM in acetonitrile) with a flow rate of 20 pL min-
! to the mass spectrometer. Cell culture media collected (containing 40 pM 3) was precipitated by
mixing 1:1 with acetonitrile, followed by 1:1000 dilution of the supernatant in acetonitrile to reach
a theoretical concentration of 7.83 ng mL-* 3 (20 nM) for analysis. The standards and metabolized
samples were detected by monitoring the precursor to product ion transition using Multiple
Reaction Monitoring (MRM) scan mode with 78 ms dwell time for each transition. The selected
transitions were m/z 406.3 > 197.1 and 406.3 > 241.2 for 5. The source temperature was 130 °C,
desolvation temperature was 450 °C, desolvation nitrogen gas flow was 950 L h'* and cone gas
flow was 50 L h'. The capillary voltage was set at 2.85 kV, while the cone voltage values for 5
were optimized at 27 V. The multiplier was set at 528 V and argon was used as collision gas. The
optimized collision energies were 24 eV (392.2 > 152.1) and 16 eV (392.2 > 197.1), respectively. All
data were required using MassLynx software (version 4.0, Waters, NSW, AU).
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Figure S6. Superior metabolic stability of the L-phenylalanine derivative 5 over 6 h in
combination with all concentration series of the reference SCQ idebenone. Data was expressed as
mean + SD from three independent experiments, with 4 data points each.
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Chapter 4
Comparative In Vitro Toxicology of Novel

Cytoprotective Short-Chain Naphthoquinones

In addition to the knowledge about metabolic stability, drug candidates go through a
comprehensive toxicology testing to identify adverse properties early during the drug
discovery and development process. This step is essential to maximize the safety of the drug
development candidate(s) that are progressed towards clinical studies. Compared to the cost
associated with in vivo toxicity assessments, in vitro toxicity screens are typically used during
the earlier phases of drug development. Chapters 2-3 identified a number of naphthoquinone-
based SCQs that possessed significantly enhanced cytoprotection and in vitro metabolic
stability compared to idebenone. However, the toxicology of these compounds was not
known at this stage. Thus, the best 11 compounds were selected, and the main goal of Chapter
4 was to generate a comprehensive toxicology profile for these compounds that included
metabolic toxicity, effects on membrane integrity, mitochondrial toxicity, long-term toxicity,
effects on morphology, genotoxicity and mutagenicity. In the context of this thesis, it is
important to state that the benzoquinone idebenone consistently demonstrated superior safety
in healthy subjects and patients in a large number of clinical studies [159,165]. Therefore,
idebenone was used as a reference compound to assess the comparative toxicity of the test
compounds. With this level of understanding, Chapter 4 in conjunction with the previous
chapters aimed to identify a small number of compounds with optimized characteristics that
have the potential to be progressed further.
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Abstract: Short-chain quinones (SCQs) have been identified as potential drug candidates against
mitochondprial dysfunction, which largely depends on the reversible redox characteristics of the active
quinone core. We recently identified 11 naphthoquinone derivatives, 1-11, from a library of SCQs that
demonstrated enhanced cytoprotection and improved metabolic stability compared to the clinically
used benzoquinone idebenone. Since the toxicity properties of our promising SCQs were unknown,
this study developed multiplex methods and generated detailed toxicity profiles from 11 endpoint
measurements using the human hepatocarcinoma cell line HepG2. Overall, the toxicity profiles were
largely comparable across different assays, with simple standard assays showing increased sensitivity
compared to commercial toxicity assays. Within the 11 naphthoquinones tested, the L-phenylalanine
derivative 4 consistently demonstrated the lowest toxicity across all assays. The results of this study
not only provide useful information about the toxicity features of SCQs but will also enable the
progression of the most promising drug candidates towards their clinical use.

Keywords: mitochondria; short-chain quinone; idebenone; cytotoxicity

1. Introduction

Mitochondrial dysfunction causes a large number of diverse mitochondrial diseases,
such as Friedreich’s ataxia (FA) [286], Leigh syndrome (LS) [62], mitochondrial
encephalopathy, lactic acidosis, stroke-like episodes syndrome (MELAS) [287], maternally
inherited diabetes and deafness (MIDD) [288], Leber’s hereditary optic neuropathy (LHON)
[61], and dominant optic atrophy (DOA) [50]. Mitochondrial dysfunction is also described for
many common inflammatory (i.e., ulcerative colitis) [109], neurodegenerative (i.e.,
Alzheimer’s disease, Parkinson’s disease, glaucoma, age-related macular degeneration) [107],
neuromuscular (i.e., Duchenne muscular dystrophy (DMD), multiple sclerosis) [108], and
metabolic disorders (i.e., diabetes, obesity) [110]. However, despite the high incidence of
disorders with a mitochondrial pathology, there is a scarcity of approved drugs that aim to
directly protect against mitochondrial dysfunction. This significant unmet medical need
requires new drug candidates that could be of benefit to a multitude of indications. Potential
drug candidates that protect against mitochondrial dysfunction include short-chain quinones
(5CQs), which possess reversible redox characteristics due to their quinone core [39,168,169].
Several SCQs are currently in clinical development. The vitamin E derivative vatiquinone
(EPI-743/PTC-743), an antioxidant that targets NAD(P)H:quinone oxidoreductase 1 (NQO1),
was initially developed for FA (Phase II, NCT01962363, 3 x 400 mg for 18 months, with
reported improved neurological functions) [186] and LS (Phase II, NCT01721733, 3 x 100 mg
for 6 months, with reported improved movement) [187], and was recently acquired by PTC
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Therapeutics. Another vitamin E derivative, sonlicromanol (KH176, Khondrion), a reactive
oxygen species (ROS) modulator, is in development for MELAS and MIDD (Phase II,
NCT02909400, 2 x 100 mg for 28 days, with reported tolerance and safety) [190], LS and LHON
(Phase I, NCT02544217, 800 mg for 7 days, with reported tolerance) [289]. The only drug
currently available to patients is benzoquinone idebenone, which protects against vision loss
and has even restored visual acuity in some LHON patients [159]. Especially for the subgroup
of recently affected patients, idebenone has been shown to improve visual acuity and color
vision [160,161]. A recent report also suggested that idebenone ameliorated mitochondrial
complex I deficiency and stabilized/restored visual acuity in patients with DOA [50,162]. In
contrast, earlier phase III clinical trials (NCT00905268; NCT00537680) in FA patients were
unable to demonstrate therapeutic efficacy for idebenone [290]. Based on its cytoprotective
activity under the conditions of mitochondrial dysfunction (hereafter referred to as mito-
protection), idebenone was suggested for a wide range of disorders. Contrary to the
widespread belief that idebenone is a CoQuo analogue and acts as antioxidant, recent reports
paint a very different picture: idebenone was reported to directly bind and inhibit p52Shc at
nanomolar concentration [172], but also acts as PPARa/y agonist, albeit at higher
concentrations [173]. Finally, idebenone activates the expression of Lin28A in vivo, which was
shown to be required for retinal neuroprotection and recovery of vision [175]. Although it is
unclear at present if these activities of idebenone are causally connected, they all converge to
activate Akt signalling, which alters metabolic functions, increases insulin sensitivity,
increases mitochondrial function and stress resistance, and induces tissue repair. Although
idebenone has consistently demonstrated very good safety in healthy subjects (2250 mg/day,
14 days) [165] and different patient groups (LHON patients: 900 mg/day, 24 weeks [159]; DMD
patients: 900 mg/day, 52 weeks [166]), its efficacy is restricted by its limited absorption, a rapid
first-pass effect [167], and its reliance on a single reductase for its bioactivation [168,169].

We recently reported the design and synthesis of a library of > 148 novel short-chain
naphthoquinone derivatives [209] to overcome the known limitations of idebenone, such as
limited bioactivation and rapid metabolic inactivation. From this library, 11 compounds (1-
11, Table 1) showed significantly improved cytoprotective activity under the conditions of
mitochondrial dysfunction and increased metabolic stability in vitro compared to idebenone
[209,221]. The current study aimed to compare the in vitro toxicity of these 11 compounds
against idebenone to identify possible drug candidates that could be progressed towards
clinical development.
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Feng et al 2020b

2. Results
2.1. WST-1 Assay

This study aimed to assess the in vitro toxicity of our test compounds in the hepatic cell
line HepG2 across a range of assays to measure different toxicity-related endpoints including
metabolic toxicity, membrane integrity, mitochondrial toxicity, mechanisms of cell death,
DNA damage, and transformation potential. When cellular NAD(P)H synthesis as a surrogate
marker for cellular metabolism was measured using the widely employed WST-1 dye, the
reference compound idebenone significantly reduced WST-1 absorption from 150 uM
onwards (p < 0.001; Figure la). In comparison, most test compounds already reduced
absorption from 25 uM (3 and 8), 50 pM (1, 2, and 9-11), and 75 uM (6 and 7) onwards,
respectively (p < 0.033; see Table S1 for full dataset). In contrast, compared to the untreated
control cells, a significant reduction of WST-1 absorption by compounds 4 and 5 was only
observed from 175 uM onwards (p < 0.002) and 200 uM (p < 0.001), respectively. Compared to
idebenone, compounds 4 and 5 from 150 uM onwards reduced WST-1 absorption significantly
less (p < 0.001).
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Figure 1. Effect of test compounds on metabolic toxicity. Cells were exposed to reference and
test compounds (0-200 pM) for 24 h before (a) WST-1 absorption; (b) ATP levels; (c) protein
contents were quantified. Data represents mean + SEM of 3 independent experiments with 6
parallel wells per experiment. Two-way ANOVA was performed to compare test
concentrations against the non-treated control: *** p < 0.001, ** p < 0.002, * p < 0.033. Full
datasets shown in Tables S1-S3.
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2.2. ATP Levels

As another marker of metabolic toxicity, cellular ATP levels were assessed in the absence
or presence of the reference or test compounds. The reference compound idebenone
significantly reduced ATP levels from 125 uM onwards (p <0.001; Figure 1b, Table S2). Similar
to the WST-1 results, a significant reduction was only observed at 200 uM by compound 4 and
from 150 uM onwards by compound 5 (p < 0.033), respectively, while other compounds
already significantly reduced ATP levels from 50-75 pM compared to the untreated cells (p <
0.033; Table S1). Compared to idebenone, compounds 4 and 5 showed a significantly lower
effect on ATP levels (p < 0.001) from 150 and 125 uM onwards, respectively (Figure 1b; Table
S2).

2.3. Protein Levels

Since our test compounds had similar effects on both ATP levels and the conversion of
WST-1 dye, we assessed the levels of protein per well as a surrogate marker for cellular content.
The reference compound idebenone significantly reduced protein levels from 100 pM
onwards (p <0.001; Figure 1c). Of 11 tested compounds, 4 and 5 significantly reduced protein
levels from 100 uM onwards (p < 0.002), while significant reductions by the other compounds
were already evident at 50-75 uM (p < 0.001; Table S3). At higher concentrations from 125 uM
onwards, compounds 4 and 5 affected protein levels significantly less than idebenone (p <
0.001).

2.4. Membrane Integrity

Propidium iodide (PI) staining was employed as a measurement of impaired membrane
integrity. The reference compound idebenone significantly increased PI incorporation from
100 uM onwards (p < 0.033; Figure 2a). Of 11 tested compounds, 4 did not increase PI
incorporation significantly at all tested concentrations, while 2 compounds increased from 150
uM (5, p <0.033; 11, p < 0.001), 1 compound from 125 uM (8, p <0.001), 1 compound from 100
uM (7, p <0.001), 4 compounds from 75 pM (3, 6, 9 and 10, p < 0.001), and 2 compounds from
50 uM onwards (1, p < 0.033; 2, p < 0.001; Table S1). Compared to idebenone, the observed
effects by compounds 4, 5, and 11 was significantly lower from 100 uM onwards, at 125-150
uM, and at 100-125 uM,, respectively (p < 0.033; Table 54), while the effect by compound 8 was
not statistically significant, and the effects by the other derivatives were significantly higher
between 50 and 200 pM.

2.5. Multi-Tox Fluor Assay

Based on the effects of the test compounds on PI staining, we assessed cell membrane
integrity using a commercially available kit that proposed to simultaneously assess this
endpoint and cell viability. The reference compound idebenone did not significantly increase
bis-AAF-R110 fluorescence, which is indicative of a lack of necrotic-cell protease activity at all
test concentrations (Figure 2b). Of the 11 tested compounds, 5 compounds did not
significantly increase bis-AAF-R110 fluorescence at any concentration (1-5), while compound
10 increased fluorescence at 200 uM (p < 0.033), compound 6 increased at 125-150 uM (p <
0.033), and four other compounds increased fluorescence from 125 uM onwards (7-9 and 11,
p < 0.001; Table S5). Compared to the effects of idebenone, no significant increases by
compounds 1-6 were observed, while compound 10 showed significantly higher levels of bis-
AAF-R110 fluorescence at 200 uM (p < 0.033), 3 compounds from 150 uM onwards (8 and 9, p
<0.002;11,  <0.033), and compound 7 from 125 uM onwards (p < 0.033; Table S5), respectively.

While bis-AAF-R110 measures the activity of the necrosis-associated protease, the
protease substrate GF-AFC is thought to measure live cells with intact plasma membrane. In
our test system, idebenone significantly reduced GF-AFC fluorescence from 75 uM onwards
(p <0.001; Figure 2c, Table S6). In contrast, a significant reduction by compounds 4, 5, and 11
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were only observed from 150, 125, and 175 uM onwards (p < 0.033), respectively. However,
the remaining 8 compounds significantly reduced fluorescence already at 25-50 uM (p < 0.033;
Table S6). Compared to idebenone, a significantly lower reduction of fluorescence was
detected for compounds 4, 5, and 11 from 75 uM onwards (p < 0.001; Table S6).

61 * i
* * *
* * * * *
* * % *i * % * 5 * i:
X* *1X ¥ ¥ * % * * * ** ¥
=) R * * * * * * N . 4
* * * * *W % *
- 4 - * * * * * *
L * * * * * ¥
s * * * *
2 * *
g : :
* *
— 24
o
o -
COO0O0O0 CO0O00 OCOO0O0O0 OCO0O0O0 OCOO0O0O OCOO0O0O0 OCOO0O0D OCOO0O0OD OO0 OCOOO0OD OO0 Coooo M
N - - -~ -~ N - - -~ -~ - -
b
D 6+
L
L=
o
* % * *
© * * * *
(] 4 - * * * % * *
< * * * ¥
o * * * *
* *
o *
- *
©
o 24
1
L
°
'
(3]
7] 0~
nowno nowno nowno nowno nowno nowno nowno nowno nowno nowno nownwo nowno u
N N =] -« --N -~ -~ -~ -~ -« -« -~
= 150 -
=~
<
]
®
Q2 100 . * * *
*
o * * * % *
= * X * 4 ¥ * ¥ * % * X *
o * 4 * % *% * *
- * * -4 *%x Ml *
@ ¥ ¥ i 3 * FULE *
O 50 * $x¥ o *x * % % * % x %
7 * % A | EFE XX Xx% * % *x *x%
@ * ) * * %% * 4
o]
S
> o4
COO0OO00 OCOOO0OD0 COOO0D COOO0O0 OO0 OO0 OO0 OO0 OOO0O00 OO0 OO0 OCOooOo M
-« ] -« - R -« - - -« --d R -«
HEl |debenone EE 1 HE 2 3 mm 4 mm 5 6 7 Em g mm 9 10 = 11

Figure 2. Effect of test compounds on membrane integrity. Cells were exposed to reference or
test compounds (0200 uM) for 24 h before (a) propidium iodide (PI) incorporation; (b)
necrotic-cell protease activity, and (c) viable-cell protease activity (Multi-Tox Fluor Kit) were
assessed. Data represents mean + SEM from 3 independent experiments with 4 parallel wells
per experiment. Two-way ANOVA was performed to compare test concentrations against the
non-treated control: *** p <0.001, ** p <0.002, * p < 0.033. Full datasets shown in Tables S4-56.
RFU, relative fluorescence units.

2.6. Mitochondrial Superoxide Production

To further assess if the observed toxicity of the test compounds could be attributed to
mitochondrial toxicity, mitochondrial superoxide production was measured. Antimycin A,
used as a positive control in our test system [291], significantly increased the fluorescence of
the mitochondrial superoxide indicator MitoSOX from 25 uM onwards (p < 0.001, Table S7),
while idebenone did not increase MitoSOX fluorescence across all tested concentrations
(Figure 3). Of the 11 test compounds, 3 compounds significantly increased MitoSOX
fluorescence to different degrees (5, 200 uM, p < 0.033; 8, 2100 uM, p <0.033; 11, 2100 pM, p <
0.002), while for the 8 other test compounds no significant increases were detected. The
observed increases by the 3 test compounds (5, 8, and 11) were significantly lower compared

83



Chapter 4

to antimycin A for all concentrations (p <0.001). Compared to idebenone, compounds 5, 8, and
11 significantly increased MitoSOX fluorescence from 150 pM (p <0.033), 75 uM (p < 0.033) and
75 uM (p < 0.002) onwards, respectively (Figure 3).

MitoSOX RFU (fold)

Bl AntimycinA EE I|debenone HH 1 HE 2 3 BN 4 S5 6 7 IH 8 W9 10 = 11

Figure 3. Effect of test compounds on mitochondrial superoxide production. Cells were
exposed to reference (antimycin A, idebenone) or test compounds (0-200 pM) for 30 min
before mitochondrial superoxide levels were quantified. Data was expressed as mean + SEM
of 3 independent experiments with 8 parallel wells per experiment. Two-way ANOVA was
performed to compare test concentrations against the non-treated control: *** p <0.001, ** p <
0.002, * p < 0.033. Full datasets available in Table S7.

2.7. Colony Formation

Long-term toxicity was assessed using a standard colony formation assay, where the
reference compound idebenone significantly reduced colony formation from 10 uM onwards
(p < 0.002; Figure 4). Of the 11 test compounds, compounds 4 and 5 significantly reduced
colony numbers from 20 uM (p < 0.001) and 10 uM (p < 0.002) onwards, respectively, while all
other compounds already showed a significant reduction in colony numbers at 5 uM (p <0.001;
Table S8). The effects of compounds 4 and 5 were significantly lower across all test
concentrations (p < 0.001), compared to the other test compounds.
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Figure 4. Effect of test compounds on colony formation. Cells were exposed to reference or
test compounds (0-100 uM) for 14 days before colonies (>50 cells) were quantified. Data was
expressed as mean + SEM of 3 independent experiments with 4 parallel wells per experiment.
Two-way ANOVA was performed to compare test concentrations against the non-treated
control: ** p <0.001, ** p < 0.002. Full datasets available in Table S8.

2.8. Nuclear Morphology

The previous results suggested that the observed toxicity at higher concentrations was
mainly associated with a loss of cells and/or impaired cell membrane integrity, which is
indicative of reduced proliferation and/or cell death. High content imaging was used to
simultaneously quantify nuclei numbers per field of vision, nuclear size, and fluorescence
intensity as markers of pyknosis, respectively. Using this analysis, the reference compound
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idebenone, like most test compounds (1-3 and 8-10), significantly reduced nuclei numbers (p
< 0.001) and nuclear size (p < 0.033) and increased nuclear fluorescence (p < 0.002) at 100 uM
(Figure 5). Although 4 compounds (5-7 and 11) significantly reduced nuclei numbers (5, p <
0.033; 6, 7, and 11, p <0.001), no significant changes to the nuclear size or fluorescence intensity
were detected. Compound 4 did not significantly change nuclei number, size, or fluorescence
intensity. Overall, the individual results of this approach appear mostly consistent in that
those compounds which reduce nuclei numbers, also decrease nuclear area and increase
nuclear fluorescence (Figure 5a—c).
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Figure 5. Effect of test compounds on nuclear count and morphology. Cells were exposed to
reference or test compounds (100 uM) for 24 h before (a) nuclear count, (b) area, and (c)
intensity were assessed. Exemplary fluorescence images (60 x magnification) of (d) non-
treated (NT) and (e) treated DAPI-stained nuclei; single cell plots of nuclei either (f) NT or (g)
treated with compound 3 are presented. Compound 3 (e,g) significantly reduced average
nuclear count and size, and increased average fluorescence intensity than NT (d,f). Nuclear
RFU was standardized on the average intensity of NT control nuclei and expressed as fold-
change. Data represents mean + SEM of 8 independent images per treatment. Two-way
ANOVA was performed to compare idebenone or test compounds against the non-treated
control: ** p <0.001, ** p <0.002, * p <0.033.

2.9. DNA Damage

Due to the reported redox nature of the test compounds [209] and the observed reactive
oxygen species (ROS) production by some compounds, the possibility of oxidative stress-
induced DNA damage was assessed (Figure 6). For this purpose, the structurally related
naphthoquinone menadione was used as a positive control [292]. In our test system,
menadione significantly increased the number of y-H2AX-positive cells from 20 uM onwards
(p < 0.001), while no signs of DNA damage by idebenone were detected across all the
concentrations tested (Figure 6). Of the 11 test compounds, 3 and 4 did not significantly
increase the number of y-H2AX-positive cells at any concentration, while 2 compounds
increased the number of y-H2AX-positive cells at 40 uM (10, p < 0.033; 11, p < 0.001), 5
compounds increased y-H2AX-positive cells from 30 uM onwards (1, 4, and 9, p <0.002; 5 and
6, p < 0.033), 1 compound showed an increase from 20 pM (1, p < 0.001), and 1 compound
showed an increase from 10 uM onwards (8, p <0.033). Increased numbers of y-H2AX-positive
cells by 6 compounds (3-5 and 9-11) were significantly lower compared to menadione across
all test concentrations (p < 0.033) and no significant differences were observed between
compounds 3, 4, and idebenone (Figure 6).
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Figure 6. Effect of test compounds on DNA damage. Cells were exposed to reference
compounds (menadione, idebenone) or test compounds (0—40 uM) for 4 h before the presence
of nuclear y-H2AX positive cells was quantified. (a) Exemplary images (60 x magnification)
used for quantitation of y-H2AX-positive cells using compound 7 as positive treatment and

(b) quantitation of results for all reference and test compounds. Data represent the mean +
SEM of 3 independent experiments with 4 parallel wells per experiment. Overall, >1000 cells
were analysed per treatment. Two-way ANOVA was performed to compare test
concentrations against the non-treated control: *** p <0.001, ** p <0.002, * p <0.033.

2.10. Transformation Potential

Based on the induction of y-H2AX, indicative of DNA damage by some test compounds,
their potential to transform substrate-dependent growth of HepG2 cells into substrate-

independent cell growth by DNA mutations was assessed. To quantify transformation

potential of our test compounds, a high throughput variant of the traditional semi-solid agar

invasion assay was employed [293] using resorufin fluorescence as the indicator of cell growth
[294]. The mutagenic compound 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP)

was used as a positive control [295]. In our test system, PhIP exhibited its reported

transformation potential by significantly increasing substrate-independent cell growth (p <

0.001, Figure 7), while neither idebenone nor any of the test compounds significantly increased
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cell growth at any test concentration. Similar to PhIP (p < 0.001), all reference and test
compounds, except for compound 4, significantly reduced resorufin fluorescence at 40 uM (p
< 0.002) as a consequence of increased compound toxicity. Compared to idebenone, the
reduction of resorufin fluorescence by compound 4 was significantly lower across all test
concentrations (p < 0.002). At 40 uM, compounds 5 and 11 showed significantly lower
inhibitory effects compared to idebenone, whereas all other compounds showed greater
inhibition from 10-20 uM onwards (p < 0.002).
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Figure 7. Transformation potential of test compounds. Cells were exposed to reference
compounds (PhIP, idebenone) or test compounds (040 uM) for 21 days in soft agar before
cell growth under these conditions was quantified. Data represents the mean + SEM of 8
independent wells per treatment. Two-way ANOVA was performed to compare test
concentrations against the non-treated control: *** p <0.001, ** p <0.002, * p < 0.033.

2.11. Summary of Results

Comparative in vitro toxicities of the test compounds 1-11 against the reference
compound idebenone are summarized in Table 2.
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3. Discussion

This study aimed to characterize the in vitro toxicity of the most promising compounds
out of a novel range of cytoprotective and mito-protective short-chain quinones (SCQs)
[209,221]. Due to the redox activity of the quinone moiety [209], this class of compounds is
associated with an inherent risk of producing reactive oxygen species (ROS) [296,297], which
could lead to toxicity and cell death at higher concentrations. In addition, the redox activity of
quinones can generate false-positive results in many standard viability assays such as MTT
and WST-1 [272,298]. Similarly, there is good evidence that redox reactions of SCQs can affect
growth factor signalling [172,299] and cell proliferation, which can affect assays that rely on
proliferation such as the colony formation assay. Consequently, the current study employed
several distinct assays to assess different forms of toxicity including metabolic toxicity, loss of
cell membrane integrity, mitochondrial ROS production, long-term toxicity, pyknosis, DNA
damage, and transformation potential.

Based on data of related compounds in pre-clinical animal models and patients, the liver
is expected to be exposed to the highest concentrations of SCQs [165,300]. In addition, some
unrelated compounds have been reported to only show toxicity after metabolic conversion in
the liver [301]. Therefore, the present study used a liver-derived cell line to account for this
fact. Although HepG2 cells are less metabolically active compared to primary hepatocytes and
other cell lines such as C3A or HepaRG, HepG2 cells are widely employed for in vitro toxicity
studies due to their high phenotypic stability and unlimited availability for robust and
reproducible outcomes [302,303]. It must be acknowledged that this approach cannot exclude
tissue-specific toxicities such as neurotoxicity, so our data can only serve as a first
approximation to compare the test compounds against reference compounds and against each
other. Some test compounds have been successfully used in several animal models of different
diseases, in both systemic (oral) and topical (eyedrops) applications over months, without any
overt signs of toxicity (unpublished results). This could indicate that this chemical class is
generally associated with low toxicity, comparable to the reference compound idebenone;
however, this remains to be confirmed experimentally.

When metabolic toxicity was assessed, in general, ATP levels appeared a more sensitive
readout compared to the WST-1 assay for all the compounds tested. This could indicate that
the interaction of the redox active compounds interfered with the conversion of the WST-1
dye [272] or that the test compounds specifically affect ATP production. Due to this
uncertainty, the WST-1 and similar assays should only be used with great caution when
testing compounds with confirmed or suspected redox activity. Despite the metabolic
limitation of HepG2 cells, our data clearly demonstrate the superior safety profile of the L-
phenylalanine derivatives 4 and 5 compared to idebenone to enable us to progress these
candidates in future studies. It is interesting to note that protein content per well, indicative
of cell number, also appeared less sensitive than the measurement of ATP levels. This supports
the idea that the test compounds at higher concentrations affect ATP levels in our test system
while simultaneously leading to cell loss, presumably by a cell death pathway that involves
pyknosis. The subsequent measurement of structural integrity of the cell membrane largely
mirrored the toxicity observed with the ATP assay. Surprisingly, the commercial Multi-Tox
Fluor assay displayed significantly lower sensitivity when measuring membrane integrity
compared to a standard propidium iodide (PI) incorporation assay. The reason for this is not
known. While we can only speculate that compared to simple diffusion and binding kinetics
of a dye such as PI, the enzymatic conversion of a substrate underlies more restrictive
conditions, which might be partially impaired under the specific conditions of our test system.
It is interesting to note that the mitochondrial superoxide production did not correlate with
the observed ATP data, which suggests that mitochondrial ROS is not responsible for the
metabolic toxicity, while the observed acute toxicities were replicated by the colony formation
assay that measures long-term toxicity. Overall, the results of the present study consistently
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demonstrate that only the two L-phenylalanine derivatives 4 and 5 show comparable or lower
levels of toxicity compared to the reference compound idebenone across most endpoints
utilized in this study.

Since most results in this study could be attributed to cell loss, we assessed structural
changes in nuclear morphology (pyknosis), which is mostly indicative of apoptotic cell death
[304]. Surprisingly, the results of this approach differed significantly from the results of the
previous assays. In particular, the significantly lower induction of pyknosis by several test
compounds compared to idebenone did not correlate with the previous toxicity assays (Table
2). For some compounds, the measured toxicity did not lead to a significant induction of
pyknosis despite profound effects on protein levels, such as the tyramine derivatives 6 and 7
and the L-proline derivative 11. The molecular reason for this obvious discrepancy is unclear
at present and is subject to ongoing investigations but could either involve a different form of
cell death such as necrosis or a difference in time course. When we assessed the DNA
damaging potential of our test compounds, idebenone did not induce any DNA damage,
while most test compounds showed a dose-dependent induction of DNA damage at higher
concentrations. One exception was the L-phenylalanine derivative 4 that consistently showed
low or absent toxicity throughout most assays. However, the structurally related L-
phenylalaninol derivative 3 [221], also showed no significant induction of DNA damage,
which was surprising given the consistent toxicity results from all other assays. Based on the
observed DNA damaging activity of some test compounds, their transformation potential was
assessed. The reference compound PhIP increased transformation only up to 30 uM in our test
system, since cytotoxicity at higher concentrations has been reported [305]. In contrast, the
clinically used idebenone [306,307] as well as the test compounds also did not appear to
promote cellular transformation in this test system, but their toxicities were mirrored in the
agar invasion assay in a concentration dependent manner.

Collectively, this study highlights the independence of the toxicity assays used and
justifies a panel of assays to detect the different aspects of toxicity of a class of compounds
during early drug development. The current study indicates that the carboxylic acid
derivatives (i.e., 4 and 11) are significantly less toxic than the corresponding alcohols (i.e., 3
and 10, respectively). One possible explanation could be that oxidative metabolites of alcohols
could show greater toxicity. However, the reported high metabolic stability of these
compounds [221] seems to directly implicate the alcohol function in their increased toxicity in
vitro. Although the current study does not allow any predictions towards toxicity in vivo, it
is important to relate the observed results to expected in vivo concentrations. At present,
achievable plasma or tissue levels for the test compounds are not known. However, for the
chemically related reference compound idebenone, the highest achievable plasma
concentrations (cmax) in patients are in the single digit micromolar range [308]. While tissue
levels in the central nervous system and retina are in the low nanomolar range [270,300], the
highest concentrations were detected in the liver (~2 pM in rats; ~10 uM in dogs) [300].
However, these concentrations are only present for short periods of time (minutes to a few
hours depending on the organism) due to the high rate of hepatic metabolism [165,270]. While
our test compounds show significantly higher metabolic stability compared to idebenone
[221], their structural similarity and solubility characteristics could indicate similar cmax values
in vivo. For idebenone, detailed toxicity data is available from a large range of patients
[159,165,166,309]. Despite the in vitro toxicity observed in the present study for concentrations
above 5 uM (Table 2 and S1-58), idebenone is extremely well tolerated up to concentrations
of 2250 mg/patient/day with the most common adverse events described as reversible
intestinal disturbances [165]. Hence, the observed toxicities for the test compounds in this
study, even if higher than idebenone, cannot be interpreted as evidence for systemic toxicities
at therapeutic doses. Nevertheless, the increased in vitro metabolic stability of our test
compounds compared to idebenone could increase area under the curve (AUC) values [221]
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while altered chemical structures and solubilities could influence ADME characteristics. This
highlights that the present study explored the concentrations from which toxicity can be
expected and requires future pharmacokinetic studies of selected compounds in vivo to
establish their safety margins.

Based on the current data and unpublished and ongoing studies, future studies will
investigate the suitability of the most promising compounds to counteract mitochondrial
dysfunction-induced pathologies.

4. Materials and Methods
4.1. Chemicals and Reagents

Idebenone was provided by Santhera Pharmaceuticals (Pratteln, Basel-Landschaft,
Switzerland) as a reference compound. The novel naphthoquinone derivatives 1-11 were
synthesized as described previously [209]. Dimethylsulfoxide (DMSO), Dulbecco Modified
Eagle Medium (DMEM, D5523), sodium bicarbonate (NaHCOs), 2-[4-(2-
hydroxyethyl)piperazin-1-yljethanesulfonic ~acid (HEPES), 1,4-dithiothreitol (DTT),
magnesium chloride (MgClz), bovine serum albumin (BSA), Triton X-100, paraformaldehyde
(PFA), Tween-20, rat tail collagen, sodium hydroxide (NaOH), propidium iodide (PI), poly-L-
lysine, menadione, 4',6-diamidino-2-phenylindole (DAPI), noble agar, and resazurin sodium
salt were purchased from Sigma-Aldrich (Ryde, NSW, Australia). Trypsin,
ethylenediaminetetraacetic acid (EDTA), phosphate-buffered saline (PBS) tablets, Hanks
Balanced Salt Solution (HBSS), MitoSOX Red, Hoechst 33342, Coomassie Brilliant Blue, and
goat anti-mouse Alexa Fluor 488 secondary antibody (A-11029) were obtained from Thermo
Fisher Scientific (Scoresby, VIC, Australia). Foetal bovine serum (FBS) was obtained from
SAFC Biosciences (Brooklyn, VIC, Australia). WST-1 Assay Kit and 2-amino-1-methyl-6-
phenylimidazo[4-b]pyridine (PhIP) were obtained from Cayman Chemical (Redfern, NSW,
Australia). DC Protein Assay Kit was obtained from Bio-Rad Laboratories (Gladesville, NSW,
Australia). D-luciferin, luciferase, and MultiTox-Fluor Multiplex Cytotoxicity Assay Kit were
obtained from Promega (Alexandria, NSW, Australia). Mouse monoclonal anti-phospho-
Histone H2AX (Ser139) antibody (JBW301) was obtained from Merck (Kilsyth, VIC, Australia).
Methanol and acetic acid were obtained from VWR (Tingalpa, QLD, Australia). Cell culture
plastics were obtained from Corning (Mulgrave, VIC, Australia), if not stated otherwise.

For all assays, stock solutions (100 mM in DMSO) of reference and test compounds were
prepared as single use aliquots and stored at —20 °C until used. DMEM was prepared
according to the manufacturer’s instructions, sterilized by filtration using 0.22 um bottle top
filters, supplemented with FBS (10%), NaHCO:s (3.7 g/L), and stored at 4 °C.

4.2. Cell Culture

Cryopreserved HepG2 cells (HB-8065, ATCC, Noble Park North, VIC, Australia) were
passaged after thawing for at least 2-3 weeks to reach steady cumulative growth rates before
being used for the experiments. The cells were routinely cultured in 5 mL DMEM (95%
humidified air, 5% CO, 37 °C) in cell culture flasks (25 cm?, 0.2 pm vent cap). The cells were
passaged twice weekly when reaching ~75% confluency. Cell suspensions were generated by
trypsinization (1 x wash with 5 mL PBS, 1 x 0.5 mL EDTA (0.5 mM, pH 8), 1 x 0.5 mL trypsin
(0.25%, 3.5 min), and seeded into new T25 flasks at 8 x 104 cells/cm?.

4.3. Multiplex Detection of NAD(P)H, ATP, and Protein Levels

The multiplex detection of NAD(P)H synthesis (absorption, 450 nm), ATP (luminescence)
and protein levels (absorption, 750 nm) from individual wells was used to increase
throughput and quality of results. No statistically significant differences were observed over
a range of concentrations with or without NAD(P)H measurement prior to the quantitation of
ATP and protein content from cell lysates (Figure S1). Briefly, 2 x 104 cells were seeded in 100
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uL DMEM per well in transparent 96-well plates and left to adhere overnight. Subsequently,
cells were treated with test compounds for 24 h (0-200 uM in 25 uL. DMEM). After incubation
with 5 uL. WST-1 reagent for 1 h, absorption was measured using a plate reader (Multiskan
Go, Thermo Fisher Scientific, Scoresby, VIC, Australia). After media removal, cells were
washed twice with 110 uL PBS and permeabilized for 10 min (0.5% Triton X-100/PBS, 40 uL)
at room temperature. Cell lysates (10 uL) were mixed with reaction buffer (300 uM D-luciferin,
5 pg/mL luciferase, 25 mM HEPES, 75 uM DTT, 6.25 mM MgClz, 625 uM EDTA, 1 mg/mL BSA
in PBS, pH 7.4; 90 uL) in white 96-well plates, followed by immediate measurement of
luminescence using a plate reader (Fluoroskan Ascent, Thermo Fisher Scientific, Scoresby,
VIC, Australia). Lastly, protein contents from cell lysates (5 pL) were quantified using the DC
Protein Assay as recommended by the manufacturer. Absorption and relative luminescence
units (RLU) were standardized on the non-treated control cells (100%). A standard curve using
BSA (0-2 mg/mL) was used for protein quantitation, and protein levels were standardized on
the non-treated control (100%). Data was expressed as mean + standard error of the mean
(SEM) from independent experiments with 6 parallel wells per experiment.

4.4. Propidium Iodide Incorporation

Cell membrane integrity was assessed using the non-cell membrane permeable dye
propidium iodide (PI). For this purpose, 1 x 104 cells were seeded in 100 uL. DMEM per well
in 384-well plates (781091, uClear, Greiner, Ryde, NSW, Australia) and left to adhere
overnight. Subsequently, the cells were treated with test compounds for 24 h (0-200 uM in 50
uL DMEM). After media removal, the cells were stained with PI solution for 30 min (5 pM in
50 uL PBS), before PI fluorescence (Ex/Em 545/600 nm) was quantified using a plate reader
(Fluoroskan Ascent, Thermo Fisher Scientific, Scoresby, VIC, Australia). RFUs were
standardized on the non-treated control and expressed as fold-induction. Data represented
the mean + SEM from 3 independent experiments with 4 parallel wells per experiment.

4.5. Multi-Tox Fluor Kit

Following exposure to test compounds, two different toxicity parameters were measured
using the MultiTox-Fluor Kit according to the manufacturer’s instructions. For this purpose,
5 x 10° cells were seeded in 100 uL. DMEM per well in black 384-well plates (781091, uClear,
Greiner, Ryde, NSW, Australia) and left to adhere overnight. Subsequently, the cells were
treated with test compounds for 24 h (0-200 uM in 25 uL. DMEM). After incubation with the
protease substrate mix for 1 h (permeable GF-AFC and non-permeable bis-AAF-R110, 25 pL),
fluorescence for GF-AFC (Ex/Em 400/505 nm) and bis-AAF-R110 (Ex/Em 485/520 nm) were
measured, respectively, using a multimode plate reader (Tecan Spark 20M, Tecan, Port
Melbourne, VIC, Australia). RFUs were standardized on the non-treated control (100%) and
expressed as mean = SEM from 3 independent experiments with 3 parallel wells per
experiment.

4.6. MitoSOX

To measure mitochondrial superoxide production, 384-well plates (781091, pClear,
Greiner, Ryde, NSW, Australia) were coated with poly-L-lysine for 45 min (1:20 in HBSS, pH
7.4, 50 uL/well) before 9 x 10° cells were seeded in 50 uL. DMEM per well, left to adhere for 3
h, and loaded with MitoSOX Red (1 uM) and Hoechst 33342 (2 ug/mL in HBSS + 1% BSA, 30
uL/well) for 30 min (Figure S2). After treatment with test compounds for 30 min (0-200 uM in
HBSS + 1% BSA, 50 uL/well), fluorescence (Ex/Em 355/600 nm) was quantified using a plate
reader (Fluoroskan Ascent, Thermo Fisher Scientific, Scoresby, VIC, Australia). Antimycin A
was used as a positive control [291]. RFUs were standardized on the non-treated control and
expressed as fold-induction. Data represented the mean + SEM from 3 independent
experiments with 8 eight parallel wells per experiment.
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4.7. Colony Formation Assay

2.5 x 103 cells were seeded in 2 mL. DMEM per well in 6-well plates and left to adhere
overnight. Subsequently, cells were treated with test compounds for 14 days (0-100 uM). After
media removal, the colonies were fixed for 10 min (4% PFA/PBS, 2 mL/well), stained for 10
min (1% Coomassie Brilliant Blue in 50% methanol and 10% acetic acid, 2 mL/well), before the
colonies (>50 cells) were counted under a light microscope. Colony numbers were
standardized on the non-treated control (100%) and expressed as mean + SEM from 3
independent experiments with 4 four parallel wells per experiment.

4.8. Assessment of Changes in Nuclear Morphology

To quantitate nuclear morphology, 384-well plates (781091, uClear, Greiner, Ryde, NSW,
Australia) were coated with rat tail collagen for 45 min (1:20 in HBSS, pH 7.4, 50 uL/well)
before 1 x 10* cells were seeded in 100 uL. DMEM per well and left to adhere overnight. After
treatment with test compounds for 24 h (100 uM in 50 uL HBSS), fixation for 10 min (4%
PFA/PBS, 50 puL/well) and permeabilization for 10 min (0.5% Triton X-100/PBS, 50 pL/well),
the cells were stained with DAPI for 2 min (1:10,000 in 0.1% Tween-20/PBS, 15 uL/well). After
washing three times for 5 min (PBST, 50 uL/well), cells were stored in PBS (50 uL) for high
content imaging using an IN Cell 2200 analyser (10 x magnification, GE Healthcare,
Rydalmere, NSW, Australia). Morphological changes (area and intensity) were automatically
quantified for each individual nucleus. Images acquired from 4 wells with 2 images each were
automatically analysed using IN Carta image analysis software (GE Healthcare, Rydalmere,
NSW, Australia). Nuclear intensity was standardized on the average intensity of non-treated
control nuclei and expressed as fold-change. Data represented the mean + SEM of
quadruplicates and ~1000 cells were analysed per treatment.

4.9. Assessment of DNA Damage

To assess DNA damage, 5 x 10° cells were seeded in 100 pL serum-free DMEM per well
in 384-well plates (781091, uClear, Greiner, Ryde, NSW, Australia) pre-coated with rat tail
collagen as described above and left to adhere overnight. The cells were treated with test
compounds for 4 h (0-40 uM in 100 uL HBSS/well) while menadione was used as a positive
control [292]. After fixation (50 pL) and permeabilization (50 pL) as described above,
unspecific antibody binding was blocked for 1 h (5% FBS + 5% BSA in PBS, 50 uL/well) before
the samples were exposed to mouse monoclonal anti-phospho-Histone H2AX (Ser139)
antibody overnight (1:1000 in blocking buffer, 15 uL/well). After exposure to goat anti-mouse
Alexa Fluor 488 secondary antibody for 1 h (1:10,000 in PBST, 15 uL/well), nuclei were
counterstained using DAPI and stored for imaging and analysis as described above. The
average numbers of y-H2AX-positive cells were automatically quantified for all acquired
images using IN Carta image analysis software (GE Healthcare, Rydalmere, NSW, Australia).
Results were standardized on the non-treated control and expressed as fold-change. Data
represented the mean + SEM of quadruplicate images from 3 independent assays. At least
1000 cells were analysed per treatment.

4.10. Agar Invasion Assay

To further investigate if the test compounds can induce mutations in cells at previously
tested concentrations (1040 uM), the agar invasion assay in 384-well format (781091, uClear,
Greiner, Ryde, NSW, Australia) was performed as previously described [293]. PhIP was used
as a positive control [295]. Cell numbers and incubation times were optimized for PhIP and
used for all the test compounds. Two hundred cells were seeded in 50 uL. DMEM (0.4% agar
supplemented) per well in 384-well plates pre-coated with solidified agar (0.6%, 10 uL). The
plates were left to solidify for 1 h at room temperature and incubated overnight at 37°C before
cells were treated for 21 days with reference and test compounds (1040 uM in 15 uL
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DMEM/well). Subsequently, the cells were stained with resazurin for 4 h (440 uM in 7 pL
PBS/well) [294] before fluorescence (Ex/Em 545/600 nm) was quantified using a plate reader
(Fluoroskan Ascent, Thermo Fisher Scientific, Scoresby, VIC, Australia). RFUs were
standardized on the non-treated control and expressed as fold-induction. Data represented
the mean + SEM from 3 independent experiments with 3 parallel wells per experiment.

4.11. Statistical Analysis

Using GraphPad Prism (version 8.2.1, San Diego, CA, USA), one- or two-way ANOVA
followed by Dunnett’s multiple comparison post-test was performed to compare between
compounds or concentrations: *** p <0.001, ** p <0.002, * p < 0.033, otherwise non-significant;
non-linear regressions were generated and half maximal inhibitory concentrations (ICso) were
automatically calculated by the software.

5. Conclusions

This study characterized the in vitro toxicity of the most promising cytoprotective and
mito-protective short-chain naphthoquinones [209,221]. The multiplex detection of
compatible assays described in this study provides a convenient, cost-effective, and rapid
approach to increase throughput. Overall, the test compounds, with some exceptions, showed
largely comparable results between different assays. However, standard assays/dyes
appeared to be associated with significantly higher sensitivity compared to commercially
available kits. Compared to the other test compounds, the L-phenylalanine derivative 4
showed the most promising safety profile, with lower metabolic toxicity, lower effects on
membrane integrity, lower long-term toxicity, as well as an absence of mitochondrial toxicity,
pyknosis, DNA damage, or transformation potential. Our results highlight the importance of
using a set of independent assays to assess distinct toxicity profiles to characterize a class of
compounds. Importantly, this study increased our understanding of the comparative
toxicities of the range of test compounds and supports the development of the most promising
short-chain naphthoquinone(s) towards their clinical use.
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Figure S1. Validation of multiplex detection of NAD(P)H, ATP and Protein Levels. Cells were
exposed to idebenone (0200 uM) for 24 h before WST-1 absorption, ATP levels and protein
contents were quantified. Data represents mean + standard error of mean (SEM) from 3
independent experiments with 4 parallel wells per experiment. Two-way ANOVA was
performed, no statistically significant differences were observed over a range of concentrations
with (black lines) or without (gray lines) NAD(P)H measurement prior to the quantitation of ATP
(solid lines) and protein (dotted lines) content from cell lysates.

Hoechst 33342 MitoTracker

Figure S2. Exemplary images of MitoSOX localization in HepG2 cells used to measure
mitochondrial superoxide production. Cells were seeded on poly-L-lysine pre-coated plates, left
to adhere, loaded with MitoSOX Red and Hoechst 33342 (methods detailed in main text 4.6) and
MitoTracker Green (0.1 uM in HBSS + 1% BSA, 30 uL/well; M7514, Thermo Fisher Scientific,
Scoresby, VIC, Australia) to confirm mitochondrial localization, and imaged using an IN Cell
2200 analyzer (60 x magnification, GE Healthcare, Rydalmere, NSW, Australia).
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Chapter 5

Systemic Activities of a Novel Short-Chain
Naphthoquinone in a Rat Model of Diabetic
Retinopathy

While it is generally acknowledged that in vitro models are widely employed during
drug discovery and development, in vivo models supply are crucial to understand the
pharmacology and toxicology of drug candidates in an intact organism. Based on the results
of Chapters 2-4 in which promising SCQs were identified, two naphthoquinone-based SCQs,
UTAS#37 and UTAS#77 with enhanced cytoprotection, improved metabolic stability, absence
of mitochondrial toxicity or transformation potential were selected to test their in vivo efficacy
[208]. One of the unifying pathologies associated with mitochondrial dysfunction is vision loss
(Table 3 in Chapter 1). Compared to many behavioral models that require additional training
steps, such as the visual cue supported Morris water maze, the measurement of the
optokinetic reflex (OKR) as a non-biased and straightforward readout produces minimal
fatigue and adaption in the test animals and objectively demonstrates their level of visual
acuity [310]. We previously assessed UTAS#37 and UTAS#77 for their efficacy to counteract
vision loss in hereditary mitochondrial diseases such as LHON (unpublished). However, it
was not clear whether they could be used to restore vision in mitochondrial dysfunction-
associated disorders. Significant evidence suggests the causal role of mitochondrial
dysfunction in the etiology of diabetic retinopathy (DR) [157]. Therefore, we previously tested
UTAS#37 and UTAS#77 in a new rat model of DR to counteract DR-associated vision loss
[208,311]. When given topically as eye drops, both compounds showed superior activity to
restore vision in this pre-clinical model, compared to the reference compounds idebenone and
elamipretide [208]. In contrast to UTAS#37 (logD 0.12), UTAS#77 is significantly more
lipophilic with a logD of 3.41 that promised increased blood-retina penetration and possibly
better restoration of vision. Therefore, UTAS#77 was further evaluated in Chapter 5 to test its
systemic efficacy in the same model of DR to compare potential routes of administration for
this compound.
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Abstract: Diabetic retinopathy (DR) is a microvascular and neurodegenerative disease that may
eventually progress towards blindness, while current therapeutic strategies have only shown limited
efficacy. Mitochondrial dysfunction has increasingly been suggested as a promising target for DR.
Therefore, drug development candidates that target mitochondrial dysfunction to protect against
diabetes-induced vision loss appear a promising approach. We previously reported a panel of
naphthoquinone-based SCQs with enhanced in vitro cytoprotection, metabolic stability and/or safety.
From this panel, UTAS#77, formulated as eye drops, significantly restored vision in a rat model of DR
compared to the mito-protective reference compounds idebenone and elamipretide, whereas the
systemic efficacy of UTAS#77 was not known. Consequently, the present study aimed to directly
compare UTAS#77 against idebenone and elamipretide in the same pre-clinical model. However, due
to adverse animal housing conditions and the associated changes in animal responses, the current
study was unable to demonstrate systemic therapeutic efficacy of intraperitoneally administered
UTAS#77 in this model.

Keywords: diabetic retinopathy; mitochondrial dysfunction; short-chain quinone; idebenone;
elamipretide

1. Introduction

The rapidly increasing prevalence of diabetes has made this disease a global epidemic of
the century. Complications related to diabetes can develop in patients despite the absence of
sustained hyperglycemia [312]. Diabetic retinopathy (DR) is one of the complications
associated with both type 1 and type 2 diabetes. DR is a neurodegenerative and microvascular
disorder that may eventually progress towards blindness [313]. Currently, therapeutic
strategies are available depending on the pathology and disease progression, and include
corticosteroids, anti-vascular endothelial growth factor (VEGF) strategies, laser
photocoagulation and vitrectomy [314]. However, these treatment options have their own
drawbacks. Some therapeutic approaches are associated with only limited or transient efficacy,
high costs and unattractive invasive routes of administration [315-318]. Considering the
urgent need for new approaches against DR-induced vision loss, mounting evidence suggests
that mitochondrial dysfunction plays the central role in the etiology of DR [319,320].
Importantly, it was suggested that mitochondrial dysfunction and retinal ganglion cell (RGC)
damage occur prior to vascular damage, which could indicate that the mitochondrial
pathology in DR is causal to the initiation of the retinal pathology [207,321]. In this context,
mitochondrial dysfunction-derived reactive oxygen species (ROS) have been proposed to
exacerbate DR pathologies, such as damage to mitochondrial DNA (mtDNA) and the release
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of pro-inflammatory mediators, that further accelerate RGC loss [322,323]. Thus, drug
development candidates that counteract mitochondrial dysfunction could be an attractive
approach to prevent vision loss in DR.

For this purpose, pharmacological approaches against mitochondrial dysfunction have
been investigated, such as short-chain quinones (SCQs) that possess reversible redox
characteristics due to their quinone core [39,168,169]. The benzoquinone idebenone (Table 1)
is the only compound clinically approved for some countries to treat vision loss in a rare
mitochondrial disease, Leber’s hereditary optic neuropathy (LHON) [159-161]. In line with its
therapeutic activity against mitochondrial dysfunction, idebenone was also suggested to
possess anti-diabetic activity based on its inhibition on the adaptor protein p52Shc, an isoform
of the SHC-transforming protein 1 [172]. This interaction between idebenone and p52Shc
dissociates p52Shc from the activated insulin receptor, which sensitizes insulin binding to
insulin receptor and was suggested to be responsible for its anti-diabetic activity [172].
Idebenone is also portraited as a peroxisome proliferator-activator receptor (PPAR)-a/y
agonist. However, this activity on PPARa/y in vivo was minor and non-exclusive as the
ubiquitous coenzyme Q10 (CoQuo) also shared this effect [173]. In addition, idebenone was
reported as an inducer of the RNA-binding protein lin-28 homolog A (Lin28A) [174], which
was shown to be required for retinal neuroprotection and recovery of vision in vivo [175]. It
is unclear at present if any or all of these activities are causally connected. However, they all
converge to activate Akt signaling, which alters mitochondrial and metabolic functions,
insulin sensitivity and tissue repair. Although idebenone has demonstrated superior in vitro
[221] and in vivo [159] safety its efficacy is largely restricted by its poor absorption, rapid first-
pass effect [167] and reliance on NAD(P)H:quinone oxidoreductase 1 (NQO1) as the only
reductase for its bioactivation [168,169].

Table 1. Exemplary pharmaceutical approaches for mitochondrial dysfunction.

Molecular
Compound Structure Formula Weight LogP? LogD?
(g/mol)
o
_o OH
Idebenone N C19H300s 338.4 1.24 3.57
(o
o
(o]
H
N N
UTAS#77 \/\@ _ C25H27NOs 421.5 2.80 341
o
0
NH,
o
Oy _NH
Elamipretide NH, HNT % "N, C32H19N9Os 639.8 0.54 -4.69
HoN T H\/\/kn/ n o
NH 0 :
OH

1 Predicted using ChemDraw Professional software (version 16.0, PerkinElmer, Waltham, MA,
USA). 2 Predicted using MarvinView software (version 19.25, ChemAxon, Budapest, Hungary).

A second pharmacological candidate in clinical development to counteract mitochondrial
dysfunction is the tetrapeptide elamipretide. Its mito-protection was recently proposed to rely
on the alteration of mitochondrial membrane surface electrostatics [202]. Although the exact
protective mechanism is not clear, elamipretide is widely portraited as an antioxidant due to
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the presence of 2’,6'-dimethyltyrosine in its structure (Table 1). Elamipretide was shown to
reduce ROS production and to prevent apoptosis in vitro [204] and ex vivo [205]. Consistent
with these results, in vivo studies in models of diabetes and DR also reported a therapeutic
effect of elamipretide to alleviate diabetic pathologies [206] and restore DR-induced vision
loss [207]. Although these pre-clinical results seem promising, clinical efficacy of elamipretide
has not been demonstrated in clinical trials that target mitochondrial dysfunction-related
diseases and disorders (NCT02805790, NCT03323749, NCT02693119 and NCT03048617).

We previously reported the design and synthesis of a library of novel naphthoquinone-
based SCQs that were not associated with the known limitations of the idebenone [209]. A
number of these SCQs such as UTAS#77 (Table 1) showed significantly improved in vitro
cytoprotection under conditions of mitochondrial dysfunction [209], increased metabolic
stability [221], absence of mitochondrial toxicity or cell transformation potential [220]. When
given as eye drops, UTAS#77 significantly restored vision and prevented vascular leakage in
a rat model of DR compared to the mito-protective compounds idebenone and elamipretide
[207]. To further demonstrate the in vivo efficacy and to extend the possible routes of
administration of UTAS#77, the current study aimed to directly compare the systemic efficacy
of UTAS#77 against idebenone and elamipretide when administered intraperitoneally in the
previously described model of DR. In line with a potential formulation in eye drops, we
hypothesized that UTAS#77 could also be used systemically to treat vision loss in DR.

2. Materials and Methods
2.1. Chemicals, Reagents and Formulation

Idebenone was provided by Santhera Pharmaceuticals (Pratteln, Basel-Landschaft,
Switzerland). UTAS#77 and elamipretide were synthesized at the University of Tasmania
(Discipline of Chemistry, School of Natural Sciences, UTAS) with purities >95% determined
by NMR analysis as previously described [209,324]. Control diet (CD) and high fat diet (HFD;
23% fat by weight, simple carbohydrate replacement) were purchased from Specialty Feeds
(Glen Forrest, WA, Australia). Streptozotocin (STZ), citrate buffered saline (pH 4.4) and
carboxylmethylcellulose (CMC) were purchased from Sigma-Aldrich (Castle Hill, NSW,
Australia). Osmotic mini-pumps (Alzet, 2ML2, 2 mL) were purchased from Durect
Corporation (Cupertino, CA, USA). Isoflurane was purchased from Abbott Laboratories
(Melbourne, VIC, Australia). Meloxicam was purchased from Troy Laboratories
(Glendenning, NSW, Australia). Surgical scrub and povidone iodine antiseptic solution (10%)
were purchased from Betadine (Rydalmere, NSW, Australia). Normal saline (0.9%) was
purchased from Baxter Healthcare (Brunswick, VIC, Australia).

All test compounds were stored as solids at 4°C until freshly formulated for injection.
Test compounds were required to be injected to allow side by side comparison with
elamipretide which is not orally bioavailable. Idebenone and UTAS#77 were both
reconstituted at 40 mg/mL in normal saline containing 0.15% CMC. After sonication (4 x 15's,
15 s interval; Probe Sonicator-Q 125, Biolinks Labsystems, Lilydale, VIC, Australia), idebenone
and UTAS#77 solutions were vortexed (Ratek, Boronia, VIC, Australia) overnight, left on a
tube roller (Ratek, Boronia, VIC, Australia) for an additional night, followed by vigorous
shaking (2 x 45 s, 15 s interval, Vial-Mix, Lantheus, Sydney, NSW, Australia) before the
suspension was able to pass through a 26%2 G needle (Livingstone, Mascot, NSW, Australia).
Elamipretide was dissolved at 1 mg/mL in normal saline as previously described [207]
containing 0.15% CMC.

2.2. Animals

All animals in the study were used in accordance with the Australian Code for the Care
and Use of Animals for Scientific Purposes (8th Edition, 2013) and under animal ethics
approval from the UTAS Animal Ethics Committee (A0016524). Male Long Evans rats (aged
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23-24 weeks, average body weight of ~400 g) were obtained from two batches (22 and 18,
respectively) from the UTAS animal breeding facility. Upon arrival, animals were allowed to
acclimatize for 14 days to their new environment to overcome transportation-induced stress
before the study commenced. Test animals were first randomized based on age and body
weight and socially housed in groups of three at 21 + 2°C and a 12 h-12 h light-dark cycle using
a 2000 cm?/cage rodent housing system (Allentown Inc., Allentown, NJ, USA). All cages were
enriched with bedding materials, dark nest boxes, small wooden sticks for gnawing,
autoclaved tissues and chewable small toys. To ensure a hygienic environment for test animals,
change of cage bedding and bedding materials increased from once a week initially to every
second day when rats became diabetic and started to experience polyuria. All rats were
monitored daily to ensure health and as a requirement of the animal ethics clearance.

2.3. Measurement of Food, Water Intake, Body Weight and Blood Glucose Level

Food and water were provided ad libitum for all animals as previously described [311].
Except for the control diet (CD) fed animals, all rats were provided with high fat diet (HFD).
Food, water intake and bodyweight were measured weekly using a digital balance (Albi
Import, Proston, VIC, Australia). Average daily food and water intake were calculated for
each test animal. Average daily food, water intake and body weight of each test animal were
normalized over week 1 (100%). Non-fasting blood samples were obtained at 1 cm from the
tail end using Ames Minilet Lancetas (Bayer, Hawthorn East, VIC, Australia). Glucose levels
were measured weekly using a hand-held glucometer and test strips (Accu-Chek Performa,
Bella Vista, NSW, Australia) as described previously [311]. All supplementation of food and
water, measurements of body weight and blood glucose level were performed simultaneous
to the routine changes of bedding materials to minimize the impact of human interference on
animal behavior.

2.4. Induction of Diabetes

The induction of type 2-like diabetes in HFD-fed test animals were performed as
previously described with minimal adjustments [208,311]. Briefly, test animals were
monitored for HFD and water intake, body weight and blood glucose levels to establish
reliable baseline parameters during week 0-3. At the start of week 3, STZ (125 mg/kg in 0.1 M
citrate buffered saline, pH 4.4) was delivered subcutaneously via the osmotic mini-pumps at
a constant rate of 5 uL/h over a 14-day period to reduce the number of insulin-producing beta
cells. This combination provided exquisite control over the resulting level of hyperglycemia
while retaining an obese, insulin-resistant phenotype, typical of human type 2 diabetes. For
surgical implantation, test animals were anesthetized with inhaled isoflurane (evaporated in
0.8-1.0 L/min Oz; flow rate, 5% at induction and 3% at maintenance) and subcutaneously
injected with meloxicam (5 mg/ml, 0.1 mL/aminol). Using surgical blades (Swann-Molton,
Mount Waverley, VIC, Australia), sutures (MonoQ, 4-0, Riverpoint Medical, Melbourne, VIC,
Australia) and surgical staples (5.9 mm x 3.9 mm, Henry Schein, Brisbane, QLD, Australia),
the pump was inserted through an incision (~1.5 cm in length) on the dorsal part around the
lumbar region of the spinal cord of test animals. During the 14-day STZ delivery, blood
glucose levels of each test animal were monitored daily. After STZ delivery, empty pumps
were surgically removed by the end of week 4, or immediately when blood glucose level
reached 20 mM.

2.5. Measurement of Visual Acuity

To assess visual acuity, optomotor behavior was measured using an optokinetic
apparatus slightly modified from previously described protocols [325-327]. The optokinetic
reflex (OKR), which is a combination of a smooth pursuit movements (slow phase) and
saccades (fast eye movements) in the opposite direction in response to a visual stimulus,

104



Feng et al

provided a non-invasive representation of the visual performance of each test animal
[321,328,329]. Briefly, test animals were individually placed on an elevated immobile
centralized circular platform (18 cm diameter) surrounded by a motorized drum (70 cm
diameter) with high contrast alternating vertical black and white stripes (6.11 cm thickness).
At this thickness, the 360-degree drum meets the optimum visual acuity for rats, which is 0.1
cycle/degree or 1 cycle (distance between every white and/or black stripes lines) per 10 degrees
[325,330]. After 2-3 min of adaptation to the apparatus, visual acuity was tested by rotating
the drum clockwise and counterclockwise at an angular speed of 2.61 rpm for 2 min in each
direction and with an interval of 30 s between the two rotations. Animal behavior was
recorded with a Logitech C920 Carl Zeiss Tessar HD 1080p webcam (Dell, Frenchs Forest,
NSW, Australia). OKR in the form of head-turning behavior were subsequently scored in an
investigator-blinded manner. Reliable baseline parameters for OKR were established during
week 0-3 and OKR of each test animal were normalized over week 0-3 (100%). At the end of
week 14, a second round of randomization was performed to ensure similar degrees of vision
loss, body weight and age distribution across all treatment groups.

2.6. Treatment with Test Compounds

From week 15 onwards, idebenone and UTAS#77 were administered at 40 mg/kg, while
elamipretide was administered at 1 mg/kg [207] as daily intraperitoneal injections for 28 days.
Normal saline containing 0.15% CMC was used as the vehicle control. During the 28-day
period, body weight was monitored daily, and blood glucose levels were monitored every
second day. After treatment with test compounds or vehicle control, all animals were
euthanized and eyes were collected by the end of week 19. Animals culled prematurely before
the end of week 19 were excluded from the study. To assess the effects of test compounds,
average daily food, water intake, body weight, blood glucose levels, visual acuity were
normalized on the start of the treatment in week 15 (100%).

2.7. Statistical Analysis

All data was expressed as mean * standard error of mean (SEM). Using GraphPad Prism
(version 8.2.1, San Diego, CA, USA), one- or two-way ANOVA followed by Dunnett’s
multiple comparison posttest were performed to compare group differences at a single time-
point or all time-course related comparisons, respectively: *** p <0.001, ** p <0.002, * p <0.033,
otherwise non-significant.

3. Results and Discussion
3.1. Animals and Batch Variances

Long Evans rats were selected as previously published studies confirmed their suitability
for measuring visual acuity in a model of diabetic retinopathy [321,331]. Unlike Sprague
Dawley (albino) rats that possess an abnormal visual apparatus [332] and display only weak
head tracking movements [330], Long Evans (LE) rats display robust optokinetic reflexes
(OKR) [330]. This was confirmed in our test system where Long Evans (pigmented) rats
showed very strong head tracking movements when compared to Sprague Dawley (albino)
rats [208]. In an in vitro study using LHON patient-derived cells, estrogen appeared to
ameliorate RGC degeneration commonly found in male patients [333]. This hypothesis was
supported by an in vivo model of glaucoma where estrogens protected RGC viability and
preserved visual function [334]. Finally, a case report of a menopausal LHON patient who lost
vision shortly after discontinuing estrogen therapy also supported this hypothesis [335].
Therefore, to avoid a possible retinal neuroprotection by estrogen in our model of DR, the
present study only used male LE animals.

After the experiments with 22 test animals from batch A (including 6 test animals as
vehicle control), 18 test animals from batch B were therefore added to the study to bring the
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total number of animals to 40 and to include at least 5 animals per treatment arm (personal
communication with N. Gueven, D. Premilovac; Table 2). However, due to unexpected
technical facility error at the UTAS animal breeding facility, all animals experienced a
transient overnight heat exposure of up to ~40 °C instead of the proposed 21 + 2°C (personal
communication with N. Gueven, D. Premilovac and J. Dunnett). The significant stress to the
animals, with regards to their environmental conditions initially questioned the credibility of
using either these animals or their offspring. However, initial OKR tests showed no difference
in the results to non-heat stress exposed animals and at the time UTAS contained the only
breeding colony of LE rats. Therefore, it was decided to continue with the study and use heat-
exposed animals as breeding pairs to generate test animals that would be monitored to expose
any aberrant behavior. Thus, 18 offspring of the heat-shocked animals were obtained as batch
B for this study. With the possibility that batch B might behave differently to batch A, the
results from the two batches were recorded and analyzed separately.

Table 2. Number of animals, lethality and culls during the study.

Week
Group 15 16 17 18 20 Total — Analyzed
Animals Animals
A, B A, B AB AB A, B
CD 0,0 0,0 0,0 0,0 6,0 6 6
HEFD 0,0 0,0 0,0 0,0 3,3 6 6
HEFD + Ide 2,0 1,0 0,0 1,0 1,6 11 7
HEFD + Ela 0,0 0,0 0,0 0,0 3,4 7 7
HFD + #77 1,0 0,0 2,0 0,0 2,5 10 7
Total Lethality 3,0 1,0 2,0 1,0 - 40 13
Total Culls - - - - 15,18

CD, control diet; HFD, high fat diet; Ide, idebenone; Ela, elamipretide; #77, UTAS#77.

Throughout the study, 7 cases of lethality (Table 2) were observed during the
intraperitoneal injection period (week 15-19), suggesting that the intraperitoneal injections
further exacerbated the stress conditions that could have existed before week 15. This is
supported by increased plasma corticosterone concentration, glucocorticoid response, heart
rate and other stress-responses in rodents in response to intraperitoneal injections [336].
Interestingly, all these cases originated from batch A but not batch B. A possible explanation
for this observation could be that batch B were genetically altered after their parents
experienced the heat shock crisis. This is supported by reports that exposure to elevated
temperatures was associated with spontaneous gene mutation in a number of organisms and
mammals [337]. A second scenario could be that the parents had obtained stress-induced
epigenetic modifications which were transferred to the offspring that provided them with
increased stress resistance. Therefore, batch B might have obtained a higher tolerance to stress
compared to batch A.

3.2. Induction of Diabetes and Diabetic Retinopathy

To validate the rat model of diabetic retinopathy in rats, surrogate markers were
measured, including average daily food, water intake, body weight, blood glucose level and
visual acuity. For CD-fed test animals (n = 6), no significant changes in food, water intake,
body weight, blood glucose level or visual acuity were observed (Figure 1). Considering that
no statistical difference was observed between both batches A (n=9) and B (n = 18) in either
endpoint measurement or general behaviors during week 0-3, experiments with animals from
batch B were continued. HFD-fed test animals from both batches showed a significant
decrease in food intake to ~59-66% by week 4 (p < 0.001), which was likely caused by their
acclimatization to their new environment, a different diet (HFD) and stress due to surgery
(Figure 1a). From week 4 onwards, a significant increase in food intake in batch A was
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observed from week 9 (p < 0.002) and 10 (p < 0.001), which manifested slightly earlier and
stronger as compared to week 10 (p < 0.033) for batch B. Interestingly, the similarity between
the two batches with regards to food intake was not mirrored by their water intake (Figure
1b). In fact, only batch A showed a significant increase in water intake from week 9 (p <0.002)
and 10 (p <0.001) onwards. What was also different between the two batches was the changes
in their body weight (Figure 1c). While both batches slightly gained weight to ~105-110% until
the surgical implantation in week 3, a subsequent and continuous decrease was observed in
batch A by week 15 (p < 0.033 in week 15). In contrast, no significant changes in body weight
were observed for batch B. For blood glucose levels, both batches remained steady at ~6.3-7.3
mM during week 0-3 before the mild fluctuation in ~6.2~11.2 mM during STZ induction in
week 3-5 (Figure 1d). Subsequently, a significant increase in blood glucose level was observed
for batch A from week 8 onwards (p <0.001) as opposed to the decrease observed for batch B
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Figure 1. Difference in responses of two batches of test animals with regards to the induction
of diabetes and diabetic retinopathy. Average daily (a) food, (b) water intake, (c) body weight,
(d) blood glucose level and (e) visual acuity were scored during the 15-week observation
period (week 0-15). Blue area, streptozotocin (STZ) induction period. Data represents the mean
+ standard error of mean (SEM). Control diet (CD, black), n = 6; batch A (red), n =9; batch B
(green), n = 18. Two-way ANOVA was performed for all time-course related comparisons: ***
p <0.001, ** p <0.002, * p <0.033.
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from week 5 onwards. This batch-to-batch variation was also replicated by changes in visual
acuity (Figure 1e). While both batches showed a continuous decrease in their average reflex
head movements, batch A showed significant vision loss from week 5 onwards (p < 0.001)
until only ~31% residual head movements were detectable by week 15, which was much
earlier and severer than for batch B (from week 7 onwards, p < 0.001; ~81% residual head
movements by week 15). The loss of vision in our model correlated with the increase of blood
glucose level in batch A (Figure 1d-1e). These results strongly supported the predicted assay
replication challenge but demonstrated the success of induction of diabetes and diabetic
retinopathy that was limited for batch A.

3.3. Systemic Activities of Test Compounds

Once daily intraperitoneal injections were given during the treatment phase (week 15-
19). To translate the reported efficacy of elamipretide in mice [207] into our rat model, the
present study tried to replicate the reported data in every aspect (dosing, route of
administration, etc.). However, all three test compounds (i.e. idebenone, elamipretide and
UTAS#77) did not show any significant effect on either food (Figure 2a), water intake (Figure
2b), body weight (Figure 2c), blood glucose level (Figure 2d) or visual acuity (Figure 2e) of test
animals in either batch A, B or when both batches were analyzed together. A minor statistical
significance was only observed for food intake by vehicle-treated test animals either in batch
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Figure 2. Systemic activities of test compounds against diabetes and diabetic retinopathy in
two batches of test animals. Average daily (a) food, (b) water intake, (c) body weight, (d) blood
glucose level and (e) visual acuity were scored during the 4-week treatment period (week 15-
19). Data represents the mean + standard error of mean (SEM). Control diet (CD, black), high
fat diet (HFD, gray), Ide (idebenone, orange), Ela (elamipretide, purple), #77 (UTAS#77, blue);

for number of test animals, see Table 1 for detail. Two-way ANOVA was performed for all
time-course related comparisons: * p < 0.033.
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A or when both batches were analyzed together (p < 0.033; Figure 2a). While it is
acknowledged that batch A appeared more sensitive to systemic treatments than batch B, it
has to be noted that the analyzable number of test animals from batch A is much smaller than
batch B (Table 1). For example, only one case of HFD- plus idebenone-treated test animal was
originated from batch A compared to six cases from batch B, which could explain the statistical
differences observed (Figure 2). Based on these results, it was impossible to determine if any
of the test compounds was able to protect against vision loss in DR. This was not unexpected
as the model validation for batch B was unsuccessful, and as a consequence compromised the
overall robustness and credibility of the study. However, given the successful modelling of
diabetes and diabetic retinopathy in batch A, it can be easily postulated that future studies
will replicate the current study to provide robust statistics using carefully monitored animals.
From this point onwards, detailed pharmacokinetic (PK) studies will also need to address
drug levels in the eyes of the test animals and if therapeutic concentrations of test compounds
can be achieved in the retina via intraperitoneal injections. If insufficient levels of test
compounds are found in systemic circulation and/or the retina, metabolites for the test
compounds have to be identified first and subsequently their levels have to be detected and
quantified in vivo. Additionally, PK studies will illustrate the penetration of test compounds
through the blood-retina barrier, which is one of the problems of systemic administration for
ocular disorders.

4. Conclusions

One of our best short-chain naphthoquinone candidates, UTAS#77, was tested against
the reference compounds idebenone and elamipretide in a rat model of diabetic retinopathy
via intraperitoneal injections. However, the current study faced an unexpected replication
challenge in disease modelling due to aberrant animal housing conditions beyond our control.
Although part of the results demonstrated the success in model validation, the overall lack of
sufficient statistical evidence did not support the conclusion that the test compounds affected
the pathology of diabetes in general or diabetic retinopathy in particular. While no histological
analysis was performed due to a lack of treatment effect and general uncertainty about the
status of the animals in batch B, future studies will replicate the current study to provide
sufficient scientific evidence to determine if systemic treatment with SCQs can counteract the
vision loss associated with DR.
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Chapter 6
Perspectives

1. Ongoing Challenges in Mitochondrial Medicine
1.1. Complexity of Mitochondrial Diseases and Related Disorders

When the first case of OXPHOS dysfunction was described in 1962, the concept of
mitochondrial disease was established [338]. With the subsequent discovery of mtDNA
mutations that accounted for many different mitochondrial diseases, research in this field
showed an explosive expansion. Although extensive efforts have been made over the decades,
mitochondrial diseases and related disorders still remain very challenging for the affected
patients worldwide. To date, mitochondrial disease is unanimously acknowledged as a
distinct and refractory category in the clinical panorama for an array of reasons. First and
foremost, within the genetically explained clinical cases, mitochondrial diseases can follow
not only maternal but also Mendelian inheritance [69]. For patients with mitochondrial DNA
(mtDNA) mutations, the level of heteroplasmy or homoplasmy can be associated with the
threshold of disease manifestation [70,82]. In addition, the difference in levels of heteroplasmy
between the offspring within the same family can make it difficult for clinicians to identify a
disease using classical family trees of inheritance [67]. Additionally, even if patients develop
phenotypes, some of which can be episodic, there is a lack of genotype-phenotype correlation
and the phenotypic heterogeneity can overlap with a wide range of disorders [142].
Furthermore, the overall lack of generalizable, specific, sensitive and real-time biomarkers as
valid outcome measurements and poorly defined natural historical records add up to the
difficulty to evaluate the severity of mitochondrial diseases and related disorders [339].

1.2. Need for New Mitochondrial Medicine

The complex characteristics of mitochondrial diseases and related disorders make it
difficult not only to perform properly controlled and randomized clinical trials, but also to
design and develop precise pharmacological drug candidates. Due to the lack of effective
approaches, the management of mitochondrial disease is still focused on the clinical
phenotype with the aim to prevent major complications in patients [340]. Therefore,
symptomatic therapeutic approaches such as CoQuo, instead of specific disease-modifying
treatments, are mostly used empirically for mitochondrial diseases at this stage. In general,
these symptomatic therapeutics aim to either enhance OXPHOS function or to prevent lipid,
protein or DNA damage induced by excessive reactive oxygen species (ROS). While oxidative
stress (OS) is widely considered a driving factor of mitochondrial disease, pharmaceutical
companies aim to develop candidates that are not only antioxidants. Instead, the current aim
is to develop signaling molecules that promote mitochondrial and cellular function to enhance
resilience and to support metabolic needs. In addition to modulating the mitochondrial redox
state, new therapeutics have been described that are associated with different modes of action,
such as modulation of mitochondrial dynamics [341], induction of mitogenesis [342] and
inhibition of apoptosis [343]. However, due to the lack of reported efficacy against
mitochondrial dysfunction and/or safety of these new drugs, they are not discussed in this
Chapter 6. In contrast, the current chapter focuses on offering perspectives on the only
marketed benzoquinone idebenone and novel short-chain quinones (SCQs), their new
advances, bioactivities, toxicities, pharmacokinetics (PK), metabolism, limitations of the thesis
and future directions.
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2. Quinones Are Not Just Antioxidants
2.1. Old View of Quinones as Antioxidants

To date, idebenone remains the only drug specifically approved to treat mitochondrial
dysfunction-associated vision loss in Leber’s hereditary optic neuropathy (LHON). In contrast
to Europe where idebenone is marketed since 2015, in the US, idebenone only received orphan
drug designation from the FDA so far but is not officially accessible to patients. However,
several of clinical trials, in indications such as multiple sclerosis (MS), Friedriech’s ataxia (FA),
Alzheimer’s disease (AD) and Duchenne muscular dystrophy (DMD), were unable to
demonstrate therapeutic efficacy for idebenone. For example, a placebo-controlled study
reported that idebenone did not affect disease progression in primary progressive MS [344].
The difficulty to demonstrate therapeutic efficacy could be attributed to a number of problems.
Firstly, mitochondrial diseases and related disorders are multifactorial. For example, Leigh
syndrome (LS) could be caused by mutations in >75 different mtDNA or nDNA [103].
Secondly, it has been reported that a single patient population can display significant
symptom heterogeneity and differences in disease progression [142]. Thirdly, for
neurodegenerative disorders that are associated mitochondrial dysfunction, the diagnosis is
difficult due to sometimes subjective endpoints that are further subject to daily performance
fluctuations and patient motivation [339]. As an exception, visual acuity represents a well-
defined endpoint that promises non-biased, straightforward, and objective readouts, which
could be one of the reasons why it might have been easier to demonstrate therapeutic efficacy
using this parameter in LHON patients [311]. Lastly, the portrayal of idebenone has been
persistently over-simplified where this drug is characterized as merely a potent antioxidant.
Idebenone has been repeatedly described to act as a potent electron donor to bypass
dysfunctional Complex I, modulate cellular redox status and rescue energy in numerous in
vitro and in vivo models [168-170,270,345]. It was postulated that this cytoprotective effect is
based on the NQO1-dependent bioactivation [168]. This incomplete understanding about the
molecular activities or the protein target(s) of idebenone prevents its rational use for a specific
indication. In addition to idebenone, a number of other drug candidates are in the
development phase. It is important to state that most of these candidates are direct or indirect
quinone derivatives such as vatiquinone, sonlicromanol, mitoquinone and visomitin, except
for the peptide elamipretide. This explains why the current thesis focused on the molecular
characterization of quinones to work towards their development as drug candidates.

2.2. New View of the Molecular Activities of Idebenone

The pleiotropic activities of idebenone have been highlighted by some recent pre-clinical
studies (Figure 1). Of particular interest to the widely reported antioxidant function of
idebenone are two recent studies that demonstrated the idebenone-induced upregulation of
NQO1 in two different mouse models of Parkinson’s disease (PD) and ulcerative colitis (UC),
which are both associated with mitochondrial dysfunction [148,346]. In contrast to a direct
antioxidant function, these reports support the idea that idebenone increases cellular
antioxidant capacity by upregulating endogenous defense systems [148,346]. Interestingly, it
was also demonstrated that idebenone induces its own bioactivating mechanism [148]. These
and other studies question the current portrayal of idebenone as a direct antioxidant [171].
Moreover, since NQO1 expression is controlled by the nuclear factor erythroid 2-related factor
2 (Nrf2), these results suggest that quinones including idebenone could be acting by activating
Nrf2. Due to the pro-oxidative activity based on the reversible redox characteristics of the
quinone core, it would be possible that the novel SCQs included in this thesis could act as Nrf2
activators. However, this possibility is not supported by the experimental data, where no
correlation between pro-oxidative protein damage and cytoprotective effects was detected
(Chapter 2). This highlights the possibility that either the SCQ-induced ROS levels were too
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small to be detected, or that Nrf2 activation occurred by a mechanism not involving radicals.
Irrespectively, non-toxic Nrf2 activators are currently sought after, as they promise wide
ranging protective activities that could be exploited for a large range of indications [347].
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Figure 1. Schematic representation of the current understanding on the molecular activities
and pleiotropic protective effects of idebenone. Figure adapted from [171].

Other reports revealed several direct molecular protein targets for idebenone and thereby
provided completely novel perspectives on its mode(s) of action (Figure 1). While idebenone
was reported to act as a selective PPARa/y agonist, only a small effect was observed in
zebrafish, which was also shared by CoQuo [173]. Since the biological activities of idebenone
have been demonstrated in the presence of physiological levels of CoQuo, this suggests that
other molecular activities instead of PPAR activation must underly the cytoprotective effects
of idebenone. On the one hand, idebenone was reported to competitively inhibit p52Shc with
nanomolar activity [172]. p52Shc regulates signaling by protein tyrosine kinase receptors, such
as the insulin receptor [172]. As a consequence of p52Shc inhibition, idebenone activates
phosphoinositide 3-kinase (PI3K)-Akt signaling [172] that is known to mediate a large range
of pro-survival signals [176,178]. On the other hand, it was reported that idebenone
upregulates Lin28A expression in vivo in a model of retinal hypoxia reperfusion injury [175].
In this model, the authors proposed that the increased Lin28A levels were at least partially
responsible for the observed neuroprotective effects [175]. Interestingly, Lin28A
overexpression shares several signaling events with p52Shc inhibition, such as increasing
PI3K-mediated insulin sensitivity, Akt activation, mito-protection [348,349]. In addition,
Lin28A is known to increase glucose uptake, energy metabolism and tissue regeneration
[227,350]. Finally, idebenone was reported to potently reduce the levels of pro-inflammatory
cytokines in different mouse models of UC [148,149], which suggests that it could be used in
some indications associated with an inflammatory response. This effect is explained by a
recent report where idebenone prevented the release of mtDNA under stressful conditions
[351]. Since the release of mtDNA acts as a crucial signaling event for the subsequent
activation of the inflammasome NLRP3, idebenone appears to interfere with the pro-
inflammatory cascade at a very early stage [351]. Although the causality between these
molecular activities of idebenone remains unclear at present, it can be expected that a more
detailed understanding of its molecular effects will identify a tailored range of suitable clinical
indications for idebenone and perhaps other selected SCQs.

2.3. New Bioactivities for Quinones

Based on the concept that quinones may possess wider molecular signaling roles,
idebenone as well as anumber of newly designed and synthesized SCQs (Table Al in Appendix)
were tested for their in vitro bioactivities. These endpoint measurements comprised
cytoprotection, effects on metabolism, redox activity, effects on expression on cytoprotective
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proteins and oxidative damage (Chapter 2). Due to limited test materials and the limited time
available for this PhD project, not all parameters could be finalized at this stage. Therefore,
these data were not incorporated in the published materials in Chapter 2 for an overall analysis.
Nevertheless, the previously acknowledged cytoprotection, acute rescue of ATP levels and
NQO1-dependent bioactivation of idebenone has been confirmed (Table Al). In addition, in
our test systems, idebenone also significantly increased and ketone body production, induced
Lin28A, Hsp70 and acetyl-tubulin over-expression, reduced lipid peroxidation and did not
induce oxidative protein or DNA damage (Table Al). These results support the overall safety
of idebenone and the view that idebenone benefits cellular metabolism and enhances
cytoprotective gene expression, which is in line with its reported cytoprotective effects.
However, idebenone also significantly increased lactate production in our test system (Table
Al), which is in contrast to a previous study [168]. Although this could be due to cell type
specificity, future investigation will need to illustrate the hypothesis.
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Figure 2. Dose-dependent molecular activities of idebenone. Materials detailed in Section 4.1
in Chapter 2. Idebenone was obtained from Santhera Pharmaceuticals (Pratteln, Switzerland).
Rabbit monoclonal anti-Hsp90 antibody [EP1007Y] (ab45133) was purchased from Abcam
(Melbourne, VIC, Australia). Methods adapted from Sections 4.2, 4.8-4.10 and 4.12-4.14 in
Chapter 2, except that all four primary antibodies were used 1:500 diluted. Data represents the
mean + standard error of mean (SEM) of at least 4 replicates from 3 independent experiments.
Two-way ANOVA followed by Dunnett’s multiple comparison post-test was performed using
GraphPad Prism (version 8.2.1, San Diego, CA, USA) with non-treated controls (100%): *** p <
0.001, ** p < 0.01, * p < 0.05, otherwise non-significant. At least 1 x 10° cells were analyzed
separately per treatment. For detailed information, see Table A2 in Appendix.

Notably, although it was reported previously that quinones can be developed as HDAC6
inhibitors [246,352], our results are the first to demonstrate that idebenone increases tubulin
acetylation, suggestive of HDAC6 inhibition. In addition, our results show for the first time
that idebenone induces Hsp70 protein levels. It was surprising to observe that idebenone-
induced cytoprotection may be involved in the heat shock protein chaperone systems and
thereby might maintain protein conformational stability and plasticity [353]. In addition to its
role as a protein chaperone, Hsp70 is well described to be essential for mitochondrial function,
proteostasis [230-233], mtDNA maintenance and replication [234] and protection against
diabetes [235]. In contrast, overexpression of another member of the heat shock protein family,
Hsp90, is reported to be associated with the growth and aggressiveness of a number of tumors
[354,355]. Since Hsp70 and Hsp90 are frequently co-expressed [353], idebenone was further
evaluated for its effects on Hsp70 and Hsp90 expression in the same in vitro system (original
unpublished data; Figure 2). Dose-dependent effects were observed for both Hsp70
upregulation and Hsp90 downregulation. However, the concentrations required for these
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effects may unlikely be achievable under physiological conditions (=5 uM for Hsp70, 225 uM
for Hsp90), which makes this observation scientifically interesting but is unlikely to contribute
to its therapeutic potential in vivo. Considering the pro-oxidant nature of some quinones,
idebenone was also evaluated for possible oxidative damage, despite its widely
acknowledged safety (original unpublished data; Figure 2). In this system, idebenone
significantly elevated oxidative protein damage only when dosed at high concentrations (=50
uM) that are also unlikely to be achieved physiologically. These results reaffirm the
simultaneous pleotropic protective effects and safety of idebenone and that it could also be
considered for future development as anti-cancer therapeutics. Since in our in vitro and in
vivo test systems, we were unable to demonstrate Akt activation by either idebenone or the
novel SCQs (unpublished internal data), Akt was excluded from the in vitro investigation.
Given that different concentrations, time frames, co-stimuli or tissue selectivity might be
required for Akt activation, it will be important to look at this aspect in more detail in future
studies to generate thorough and detailed information to judge the potency and ECso for
idebenone and selected SCQs.

3. Limitations of the Study
3.1. Quinone: Friend or Foe

While quinones can exert cytoprotection by modifying mitochondrial redox status,
induction of defense mechanisms and anti-inflammatory signaling [148], they also have the
potential to create a variety of detrimental effects such as acute or long-term cytotoxicity,
inhibition of proliferation and induction of apoptosis [356]. What is increasingly appreciated
is that the quinone-induced sublethal level of damage that could promote subsequent cyto-
and/or mito-protection [356]. This effect, termed hormesis, depends on a variety of factors
such as the dose of quinones, the biological targets and exposure time to quinones. For
example, a recent report proposed a narrow therapeutic and safety window for idebenone
against retinal mitochondrial dysfunction [357]. For quinones in general, a detailed
understanding of their molecular activities will allow the interpretation of results and
illustrate the complexity of mechanisms by which quinones activate hormesis or toxicity.

3.2. NQO1-Dependent Bioactivities

One of the molecular activities of quinones that this study has proposed is through an
altered composition of the NQO1 complex (Chapter 2). At present, it is unclear at present what
other reductases could also be involved in SCQ bioactivation, which is a limitation of the study.
Since the majority of novel SCQs share the quinone moiety with vitamin K, the role of vitamin
K epoxide reductase (VKOR) for the reduction of the novel SCQs could be of interest for future
studies [253,254]. However, it should be prioritized to first understand the mechanisms
underlying the NQO1-dependent SCQ signaling since, based on the results of this study, this
appears to be the main pathway associated with SCQ-dependent cytoprotection. To this end,
reference bait compounds (such as biotin-coupled SCQs), pull-down assays in association
with mass spectrometry and proteomic approaches will be required. Solid evidence will need
to support how quinones selectively affect the composition of the NQO1 complex and how
changes in the complex can lead to cytoprotection or cytotoxicity. Intriguingly, NQO1-
dependent quinone bioactivation may also affect outcomes in patients from certain
haplogroups. For example, the very high frequency of an inactivating NQO1 polymorphism
(C609T) in the Chinese population compared to Caucasians would suggest reduced NQO1
activity and therefore reduced quinone bioactivation [358]. In cell lines reported to express
very low NQOIL levels, quinones such as idebenone still have the capability to somewhat
protect viability in the presence of rotenone [270], albeit with much lower efficacy and a much
smaller safety window (data not shown). It remains to be demonstrated whether the residual
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NQOI1 activity found in these cell lines is sufficient to bioactivate idebenone to some extent,
or if the limited protection is due to activities that are redox-independent. In this context, it is
important to note that the screening and selection of the novel SCQs in this study was largely
based on protection against rotenone toxicity, which is an obvious limitation of the study.
While several studies consistently demonstrated that reduction (bioactivation) of quinones is
essential to protect against rotenone [168,359,360], we cannot rule out that some cytoprotective
activities of SCQs do not require an altered redox state. In fact, binding of idebenone to p52Shc
does not seem to require NQOI1-dependent bioactivation, as this interaction was first
described in a cell free system without the presence of any reductase [172]. Therefore, it
remains to be established what activities of SCQs require bioactivation to rationalize their use
in different diseases, tissues, and ethnic groups.

3.3. Potential Toxicities

Due to the structural similarity of the quinone moiety between novel SCQs and vitamin
K, it should be taken into consideration that the generally acknowledged characteristics of
vitamin K and its analogs may potentially also apply to certain novel SCQs. For example,
blood coagulation promoted by vitamin K [361] raises the question if the novel SCQs might
affect blood clotting, which would be a major adverse activity and cause for concern. Although
all in vivo experiments in the present study did not provide any indication that the novel
compounds could be associated with this activity, only small animal numbers were used over
several weeks of treatment, which might not be enough to expose this problem. Thus, the
novel SCQs will need to be investigated for their possible blood clotting effects using
dedicated toxicity test systems.

Another concern is that the absence of mutagenicity reported for novel SCQs was based
on a single human hepatocarcinoma cell line, instead of the widely employed golden-standard
Ames tests on multiple strains of Salmonella. While the former method is easier and allows
higher throughput, the latter is an established method that is more direct and widely accepted
to assess if the novel SCQs potentially have mutagenic toxicities. The testing of selected SCQs
in the Ames test is currently in preparation and will in the next few weeks address this
possibility.

3.4. Tissue-Specific Bioactivities or Toxicities

While the use of a single cell line, HepG2, enables comparisons of SCQ-associated
bioactivities across many different bioassays, it also represents a significant limitation of the
study. Since a limited number of SCQs were first reported to protect rotenone-induced
mitochondrial dysfunction in HepG2 [209], the current thesis continued the investigation and
initiated the thorough bioactivity profiling for an extended panel of SCQs in the same cell line
(Chapter 2). While tissue-specific bioactivities of SCQs cannot be excluded, HepG2 is suitable
for the study due to is high dependence on mitochondrial metabolism and OXPHOS activity.
Subsequently, toxicological profiling for selected SCQs also continued on HepG2 (Chapter 4),
which could have helped to address the question of hormesis versus toxicity in the same
platform. Of the many toxicity markers, WST-1 absorption raised our concern prior to the
commencement of the study. This was due to the fact that quinones in general are
acknowledged as pan-assay interference compounds (PAINs). PAINs are described to harbor
the chance to generate false positive and false negative results in the WST-1 assay [272,298].
Therefore, this possibility was counteracted by a series of comparative assays that evaluated
different toxicities from distinct aspects, including assays such as the colony formation assay
that are unlikely to be influenced by PAINs. Collectively, the novel SCQs generally showed
comparable toxicities across the different toxicity assays, which supports the validity of our
results.
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3.5. Effects on Mitochondrial Function

It has to be acknowledged that no direct measurements were conducted on addressing
how the novel SCQs would affect mitochondrial respiration, which was one of the major
limitations of this study. However, our readout of ATP synthesis under conditions of
mitochondrial dysfunction (and in the absence of glucose; data not shown) would strongly
suggest that mitochondrial membrane potential should be intact, and the ATP generated is
not driven by increased glycolysis (also evidenced by a lack of increased lactate production).
In fact, our previous research also supports a protection of mitochondrial respiration, as the
assay is sensitive to complex III inhibition [168]. Therefore, it will be valuable in the future to
directly investigate the effect on ETC as well as TCA enzyme activities for selected compounds,
once the mode of action and the proteins involved in this process are clear. By interfering with
the signaling molecules involved, evidence for causal interactions could be provided.

Instead, the current study aimed to use phenotypic screening of efficacy and toxicity to
narrow down the number of effective drug candidates before such detailed studies could be
initiated. However, it cannot be ruled out that the novel SCQs, only have a minor effect on
mitochondrial function directly, if at all, similar to what was reported for idebenone [171,359].
In fact, the PK of idebenone suggests that at achievable concentrations in vivo, idebenone
leaves mitochondrial function unaffected [171]. Instead, a much more likely scenario is that
the multiple signaling mechanisms that idebenone initiates (i.e. p52Shc, Lin28A) indirectly
lead to altered mitochondrial function. Keeping this distinction in mind, time-resolved
experiments will be required to differentiate between the two possibilities.

3.6. In vivo Pharmacokinetics and Metabolism

To assess different routes of administration for selected SCQs, their physicochemical
properties should be first considered to fit a particular in vivo model for PK studies. For
indications that do not require absorption into systemic circulation (such as UC), novel SCQs
with a very low (such as the acids and amino acids) or high logD (such as the amino esters
and aliphatic esters; Tables S1-S2 in Chapter 2, Table Al in Appendix) can be dosed in
combination with a specific diet or via oral gavage. In contrast, for indications that require
systemic circulation and/or blood-brain barrier (BBB) penetration (such as DR), novel SCQs
with a high logD (ideally >3) are more suited. Since the highly protective novel SCQs differ in
their solubility, this allows the development of individual compounds for selected indications
to maximize their therapeutic potential in the future.

Our study provided some indications that this can be possible. In a rat model of DR, both
UTAS#37 and UTAS#77 significantly restored vision when given as eye drops over 4 weeks
[208]. Although both SCQs restored vision to a similar extent, the effect of UTAS#77 was faster
and more pronounced, while the effect of UTAS#37 was a bit slower but more persistent [208].
One explanation for this could be that due to the difference in solubility between UTAS#37
(log D 0.74) and UTAS#77 (log D 3.41), UTAS#77 might have been more easily absorbed into
the eye as opposed to the more water soluble UTAS#37. Consequently, UTAS#77 would have
reached therapeutic levels faster at the retina. In addition, in a mouse model of LHON, both
SCQs significantly restored vision when administrated orally over 10 weeks (M. Nadikudji,
unpublished data). The observed therapeutic effects in this model were generally slower
compared to their effects in the DR model. This would highlight that oral absorption might
not be the best route to administer these SCQs when attempting to treat an ocular disorder. In
line with the results from the DR model, the LHON model also demonstrated a faster and
more pronounced effect of the lipophilic UTAS#77 on visual recovery (from ~10% to ~65%)
compared to hydrophilic UTAS#37 (from ~10% to ~50%). These results suggest that the
solubility of SCQs should be taken into account for their use in specific indications and
formulations. At this point, we have to acknowledge that we do not have experimental data
to support these hypotheses.
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Consequently, future studies will need to establish the PK characteristics of selected
SCQs and formulations in vivo, and have to include their time-resolved distribution into
different tissues as well as the identification of their metabolic products. In this context, it is
important to note that some idebenone metabolites (QQS-10 to QS-6) were recently reported to
show significantly higher potency to bind p52Shc [362]. Unfortunately, this study did not
address the question that this increased binding of idebenone metabolites also translates to
increased insulin-sensitivity [362]. In line with this result, the idebenone metabolite QS-10 was
recently described by Giorgio et al to protect against complex I deficiency and lack of CoQuo
[363]. This result is in the highest-grade astonishment, since QS-10 is so water soluble (logD
1.20) that it should not be able to enter the quinone binding site of CoQio (logD 19.12) or take
part in the mitochondrial electron transport chain. In fact, in primary human muscle cells
exposed to rotenone, not a single evidence could be identified for the protective activity of
(QQS-10 [168]. Giorgio et al also tested QS-10 in a zebrafish model, where it displayed increased
protection compared to idebenone against rotenone-induced mitochondrial dysfunction [363].
Unfortunately, the authors did not include the tissue drug levels of QS-10 or idebenone in the
exposed zebrafish, which opens the possibility that the observed differences are simply a
reflection of differential drug exposure. In contrast to the widely acknowledged poor water
solubility of idebenone (logD 3.57) [165], QS-10 is associated with increased water solubility
(logD 1.20) [168]. Consequently, idebenone added to the tank water for zebrafish would have
a high chance to precipitate, while in contrast the carboxylic acid group of QS-10 would make
the molecule much more water soluble. Therefore, the result obtained from this test system
are questionable without added information and could represent solubility differences rather
than differences in activity. Therefore, despite the attractiveness of this hypothesis to explain
the mode of action of idebenone despite its low half-life, it remains to be demonstrated that
the idebenone metabolites retain any cytoprotective activity in vivo. Nevertheless, this
possibility cannot be excluded at this stage. Despite the very low metabolism of SCQs
observed in vitro in the current study (Section 3.1 in Chapter 3), it will be important to
investigate the metabolites of selected SCQs in the future. In particular, our observation that
at least one SCQ (UTAS#62, logD 3.10) can be metabolically converted into another (UTAS#37,
logD 0.12; Section 3.3 in Chapter 3). This opens the possibility of prodrug approaches that upon
crossing the BBB, drug development candidates could be converted to metabolites with higher
protection against mitochondrial dysfunction-associated neurotoxicity or visual impairments.

4. The Road Ahead

To conclude, this thesis developed a battery of new methods, characterized 143 novel
SCQs and reference compounds, identified 16 cytoprotective and 11 metabolically stable SCQs,
and processed 1 with absence of mitochondrial toxicity and transformation potential towards
its in vivo efficacy against mitochondrial dysfunction. The results described in this thesis
rationalize the selection of drug development candidates and inform their further
development towards their clinical use. Given the novelty of the current study, our ideas,
compounds and assay designs have been readily replicated by others who recently reported
new SCQs [360]. This supports the credibility of our research, which promises to develop
efficacious and safe therapeutics against mitochondrial diseases and related disorders.
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Appendix

Table A2. Dose-dependent molecular activities of idebenone.

Hsp70 Hsp90 Nitrotyrosine
uM p-Value p-Value p-Value
Mean SD vs NT Mean SD vs NT Mean SD vs NT
100.0 4.5 - 100.0 2.8 - 100.0 4.2 -

1 1034 4.0 0.5 ns 991 48 >099 ns 1005 3.0 >099 ns
2.5 1053 8.2 0.11 ns  99.2 93 >099 =ns 1006 31 >099 ns
5 1076 6.0 0.007  ** 97.1 9.7 0.66 ns 101.1 35 >099 ns
10 1111 94 <0.001 **  96.2 7.5 0.39 ns 1014 34 >099 ns
25 1162 131 <0.001 ** 8.8 104 <0.001 ** 1058 3.7 019 ns
50 1165 145 <0.001 ** 889 115 <0.001 ** 1074 7.8 0.05 *
Data represents the mean + SD (%) of at least 4 replicates from 3 independent experiments: *** p < 0.001, **
p <0.01, * p <0.05, otherwise non-significant (ns). NT, non-treated.
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