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Abstract

The incidence of renal cancer has been increasing over the last decades along with the
interest in the research and development of novel anticancer drugs. Cancer is a multistep
process and oxidative stress has been pointed out to have critical roles on its initiation,
promotion and progression. This thesis addresses the redox modulation afforded by the
superoxide dismutase mimic (SODm) MnTnHex-2-PyP (MnP), a prototype of the
Manganese(l1l) porphyrins (MnPs), which are catalytical polyfunctional antioxidants
with the ability to modulate different cellular redox pathways. Two different renal cell
models were used to address initiation and progression cellular events. Firstly, the role of
MnP on the toxicity of non-tumor renal cells exposed to the ochratoxin A (OTA) was
evaluated. OTA is a well-known nephrotoxic agent and renal carcinogen and was used as
a reference model to assess potential effects of the SODm in the initiation processes.
Different endpoints of cytotoxicity and genotoxicity were evaluated in VVero cells exposed
to OTA. The MnP protected cells from the OTA-induced cytotoxicity. In addition, it
modulated the intracellular reactive oxygen species (ROS) levels and decreased the
percentage of cells in apoptosis when compared with cells exposed only to OTA. The role
of the MnP in renal cancer progression was subsequently studied in a human renal cancer
cell model. MnP exposure resulted in a concentration and time-dependent decrease in cell
viability of human 786-O cells and led to a significant increase in sub-G1 population.
This treatment also induced a concentration-dependent increase in intracellular ROS.
Notably, low concentrations of the MnP significantly decreased the chemotactic
migration of the human renal cancer cells.

This study contributed to clarify the role of oxidative stress in OTA-induced
toxicity. ROS partially contributed to the cytotoxicity and genotoxicity of OTA in kidney
cells, although other mechanisms may be relevant for OTA-induced deleterious effects.

In addition, this work revealed the potential of MnTnHex-2-PyP in renal cancer treatment,



by decreasing cancer cells viability and migration. Overall, this MnP protected non-tumor
cells from the toxic effects induced by OTA, while it had a beneficial effect against renal
cancer cells. The results obtained herein reinforce the multiple potential applications of

MnPs and warrant further studies towards their therapeutic use.

Keywords: renal cancer, oxidative stress, SOD mimics, MnTnHex-2-PyP



Resumen

La incidencia de cancer renal ha aumentado en las Gltimas décadas, junto con el interés
en la investigacion y desarrollo de nuevos farmacos anticancerigenos. El cancer es un
proceso de multiples pasos y el estrés oxidativo ha sido sefialado por su papel critico en
la iniciacion, promocion y progresion. Esta tesis aborda la modulacion redox
proporcionada por el mimético de la superdxido dismutasa (SODm) denominado
MnTnHex-2-PyP (MnP), un prototipo de las porfirinas de manganeso(lll) (MnPs), que
son antioxidantes polifuncionales cataliticos capaces de modular diferentes vias redox
celulares. Dos modelos diferentes de células renales se utilizaron para tratar la iniciacion
y la progression de los eventos celulares. En primer lugar, se evaluo el papel del MnP en
la toxicidad renal de células no tumorales expuestas a la ocratoxina A (OTA). OTA es un
agente nefrotoxico bien conocido y carcinogeno renal que fue utilizado como un modelo
de referencia para evaluar los efectos potenciales de SODm en los procesos de iniciacion.
Diferentes pardmetros de citotoxicidad y genotoxicidad se evaluaron en células Vero
expuestas a la OTA. EI MnP protegi6 a las células de la citotoxicidad inducida por OTA.
Ademas, hubo modulacién de las especies reactivas de oxigeno (ROS) intracelulares,
disminucion de los niveles y el porcentaje de células en apoptosis en comparacion con las
células expuestas Unicamente a OTA. Posteriormente, se estudié el papel del MnP en la
progresion del cancer usando un modelo de células de cancer renal humano. La
exposicion al MnP resulté en una disminucion dependiente de la concentracion y del
tiempo de la viabilidad de las células humanas 786-O y condujo a un aumento
significativo en la poblacion sub-G1. Asimismo, este tratamiento indujo a un aumento
dependiente de la concentracion de las ROS intracelulares. Cabe resaltar que
concentraciones bajas del MnP disminuyeron significativamente la migracion

quimiotactica de las células del cancer renal humano.



Este estudio ha contribuido a clarificar el papel del estrés oxidativo en la toxicidad
inducida por OTA. ROS contribuyo parcialmente a la citotoxicidad y a la genotoxicidad
de OTA en células de rifién, aunque otros mecanismos pueden ser relevantes para los
efectos deletéreos inducidos por OTA. Ademas, este trabajo revelo el potencial de
MnTnHex-2-PyP en el tratamiento del cancer de rifion mediante la disminucion de la
viabilidad y migracion de las células cancerigenas. En general, este MnP protegié a las
células no tumorales de los efectos toxicos inducidos por OTA, mientras tuvo un efecto
beneficioso contra las células de cancer renal. Los resultados aqui obtenidos refuerzan las
multiples potenciales aplicaciones de las MnPs y sugieren mas estudios para su uso

terapéutico.

Palabras clave: cancer renal, estrés oxidativo, miméticos de la SOD, MnTnHex-2-PyP
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Chapter 1

General Introduction



1.1. Oxidative stress

The concept of oxidative stress was introduced by Helmut Sies in 1985 and was defined
as an imbalance between oxidants and antioxidants in favor of the oxidants (Sies, 1985).
Due to the increasing knowledge in the redox biology area, this concept has been
slightly changing. The current definition of oxidative stress include “an imbalance
between oxidants and antioxidants in favor of the oxidants, leading to a disruption of
redox signaling and control and/or molecular damage” (Sies, 2015; Sies and Jones,
2007). The levels of cellular oxidants are well controlled, not only via their production,
but also via elimination by antioxidant systems. If this control fails, oxidative damage
may occur. Oxidative stress is therefore associated with several diseases (Fig. 1.1), such
as cardiovascular disorders, neurodegenerative, metabolic and autoimmune diseases
(Reuter et al., 2010). Furthermore, oxidative stress is associated with inflammatory
disorders and cancer, among other diseases (Armstrong and Stratton, 2016; Kehrer and

Klotz, 2015; Rahal et al., 2014; Reuter et al., 2010).

Neurological

Cardiovascular .
disorders

diseases

Autoimmunne

Cancer diseases
Oxidative
Chronic stress Fibrotic
inflammation diseases
Metabolic
diseases _ Sen.sory
Infections MPAlrment
diseases

Fig. 1.1 — Examples of pathological conditions associated with oxidative stress.



The term reactive species (RS) includes oxygen, nitrogen, carbon, sulfur,
chlorine, bromine or halogens species with high reactivity (Kehrer and Klotz, 2015;
Rahal et al., 2014). The RS can be free radicals or non-radical derivatives. Reactive
oxygen species (ROS) include different chemical species, such as superoxide anion
(O2™), hydroxyl radical (HO"), hydrogen peroxide (H202), singlet oxygen (*Oz), alkoxyl
radicals (RO") and peroxyl radicals (ROQO"). The O2™", mainly produced in mitochondrial
electron transport reactions, is dismutated by superoxide dismutase (SOD) enzymes to
H20 and O,. In the presence of reduced free iron (Fe?*) and copper (Cu*) ions, H20;
participates in Fenton reactions to produce HO". The oxidized forms Fe* and Cu?* can
then oxidize H>O> to form hydroperoxyl (HOO"; Armstrong and Stratton, 2016; Birben
et al., 2012). The reactive nitrogen species (RNS), such as peroxynitrite (ONOQO), are
also important in various pathophysiological processes (Dedon and Tannenbaum, 2004;
Weidinger and Kozlov, 2015).

The major endogenous sources of ROS include cellular metabolism and
respiration processes. During cell respiration, oxygen is reduced by sequential transfer
of electrons and some intermediates with odd electrons can escape from mitochondrial
electron-transport chain (Brieger et al., 2012). These electrons interact with O> to
originate O2™, which spontaneously or enzymatically is converted to H.O, and HO"
(Lushchak, 2014). In the metabolic processes that occur in different cellular organelles,
such as endoplasmic reticulum (ER) or peroxisome, ROS are also generated. Various
enzymes, for example xanthine oxidase (XO), NADPH oxidases (Nox) or P450
cytochromes, are also relevant ROS producers (Brieger et al., 2012; Lushchak, 2014).
ROS may also be generated from exogenous sources, including cigarette smoke, ozone
exposure, hyperoxia, ionizing radiation, exposure to heavy metals and food toxicants
(Birben et al., 2012; Shibamoto and Bjeldanes, 2009).

The principal biological targets of RS include lipids, proteins, carbohydrates,
DNA and RNA (Kehrer and Klotz, 2015). The RS can oxidize directly many substrates

but are also able to initiate a number of addition reactions, which result in a covalent



binding to biomolecules, including lipids (Birben et al., 2012). Oxidative stress can lead
to lipid peroxidation, protein oxidation and DNA oxidation (Birben et al., 2012; Valko
et al., 2006). Moreover, RS can interact with cellular signaling pathways that can alter
gene activation/inactivation with subsequent cellular responses such as induction of
antioxidant enzymes, cell death or cancer initiation (Kehrer and Klotz, 2015).

Beyond the negative role associated to the RS over the years, nowadays it is also
clear that these species have indeed beneficial functions, participating in diverse
processes essential to live (Lushchak, 2014). RS, namely ROS are vital as mediators of
multiple cellular processes, including cell growth and differentiation, cell signaling, the
immune response, biosynthesis, cell adhesion and apoptosis (Brieger et al., 2012;
Droge, 2002; Ray et al., 2012; Verbon et al., 2012). Therefore, the intracellular levels of

ROS need to be well controlled to avoid cellular damage (Fig. 1.2).

Level of
ROS

High = Overshoot signaling
= Damage
= Signaling
Normal = Biosynthesis
= Host defense

= Lack of signaling
Low = Lack of host defense

= Pathological compensation

Biological effects

Fig. 1.2 — The role of ROS in biological systems (adapted from Brieger et al., 2012).

The cellular antioxidant system is vital to eliminate excess ROS or to minimize
their negative effects. This antioxidant system include non-enzymatic antioxidants, such
as ascorbic acid, tocopherols, carotenoids, anthocyanins, polyphenols and uric acid
(Birben et al., 2012; Lushchak, 2014). Glutathione (GSH) is a major antioxidant that

can interact directly with ROS and serve as a cofactor to antioxidant enzymes (Aquilano



et al., 2014). Nevertheless, the main cellular antioxidants group includes the enzymes
superoxide dismutases (SOD), catalase (CAT) and glutathione peroxidases (GPx). The
SOD catalyzes the dismutation of the O™ with formation of Oz and H.O>, which can be

further dismutated by CAT or reduced by GPx (Fig. 1.3).

de 205 20, 2GSH GSSG
C U
4 02 —_— 4 02._ —_— 2 H202—) 2 H20
SOD GPx
CAT
2 H,0 +0,

Fig. 1.3 — Major cellular enzymatic antioxidant defenses.

1.1.1. Oxidative stress and Cancer

The development of cancer is a complex and multistep process. The cancer progression
can occur through various defects in signaling cascades regulating the processes of cell
differentiation, proliferation, migration, and apoptosis (Hanahan and Weinberg, 2011,
Kruck et al., 2014).

In 2000, Hanahan and Weinberg published a landmark review that pointed out to
six classical cancer hallmarks: induction of angiogenesis, resistance to cell death,
capability to sustain proliferative signaling, evasion of growth suppressors and tissue
invasion and metastasis (Hanahan and Weinberg, 2000). One decade later, due to the
scientific progress, additional cancer hallmarks were proposed: genome instability and
mutation, deregulation of cellular energetics, the ability to avoid immune destruction

and the presence of an inflammatory response (Hanahan and Weinberg, 2011). The



hallmarks play a collective and interlinked role promoting tumorigenesis (Fig. 1.4).
Oxidative stress is a key element in cancer growth. ROS can be involved in all
tumorigenesis steps: initiation, promotion and progression. ROS also participate in
many aspects of tumor development, such as cellular proliferation, evasion of apoptosis,

tissue invasion and metastasis and angiogenesis (Fulda, 2010; Sosa et al., 2013; Valko

et al., 2006).
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proliferative growth
signaling sSuppressors

Avoiding
immune

Deregulating
cellular

Resisting Enabling
cell replicative
death immortality
Genome Tumor
instability & promoting
mutation inflammation
Inducing Activating
angiogenesis invasion &

metastasis

Fig. 1.4 — The Hallmarks of Cancer (adapted from Hanahan and Weinberg, 2011).

The levels of ROS change throughout the tumorigenesis stages (Fig. 1.5). While
in normal cells an equilibrium between cellular antioxidants and ROS generation is
present, increased ROS levels constitute hallmarks of tumor cells. The higher levels of
ROS lead to genomic instability, pro-survival signaling and increased cell proliferation
and motility (Storz, 2013). At this stage, antioxidant therapeutic approaches could be
effective against tumor progression. On the other hand, some chemotherapeutic drugs
can increase ROS to a much higher levels, which induce irreversible cell damage and

tumor regression. Conversely, some tumor cells (i.e. cancer stem cells) have the ability



to resist to cell death by upregulating the antioxidant systems, which leads to tumor

resistance (Storz, 2013).

tumor tumor tumor tumor
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Fig. 1.5 - ROS levels in the different tumor stages (adapted from Storz, 2013).

1.1.2. Superoxide dismutase (SOD)

The SOD enzymes are the major cellular defense against O>™. These enzymes are
oxidoreductases that catalyze the dismutation of O™ (Fukai and Ushio-Fukai, 2011). In

this reaction, two molecules of O™ react with SOD to form Oz and H.O; (Eq 1/ Eq2).

02" + MM™D* Oy + M™ (Eq 1)
02"+ M™ + 2H" — H,0, + MO*D* (Eq 2)

In the first equation, the oxidized form of the metalloenzyme SOD (M®*1)
reacts with O2™ to form Oz and generates the reduced form of the enzyme (M™). In the
second step, the reduced form of the metalloenzyme reacts with another O>™ and two

protons to form H>O», regenerating the oxidized form of the enzyme (Miller, 2012).



In mammals, there are three isoforms of SOD: SOD1 (CuzZnSOD), SOD2
(MnSOD) and SOD3 (ecSOD) that differ mainly in their metal center and distribution in

the different cellular compartments (Table 1.1).

Table 1.1 — Types of superoxide dismutase enzymes in mammals (SOD).

Té%EOf Active center Characteristics Location
Cytoplasm, mitochondrial
SOD1 Cu(In/(1) and 32 kDa, intermembrane space and
Zn(I) homodimer others (nucleus, lysosomes,
peroxisomes)
96 kDa, . . .
SOD2 Mn(H/(1T) homotetramer Mitochondrial matrix
SOD3 Cu(In/(1) and 135 kDa, . Extracellular matrix, cell
(ecSOD) Zn(Il) homotetramgrlc surface, extracellular fluids
glycoprotein ’

Adapted from Fukai and Ushio-Fukai, 2011.

Although each SOD isoform is coded by different genes and present distinct
subcellular localization, they all catalyze the same reaction (Fukai and Ushio-Fukai,
2011; Miller, 2012; Zelko et al., 2002). The SOD1 is mainly localized in the cytosol,
although it is also present in a variety of cellular organelles. The SOD2 is a
mitochondrial enzyme essential for the dismutation of O2™ generated by the respiratory
chain of enzymes. Finally, the SOD3 is a secretory extracellular enzyme (Fukai and
Ushio-Fukai, 2011).

Due to the vital functions of SOD, alterations in these enzymes are frequently
associated with oxidative stress-induced pathophysiological conditions. Moreover,
metal deficiencies related with diet or diseases associated with increased levels of
metals, such as copper in Wilson’s disease, affect the SOD function (Johnson and
Giulivi, 2005). There is a strong connection between the activity of SOD and

Alzheimer’s disease (Marcus et al., 1998). In addition, several studies have addressed



the association of the SOD1 with the neurodegenerative disease amyotrophic lateral
sclerosis (ALS; Valentine et al., 2005; Wei et al., 2017). An inverse relationship
between SOD activity and human diseases, such as in cardiovascular diseases, is also
usually observed (Fukai and Ushio-Fukai, 2011). The MnSOD is an isoform that is
essential for life in aerobic environment, probably due to its crucial location. Complete
knockout of this enzyme results in death shortly after birth in different animal models
(Holley and St. Clair, 2016). In addition, several studies have showed that MnSOD
plays an important role in the development and progression of cancer (Dhar and St.
Clair, 2012). Particularly in renal cancer there is an association between the low levels
or the low activity of SOD and its development, which will be further discussed in this

thesis.

1.1.3. Superoxide dismutase mimics (SODm)

The importance of SOD to all aerobic life and its beneficial effects in oxidative stress-
related pathologies led to the development of SOD mimics (SODm), which have the
ability to mimic the reaction of native SOD - the dismutation of O>™". There are diverse
classes of SODm, with different properties and characteristics as summarized in Table
1.2.

The Mn(I1l) porphyrins (MnPs) are among the most potent SODm developed.
MnPs have a macrocyclic structure similar to the structure of natural porphyrin-
containing proteins (Fig. 1.6), such as hemoglobin, nitric oxide synthases and

cytochrome P450 family of enzymes (Batinic-Haberle et al., 2015).



MnTE-2-PyP5* MnTnHex-2-PyP%* MnTnBuOE-2-PyP%*

Fig. 1.6 — Chemical structures of some representative MnPs.

Most studies have focused on cationic Mn(l11)-substituted N-pyridyl- and N,N -
imidazolyl-porphyrins, which were optimized to reach high SOD-like activities with a
rate constant for the catalysis of O>™ dismutation (Kcat(O2™)) very similar to that of SOD
enzymes (Batini¢-Haberle et al., 2016; Gauter-Fleckenstein et al., 2014). The
dismutation reaction of MnPs includes two steps (Fig. 1.7). In the first step, MnPs act as
an oxidant and in the second step as an antioxidant, closing the catalytic cycle (Batinic-
Haberle et al., 2015). It is important to note that H>O. is produced during the
dismutation process, an oxidant which is detoxified by enzymatic systems, such as CAT

or GPx, as previous described (Fig. 1.3).
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Table 1.2 — Major classes of SOD mimics (SODm).

Classes of SODm

Characteristics

Examples

= Scavengers of ROS (O;™) and
RNS (e.g. ONOO)

MnTM-2-PyP5*

Mn(I1T) MnTE-2-PyP®*
. A,
porphyrins = Modulators of redox transcription factors MnTnHex-2-PyP
(e.g. NF-xB) MnTnBuOE-2-PyP>*
Mn(l11) .
. . = Scavengers of ROS (O MnBVD
biliverdins Veng (©:7) ( )2
MnDiM-4-PyMAnN-
Mn(I11) = Scavengers of ROS (e.g. O™ and H,0;) and Corrole?*
corroles RNS (e.g. ONOO) MnTrFsPh-B(SOs).-
Corrole*
= Mnenclosed in a salen =
Mn(i1) = N,N’-bis-(salicylideneamido)ethane complex EUK-8
| | EUK-134
salen complexes = Scavengers of ROS (O™ and H,0;) and EUK-207
RNS (ONOO)
. M40401
Mn(I1) Mn(I1)-pentaazamacrocyclic complexes SC55858
eyclic polyamines = Transfer only one electron MA40403
= Scavengers of Oy GC4419
= Mono- and binuclear complexes of Cu(I1) with | Cu(l) 3°,5’-
different classes of ligands (e.g. amines, diisopropylsalicylate
CU(HI) quinolone, macrocycles) (CuDIPs)
complexes
. . CuBrsTM-4-PyP
Scavengers of ROS (O™) CU[15]pyNs
= Fe(lll) complexes with macrocycle (OH)FeTM-4-PyP**
Fe(llN) (e.g. porphyrins) and non-macrocycle ligands (e.g. (OH)FeTE-2-PyP**
complexes aminopolycarboxylates) FeTM-4-PyP5*
» Scavengers of ROS (O,) and RNS (ONOO") | FeTnOct-3-PyP®*
FeTrFsPh-B(SOs)2-
Fe(l11) = Scavengers of ROS (02") > 5 B(SOs):2
corroles Corrole
Other metal = Scavengers of ROS (0;") CeO,
based compounds 0504
Tempol
Nitroxides ~ Tempone
and = Scavengers of ROS (O2") Mito-tempol
Nitrones
NXY-059

Table elaborated with data from references Batini¢-Haberle et al., 2016, 2014, 2010; Fernandes et al.,

2015.
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I STEP II STEP

MnP as an oxidant MnP as a reductant/antioxidant
02-/\\ Mnlllp5+ Mn[|P4+/\\ 02..
AN A\
OXIDATION -e';\ +¢° REDUCTION OXIDATION —e':} +¢ +2H" REDUCTION
kox(027) ‘N/"// et s ,\// Krea(027)
02 g Mn"P Mn''p>* = H2°2

Fig. 1.7 — The O™ dismutation reaction catalyzed by Mn porphyrins (MnPs),

reproduced from Batinic-Haberle et al., 2015.

MnPs have a high capability to exchange electrons with cellular reductants, RS
and redox-active signaling proteins (Gauter-Fleckenstein et al., 2014). Those facile
exchange of electrons with bio-targets is controlled by the reduction potential of
Mn"'/Mn"" redox couple and the kea(O2"; Gauter-Fleckenstein et al., 2014). MnPs are
scavengers of a plethora of different ROS and RNS (Batini¢-Haberle et al., 2016).

MnPs have also impact in cellular redoxome, the redox-based signaling
pathways (Batini¢-Haberle et al.,, 2014). Moreover, MnPs affect the cellular
transcription, modulating transcription factors, such as the hypoxia inducible factor-1a
(HIF-1a), the nuclear factor-kappaB (NF-kB), the activator protein-1 (AP-1) and the
specificity protein-1 (SP-1; Batini¢-Haberle et al., 2012). The MnPs react directly with
thiol groups of those transcription factors, preventing its activation, and have also an
indirect action on those signaling pathways via RS scavenging (Weitzel et al., 2015).
MnPs have been also associated with an activation of Nrf2 signaling pathway (Batini¢-
Haberle et al., 2016).

The MnTE-2-PyP>* was the first developed and consequently the most studied
cationic MnP. Afterwards, other MnPs were developed and characterized, with higher
lipophilicity, with the ability to accumulate in mitochondria and to cross the blood-
brain barrier (BBB), and less toxic, such as MnTnHex-2-PyP°>* and MnTnBuOE-2-
PyP°* (Batini¢-Haberle et al., 2016). A different MnP, MnTBAP* was thoroughly

12



studied and has shown remarkable protective actions in various experimental disorders
models. However, this anionic porphyrin was recently classified as a nhon-SODm and
the protective effects reported should be ascribed to other mechanisms of action, rather
than to a SOD-like activity (Celic et al., 2014; Tovmasyan et al., 2015a).

Besides MnPs, several other groups of compounds have been explored over the
last decades. Those include: Mn salen derivatives (e.g. EUK-207), Mn cyclic
polyamines (e.g. M40403), Mn and Fe corroles, Fe(lll) polyethyleneglycolated
porphyrin (e.g. FP-15), Fe(lll) porphyrin with carboxylate substituents on pyridyl
nitrogens (e.g. INO-4885) and metal oxides (e.g. CeOy). In addition, there are non-metal
based nitroxides (e.g. tempol) and nitrones (e.g. NXY-059) with superoxide scavenger
activity (Batini¢-Haberle et al., 2016). However, it is controversial whether such
compounds are real SODm, since under physiological pH they may lose the SOD-like
activity (Batini¢-Haberle et al., 2016).

In addition to their higher potency, the Mn-containing compounds have
advantages in terms of biological stability and toxicity (Batini¢-Haberle et al., 2014).
Many of the Cu(ll) and Fe(ll1) complexes developed so far could dissociate in vivo and
release the metals ions, which can contribute to their toxicity by producing HO" radical

via Fenton reaction (Batini¢-Haberle et al., 2010).

1.1.4. SODm in different pathological conditions

Several diseases and pathological disorders are related with oxidative stress. SODm can
be very useful as a therapeutic option, due to their capability to reduce the oxidative
environment and cellular damage, but also through its ability to modulate different

redox pathways.
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The therapeutic potential of SODm has been reported in the last years, in
different experimental models (Table 1.3). The neurologic disorders are one of the major
areas of potential use of SODm, particularly of MnPs. The MnTE-2-PyP°* was the first
MnP to show neuroprotection in ischemic brain injuries (Mackensen et al., 2001),
followed by others MnPs, namely the MnTDE-2-ImP°* and the MnTnHex-2-PyP>*
(Sheng et al., 2002; Sheng and Warner, 2016). The MnTDE-2-ImP°* and MnTnHex-2-
PyP°* also showed remarkable effects in rat spinal cord injury models (Celic et al.,
2014; Sheng et al., 2004). Both MnTE-2-PyP>* and MnTnHex-2-PyP®* inhibited the
chronic morphine tolerance and reduced the neuropathic pain in a significant way, in in
vivo models (Batini¢-Haberle et al., 2009).

In the last decades, due the discovery of the central role of SOD in ALS, the
most common fatal neurodegenerative disease, SODm were suggested as a therapeutic
option for this illness (Hubens and Okado-Matsumoto, 2016; Ramdial et al., 2016). The
MnTDE-2-ImP>* alleviated ALS symptoms and extended survival in animal
experimental models (Crow, 2006; Crow et al., 2005). Furthermore, a phase I clinical
trial with ALS patients with MnTDE-2-ImP°* was performed (Benatar, 2007).

SODm have been also showing beneficial effects in cardiovascular and
metabolic diseases. Different MnPs showed to suppress stroke injury, particularly the
MnTnHex-2-PyP>* (Sheng et al., 2011). Both MnTDE-2-ImP** and MnTE-2-PyP**
revealed positive results in diabetes. Those MnPs increased the survival of cultured
human pancreatic islet cells and reduced the levels of IL-6 and IL-8, pro-inflammatory
cytokines (Bottino et al., 2002). The MnTE-2-PyP®* also showed beneficial effects in
diabetes progression in mice (Batini¢-Haberle et al., 2014).

SODm showed also protective effects in some lung injuries. The MnTDE-2-
ImP>* decreased significantly the adverse effects in animals exposed to tobacco smoke
(Smith et al., 2002). SODm can also protect the liver and the kidney in some disorders.
For example, MnTDE-2-ImP>* protected the liver from ischemic injury in a rat model

(Hines et al., 2003). Furthermore, EUK-134, Tempol and MnTnHex-2-PyP°* protected
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the kidney in different experimental rat models. EUK-134 significantly reduced the
renal dysfunction and injury in a bilateral renal ischemia rat model, by decreasing the
serum creatinine levels, an indicator of renal dysfunction, as well as the urinary N-
acetyl-R-D-glucosaminidase activity, an indicator of tubular damage. In addition, EUK-
134 reduced the renal injury related with oxidative stress (Chatterjee et al., 2004).
Moreover, Tempol attenuated dose-dependently the ischemia/reperfusion-induced renal
dysfunction, as well as the development of kidney histopathological lesions in a rat
model (Fujii et al., 2005). The pretreatment with MnTnHex-2-PyP>* was shown to be
beneficial in an oxidative stress injury rat model, protecting from ATP depletion,
MnSOD inactivation, nitrotyrosine formation and renal dysfunction (Saba et al., 2007).
The impact of MnPs in other renal experimental models, including the evaluation of
additional endpoints will be further discussed in Chapter 3 and Chapter 4.

Some of those valuable effects of MnPs previous described were possibly related
with the inhibition of the NF-xB, a central transcription factor that controls several

inflammatory and immune pathways (Batini¢-Haberle et al., 2014).

Table 1.3 — Examples of beneficial effects of SODm in different disorders.

Disorder SODm Model References

Nervous system

Ischemic brain injury MnTE-2-PyP>* Rat (Mackensen et al., 2001)
MnTDE-2-ImP>* Mouse (Sheng et al., 2002)
MnTnHex-2-PyP>*  Rat (Celic et al., 2014)

Spinal cord injury MnTDE-2-ImP>* Mouse (Sheng et al., 2004)
MnTnHex-2-PyP>*  Rat (Celic et al., 2014)

Hyperalgesia M40403 Rat (Wang et al., 2004)
MnTE-2-PyP5* Mouse (Batini¢-Haberle et al.,
MnTnHex-2-PyP%* 2009)

Amyotrophic lateral MnTDE-2-ImP5* Mouse (Crow et al., 2005)

sclerosis (ALS)
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Table 1.3 (cont.)

Stroke injury

Heart ischemia—
reperfusion

Hemorrhagic shock

Endocrine system

Diabetes

Lung

Cigarrete smoke injury

Liver

Isquemic injury

Kidney

Isquemic injury

Gentamicin injury

Cardiovascular system

MnTnHex-2-PyP>*

M40403
EUK-8
EUK-8
EUK-134

MnTE-2-PyPSs*
MnTDE-2-ImPSs*

MnTDE-2-ImP®*

MnTDE-2-ImP®*

EUK-134

Tempol
MnTnHex-2-PyP®%*
M40403

Rat

Rat
Rat
Rat

Human

islets cells

Rat

Rat

Rat
Rat
Rat
Rat

(Sheng et al., 2011)

(Masini et al., 2002)
(Xu et al., 2004)
(Izumi et al., 2002)

(Bottino et al., 2002)

(Smith et al., 2002)

(Hines et al., 2003)

(Chatterjee et al., 2004)
(Fujii et al., 2005)
(Saba et al., 2007)
(Cuzzocrea et al., 2002)
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1.1.5. SODm and cancer

SODm have also been used with success in cancer models. These compounds have the
ability to protect normal tissues from oxidative stress damage induced by chemotherapy
and radiotherapy and, conversely, to increase the effect of these anticancer treatments in
tumor tissues. SODm can be selective to tumor tissues and usually presented low
toxicity to non-tumor tissues (Tovmasyan et al., 2015b). In addition, SODm have been
pointed out as anticancer agents through its antiproliferative effects in tumoral cells, as
assessed in different experimental models. Those effects can be justified by their
differential redox environments (Tovmasyan et al., 2015b). The SODm can increase
some RS levels, namely H>O> by its own mechanism, and both SOD and SODm under
such conditions cannot be considered as antioxidative defenses (Batinic-Haberle et al.,
2015). Furthermore, in the most tumor cells the expression or the activity of the
antioxidant defenses, such as CAT or GPx enzymes with capability to detoxify H20a,
are lower (Fernandes et al., 2016; Gauter-Fleckenstein et al., 2014; Tovmasyan et al.,
2015b; Fig. 1.8). The differences observed may also be justified due to the different
transcription factor profile in tumor versus non-tumor cells (Keir et al., 2011). The H20>
can contribute to the oxidation or the glutathionylation of redox-sensitive subunits of
NF-xB, a critical cellular transcription factor (Batini¢-Haberle et al., 2014).
Additionally, MnPs can inhibit mitochondrial respiration, with reduction in ATP
production and subsequently induction of cell death (Jaramillo et al.,, 2015).
Consequently, SODm can act both as anti- and pro-oxidant, depending on cell type, the
basal levels of RS and antioxidant enzymes, the cellular redox balance and the cellular

distribution of SODm.
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Fig. 1.8 — Differential role of SOD mimics in cancer and normal cells. (A) The
opposing effects of intracellular H>O2 concentrations on the proliferation of cancer and
normal cells. (B) The redox status of cancer and normal cells differs significantly,
controlling their differential sensitivity to additional increase in H2O2. In cancer cells,
SODm may decrease cell proliferation and boost chemo- and radiotherapy treatments.
Conversely, SODm may increase the survival of normal cells, protecting against RS-
mediated adverse effects of chemo- and radiotherapy (reproduced from Fernandes et al.,
2016).

Most cancer treatments, including ionizing radiation (IR), chemotherapy and
photodynamic therapy, have a mode of action (MOA) associated with the generation of
ROS, which are able to damage DNA and to kill cancer cells. Nonetheless, these
treatments can also induce adverse effects in non-tumor tissues (Liou and Storz, 2010;
Wang and Yi, 2008). In this context, several studies have been performed towards the
application of SODm to protect non-tumor tissues against the toxicity of cancer

treatments as exemplified in Table 1.4.
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Table 1.4 — Examples of the application of SODm in cancer therapy.

Action SODm Model References

Radioprotection

Lung MnTDE-2-ImP>* Mouse (Jackson et al., 2012)
Mouse (Zhang et al., 2012)
MnTE-2-PyP5* Rat (Gauter-Fleckenstein et
al., 2010, 2008)
MnTnHex-2-PyP5* Rat (Gauter-Fleckenstein et
al., 2014, 2008)
EUK-207 Rat (Mahmood et al., 2011)
Prostate MnTE-2-PyP5* Rat (Oberley-Deegan et al.,
2012)
Brain MnTDE-2-ImP5* Rat (Pearlstein et al., 2010)
Salivary gland Tempol Mouse (Cotrim et al., 2007)
MnTnBuOE-2-PyP5*  Mouse (Ashcraft et al., 2015)

Chemoprotection

Cisplatin-induced Cu(I2(3,5- LLC-PK (Wangila et al., 2006)
nephrotoxicity DTBS)4(Eth), cells

Oxaliplatin toxicity to Cu[15]pyNs MCF-10A (Fernandes et al., 2012)
normal breast cells cells

Paclitaxel-induced MnTE-2-PyP5* Rat (Doyle et al., 2012)
neuropathic pain Tempol Rat (Fernandes et al., 2012)

Both MnTE-2-PyP>* and MnTnHex-2-PyP®>" showed remarkable pulmonary
radioprotective effects in rat models exposed to IR (Gauter-Fleckenstein et al., 2014,
2010, 2008). The MnTDE-2-ImP>* also showed pulmonary radioprotection with lower
expression of several hypoxia-associated genes (Jackson et al., 2012), as well as lower

percentage of apoptotic cells (Zhang et al., 2012). Furthermore, SODm protected other
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tissues, organs or glands, such as prostate, eyes, gastrointestinal tract, brain, head and
neck, salivary gland and hematopoietic stem cells (Batini¢-Haberle et al., 2014).

In addition, SODm are capable to counteract the adverse effects of
chemotherapy, such as the in vitro protection from cisplatin-induced nephrotoxicity by
Cu(I1)2(3,5-DTBS)4(Eth)s (Wangila et al., 2006) or from oxaliplatin toxicity to normal
breast cells by Cu[15]pyNs (Fernandes et al., 2012).

SODm have been also associated with antitumor effects as assessed in several
experimental models. SODm showed antiproliferative effects, decreased the tumor cell
viability or tumor volume, reduced angiogenesis and inflammation, and potentiated the

action of established anticancer medicines and radiation (Table 1.5).

Table 1.5 — Examples of studies on the anticancer action of SODm.

Cancer SODm Model References

Skin MnTE-2-PyP5* Mouse (Zhao et al., 2005)

Brain MnTnHex-2-PyP>* Mouse (Keir et al., 2011)

Lymphoma  MnTE-2-PyP%* (+ Murine cells  (Jaramillo et al., 2009)
Dexamethasone)

Breast MnTE-2-PyP>* Mouse (Rabbani et al., 2009)

Colon Tempol (+ Doxorubicin) Cells (Ravizza et al., 2004)

Prostate MnTDE-2-ImP%* (+ IR) Mouse (Gridley et al., 2007)
MnTE-2-PyP>* (+ IR) Mouse (Makinde et al., 2010)
Tempol Cells (Thomas and Sharifi,

2012)

Due to the promising results obtained in experimental models, some SODm had

already entered Clinical Trials. Some examples are given in Table 1.6.
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Table 1.6 — Examples of SODm in clinical trials.

SODm Description Date Phase Sponsor References
BMX-001 Glioma Ongoing 1711 BioMimetix (BioMimetix JV,
(Combination with (2016) 2016)
radiation or

temozolomide)

GC4419 Head and neck 2013-16 I Galera (Galera, 2013)
cancer Therapeutics
(combination with
chemoradiation)

Head and neck Ongoing I Galera (Galera, 2015)
cancer (2015) Therapeutics
(prior to radiation
therapy)
AEOL- Lung acute 2016 I Aeolus (Pharmaceuticals,
10150 radiation syndrome Pharmaceuticals 2017)

SODm could be potentially used as anticancer agents alone, decreasing cell
proliferation or combined with established anticancer treatments, increasing the RS

levels induced by chemo- and radiotherapy.
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1.2. Renal Cancer

1.2.1. Epidemiology

The prevalence of cancer is increasing and cancer represents one of the major causes of
death worldwide. There are more than 200 different tumor types with own subtypes.
Therefore, the interest in the research and development of anticancer drugs is growing
(American Cancer Society, 2017).

The renal cell carcinoma (RCC) accounts for 3-5 % of all adult malignancies
(Escudier et al., 2016) and comprises approximately 85 % of all kidney malignances
(Bukowski et al., 2015). In 2012, 338 000 new cases of kidney cancer were estimated
worldwide. The kidney cancer is the 9" most common cancer in men and the 14" most
common in women worldwide (Znaor et al., 2015). RCC is approximately 1.75 times
more common in men when compared with women and tends to be more elevated at
older ages (Siegel et al., 2017). The incidence of RCC varies demographically, with the
highest rates registered in developed countries, namely in North America and European
Balkan countries, and the lowest rates in African countries and South-East Asia (Fig.
1.9; Ervik et al., 2016; Znaor et al., 2015). Approximately 64 000 new cancer cases
affecting the kidney and renal pelvis, which include RCC, and 14 500 deaths are
estimated in the USA in 2017 (Siegel et al., 2017). The incidence rates of kidney cancer
registered in Europe in 2012 were 15.5/100 000. The highest incidence rates of kidney
cancer are found in the Czech Republic (31.4/100 000), as well as the highest mortality
rates (10.4/100 000). The renal cancer incidence rates increased over the past decades,
in part related with the better diagnosis capability, but it seems to be stabilized in recent

years, at least in most developed countries.
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Fig. 1.9 — Age-standardized incidence rates for kidney cancer worldwide in 2012
(adapted from Ervik et al., 2016).

1.2.2. Classification

The RCC represents a group of distinct diseases that can be distinguished histologically
and genetically (Keefe et al., 2015). Morphological criteria are used to classify renal
tumors into different histological subtypes. The pathologic classification of RCC has
changed over the years. While RCC appears to arise from the nephron, different
histologic subtypes are believed to originate from different cells (Shuch et al., 2015).
The main RCC subtypes include the clear cell (70-80%), papillary (10-15%),
chromophobe (~5%), and collecting duct (<1%; Sanchez et al., 2017; Shuch et al.,
2015).

Clinically, the clear cell RCC (ccRCC) is the most common renal neoplasm seen
in adults. The size can be as small as 1 cm or less and, in this case it can be discovered

accidentally, or can have several kilograms (Diaz et al., 1999). Actually, more than 50
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% of RCCs are detected incidentally (Escudier et al., 2016). The ccRCC are normally
golden yellow, well circumscribed and can have distinct areas with hemorrhages and
necrosis (Diaz et al., 1999; Shuch et al., 2015). On microscopic evaluation, these tumor
cells have abundant clear cytoplasm due to deposition of lipid and glycogen (Fig. 1.10).

The ccRCC appears to originate from the proximal tubule (Shen et al., 2005).

Fig. 1.10 — Clear cell renal carcinoma (reproduced from Algaba et al., 2011).

1.2.3. Etiology

The etiology of RCC is not yet fully understood. Nevertheless there are some stablished
risk factors, which resulted from case-control studies conducted during the last three
decades along with clinical data (Table 1.7).

Cigarette smoking is considered a well-established risk factor for RCC by the
International Agency for Research on Cancer (IARC) with an increase up to 50 % of
risk in smokers (Hunt et al., 2005; IARC, 2012). A high body mass index (BMI) has
also been associated with an increased risk of RCC development, in a dose-response
manner (Renehan et al., 2008; Wilson and Cho, 2016). The mechanisms that might

explain this connection between obesity and RCC include chronic tissue hypoxia,
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insulin  resistance and compensatory hyperinsulinemia, endocrine alterations,

inflammatory response, lipid peroxidation and oxidative stress (Chow et al., 2010).

Table 1.7 — Risk factors for renal cell carcinoma (RCC).

Risk Factors Association with | Risk Factors Association with

Well-Established RCC Suspected RCC

Cigarette smoking + Diabetes mellitus +

Excess body weight + End-stage renal disease +

Hypertension + Parity in women +

Familiar cancer syndromes + Genetic predisposition +
Physical activity -
Alcohol consumption -

+ positive; - inverse

Adapted from Chow et al., 2010.

Hypertension is one of the major chronic diseases that affects almost one third of
the world’s population (Mills et al., 2016). When hypertension is uncontrolled, it can
lead to chronic kidney disease and renal function reduction, which may predispose to
the development of RCC. Several studies showed an association between a clinical
history of long-term hypertension and the development of RCC (Chow et al., 2010;
Weikert et al., 2008). Although there is a strong relationship between obesity and
hypertension, these disorders seem to be independently related with the risk of RCC
(Chow et al., 2010). The biological mechanisms underlying the association between
hypertension and RCC are still unclear, but might include chronic renal hypoxia, lipid
peroxidation and the formation of ROS (Gago-Dominguez et al., 2002). In what concern
ROS it is important to note that many chemicals that lead to kidney injury and /or renal
cancer have at least partially oxidative stress related mechanisms involved. This issue

will be further developed in the present chapter.
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Despite the majority of RCC cases seem to be sporadic, there are relevant
genetic defects associated with 2-3 % of RCC cases (Ljungberg et al., 2011). In this
context, some familiar cancer syndromes have a well-stablished association with RCC.
A two-fold increased risk was reported for a first-degree relative of a patient having
RCC, suggesting a hereditary component (Ljungberg et al., 2011). The most common
hereditary RCC syndromes are the von Hippel-Lindau (VHL), hereditary papillary RCC
(HPRCC), hereditary leiomyomatosis RCC and Birt-Hogg-Dubé (Table 1.8; Chow et
al., 2010; Ljungberg et al., 2011; Ridge et al., 2014). RCC accounts for 50% of deaths
in patients with VHL, which is an autosomal dominant condition with high penetrance
(Ridge et al., 2014). VHL arises as a result of a mutation in the VHL tumor suppressor
gene in chromosome 3. HPRCC is a rare autosomal dominant syndrome due to

mutations in the C-met proto-oncogene in chromosome 7 (Ridge et al., 2014).

Table 1.8 — Familial renal cell carcinoma (RCC) syndromes with respective genetic

changes.

Syndrome Genetic element Function

von Hippel-Lindau VHL gene Tumor suppressor
Chromosome 3p25-26

Hereditary Papillary RCC C-met proto-oncogene Oncogene
Chromosome 7g31

Familial leiomyomatosis RCC Fumarate hydratase Tumor suppressor
Chromosome 1g42

Birt-Hogg-Dubé Folliculin Tumor suppressor
Chromosome 17p11.2

Adapted from Coleman, 2008; Ljungberg et al., 2011.
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Although the main genetic alterations present in RCC are associated with
mutations in VHL gene and in other well characterized tumor-suppressor genes, in the
last decade other important genes involved in RCC etiology have been uncovered.
Many of those genes are dysregulated or silenced via epigenetic mechanisms, mostly
through methylation of promoter CpG islands or dysregulation of specific microRNAs
(Morris and Latif, 2016). In the last years, several new genes that are also mutated in
RCC were identified, such as polybromo 1 (PBRML1), breast cancer 1 (BRCAL)
associated protein-1 (BAP1), SET domain-containing protein 2 (SETD2) and jumonji,
AT-rich interactive domain 1A (JARID1A,; Creighton et al., 2013; Gossage et al., 2014;
Keefe et al., 2015; F Piva et al., 2015; Francesco Piva et al., 2015).

There are also some disorders, hormonal factors or social behaviors associated
with the risk of RCC. A previous history of diabetes mellitus or renal diseases, as well
as the increasing parity among women, have been linked with RCC, although with some
inconclusive results (Chow et al., 2010). Diet can also have an important role in RCC. A
diet rich in fruits and vegetables can be important to reduce the risk of RCC, due to
antioxidant properties. Nevertheless this association is variable (Chow et al., 2010).
Several studies showed an inverse association between the practice of physical activity
or the alcohol consumption and RCC (Lew et al., 2011; WCRF/AICR, 2015).

It is important to highlight that many of the established risk factors of RCC, such
as smoking, obesity, hypertension or chronic kidney diseases are known to increase the
oxidative stress in kidneys.

The kidney is a complex and heterogeneous organ. It has a high vulnerability to
the toxic effects of many chemical compounds due its important physiological
functions. This organ is responsible for the maintenance of the electrolytic balance,
synthesis, filtration and concentration of waste products from the systemic circulation.
In addition, the kidney has metabolizing capability with the inherent risk of bio-activate
pro-carcinogens. Therefore, the epithelium of the nephron is more susceptible than other

epithelial tissues. The kidney has also a transcellular transport system that remove
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directly some xenobiotics from the blood into the lumen, which could be relevant for
the toxicity of some compounds as well (Radford et al., 2013). The probable renal
carcinogens include organic solvents, pesticides, heavy metals, food and medicines
contaminants, industry products and pharmaceutical drugs. Several studies have
evaluated the genotoxicity and carcinogenesis potential of different compounds in
experimental renal models and in epidemiological studies (Table 1.9).

Carcinogenesis is a multifactorial process. The chemicals that participate in this
process may act as genotoxic or non-genotoxic carcinogens. The genotoxic carcinogens
interact directly with DNA and induce genetic damage. Most of that genotoxic
compounds needs a previous metabolic activation that results in highly electrophilic
compounds. Non-genotoxic xenobiotics may act as promoting tumor agents and can
participate in all carcinogenesis stages through diverse mechanisms. As aforementioned,
some of the kidney carcinogens described in Table 1.9 have a mode of action directly or
indirectly related with oxidative stress. Aristolochic acid (AA) is a natural alkaloid
found in extracts of Aristolochia species of plants, present in some herbal medicines.
AA is considered one of the most potent human carcinogens. It is known that AA toxic
mechanisms include oxidative stress (Pozdzik et al., 2008; Wu et al., 2015; Yu et al.,
2011).

Trichloroethylene (TCE) has been widely used as a degreasing agent in many
manufacturing industries (Kim et al., 2014). TCE is a well-known carcinogen and
recently was categorized in class 1 by IARC due to the sufficient evidence for its
association with kidney cancer (Guha et al., 2012; Kelsh et al., 2010). The oxidative
stress is one of its mechanisms: TCE causes lipid peroxidation, oxidation of proteins

and depletion of antioxidant enzymes (Lash et al., 2000).
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Table 1.9 — Carcinogenic compounds that might contribute to RCC etiology.

Compound class:ﬁ;(t:ion « References
Aristolochic acid 1 (Hoang et al., 2016; Nesslany et al., 2007)
Trichloroethylene 1 (Kim et al., 2014; Robbiano et al., 2004)
Arsenic 1 (Radford et al., 2013; Yuan et al., 2010)
Cadmium 1 (I’yasova and Schwartz, 2005; Song et al., 2015)
Benzo[a]pyrene 1 (Asha and Girija, 2011; Radford et al., 2013)
Cisplatin 2A (Nesslany et al., 2007)
Captafol IA (Macki¢ and Ahmetovi¢, 2011; Robbiano et al.,
2004)
Acrylamide 2A (Hogervorst et al., 2008; Pelucchi et al., 2015)
Lead 2B (Robbiano et al., 1999; Steenland et al., 1992)
Ochratoxin A 2B (Costa et al., 2015; Robbiano et al., 2004)
Chlorothalonil 2B (Lock and Hard, 2004; Radford et al., 2013)
Bromodichloromethane 2B (Radford et al., 2013; Robbiano et al., 2004)
N-Nitrosomorpholine 2B (Korr et al., 2001; Radford et al., 2013)
2-Nitrofluorene 2B (Cui et al., 1999; Radford et al., 2013)
Streptozotocin 2B (Nesslany et al., 2007; Radford et al., 2013)
Potassium Bromate 2B (Nesslany et al., 2007; Robbiano et al., 1999)
Nitrilotriacetic acid 2B (Robbiano et al., 1999)
Nitrobenzene 2B (Hsu et al., 2007; Robbiano et al., 2004)

* (IARC, 2017) | IARC classes: 1-known to cause cancer in humans; 2A-probably carcinogenic to

humans; 2B-possibly carcinogenic to humans.

Heavy metals, such as arsenic, cadmium or lead are known to be nephrotoxic at
high levels of exposure. Additionally, some studies suggested an association with

kidney cancer. There is strong epidemiologic evidence that arsenic causes increased
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rates of kidney cancer (Yuan et al., 2010). The exposure to cadmium is also associated
with kidney cancer (II’yasova and Schwartz, 2005). A recent meta-analysis showed that
a high cadmium exposure significantly increased renal cancer up to approximately 1.5
times. Additionally, this association was higher for occupational exposure compared
with non-occupational exposure (Song et al., 2015). Generally, there is a weak evidence
of human kidney cancer induced by lead exposure (Steenland and Boffetta, 2000).
Nonetheless, an up to 2-fold higher risk was observed in some studies (Steenland et al.,
1992). There are several evidences concerning the induction of oxidative stress by
heavy metals. They are able to increase ROS by Fenton-like reactions and by their
electron-sharing affinities that result in the formation of covalent bindings with proteins,
some of them important for the cellular antioxidant defense (Nuran Ercal et al., 2001).
Potassium bromate (KBrOs) is another example of a nephrotoxic and renal carcinogen
that has the oxidative stress as an important mechanism to induce toxicity (Khan and
Sultana, 2004; Radford et al., 2013).

Acrylamide is used in the industry to produce polyacrylamides and is also
generated during the cooking process. Some studies did not find an association between
the exposure to acrylamide and the risk of kidney cancer (Mucci et al., 2003; Swaen et
al., 2007). Nevertheless, most recent data showed a significant increase in kidney cancer
in subjects exposed to dietary acrylamide (Hogervorst et al., 2008; Pelucchi et al.,
2015). Thus, its association with RCC remains open to discussion.

One of the nephrotoxic agents most studied is the mycotoxin ochratoxin A
(OTA). The OTA is a well-known food contaminant and an animal carcinogen. The
deleterious effects induced by this nephrotoxic agent have been extensively revised in
the literature and different mechanisms of toxicity pointed out, including the occurrence
of oxidative stress (EFSA, 2006; O’Brien and Dietrich, 2005; Pfohl-Leszkowicz and
Manderville, 2007; Ringot et al., 2006). However, the contribution of ROS and other
reactive species (RS) to the mode of action of OTA has been a matter of discussion. In

this context, several lines of evidence regarding the involvement of oxidative stress are

30



summarized in Fig. 1.11. OTA increases ROS and depletes the levels of antioxidant
enzymes leading to a wide range of cellular lesions (Costa et al., 2015; EFSA, 2006;
Marin-Kuan et al.,, 2011; O’Brien and Dietrich, 2005; Pfohl-Leszkowicz and
Manderville, 2007; Ringot et al., 2006; Schaaf et al., 2002). OTA-induced ROS
production preceded the loss of cell viability particularly in renal cells, indicating that
these RS may contribute to OTA cytotoxicity rather than being a consequence of cell
death processes (O’Brien and Dietrich, 2005; Schaaf et al., 2002). OTA also increases
lipid peroxidation and induces oxidative stress-related proteins. Additionally, several in
vitro and in vivo studies assessed the impact of different antioxidants in OTA-induced
toxicity, generally showing protective effects (Costa et al., 2015; Marin-Kuan et al.,
2011; O’Brien and Dietrich, 2005; Pfohl-Leszkowicz and Manderville, 2007; Sorrenti et
al., 2013). OTA was also found to stimulate the formation of NO through an NF-xB—
dependent induction of iNOS. High levels of NO may cause nitrosative stress with the
formation of peroxynitrite, nitrogen dioxide and hydroxyl radicals (Cavin et al., 2009).

The genotoxicity of OTA has been reported using complementary endpoints,
namely micronuclei, chromosomal aberrations and DNA breaks (comet assay). This
genotoxic potential has also been associated with oxidative DNA damage, as assessed
by the formation of 8-oxoguanine or using modified versions of the comet assay (e.g.
with FPG; Costa et al., 2015, 2013; Schaaf et al., 2002). Oxidative stress has been
proposed as an indirect mechanism of genotoxicity displayed by many chemicals,
including OTA (Marin-Kuan et al., 2011; Pfohl-Leszkowicz and Manderville, 2012).
Recent studies propose an alternative mechanism for OTA genotoxicity, describing a
pathway in which OTA can be metabolized into electrophilic species that directly bind
DNA bases (Pfohl-Leszkowicz and Manderville, 2012).

The question whether ROS are responsible or not for the deleterious effects
induced by OTA is therefore still open to discussion. Despite some authors found no
changes in the abovementioned oxidative stress biomarkers, most data clearly supports

an involvement of ROS. However, regarding the overall conclusions of many available
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studies and the effective impact of these species upon OTA exposure, ROS do not seem

to play a pivotal role in OTA toxicity, and other mechanisms should also be considered.

Oxidative stress markers Antioxidant-based approaches
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Fig. 1.11 — Lines of evidence supporting the induction of oxidative stress by Ochratoxin
A (OTA). Abbreviations - SOD: superoxide dismutase, CAT: catalase, GSH: glutathione,

GST: Glutathione S-transferase, GPx: glutathione peroxidase, GR: Glutathione reductase, AP-1:
activator protein 1, Nrf2: nuclear factor E2-related factor 2, PRDX4: peroxiredoxin-4, VDACLI.:
voltage-dependent anion channel 1, HO-1: heme-oxygenase 1, DDAH: dimethylarginine
dimethylaminohydrolase, TBARS: thiobarbituric acid reactive substances, MDA:

malondialdehyde, 4-HNE: 4-Hydroxynonenal, FPG: formamidopyrimidine DNA glycosylase.

1.2.4. Molecular Pathogenesis

The study of familiar RCCs has identified the involvement of diverse molecular
pathways. The main pathophysiological pathways of ccRCC include a hypoxic status
with the activation of angiogenesis and the mammalian target of rapamycin (MTOR)
pathway (Algaba, 2015; Bratslavsky et al., 2007).

The majority of sporadic ccRCC is associated with defects in the VHL tumor

suppressor gene (Keefe et al., 2015; Linehan et al., 2009; Linehan and Ricketts, 2016).
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The mutation in VHL gene is present in more than 80 % of sporadic ccRCC and is less
common in other RCC subtypes (Algaba, 2015; Gomy and Silva Jr., 2012). The VHL
gene encodes the pVHL protein, which regulates hypoxia inducible factors (HIF),
involved in the cellular response to the changes in oxygen levels (Algaba, 2015). The
HIF regulate the expression of genes related with energy metabolism, angiogenesis,
erythropoiesis, cell proliferation and apoptosis, among other biologic processes (Gomy
and Silva Jr., 2012). The HIF1-o and HIF2-0 mediate the transcription of a number of
downstream genes thought to be important in cancer, including transforming growth
factor alpha (TGF-a), platelet-derived growth factor (PDGF) and vascular endothelial
growth factor (VEGF; Linehan et al., 2010). In a hypoxic state, HIF not degraded and
become available to activate those genes that will be important to inhibit tumor cell
apoptosis and stimulate the angiogenesis. The augmented tumor vasculature provides
additional nutrients and oxygen to promote the growth of tumor cells. Moreover, the
upregulation of TGF-a stimulates autocrine cell growth or activate energy supply

factors such as glucose transporter protein-1 (GLUT-1) and erythropoietin (EPO; Fig.

1.12).
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Fig. 1.12 — The von Hippel-Lindau (VHL) pathway in the ccRCC progression
(reproduced from Bratslavsky et al., 2007).
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Therefore, the absence of pVHL mimics a hypoxia status and results in a
constitutive upregulation of HIF that produces a transcriptional activation of several
target genes, such as VEGF, PDGF, EPO, TGF-a and GLUT-1 (Gomy and Silva Jr.,
2012).

When HIF-a levels are increased the mTOR pathway can also be upregulated.
The mTOR is an intracellular serine/threonine protein kinase with several cellular
functions, such as protein translation, metabolism, angiogenesis, cell growth, migration
and apoptosis (Koul et al., 2011; Zong et al., 2014). The mTOR is positively regulated
by phosphatidylinositide 3-kinase (PI3K) - protein kinase B (Akt) pathway, which is
also important in the pathophysiology of ccRCC (Keefe et al., 2015; Koul et al., 2011).
The PI3K/Akt signaling pathway is involved in several cellular functions, such as
proliferation, cell-cycle progression and invasion (Fresno Vara et al., 2004; Martini et
al., 2014). Recently, was reported that this pathway is modestly mutated but highly
activated in RCC (Guo et al., 2015).

1.2.5. Oxidative stress in RCC

ROS have a significant role in initiation, development and progression of cancer. ROS
are important in tumorigenicity due to their potential to induce DNA damage and also to
sustain tumor progression. It is known that ROS have effects on signal transduction
pathways and may increase cell proliferation, survival and cellular migration. (Gius and
Spitz, 2006; Valko et al., 2004; Waris and Ahsan, 2006).

In RCC, as well as in other cancers, oxidative stress is considered a key factor.
Oxidative stress, by itself, has the ability to change the characteristics of kidney cells.

Recently, was observed that chronic exposure to high levels of oxidative stress alone is
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sufficient to induce malignant transformation of kidney epithelial cells, potentially
through acquisition of stem cell characteristics (Mahalingaiah et al., 2015).
Additionally, the aberrant expression of epigenetic regulatory genes involved in DNA
methylation and histone modifications could have an important role in oxidative stress-
induced malignant transformation (Mahalingaiah et al., 2016). Those epigenetic changes
have also been implicated in renal cancer development and progression (Ellinger et al.,
2010).

The pathophysiological pathways of RCC previous described are closely related
with oxidative stress, showing the importance of the cellular redox imbalance in the
development of kidney cancer. The loss of VHL contributes to an enhanced oxidative
stress, which is mediated in large part by NOX complex (Block, 2012; Block et al.,
2010; Szatrowski and Nathan, 1991). Oxidative stress can induce growth factors,
namely HIF, and thereby accelerate tumor growth. Importantly, both the regulation and
the effects induced by HIF are modulated by the cellular redox state (Kinnula and
Crapo, 2004). Moreover, the regulation of the PI3K/Akt/mTOR signaling is also redox-
sensitive (Block, 2012). Therefore, oxidative stress not only causes direct and
irreversible oxidative damage to macromolecules but also disrupts key redox-dependent
signaling processes. In patients with RCC, was observed significant increase of different
ROS, such as H.02, OH’, ONOO" and O>", as well as nitric oxide (NO), compared to
controls and patients with benign tumors (Block, 2012; Ganesamoni et al., 2012).

Several studies showed decreased expression / activities of antioxidant enzymes.
The lower expression of SOD was described in RCC (Oberley et al., 1996; Sverko et al.,
2011) along with lower enzymatic activity when compared with the adjacent tissues
(Robbins and Zhao, 2014; Zhao et al., 2017). Furthermore, low activity of glutathione
peroxidase (Sarto et al., 1999), catalase (Ganesamoni et al., 2012; Sverko et al., 2011)
or both (Pljesa-Ercegovac et al., 2008) was reported. The absent of peroxisomes,

organelles that mediate a wide variety of biosynthetic and biodegradative reactions,
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including the metabolism of H20, and other ROS (Terlecky, 2012), was also reported in
renal cancer cells (Frederiks et al., 2010).

The presence of lipid peroxidation (Gago-Dominguez and Castelao, 2006;
Ganesamoni et al., 2012) and the formation of adducts with proteins by reactive lipid
mediators, such as 4-HNE was also detected in RCC (Oberley et al., 1999). Moreover,
in ccRCC oxidative alterations of proteins and DNA were also observed (Pljesa-
Ercegovac et al., 2008; Sverko et al., 2011). In RCC, as in other cancers, ROS levels
increase with tumor progression. It was reported that patients with metastatic disease

had persistently increased oxidative stress parameters (Ganesamoni et al., 2012).

1.2.6. Diagnosis

The diagnosis and the clinical stage of the patients is based on computed tomography or
magnetic resonance imaging (Sanchez et al., 2017). Staging for RCC has evolved from
the Robson classification into the TNM system, developed by the International Union
Against Cancer and the American Joint Committee on Cancer (Table 1.10; Ridge et al.,

2014; Sanchez et al., 2017).

Table 1.10 — The TNM staging of Malignant Tumours (TNM).

Stage | Tumor size | Localization | Description

T1 Diameter Localized | Tumor confined to the kidney
<7 cm
Diameter . . .
T2 >7em Localized Tumor confined to the kidney

Tumor extends into major veins or perinephric tissues
T3 Any size Regional but not into the ipsilateral adrenal gland and not beyond
Gerota fascia

T4 Any size Metastatic | Tumor invades beyond the Gerota fascia

Adapted from Sanchez et al., 2017.
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RCC is characterized by a lack of early-warning signs, which leads to a high
proportion of patients diagnosed with metastases (Motzer et al., 1996). The progression
of metastatic disease is a sequential process where cancer cells leave the primary tumor
via blood or lymphatic circulations and deposit in other tissues or organs. The advanced
and metastatic disease has an enormous impact for the mortality rates in patients with
RCC (Rini et al., 2009). At the time of the diagnosis, 15 - 20 % of the patients have
already metastatic disease and. Moreover, at least one third of the patients already
treated for localized carcinomas or submitted to surgery will develop metastatic disease
(Bukowski et al., 2015; Hillman et al., 2007; Zerbi et al., 2008). The median survival of
patients with metastases is only eight months, with a five-year survival rate of less than
10 % (Hillman et al., 2007; Zerbi et al., 2008). Tumors greater than 7 cm and those with
locally invasive characteristics have increased potential for being malignant (Rini et al.,
2009). The behavior of metastatic RCC is difficult to predict. Generally, RCC starts to
invade and metastasizes into ipsilateral adrenal (Diaz et al., 1999) and afterwards into
more distant organs, mainly lungs, bone, liver, intestines and brain (Sahi et al., 2010;
Sountoulides et al., 2011; Zerbi et al., 2008). In general, the pathways that drive
metastasis are considered different from those involved in the tumorigenesis initiation
process (Nguyen et al., 2009). Nevertheless, the VHL pathway previously described in
the initiation process, seems to be also an important key factor for cancer metastization
particularly in ccRCC (Gossage, 2015). Additionally, the mTOR protein is also
determinant in both cancer initiation and progression, by its role in cell migration

(Finlay et al., 2012; Zong et al., 2014).
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1.2.7. Treatment

The initial treatment provided to patients with RCC depends of its clinical stage. For
localized Kkidney cancers with no metastasis, the standard of care is nephrectomy.
Nevertheless, several studies showed an increase in patients’ morbidity due to the risk
of chronic renal disease induced by radical nephrectomy (Capitanio and Montorsi, 2016;
Sanchez et al., 2017). Therefore, nephron-sparing surgery (NSS) or partial
nephrectomy, along with active surveillance and minimally invasive techniques, have
been introduced into daily clinical practice (Sun et al., 2012). These approaches are less
invasive and limit renal function impairment and overtreatment (Capitanio and
Montorsi, 2016).

The rationale for active surveillance is justified by the growth kinetics, since the
median growth rate of RCC is usually slow (2-3 mm/year; Mehrazin et al., 2015).
Although surgery still represents the standard of care for RCC, the use of minimally
invasive techniques, such as cryotherapy or radiofrequency ablation has increased.

In the past, patients with metastatic ccRCC were treated mainly with systemic
therapy based on immune modulators (e.g. interferon o and interleukin-2). In the last
years, after the discovery of the molecular pathways involved in RCC, the management
of patients with metastatic RCC suffered dramatic changes with new therapeutic
approaches. These new therapies include antiangiogenic drugs targeting VEGF and its
receptors, mTOR inhibitors and an immune checkpoint inhibitor, with established
superiority over cytokine therapies (Table 1.11; Fig. 1.13). In 2005 and 2006 the
antiangiogenic drugs sorafenib and sunitinib were approved, followed by pazopanib,
axitinib, bevacizumab, cabozantinib, and lenvatinib, with identical biological targets.
Two mTOR inhibitors, temsirolimus and everolimus and the immune checkpoint
inhibitor nivolumab were also approved by the Food and Drug Administration (FDA),

after showing beneficial in phase 3 clinical trials (Choueiri and Motzer, 2017).
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Table 1.11 — Targeted therapies for management of Metastatic Renal-Cell Carcinoma
(mRCC).

Drug Mechanism

Sorafenib VEGFR-2, PDGFR and MAPK/MEK/ERK inhibitor
Sunitinib VEGFR (1-3), PDGFR and c-Kit inhibitor
Pazopanib VEGFR, PDGFR and c-Kit inhibitor

Axitinib VEGFR (1-3), PDGFR and c-Kit inhibitor
Cabozantinib VEGFR, c-MET and AXL inhibitor

Lenvatinib VEGFR (1-3) and FGFR inhibitor

Bevacizumab Recombinant humanized monoclonal antibody directed against VEGF-A
Temsirolimus mTOR inhibitor

Everolimus mTOR inhibitor

Nivolumab Anti-programmed death 1 (PD-1) inhibitor

Adapted from Capitanio and Montorsi, 2016; Choueiri and Motzer, 2017; Escudier et al., 2016.

In addition to the drug efficacy, the individual patient factors and possible
comorbidities are also important to avoid toxicity. According to the Europe's leading
medical oncology society (ESMO) clinical practice guidelines, the first-line treatment of
patients with good or intermediate prognosis includes three treatments that have
demonstrated efficacy in pivotal phase Il trials: bevacizumab (combined with
interferon), sunitinib, and pazopanib (Escudier et al., 2010; Motzer et al., 2007;
Sternberg et al., 2010). The treatment with sorafenib, high-dose interleukin-2 and low-
dose interferon combined with bevacizumab are alternative options (Escudier et al.,

2016).
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The temsirolimus is currently the only drug tested in a phase Il study, which
demonstrated beneficial effects as first-line treatment in patients with poor prognosis
(Escudier et al., 2016; Hudes et al., 2007).

The second-line treatment of ccRCC in patients with low or intermediate risk,
post cytokines, include axitinib, sorafenib or pazopanib with sunitinib as therapeutic
options. In patients with poor risk, the second-line treatment was recently dramatically
modified, after two clinical trials showed an increased overall survival with nivolumab
and cabozantinib (Choueiri et al., 2015; Motzer et al., 2015). Other therapeutic options

include axitinib, everolimus and sorafenib (Escudier et al., 2016).

id synthesis

Fig. 1.13 — Pathways and Current Drugs in Metastatic Renal-Cell Carcinoma (mRCC).
(A) VEGF and tyrosine kinase inhibitors and (B) PD-1 and mTOR inhibitors
(reproduced from Choueiri and Motzer, 2017).
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Hypothesis

Can SODm modulate renal cancer etiology (A) and progression (B)?

General aim

The general aim of this thesis is the study of the potential effect of SODm on the redox
modulation of renal cancer etiology and progression using in vitro cell models.

MnPs are SODm with remarkable beneficial effects in different pathological
models, including cancer. Previous studies have highlighted the interest of MnPs both as
mechanistic tools and as prospective drugs for cancer treatment. However, there is only
scarce data on the involvement of oxidative stress and on its modulation by SODm in
renal cancer at initiation and progression stages. In this regard, this thesis aims to
contribute to clarify the importance of oxidative stress in the initiation and progression of
renal cancer, as well as to elucidate the potential of MnPs for renal cancer treatment. For
this purpose, one of the most promising SODm, the manganese porphyrin MnTnHex-2-
PyP (MnP), was used throughout this work. The SODm was firstly used in a case study
focused on the cellular effects of the well-known nephrotoxic and carcinogenic agent, the
ochratoxin A (OTA,; Chapter 3). Afterwards, the MnP was used in a human renal cancer

cell model to assess different aspects of cell viability and migration (Chapter 4).
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Specific objectives

(A) Chapter 3

The aim of the work presented in Chapter 3 was to take advantage of the usefulness of
MnP as a tool to unravel the influence of oxidative stress in nephrotoxicity and in renal
cancer initiation. For this purpose, the mycotoxin OTA was chosen as a case study, since
it is nephrotoxic, carcinogenic and the influence of oxidative stress in its toxicity is still
not well understood. The Vero E6 non-human primate kidney cells were selected as a

recognized non--tumor renal model, and different objectives were pursued:

To characterize OTA cytotoxicity through complementary methodologies: crystal

violet (CV), neutral red (NR), and lactate dehydrogenase (LDH).

e To assess the MnP cytotoxicity profile and its influence on OTA-induced
cytotoxicity.

e To study OTA genotoxicity thought the cytokinesis-block micronucleus (CBMN)
and the comet assays.

e To assess the influence of MnP in cell cycle distribution and apoptosis in OTA-
exposed cells.

e To evaluate the effect of MnP on OTA-induced intracellular ROS, using

dihydrorhodamine 123 (DHR) and dihydroethidium (DHE) fluorescence probes.

The data obtained within Chapter 3 will contribute to the Toxicology and
Oncology fields by clarifying the involvement of oxidative stress in OTA-induced
nephrotoxic effects. Moreover, this work will give further insights on the knowledge of
MnP mode of action, highlighting its importance as a mechanistic tool in experimental in

vitro models.
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(B) Chapter 4

In Chapter 4, the main objective was to evaluate the effects of MnP in an established
human clear cell renal cancer model, the 786-O cells. As this chapter aims to provide
knowledge on the impact of SODm in an advanced stage of renal cancer, it will focus on
endpoints of cell proliferation and migration, two aspects closely related with metastases

formation. Therefore, the following specific objectives were sought:

e To assess the influence of MnP in intracellular ROS, using the DHR fluorescence
probe.

e To study the MnP influence in cell viability, by complementary methodologies: CV
and MTS assays.

e To characterize the cell cycle distribution of MnP treated cells.

e To assess the MnP effect in cell migration, using different methodologies: wound-

-healing and chemotaxis transwell assays.

The data obtained within the Chapter 4 of this thesis will contribute to the renal
cancer field by clarifying the involvement of oxidative stress on the proliferation and
migration of cancer cells. In addition, this work would provide in vitro data on the
possible beneficial effect of MnP in renal cancer treatment, reinforcing this strategy to

cope with cancer deleterious effects.
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Chapter 3

Case study: Ochratoxin A, ROS and SODm

This Chapter was adapted from:

Costa, Jodo G.; Saraiva, Nuno; Guerreiro, Patricia S.; Louro, Henriqueta; Silva, Maria
J.; Miranda, Joana P.; Castro, Matilde; Batinic-Haberle, Ines; Fernandes, Ana S.;
Oliveira, Nuno G.. Ochratoxin A induced cytotoxicity, genotoxicity and reactive oxygen
species in kidney cells: an integrative approach of complementary endpoints. Food and
Chemical Toxicology (2016), 87, 65-76.
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Abstract

Ochratoxin A (OTA) is a well-known nephrotoxic and potential carcinogenic agent but
no consensus about the molecular mechanisms underlying its deleterious effects has
been reached yet. The aim of this study is to integrate several endpoints concerning
OTA-induced toxicological effects in Vero kidney cells in order to obtain additional
mechanistic data, especially regarding the influence of reactive oxygen species (ROS).
One innovative aspect of this work is the use of the superoxide dismutase mimic
(SODm) MnTnHex-2-PyP as a mechanistic tool to clarify the involvement of oxidative
stress in OTA toxicity. The results showed concentration and time-dependent cytotoxic
effects of OTA (crystal violet, neutral red and LDH leakage assays). While the SODm
mildly increased cell viability, trolox and ascorbic acid had no effect with regards to this
endpoint. OTA induced micronuclei formation. Using the FPG modified comet assay,
OTA modestly increased the % of DNA in tail, revealing the presence of oxidative
DNA lesions. This mycotoxin increased apoptosis, which was attenuated by SODm. In
addition, the SODm decreased the ROS accumulation observed in DHE assay. Taken
together, our data suggest that ROS partially contribute to the cytotoxicity and
genotoxicity of OTA, although other mechanisms may be relevant in OTA-induced

deleterious effects.
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3.1. Introduction

Ochratoxin A (OTA) is a mycotoxin produced by several species of fungi from
Penicillium and Aspergillus genera that commonly contaminate animal feed and food,
such as cereals, coffee, cocoa or dried fruit worldwide (EFSA, 2006). OTA is a stable
compound that is not destroyed by common food processing (EFSA, 2006). The
chemical structure of OTA comprises a dihydrocoumarin moiety linked to a molecule of

L-b-phenylalanine via an amide bond as shown in Fig. 3.1.

@H\OIOO OH O
266
H .

Cl

Fig. 3.1 — Chemical structure of ochratoxin A (OTA).

Exposure to OTA has been associated with a number of diseases in both animals
and humans, predominantly affecting the kidney. Besides nephrotoxicity, other toxic
effects have been associated with OTA exposure such as neurotoxicity, immunotoxicity,
myelotoxicity, reproductive toxicity and teratogenicity (WHO, 2001; O'Brien and
Dietrich, 2005; Pfohl-Leszkowicz and Manderville, 2007). Moreover, OTA has been
classified as a possible carcinogen to humans — Group 2B (IARC, 1993), based on its
known tumourigenicity in rodents. Nevertheless, uncertainties remain about its mode of
action, particularly, whether it acts primarily through genotoxic or non-genotoxic
mechanisms. It is thus important to further characterize the genotoxic potential of this

compound as well as its mechanisms of action to fully evaluate other related effects,
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namely outcomes associated with OTA-induced cytotoxicity and cell cycle
modifications.

Several potential mechanisms are described in literature for OTA toxicity. These
mechanisms include the inhibition of protein synthesis, interference with metabolic
pathways involving phenylalanine, disruption of calcium homeostasis, promotion of
membrane lipid peroxidation, inhibition of mitochondrial respiration, DNA damage and
the modulation of gene expression (Ringot et al., 2006; Arbillaga et al., 2007; Pfohl-
Leszkowicz and Manderville, 2007, 2012; Cavin et al., 2009). However, there is still no
consensus reached on the exact mechanisms and their relevance for OTA toxicity.
Despite the number of studies favoring the involvement of oxidative stress, its relevance
remains debatable in the context of OTA toxicity (Mally, 2012; Vettorazzi et al., 2013;
Gayathri et al., 2015). Some studies have shown the importance of oxidative stress in
renal cell toxicity after OTA exposure through a significant increase of reactive oxygen
species (ROS), oxidative DNA, lipid and protein damage and by the depletion of
cellular antioxidant defenses, along with other redox-driven alterations (Schaaf et al.,
2002; Cavin et al., 2009; Marin-Kuan et al., 2011; Ramyaa and Padma, 2013). For this
reason, in vitro and in vivo studies have been performed using antioxidants in an attempt
to prevent these adverse effects of ROS generated by OTA. The most used antioxidants
include vitamin E, phenolic compounds (catechins and quercetin), melatonin, zinc and
N-acetylcysteine, alone or combined (Meki and Hussein, 2001; Costa et al., 2007; Fusi
et al., 2010; Ramyaa and Padma, 2013; Sorrenti et al., 2013; Zheng et al., 2013; Yang et
al., 2014b). The use of such antioxidants, however have not always altered significantly
the toxicity induced by OTA. Nevertheless, the use of superoxide dismutase (SOD) and
catalase (CAT) to prevent renal lesions in cases of ochratoxicosis was previously
suggested (Baudrimont et al., 1994, 1997). Despite several studies carried out with
antioxidants, manganese(lll) porphyrins (MnPs) with high superoxide dismutase
mimetic activity have never been studied in the context of OTA toxicity. These

compounds have the ability to mimic the natural SOD enzymes and to scavenge a
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plethora of different ROS, modulating the cellular redox status (Batinic-Haberle et al.,
2014, 2015). MnPs have been developed as potential drugs for different pathologies and
are also useful mechanistic tools to assess the involvement of oxidative stress in
pathological and toxicological conditions (Batinic-Haberle et al., 2014, 2015).
MnTnHex-2-PyP (Fig. 3.2; Batinic-Haberle et al., 2002) is considered one of the most
promising superoxide dismutase mimics (SODm) with a very high in vivo potency
along with a large therapeutic window in pre-clinical trials (non-human primates;

Tovmasyan et al., 2013).

Fig. 3.2 — Chemical structure of the manganese porphyrin (MnP) MnTnHex-2-PyP°".

The present report aims at providing new mechanistic insights into OTA mode
of action with a special focus on oxidative stress induction, using an integrated approach
of several endpoints related to cytotoxicity, genotoxicity, apoptosis and ROS generation
in a representative model of renal epithelial cells. We used MnTnHex-2-PyP as a

mechanistic tool to further explore OTA toxicity.
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3.2. Material and methods

3.2.1. Chemicals

Dulbecco's Modified Eagle's Medium (DMEM), fetal bovine serum (FBS), phosphate
buffered saline (PBS; 0.01 M, pH 7.4), trypsin, penicillin-streptomycin (pen/strep)
solution, crystal violet, neutral red, lactate dehydrogenase (LDH) Tox7 Kit,
cytochalasin-B, L-ascorbic acid, (%)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (trolox), dimethylsulfoxide (DMSO), ethyl methanesulfonate (EMS),
low melting point agarose, RNAse and ochratoxin A (purity > 98 %) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). OTA stock solutions were prepared in
DMSO. The final DMSO concentration in cell culture was 0.5 % (v/v) for all assays.
Giemsa dye, methanol, ethanol, acetic acid and propidium iodide (P1) were purchased
from Merck (Darmstadt, Germany). Dihydroethidium (DHE), dihydrorhodamine 123
(DHR) and the Alexa Fluor® 488 Annexin V/PI kit were acquired from Molecular
Probes (Eugene, OR, USA). The 10 mM stock solutions of DHE and DHR were
prepared in DMSO, aliquoted, and stored wunder nitrogen at -20 °C.
Formamidopyrimidine DNA glycosylase (FPG) was kindly provided by A. R. Collins
(University of Oslo, Norway). MnTnHex-2-PyP>* was synthetized as described
previously (Batinic-Haberle et al., 2002; charges are omitted for clarity throughout the

manuscript).
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3.2.2. Cell culture

The green monkey kidney cells (Vero-E6 cell line) was obtained from ATCC
(Manassas, VA, USA). Vero-E6 cells were cultured in DMEM medium, containing 10
% FBS and 1 % pen/strep. Cells were maintained at 37 °C, under a humidified air

atmosphere containing 5 % of CO..

3.2.3. Crystal violet (CV) staining assay

Cell viability was first evaluated with the CV staining assay. Vero cells were seeded at a
density of 1 x 10* or 5 x 10 per well in 200 mL culture medium in 96-well plates and
incubated for 24 h. Cells were then incubated for 24 or 48 h with OTA (5-50 uM)
and/or antioxidants (L-ascorbic acid, trolox and MnTnHex-2-PyP). The CV assay was
then carried out according to Fernandes et al., 2010a, 2010b and Guerreiro et al., 2013.
Absorbance values for untreated control cells correspond to 100 % cell viability. For
this assay two to four independent experiments were carried out. Eight replicate cultures
were used in each independent experiment. The half maximal inhibitory concentration

(ICs0) was calculated using GraphPad Prism Statistical Software (version 6).

3.2.4. Neutral red (NR) assay

The NR assay was carried out as a confirmatory assay to assess cell viability of OTA
treated cells. Vero cells were seeded at a density of 1 x 10* or 6 x 10° cells per well in
200 mL culture medium in 96-well plates and incubated for 24 h. Cells were then
incubated for 24 or 48 h with OTA (5-50 uM). The NR was adapted from a previously
described protocol (Repetto et al., 2008). Cells were incubated for 2.5 h with NR at a
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final concentration of 40 mg/mL. Absorbance values for untreated control cells
correspond to 100 % cell viability. Three independent experiments were performed,
each one comprising eight replicate cultures. The 1Cso was calculated using GraphPad

Prism Statistical Software (version 6).

3.2.5. Lactate dehydrogenase (LDH) leakage assay

The media from cell cultures of the abovementioned CV and NR assays (48 h treatment)
were collected and used for the LDH assay using the LDH Tox7 kit. The technique was
performed as described in the manufacturer's protocol. Three independent experiments

were performed.

3.2.6. Cytokinesis-block micronucleus (CBMN) assay

Approximately 5 x 103 cells were seeded in 500 mL culture medium per well of a 8-well
Lab-Tek™ [I Chamber Slide™ System (Nunc) and incubated for 24 h. Afterwards, the
cells were incubated with OTA (7.5-100 uM) for 24 h and culture medium with 0.5 %
(v/iv) DMSO was used as vehicle control. The cells were then washed with culture
medium and cytochalasin B was added at a final concentration of 4.5 mg/mL to arrest
cytokinesis (Fenech, 2007). Cells were allowed to grow for 28 h and then rinsed with
PBS. The slides were fixed with ice-cold methanol for 20 min at —20 °C. After air
drying, the Lab-Tek™ II Chamber Slide™ Systems were dismantled and slides were
stained with Giemsa (4 % v/v in 0.01 M phosphate buffer, pH 6.8) for 8 min. The slides
were then coded for microscope analysis. Three independent experiments were
performed for each treatment. Two replicate cultures were used in each independent

experiment. For the assessment of micronuclei (MN) frequency, 1000 binucleated (BN)
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cells with well-preserved cytoplasm were scored using 1000 x magnification on a light
microscope (Leitz), according to described criteria (Fenech, 2007). The frequency of
micronucleated binucleated cells (MNBN) was used as genotoxicity index. The total
number of MN was also recorded (Bandarra et al., 2013). The decrease in cell
proliferation was evaluated by two standard indices, the percentage of binucleated cells
(% BN) and the nuclear division index (NDI; Fenech, 2000, 2007). For these indices,
500 cells were classified according to the number of nuclei using a 500 x magnification

in a light microscope (Leitz).

3.2.7. Comet assay

Cells were plated in 24-well plates at a concentration of 1 x 10* cells/mL, 0.5 mL per
well and incubated for 24 h before exposure to OTA. EMS (20 mM) was used as a
positive control while culture medium with 0.5 % (v/v) DMSO was the vehicle control.
Cells were exposed for 24 h to OTA and for 1 h to EMS, washed with PBS and
harvested by trypsinization. Cell suspension was centrifuged (1200 rpm, 10 min, 4 °C)
and the pellet was resuspended in 20 mL of PBS and embedded in 0.8 % low melting
point agarose pre-warmed to 38 °C, to prepare 4 gels for comet assay onto previously
agarose coated microscope slides. The comet assay was performed according to Tice et
al. (2000) and Collins (2004) with some modifications (Pinto et al., 2014). Briefly,
slides were immersed in lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 10 %
DMSO and 1 % Triton X-100, pH 10) for 1 h and rinsed twice (10 min) with enzyme
buffer (40 mM HEPES, 100 mM KCI, 0.5 mM EDTA, 0.2 mg/mL BSA, pH 8). The
agarose-embedded cells were then treated either with enzyme buffer (conventional
comet assay) or with 50 mL of FPG for 30 min at 37 °C, to allow detection of oxidized
and ring-opened purines or formamidopyrimidines. DNA was allowed to unwind under

alkaline conditions by immersing slides into cold electrophoresis buffer (0.3 M NaOH,
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1 mM Na;EDTA-2H,0; pH 13) for 20 min. Electrophoresis was run for 30 min at 0.8
V/cm. Following washing with PBS for neutralization, slides were dried overnight and
stained with ethidium bromide (0.125 mg/mL) before analysis. Two independent assays
were carried out, each one with 2 replicate cultures per exposure condition. In each
experiment, a total of 200 randomly selected nucleoids were analyzed per culture (100
in gels with FPG treatment and the same number in untreated gels), using an Axioplan2
Imaging epifluorescence microscope equipped with a high resolution camera (Carl Zeiss
Microscopy, Gottingen, Germany). Scoring was done with the Comet Imager 2.2
software (MetaSystems, Althlussheim, Germany). The percentage of DNA in tail, which
is linearly related with the level of DNA strand breaks, was registered as a measure of
DNA damage. The % of FPG-sensitive sites, corresponding to oxidative DNA lesions,

was calculated using the following equation (Collins, 2014):

% of FPG-sensitive sites = (% DNA)epc - (% DNA)untreated,

Where (% DNA)rpc refers to the percentage of DNA in the comet tail from
FPG-treated cells and (% DNA)untreated, refers to the percentage of DNA in tail from the

vehicle control.

Additionally, the data from the comet assay were analyzed according to the
distribution of nucleoids per classes (Collins, 2004). According to the % of DNA in tail,
the following classes were considered in this work: Class 0 (0-9 %); Class 1 (10-19 %);
Class 2 (20-39 %); Class 3 (40-59 %); Class 4 (60—79 %); Class 5 (80-100 %) of DNA

in tail.
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3.2.8. Intracellular ROS evaluation

For cellular ROS analysis two different probes were used, DHE and DHR.
Approximately 5 x 10* and 2.5 x 10* cells were cultured in 12-well plates with glass
cover slips, for the short term and long term protocol, respectively. After 24 h, cells
were exposed to OTA (30 and 50 uM), MnTnHex-2-PyP (5 uM) or both for 30 min or
24 h. Cells were then washed once with warm PBS and incubated with DHE (10 pM) or
DHR (10 uM) in FBS-free media for 30 min at 37 °C. Image acquisition was performed
using a BX51 fluorescent Olympus microscope with a 40 X objective at specific
excitation and emission wavelengths (DHE: 520-550 nm and <580 nm and DHR: 460—
490 nm and <520 nm). Cell fluorescence and cell area were determined using ImageJ
software (National Institutes of Health, Bethesda, MA, USA). At least 45 cells were

measured per experiment and three independent experiments were carried out.

3.2.9. Cell DNA content analysis

Approximately 1.8 x 10° cells were cultured in 6-well plates for 24 h. Cells were then
exposed to OTA (50 uM), MnTnHex-2-PyP (5 puM) or both for 48 h. For cell DNA
content analysis, cells were harvested using 5 mM EDTA in PBS, washed with cold
PBS and fixed with 80 % ethanol. After RNase A-treatment (20 mg/mL) and propidium
iodide (10 mg/mL) staining, cells were analyzed using a FACSCalibur flow cytometer
(BD). Data acquisition and analysis was performed using CellQuest software (BD) and

FlowJo (Tree Star, San Carlos, Calif.), respectively.
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3.2.10. Apoptosis assay

The percentage of apoptotic cells was determined using the dead cell apoptosis kit with
Alexa® Fluor 488 Annexin V and PI for flow cytometry (Molecular Probes, Eugene,
OR, USA), according to the manufacturers' instruction. Briefly 1.8 x 10° cells were
cultured in 6-well plates for 24 h and were then exposed to OTA (50 uM), MnTnHex-2-
-PyP (5 uM) or both for 48 h. Cells were harvested by a soft trypsinization (0.5 mg/mL)
and washed twice with cold PBS. Cells were analyzed by flow cytometry
(FACSCalibur, BD). Data acquisition and analysis were performed using CellQuest

software (BD) and FlowJo (Tree Star, San Carlos, Calif.), respectively.

3.2.11. Statistical analyses

Differences regarding OTA effects in cytotoxicity, CBMN, and intracellular ROS
assays were evaluated with one-way analysis of variance (ANOVA) followed by
Tukey's multiple comparison test. The two-tailed Student's t-test was used in the comet
assay to compare the differences in mean percentage of DNA in tail obtained with
treated and control cells, as well as those obtained with and without FPG treatment. This
statistical test was also used to assess the impact of antioxidants on cytotoxicity, cell
cycle, apoptosis and intracellular ROS. The Chi-square test was used to analyze the
differences in classes' distribution for the various OTA concentrations tested in the
comet assay. All analyses were performed with the SPSS statistical package (version 22,

SPSS Inc. Chicago, IL).
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3.3. Results

3.3.1. OTA is cytotoxic and genotoxic to Vero cells

The impact of OTA treatment on cell viability was assessed employing different
methodologies. Exposure to OTA (5-50 uM) induced a time- and concentration-
dependent decrease in cell viability as assessed by the crystal violet staining (Fig. 3.3A)
and the neutral red assays (Fig. 3.3B). Both assays revealed comparable concentration-
response profiles after both 24 and 48 h-periods of incubation. The ICso values
calculated for a 48 h exposure were 31.8 uM for the CV assay and 21.9 uM for the NR
assay. At the highest concentration level studied (50 uM; 48 h), the cell viability was
34.4 % and 20.7 % for the CV and NR assays, respectively. The results from the LDH
leakage assay are depicted in Fig. 3.3C. OTA increased LDH leakage; cytotoxic effect
was significant for the 50 pM concentration (p < 0.05).

The genotoxicity of OTA in Vero cells was evaluated using both the cytokinesis-
block micronucleus assay and the comet assay. OTA exposure led to concentration-
dependent reduction in the frequency of binucleated (BN) cells and the nuclear division
index (NDI), revealing the impact of OTA on the normal cell division of this cell line
(Fig. 3.4A and B). A significant increase in the frequency of micronucleated binucleated
cells per 1000 BN cells (MNBN) and in the micronuclei total number per 1000 BN cells
(MN) was observed, particularly at 25 uM (approximately two-fold increase, p < 0.01;
Fig. 3.4C and D).

The percentage of DNA in the comet tail obtained with the standard and FPG-
modified comet assays are presented in Table Il11.1 and Fig. 3.5. The exposure to all
OTA concentrations caused a consistent increase in DNA damage (up to 1.7-fold)
following FPG treatment, with a peak at 15 pM that resulted in a significant increase

over the negative control (p < 0.05). When comparing FPG-treated and untreated cells,
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a significant increase in the level of DNA damage was observed at 15 uM of OTA.
Regarding the % of FPG sensitive sites index (Table I11.1), an up to 3-fold (15 puM)
increase vs control was observed, although without a concentration-effect relationship.
The increase in the % of FPG sensitive sites was significant at 15 and 50 uM (p < 0.05).
Significant differences were also found when the distribution of nucleoids per classes
was taken into account, either considering data from the standard comet assay (p < 0.05)
or the FPG-modified assay (p < 0.001). Treatment of cells with 7.5 uM of OTA caused
a 2-fold increase in the percentage of class 2 nucleoids (20-39 % DNA in tail) vs
negative controls in the conventional comet assay. In the FPG-modified version, no
differences were observed in the distribution of nucleoids per class at 7.5 uM OTA
concentration. However, the exposure to 15 uM vyielded a 1.5-fold increase in class 1
and approximately 2.5-fold increase in classes 2 and 3 nucleoids, as compared to
negative controls. In the latter assay, a 1.5-fold increase relative to control in classes 1,
2 and 3 nucleoids was observed at the concentration of 50 uM (data not shown). The
positive controls, EMS and hydrogen peroxide, caused extensive DNA damage, which

was accentuated following FPG treatment resulting in highly damage cells.
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Fig. 3.3 — Cytotoxic effects of ochratoxin A (OTA; 5-50 uM) in Vero cells. The cell
viability of OTA-exposed cells (24 h and 48 h) was evaluated by CV (A) and NR (B)
assays. The LDH leakage (C) was analyzed after a 48 h exposure to OTA. Values

represent mean = SD (n = 2-4) and are expressed as percentages of the non-treated

control cells.
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Fig. 3.4 — The effects of ochratoxin A (OTA) on Vero cell proliferative indices (A and
B) and induction of micronuclei (C and D) were determined by the cytokinesis-block
micronucleus (CBMN) assay. Percentage of binucleated cells (% BN) (A), nuclear
division index (NDI) (B), frequency of micronucleated binucleated cells per 1000 BN
cells (MNBN) (C) and frequency of micronuclei per 1000 binucleated cells (MN) (D)
are shown. Values represent mean + SD (n = 3); *p < 0.05, **p < 0.01 and ***p < 0.001

(ANOVA test) when compared with non-treated control cells.
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Table 111.1 — Results of the standard and FPG modified-comet assays following 24 h

exposure of Vero cells to ochratoxin A (OTA).

OTA Standard FPG-modified % FPG-
Concentration Comet assay Comet assay sensitive sites
(M) % DNA in tail % DNA in tail (Mean + SD)
H (Mean £ SD) (Mean = SD) B
0 5.56 +0.10 8.06 £0.23 2.50+0.13
7.5 7.36 +1.65 9.41 +£0.93 2.05+2.58
15 5.84+1.78 13.35 £ 1.51*# 7.50 +0.27%
25 6.19+1.71 8.79+1.78 2.60 £3.49
50 6.15+1.63 10.93 £0.97 4.78 + 0.66%
H,0, 10 mM? 59.97 + 2.82% 68.28 + 15.64*# 8.31+10.0
EMS 20 mM2 47.23 +8.7% 59.1b 12.32

* Significantly different from Standard Comet assay values (p < 0.05).

# Significantly different from negative controls (p < 0.05).

2 The number of cells scored in each replicate was lower than 100 cells and only 2 replicates were
analyzed.

® Only one sample was analyzable.
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Fig. 3.5 — Results of the standard and FPG-modified comet assays in Vero cells exposed
to OTA (7.5-50 uM). Values represent mean = SD (n = 2); *p < 0.05 (Student's t-test).
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3.3.2. OTA increases intracellular levels of reactive oxygen species (ROS) in Vero cells

The production of ROS was analyzed by microscopy using two fluorescence probes
(DHE and DHR) with reactivity towards different ROS (Fig. 3.6). Both probes showed
a ROS increase upon exposure to OTA (compared with non-treated controls). This
increase was concentration-dependent and was observed both post short-term treatment

(30 min) and longer exposure to OTA (24 h).

3.3.3. MnTnHex-2-PyP protects Vero cells against OTA-induced cytotoxicity

Since the abovementioned results point to an influence of ROS in OTA-treated cells, the
cytotoxicity of OTA was evaluated in the presence of three antioxidants with distinct
properties. Trolox (200 uM), L-ascorbic acid (100 uM) and MnTnHex-2-PyP (1-25
M) per se did not considerably alter the viability of Vero cells after 48 h incubation
(Fig. 3.7A and B). Trolox (200 uM) and L-ascorbic acid (100 uM) as well as their
combined treatment did not prevent the cytotoxic effects of OTA (30 and 50 uM) after
48 h of incubation (Fig. 3.7A). Conversely, MnTnHex-2-PyP rendered some protection
against OTA cytotoxicity (Fig. 3.7C), revealing a significant increase (up to ~13 %; p <
0.05) in cell viability as assessed by the CV assay (48 h). Such observation justified the
additional studies performed to further investigate the impact of this SODm in OTA-

treated cells.
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Fig. 3.6 — Exposure to ochratoxin A (OTA) led to an increase in intracellular ROS. The
intracellular ROS levels in Vero cells exposed to OTA (30 and 50 puM) for 30 min and
24 h were detected by the DHE (A and B) and DHR (C and D) probes. Fluorescence
microscopy images show representative cells after 30 min incubation with DHE (A) and
DHR (C). Scale bars = 20 um (A and C). Values represent mean = SD (n = 3); *p <
0.05, **p < 0.01 and ***p < 0.001 (ANOVA test).
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Fig. 3.7 — Effect of antioxidants in Vero cells exposed to ochratoxin A (OTA). The
effect of trolox and L-ascorbic acid in Vero cells exposed to OTA (30 and 50 uM) for
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cells; *p < 0.05 (Student's t-test) when compared with cells exposed to OTA.
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3.3.4. OTA increases the % of apoptotic cells: protective effect of MnTnHex-2-PyP

The impact of OTA in Vero cell cycle was also investigated by assessing the cell DNA
content using PI stain in fixed cells. The exposure to OTA (50 uM; 48 h) led to a
remarkable increase in sub-G1 population (40.4 %) when compared with the control
cells (Fig. 3.8A-C). In addition, OTA decreased the GO/G1 population. The SODm
MnTnHex-2-PyP alone (5 uM; 48 h) led to a cell cycle distribution similar to that of
control cells. The combined exposure to OTA and MnP led to a significant reduction in
sub-G1 population (8.8 %) and a slight increase in GO/G1 and G2/M populations when
compared to OTA exposure. Representative histograms obtained by flow cytometric
analysis are depicted in Fig. 3.8A. All three independent experiments carried out led to
coherent results.

The occurrence of apoptosis was further confirmed by double staining of live
cells with Annexin V and PI. The cells exposed to OTA (50 uM; 48 h) showed an
increase in the % apoptosis of 56.6 % (p < 0.001 vs non-treated control cells; Fig. 3.8E).
The MnP (5 pM; 48 h) alone did not change the % apoptosis compared with non-treated
control cells. The combined exposure to this MnP and OTA led to a minor decrease in
the % apoptosis (5.6 %) compared with cells exposed only to OTA. Representative
graphs obtained by flow cytometric analysis of the cells are shown in Fig. 3.8D. All

three independent experiments carried out led to coherent results.
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Fig. 3.8 — Effect of ochratoxin A (OTA) and manganese porphyrin (MnP) on cell cycle
progression and apoptosis of Vero cells. Cellular DNA content analyzed by flow
cytometry after 48 h incubation with OTA and MnP (A-C) with representative flow
cytometry histograms (A), sub-G1, G0/G1, S and G2/M populations summary results
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(B) and sub-G1 population percentage (C). Percentage of apoptotic cells determined by
Pl and Annexin V staining (D and E) with representative flow cytometry dot-plots (D)
and summary results show percentage of apoptotic cells (E). Values represent mean +
SD (n = 3); *p <0.05 and ***p < 0.001 (Student's t-test).

3.3.5. MnTnHex-2-PyP decreases the superoxide anion generation by OTA

The impact of MnTnHex-2-PyP in OTA-induced intracellular ROS accumulation is
presented in Fig. 3.9. Using both probes DHE and DHR, the treatment with MnP (5
M) did not markedly change the intracellular levels of ROS when compared with non-
treated control cells for both periods of treatment (Fig. 3.9). In the DHE assay, when
cells were simultaneously exposed to OTA (50 uM) and MnP, the intracellular ROS
levels significantly decreased when compared with cells exposed only to OTA (p <
0.01) for either 30 min or 24 h (Fig. 3.9A). Conversely, in the DHR assay, the MnP did
not afford protection against OTA-induced intracellular ROS (Fig. 3.9B).
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Fig. 3.9 — Effect of MnP on intracellular ROS levels. Intracellular ROS levels were
detected in Vero cells exposed for 30 min or 24 h to MnP (5 uM), OTA (50 uM) or both
using DHE (A) and DHR (B) fluorescence probes. Values represent mean + SD (n = 3);
*p < 0.05, **p < 0.01 and ***p < 0.001 (Student's t-test).

96



3.4. Discussion

Although many data have been published regarding the nephrotoxicity of OTA, the
exact mechanisms involved, as well as the influence of oxidative stress in the
deleterious effects of this mycotoxin, are still unclear.

OTA was shown to inhibit cell growth and induce cell death in different renal
cell lines (Costa et al., 2007; Rached et al., 2008; Yang et al., 2014a). In this study, we
observed a concentration-and time-dependent cytotoxicity effect in Vero cells exposed
to OTA, as evaluated by mechanistically distinct and complementary methodologies.
The concentrations used in this work, although above the usual in vivo human levels, are
in the same order of magnitude of several previous in vitro reports that intend to provide
mechanistic insights on OTA toxicity. It is also important to mention that all
experiments were carried out using culture medium containing FBS, in order to better
mimic the in vivo conditions of OTA exposure. In fact, OTA has high affinity for serum
proteins, with protein binding percentages > 99.9 % (EFSA, 2006). The ICso values
obtained herein for a 48 h-exposure period (31.8 uM and 21.9 uM, for the CV and NR
assays respectively) are within the concentration range previously described for the
same cells and exposure period (9.7-37 uM; Creppy et al., 2004; Bouslimi et al., 2008),
although our experimental conditions differ from those already reported in the literature.
The assays used revealed different profiles and the CV and the NR assays were the most
sensitive to detect OTA cytotoxicity. The LDH leakage assay also revealed toxicity, but
only following exposure to the highest OTA concentrations. Such finding can be
explained by the mechanism underlying each assay. The CV stains adherent cells nuclei
(Fernandes et al., 2010a), while the NR assay is mainly based on the uptake and
subsequent lysosomal accumulation of the supravital dye NR by viable cells (Repetto et
al., 2008). On the other hand, the LDH leakage assay is based on the measurement of

lactate dehydrogenase activity in the extracellular medium (Decker and Lohmann-
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Matthes, 1988). The loss of intracellular LDH and its release into the culture medium is
an indicator of cell death due to cell membrane damage.

Another aspect of this work is to assess the genotoxicity of OTA in Vero cells.
Despite several reports already published regarding the genotoxicity of OTA, only few
data are available on these cells (Ramyaa and Padma, 2013). Herein, the genotoxicity of
OTA was characterized through the CBMN and the comet assays. In the first case, OTA
impacted the normal cell division and increased the MNBN frequency as well as the
MN total number in Vero cells. The number of MN observed in control cells is within
the range described in previous studies realized in this cell line (Ayed-Boussema et al.,
2007; Chen et al., 2009; Dias et al., 2014). Concerning the genotoxicity of OTA,
increases in MN frequency were also reported by other authors using different cell
models and experimental conditions (Knasmuller et al., 2004; Ali et al., 2011; Follmann
et al.,, 2014). In addition, the increase in the MN frequency observed herein
(approximately two fold) is similar to the data previously reported for HepG2 cells
exposed to OTA (25 uM; Ehrlich et al., 2002; Fuchs et al., 2008).

In the comet assay, exposure of Vero cells to a non-cytotoxic dose-range of
OTA for 24 h raised the level of DNA damage modestly when compared with control
cells. The comparison of data from FPG-modified and standard comet assays suggests
the involvement of ROS generation and oxidative DNA damage in the formation of
OTA-induced DNA breaks. Previous studies in other cell lines have shown conflicting
results concerning the induction of DNA damage in standard or FPG-modified comet
assay (e.g. Kamp et al., 2005; Ali et al., 2011; Corcuera et al., 2011; Liu et al., 2012;
Zheng et al., 2013; Gonzalez-Arias et al., 2014). Despite different treatment protocols
and the distinct sensitivities of the cell line used in the various studies, most data have
supported the role of ROS-mediated induction of DNA breaks in OTA genotoxicity
(Schilter et al., 2005; Zheng et al., 2013; Gonzalez-Arias et al., 2014).

When comparing the two genotoxicity methodologies used, the different

sensitivities to detect an effect may rely on the different type of the lesions measurable
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by each method. The comet assay allows the identification of primary DNA lesions,
such as single- and double-strand breaks, or alkali-labile sites or intermediates of DNA
repair that usually arise soon after exposure to genotoxic agents and may be easily
repaired by the cells' DNA repair machinery. Micronuclei, however, may be generated
through clastogenic or aneugenic events, that are irreversible and persistent. Thus, the
results of the micronuclei assay are coherent with the moderate induction of DNA
breaks detected by the comet assay. If those breaks are left unrepaired, they may have
been converted into chromosome breaks pointing to a clastogenic mode of action. It is
important to mention that OTA has been reported as an inducer of DNA adducts (Pfohl-
Leszkowicz and Manderville, 2012). Although OTA may also damage actin stress fibres
and induce aneugenic effects (Degen et al., 1997; Dopp et al., 1999) that might
contribute to the MN formation, the available evidence points to a predominance of
clastogenic lesions (Degen et al., 1997; Dopp et al., 1999; Knasmuller et al., 2004).

The data from the comet assay points to a moderate induction of oxidative DNA
lesions by OTA. Therefore, we used two complementary probes (DHE and DHR) with
reactivity towards different ROS to assess whether OTA alters the intracellular ROS
levels. To the best of our knowledge, this is the first study in Vero cells using these
fluorescence probes to study OTA effects. The DHE probe is mostly oxidized by
superoxide anion (Tarpey et al., 2004; Fernandes et al., 2010b; Debowska et al., 2015).
Conversely, DHR is considered unreactive with superoxide anion, but it can be oxidized
by several other ROS (Henderson and Chappell, 1993; Fernandes et al., 2010b;
Goncalves et al., 2012). Our data show an increase in intracellular ROS levels observed
both after a short (30 min) and a long (24 h) treatment with OTA consistent with a slight
induction of oxidative DNA lesions and a high cytotoxic effect observed at the same
concentrations. Several previous studies that used different techniques, conditions or
cell models also detected a ROS increase upon exposure to OTA (Schaaf et al., 2002;
Shen et al., 2013; Ramyaa et al., 2014). However, there are also data showing no

significant ROS increase (El Golli Bennour et al., 2009). Importantly, the previous
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studies were mainly based on dichlorofluorescein probes, which have been criticized for
presenting several draw-backs (Kalyanaraman et al., 2012).

Although some reports suggest the involvement of ROS, namely superoxide
anion, hydroxyl radical and peroxide, in the mechanisms of toxicity of OTA
(Baudrimont et al., 1994, 1997; Schaaf et al., 2002), techniques to identify specific ROS
involved are still required. The use of fluorescence probes with different reactivity,
along with the experiments using MnTnHex-2-PyP, may shed some light on this issue.
In the DHE assay, the fluorescence increase by OTA was significantly decreased by the
SODm. Therefore, we anticipate that superoxide anion was generated by this mycotoxin
in Vero cells. Conversely, the ROS increase observed for OTA using the DHR probe
was not affected by MnTnHex-2-PyP. While disproportionating superoxide anion, this
SODm generates H2O». In peroxidase-containing cells, H.O> oxidizes DHR (Henderson
and Chappell, 1993; Tarpey et al., 2004). This fact, along with the lack of catalase-like
activity of MnPs (Tovmasyan et al., 2015), may justify the lack of protection of MnP in
OTA-induced ROS observed with the DHR probe. To characterize the consequences of
ROS generation on the toxicity of OTA, cytotoxicity studies were carried out in the
presence of three antioxidants with distinct properties. Previous studies using vitamin E
in mammalian cells exposed to OTA have shown dissimilar results. While some authors
showed protective effects in other cells lines (Fusi et al., 2010; Gayathri et al., 2015), a
previous report (EI Golli Bennour et al., 2009) corroborates the negative results
observed herein for trolox, an hydrophilic analogue of vitamin E. Despite the lesser
information available in the literature, our results on ascorbic acid are in agreement with
an in vivo study in a chick model (Hoehler and Marquardt, 1996). Besides these two
classic antioxidants, our approach included the SODm MnTnHex-2-PyP, a catalytic
polyfunctional redox-active compound. In addition to the catalysis of Oy
disproportionation in a SOD-like fashion, MnTnHex-2-PyP is reactive towards redox-
active thiols of cellular signaling proteins involved in transcription, such as nuclear

factor-kappaB (NF-xB). Oxidation of thiols of NF-kB would result in its inactivation.
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Via such action, MnTnHex-2-PyP would reduce secondary oxidative stress and in turn
would indirectly suppress levels of ROS or reactive nitrogen species (RNS). Both direct
scavenging of ROS/RNS and indirect reduction of their levels via affecting cellular
transcription may be involved in the effects observed herein (Tovmasyan et al., 2013;
Batinic-Haberle et al., 2015). MnPs with similar properties have shown remarkable
effects in experimental models of several diseases, and some of these are currently
evaluated in clinical trials (Tovmasyan et al., 2013; Batinic-Haberle et al., 2014, 2015).
Besides the potential benefits of MnPs in therapeutics, these compounds are also
valuable mechanistic tools and have been frequently used to elucidate the involvement
of ROS in pathological and toxicological conditions (Batinic-Haberle et al., 2015). In
the present work, MnTnHex-2-PyP rendered some protection to Vero cells, increasing
cell viability in a slight but significant way. This may be attributed to the polyfunctional
redox-related activity of this compound and its capacity to modulate several redox
pathways within cells (Batinic-Haberle et al., 2015). Moreover, it was also previously
reported that the cellular activity of SOD and other antioxidant enzymes decrease upon
exposure to OTA (Ozcelik et al., 2004; Zheng et al., 2013; Ramyaa et al., 2014; Yang et
al., 2014b). The addition of a SODm might have compensated for such imbalance in
SOD activity, improving cell viability.

Cytotoxicity and genotoxicity are frequently accompanied by cell cycle arrest
and apoptosis. Therefore, we aimed to explore the contribution of OTA-induced ROS at
these levels. Depending upon the cell type and OTA exposure conditions, different
alterations in cell cycle were previously described, including arrests in GO/G1 (Kumar
et al., 2012), S (Yang et al., 2014a) and G2/M phases (Cui et al., 2010; Follmann et al.,
2014). Such alterations can be ascribed to DNA damage and subsequent biochemical
changes induced by OTA, which preclude the progression through the cell cycle
checkpoints (Sancar et al., 2004). In our study, this mycotoxin increased significantly
the sub-G1 population, suggesting an increase in apoptosis. The increase in apoptosis of

cells exposed to OTA was confirmed by the double staining with Annexin V and PI.
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This finding agrees with previous reports that have also observed an increase in
apoptosis in OTA-treated cells, using different methodologies (Ramyaa and Padma,
2013; Yang et al., 2014a). To investigate the role of ROS in the abovementioned events,
the effects of a combined exposure to MnP and OTA were analyzed. The addition of the
MnP modestly counteracted the increase in sub-G1 and Annexin V positive populations
observed for OTA. This finding indicates a partial role of oxidative stress in OTA-

induced apoptosis.

3.5. Conclusion

In conclusion, we performed an integrated approach to study OTA-induced
toxicological effects in Vero cells. Our approach addressed different endpoints aiming
to characterize cytotoxicity, genotoxicity and ROS generation by this mycotoxin.
Among the different tools used to clarify the impact of oxidative stress on OTA toxicity,
we explored the effect of MnTnHex-2-PyP, a useful SODm for mechanistic studies and
therapeutic purposes. Our data suggest that mechanisms responsible for OTA
deleterious effects include DNA damage and the generation of intracellular ROS.
However, reactive species do not seem to play a central role in OTA toxicity to Vero

kidney cells.
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Chapter 4

Influence of the SOD mimic MnTnHex-2-PyP

on the viability and migration of human renal cancer cells
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Abstract

The clear-cell renal carcinoma (ccRCC) is the most common type of renal cancer. It has
an important genetic basis, which is closely related with oxidative stress. The
importance of superoxide dismutase (SOD) in different pathological conditions led to
the development of manganese(lll) porphyrins (MnPs). These compounds have the
ability to mimic the natural SOD enzymes and to scavenge a plethora of different
reactive oxygen species (ROS), modulating the cellular redox status. MnTnHex-2-PyP
(MnP) is considered one of the most promising superoxide dismutase mimics (SODm).
In this study, the human renal cancer cells 786-O were treated with increasing
concentrations of MnP (0.1-25 uM) for different exposure times (12-48 h). The Crystal
Violet and MTS assays were used to evaluate the cell viability. The impact of MnP in
the cell cycle and cell death was investigated by assessing the cellular DNA content
using PI stain in fixed cells. Intracellular ROS were analyzed by flow cytometry using
the fluorescence probe dihydrorhodamine 123. The impact of MnP (0.25 pM) in
collective cell motility and chemotactic migration was evaluated by the wound-healing
and the transwell assays, respectively. MnP exposure resulted in a concentration and
time-dependent decrease in cell viability. The exposure to MnP (5 uM) led to a
significant increase in sub-G1 population. Moreover, MnP induced a concentration-
dependent increase in intracellular ROS, presumably due to the generation of H20>
during the dismutation of O,". The MnP did not lead to a reduction in collective cell
motility. Nevertheless, the MnP significantly decreased the chemotactic migration of
human renal cancer cells. Overall, these results suggest that MnTnHex-2-PyP may have
a beneficial impact in reducing renal cancer cells viability and migration and warrant
further studies regarding SODm-based therapeutic strategies against human renal

cancer.
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4.1. Introduction

Renal cell carcinoma (RCC) comprises up to 5 % of all malignant tumors (Block, 2012;
Escudier et al., 2016; Koul et al., 2011). Over the past decade, a substantial amount of
new information concerning the epidemiology, molecular and immunologic
characteristics of RCC as well as novel therapies has appeared. Several studies
suggested a genetic basis for renal cell carcinoma (Linehan and Ricketts, 2014; Shuch et
al., 2015). Clear-cell renal carcinoma (ccRCC) is the most common type of renal
cancer, accounting approximately for 75 % of renal epithelial malignancies (Linehan
and Ricketts, 2016; Shuch et al., 2015). The main pathway of ccRCC involves a
hypoxic status with the activation of angiogenesis. The majority of sporadic ccRCC is
associated with defects in the Von Hippel-Lindau (VHL) tumor suppressor gene (Keefe
et al., 2015; Linehan et al., 2009; Linehan and Ricketts, 2016). The loss of VHL
function leads to a hypoxia response through hypoxia-inducible factors (HIF), which are
unable to be degraded. Under those conditions, the HIF activates the transcription of a
variety of genes that include the vascular endothelial growth factor (VEGF) and
erythropoietin. Therefore, the loss of VHL is associated with an increase of many
factors that regulate angiogenesis, tumorigenesis and metastasis (Keefe et al., 2015;
Linehan et al., 2009; Ozcan et al., 2014). The activation of the mammalian/mechanistic
target of rapamycin (mTOR), which is positively regulated by phosphatidylinositide 3-
kinase (PI3K) - protein kinase B (Akt) pathway is also important in the physiopathology
of ccRCC (Keefe et al., 2015; Koul et al., 2011). The mTOR protein has a key function
in apoptosis, metabolism, cell growth, migration and tumor proliferation (Koul et al.,
2011; Zong et al., 2014).

The reactive oxygen species (ROS) have an important role in initiation,
development and progression of cancer (Gius and Spitz, 2006; Valko et al., 2004; Waris

and Ahsan, 2006). The loss of VHL in particular contributes to an enhanced oxidative

115



stress, which is mediated in large part by nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases (NOX) (Block, 2012; Block et al., 2010; Szatrowski and Nathan,
1991). Importantly both the effects induced by HIF and its own regulation are
modulated by the cellular redox state (Kinnula and Crapo, 2004). Moreover, the
regulation of the PI3K/Akt/mTOR signaling is also redox-sensitive (Block, 2012). As
aforementioned in Chapter 1, oxidative stress not only causes direct and irreversible
oxidative damage to macromolecules, but also disrupts key redox-dependent signaling
processes. The presence of ROS as hydrogen peroxide (H20.), hydroxyl radical (OH"),
peroxynitrite (ONOQO") and superoxide (O.") were described in RCC (Block, 2012). In
ccRCC there are also oxidative alteration of lipids, proteins and DNA (Pljesa-Ercegovac
et al., 2008; Sverko et al., 201 1).

The cellular antioxidant defenses play a crucial role against oxidative stress. The
superoxide dismutase enzymes (SOD) are part of these important natural antioxidant
defenses. Many studies show a reduction in SOD expression in various types of cancer,
when compared to normal tissues, suggesting a tumor suppressor role for this enzyme.
Conversely, other studies report an elevation in MnSOD expression in cancer,
supporting the progression of tumors to a more aggressive stage (Holley et al., 2014;
Kinnula and Crapo, 2004; Robbins and Zhao, 2014; Sverko et al., 2011). These
differences are probably related with the H2O, levels and with the levels of MnSOD.
Moreover, the MnSOD levels seem to be lower during early stages of cancer and higher
at later stages of cancer progression, along with a persistent oxidative stress (Holley et
al., 2014; Oberley and Buettner, 1979; Pani et al., 2010; Robbins and Zhao, 2014). In
the ccRCC some authors mentioned low expression of SOD enzymes (Oberley et al.,
1996; Sverko et al., 2011). However, other authors reported an up-regulation of SOD,
although with no increase (Sarto et al., 1999) or with lower enzymatic activity when
compared with the adjacent tissues (Robbins and Zhao, 2014; Zhao et al., 2017),
probably due to some oxidative alterations that may affect the catalytic activity (Zhao et

al., 2017). The MnSOD polymorphism (Alal6Ala), which results in lower activity of
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SOD has been associated with an increased susceptibility to develop renal cancer
(Atilgan et al., 2014).

The increasing knowledge of the SOD role in physiological and pathological
conditions, resulted in the development of synthetic compounds with the capacity to
mimic the native enzyme (Tovmasyan et al., 2013). SOD mimics (SODm) are able to
catalytically remove O™ through a dismutation process and scavenge a wide range of
reactive species. The mode of action of SODm was initially considered to be highly
specific towards O2". Nevertheless, in the last years, with an increase in the knowledge
of the cellular oxidative stress processes, SOD mimics have been pointed out as
significant redox modulators in different redox-sensitive signaling pathways. Therefore,
SODm have the ability to affect proliferation, differentiation and cell death (Batinic-
Haberle et al., 2014). As described previously in Chapter 1, manganese(lll) porphyrins
(MnPs) are a particular group of SODm that have demonstrated a beneficial effect in
different pathological conditions related with oxidative stress. Moreover, some of these
compounds also presented a large therapeutic potential in cancer therapy as tumor radio-
and chemosensitizers, as well as radioprotectors of normal tissue (Tovmasyan et al.,
2015b). MnTnHex-2-PyP is considered one of the most promising SODm. Besides the
lipophilicity and biocompatibility it has also a good bioavailability. The
pharmacokinetic studies revealed an appropriate tissue penetration and retention with a
preference to the mitochondria. MnTnHex-2-PyP has a large therapeutic window as
demonstrated in in vivo studies (Batini¢-Haberle et al., 2014).

Despite the promising results of MnPs in different types of cancer, as far as we
know, there are not studies focused on renal cancer. Therefore, this work is a first

attempt to study the potential benefic effect of a MnP in the treatment of renal cancer.
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4.2. Material and methods

4.2.1. Chemicals

RPMI-1640 medium was obtained from ATCC (Manassas, VA, USA). Fetal bovine
serum (FBS), phosphate buffered saline (PBS; 0.01 M, pH 7.4), trypsin, penicillin-
streptomycin (pen/strep) solution, crystal violet, dimethylsulfoxide (DMSO) and
RNAse were obtained from Sigma—Aldrich (St. Louis, MO, USA). The TrypLE™
Express Enzyme solution was obtained from Gibco, Invitrogen (UK). The [3-(4,5-
-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphophenyl)-2H-

-Tetrazolium] - CellTiter 96® AQueous One Solution Reagent (MTS) was obtained
from Promega Corp. (Madison, WI, USA). The ethanol, acetic acid and propidium
iodide (PI) were purchased from Merck (Darmstadt, Germany). The dihydrorhodamine
123 (DHR) was acquired from Molecular Probes (Eugene, OR, USA). The 10 mM
stock solution of DHR was prepared in DMSO, aliquoted, and stored under nitrogen at
—20°C. The MnTnHex-2-PyP>" was synthetized as described previously (Batini¢-

Haberle et al., 2002) (charges are omitted for clarity throughout the manuscript).

4.2.2. Cell culture

The human renal cancer cell line 786-O was obtained from ATCC (Manassas, VA,
USA). 786-0 cells were cultured in RPMI-1640 medium, containing 10 % FBS and 1 %
pen/strep. Cells were maintained at 37 °C, under a humidified air atmosphere containing

5 % of CO..
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4.2.3. Crystal Violet (CV) staining assay

Cell viability was evaluated with the CV staining assay. Approximately, 3-8 x 10° cells
were seeded per well of a 96 well plate in culture medium and incubated for 24 h. After
that, the culture medium was removed and cells were incubated for 16, 24 or 48 h with
MnTnHex-2-PyP (0.1-25 uM) in RPMI-1640 culture medium containing 2 or 10 %
FBS. H.0> (10 mM) was used as a positive control. The CV assay was then carried out
according to a previously described protocol (Ana S Fernandes et al., 2010; Ana S.
Fernandes et al., 2010). Absorbance values for untreated control cells correspond to 100
% cell viability. For this assay two to three independent experiments were carried out.

Three to six replicate cultures were used in each independent experiment.

4.2.4. MTS reduction assay

The MTS assay was carried out as a confirmatory assay to evaluate cell viability of
MnTnHex-2-PyP treated cells, according to Guerreiro et al., 2016. 786-O cells were
seeded at a density of 8 x 10° cells per well in 100 pL of culture medium in 96-well
plates and incubated for 24 h. Culture medium was removed and cells were treated with
MnTnHex-2-PyP (0.25 and 5 uM) for 12 or 24 h in culture medium containing 2 %
FBS. Following the drug treatment, the medium was removed, each well was rinsed
with PBS and cells were incubated for 2 h with 100 pL of culture medium and 20 pL of
MTS substrate, according to the manufacturer’s instructions. Absorbance was measured
at 492 nm. Absorbance values for untreated control cells correspond to 100 % cell
viability. H.O> (10 mM) was used as a positive control. Two independent experiments

were performed each one comprising six replicate cultures.
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4.2.5. Cell DNA content analysis

The cell DNA content was analyzed according to Guerreiro et al., 2017 and Silva et al.,
2016. Approximately 1.5 x 10° cells were cultured in 6-well plates for 24 h. Afterwards,
cell culture medium was removed and cells were exposed to MnTnHex-2-PyP (0.25 and
5 uM) in RPMI-1640 with 2 % FBS for 24 h. For cell DNA content analysis, cells were
harvested using 5 mM EDTA in PBS, washed with cold PBS and fixed with 80 %
ethanol. After RNase A-treatment (20 pg/mL) and PI (10 pg/mL) staining, cells were
analyzed using a FACSCalibur flow cytometer (BD). Data acquisition and analysis was
performed using CellQuest software (BD) and FlowJo (Tree Star, San Carlos, Calif.),

respectively. Three independent experiments were performed.

4.2.6. Intracellular ROS evaluation

Cellular ROS analysis was performed using the DHR probe. Approximately 2 x 10°
cells were cultured in 6-well plates in complete culture medium. After 24 h, the medium
was removed and 786-0O cells were exposed to MnTnHex-2-PyP (0.25 and 5 pM) for 12
h in RPMI-1640 medium containing 2 % FBS. Following the drug treatment, the
medium was removed, cells were rinsed with warm PBS and 786-O cells were detached
with TrypLE™ Express Enzyme solution and then were incubated with DHR (10 pM)
in FBS-free media for 30 min at 37 °C and 5 % CO». The intracellular ROS were
analyzed using a FACSCalibur flow cytometer (BD). Data acquisition and analysis was
performed using CellQuest software (BD) and FlowJo (Tree Star, San Carlos, Calif.),
respectively. The median of DHR fluorescence intensity of approximately 2 x 10* cells
per condition was used to compare the intracellular ROS levels. H,O2 (10 mM) was

used as a positive control. Four independent experiments were performed.
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4.2.7. In vitro wound-healing assay

The in vitro wound-healing assay was optimized according to Guerreiro et al., 2017 and
Liang et al., 2007. Briefly, 2 x 10° cells were seeded in 24-well plates and cultured in
complete medium. After 24 h, the medium was removed and each well was scratched
using a 200 pL pipette tip, leaving a gap of approximately 0.8 mm in width. Cells were
then rinsed twice with PBS to remove the detached cells and cell debris. Cells were
incubated with MnTnHex-2-PyP (0.25 uM) in medium containing 2 % FBS. Wound
closure was evaluated with an Olympus CKX41 inverted microscope. Photographs of
the same areas of the scratch were taken using a 40 x objective with an Olympus SC20
camera. The scratches width was measured using ImageJ software (National Institutes
of Health, Bethesda, MA, USA) at defined time points: 0, 8 and 12 h. At each time
point, one picture was taken from the same scratch and three measures were made.
Cellular motility was analyzed in relation to the initial distance between the two
scratches edges which was considered as 0 % of wound closure. Three independent

experiments were performed.

4.2.8. Chemotaxis

The chemotaxis assay was carried out according to Guerreiro et al., 2017. The
chemotactic migration of 786-O cells was evaluated in 24-well plates with transwell
inserts with transparent PET membranes containing 8-um pores (BD Falcon, Bedford,
MA, USA). Cells (1 x 10° cells in 2 % FBS medium) were seeded on the top of the
insert, and complete medium was placed in the lower chamber of the culture well. The
MnTnHex-2-PyP was added to both chambers, and cultures were incubated for 12 h. In
order to distinguish chemotaxis and random individual cell migration, a control

experiment was made using the same experimental conditions, but adding 10 % of FBS
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to both chambers. After the incubation period, non-migrating cells were gently removed
from the upper compartment with a cotton swab. Migrated cells present in the bottom of
each membrane were fixed with cold 96 % ethanol and stained with 0.1 % crystal violet
in 10 % ethanol. The number of cells was counted in five separate fields by light
microscopy using a 10 x objective. The results were expressed as percentages relative to

non-treated control cultures. Three independent experiments were performed.

4.2.9. Statistical analyses

Differences in mean values of the results were evaluated by the two-tailed Student's t-
-test. One-way analysis of variance (ANOVA) followed by Tukey test was performed to
compare multiple mean values. All analyses were performed with the SPSS statistical

package (version 22, SPSS Inc. Chicago, IL).
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4.3. Results

4.3.1. MnTnHex-2-PyP increases intracellular levels of reactive oxygen species in

786-0 cells

The production of ROS was analyzed by flow cytometry using the DHR fluorescence
probe (Fig. 4.1). We observed a concentration-dependent ROS increase upon exposure
to MnTnHex-2-PyP when compared with non-treated controls cells (Fig. 4.1A). For the
lowest concentration of MnTnHex-2-PyP (0.25 puM) an increase in fluorescence
intensity of approximately 16 % (p = 0.05) was observed. A considerably higher
fluorescence increase of about 46.5 % (p < 0.001) was observed for the highest
concentration tested (5 uM). The four independent experiments performed led to

coherent results.
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Fig. 4.1 — Exposure to manganese porphyrin (MnP) led to an increase in intracellular
ROS in 786-0 cells. The intracellular ROS levels after 12 h of exposure were detected
by flow cytometry using the DHR probe. (A) Values represent mean £ SD (n = 4); **p
< 0.01, ***p < 0.001 (ANOVA test). (B) Representative histograms from one

representative assay are shown.

123



4.3.2. MnTnHex-2-PyP decreases 786-0 cells viability

The effect of MnTnHex-2-PyP treatment on cell viability was assessed through different
methodologies. The cells were exposed to MnTnHex-2-PyP at different FBS
concentrations (2 and 10 %) and at different exposure times (16, 24 and 48 h). Exposure
to MnTnHex-2-PyP (0.1-25 uM) induced a decrease in cell viability as assessed by the
crystal violet (CV) staining assay (Fig. 4.2A-C). The results from the MTS reduction
assay (Fig. 4.2D) revealed comparable results to the CV assay. The metabolic activity of
cells exposed to 0.25 uM of MnTnHex-2-PyP (2 % FBS) remained unchanged for both
exposure times (12 and 24 h). However, when 786-O cells were exposed to the highest
concentration of MnTnHex-2-PyP (5 uM) a time-dependent cytotoxic effect was

observed.
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Fig. 4.2 — Cytotoxic effects of MnTnHex-2-PyP (MnP; 0.1-25 uM) in 786-O cells. The
cell viability of MnP-exposed cells (12-48 h) was evaluated by CV (A-C) and MTS (D)
assays. Values represent mean + SD (n = 2-3) and are expressed as percentages of the

non-treated control cells.

4.3.3. MnTnHex-2-PyP increases the cell death of 786-0 cells

The impact of MnTnHex-2-PyP in the cell cycle and cell death of 786-O cells was also
investigated by assessing the cellular DNA content using P1 stain in fixed cells (Fig.
4.3). The exposure to MnTnHex-2-PyP (5 uM; 24 h) led to a significant increase of 19
% in sub-G1 population when compared with the untreated cells and, consequently
decreased the S and G2/M populations (Fig. 4.3B-C). The lowest concentration of
MnTnHex-2-PyP (0.25 uM; 24 h) led to a cell cycle distribution similar to that of
control cells (Fig. 4.3A-B). All three independent experiments carried out led to

coherent results.
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Fig. 4.3 — Effect of manganese porphyrin (MnP) on the cell cycle progression of 786-O
cells. Cellular DNA content was analyzed by flow cytometry after 24 h incubation with
MnP. (A) representative flow cytometry histograms. (B) sub-G1, G0/G1, S and G2/M
populations summary results. (C) sub-G1 population percentage. Values represent mean
+ SD (n=3); *** p < 0.001 (ANOVA test).

4.3.4. MnTnHex-2-PyP reduces 786-0 cells’ migration

Collective cell migration was initially assessed by the wound-healing assay. Treatment
of 786-0O cells with MnTnHex-2-PyP (0.25 uM) did not lead to a reduction in collective
cell motility (Fig. 4.4A-B). However, different results were observed in chemotaxis
assessed by the transwell assay using FBS as the chemoattractant (Fig. 4.4C-D). The
incubation with MnTnHex-2-PyP (0.25 puM) significantly decreased the chemotactic

migration to 61.5 % + 5.4 (p < 0.001), when compared with non-treated control cells.
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The random individual cell migration was also assessed and no significant decrease was
observed for cells exposed to MnTnHex-2-PyP (0.25 uM), when compared with control

cells (Fig. 4.4E).
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Fig. 4.4 — Effect of MnTnHex-2-PyP treatment (MnP; 0.25 uM) on 786-0 cell motility.
Collective cell migration was evaluated by the wound-healing assay (A-B) and
chemotaxis was measured using a transwell assay (C-D; 12 h). The random individual
migration was assessed by transwell assay with no chemoattraction (E; 12h).
Representative microscopy images (B, D). Scale bar 200 uM. Values represent mean +
SD (n = 3); *** p <0.001 (Student’s t-test).
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4.4. Discussion

Although many data have been published regarding the beneficial effects of MnPs in
different pathologies, including cancer treatment, its influence in renal cancer was never
addressed before.

In order to characterize the influence of MnTnHex-2-PyP on the redox balance
of 786-O cells, we used the DHR fluorescence probe. In the present study, a
concentration-dependent increase in intracellular ROS levels was observed. While
disproportionating superoxide anion, SODm generates H>O, and it is known that in
peroxidase-containing cells, H.O> oxidizes DHR (Henderson and Chappell, 1993;
Tarpey et al., 2004). Moreover, low activity of enzymes capable to detoxify H20, such
as glutathione peroxidase (Sarto et al., 1999), catalase (Sverko et al., 2011) or both
(Pljesa-Ercegovac et al., 2008), was reported in RCC. This evidence, along with the
lack of catalase-like activity of MnPs (Tovmasyan et al., 2015a), can justify the ROS
increase observed with this fluorescence probe.

MnSOD and MnPs were shown to reduce the cell viability or induce cell death
in different in vitro cancer models, including in breast cancer (Weydert et al., 2006),
skin cancer (Zhao et al., 2005), prostate carcinoma (Li et al., 1998) or colorectal cancer
(Behrend et al., 2005). However, this cytotoxic effect in cancer cells is not always
present as reported in other studies, including from our group (Fernandes et al., 2013)
and may depend on several factors, namely the type of porphyrin, concentration, cancer
cell model and cellular redox status. Nevertheless, in the present work, a concentration-
and time-dependent cytotoxic effect in 786-O cells exposed to MnTnHex-2-PyP,
evaluated by crystal violet and MTS assays was observed. Both assays were carried out
using two different FBS concentrations (2 and 10 %). The highest FBS concentration
was chosen to better mimic the in vivo conditions. Cell viability assays using 2 % FBS

were performed in order to select a non-toxic concentration of MnTnHex-2-PyP to be
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used in the subsequent experiments, since low FBS medium is more appropriate for cell
migration assays. As dying cells poorly migrate, the use of non-cytotoxic concentrations
is a requisite when testing cell migration (Fernandes et al., 2015).

Cytotoxicity is commonly accompanied by cell cycle alterations. Therefore, we
aimed to explore the involvement of MnTnHex-2-PyP at this level. In our study, the
MnTnHex-2-PyP (0.25 uM) showed a cell cycle distribution similar to that of control
cells. However, the MnTnHex-2-PyP at the highest concentration increased
significantly the sub-G1 population, which is related with DNA fragmentation and cell
death. These results are in accordance with the cell viability assays previously
discussed.

The MnPs have shown to be associated with a low toxicity potential in in vitro
studies performed with non-tumor cell lines as well as in in vivo studies (Bandarra et al.,
2013; Batini¢-Haberle et al., 2014). This important feature, has already been reported
for MnTnHex-2-PyP (up to 25 uM) in Vero cells, a non-human primate renal cell model
(Costa et al., 2015). These differential effects could be attributed to the higher level of
intracellular ROS, particularly H2O> in cancer cells when compared with non-tumor
cells. Conversely, the cellular antioxidant defenses in cancer cells are generally lower
(Batini¢-Haberle et al., 2014). Thus, the increase in intracellular levels of H>O induced
by the inherent mechanism of MnPs, along with the inability of cells to detoxify this
species, leads to cell death. Our data suggest that when 786-O cells were treated with
the lowest concentration of MnTnHex-2-PyP, the increase in H.O2 was not high enough
to trigger cell death mechanisms. On the other hand, with the concentration of 5 uM of
MnTnHex-2-PyP the threshold of toxicity may be reached.

Given their capability to reduce the cellular reactive species levels, MnPs can
block some of the RCC pathways related with oxidative stress. Interestingly, MnPs
demonstrated also the ability to directly modulate some of the pathophysiological
pathways of RCC. MnTnHex-2-PyP has the ability to inactivate the nuclear
transcription factor kappa B (NF-xB) (Batini¢-Haberle et al., 2014; Sheng et al., 2009),
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which leads also to an indirect suppression of ROS or reactive nitrogen species (RNS)
levels (Batinic-Haberle et al., 2015; Tovmasyan et al., 2013). Furthermore, it has been
proposed that the resistance of RCC to chemotherapy and radiotherapy is due to
increased levels of NF-kB activity and resistance to apoptosis (Qi and Ohh, 2003),
which emphasize the potential role of MnPs in renal cancer therapy. Moreover, MnPs
suppress the HIF-lo pathway and its downstream genes (e.g. VEGF) (Gauter-
Fleckenstein et al., 2010) and down-regulate the mTOR signaling pathway. (Delmastro-
Greenwood et al., 2013).

RCC is associated with a high potential of metastasis (Raimondo et al., 2013).
The formation of metastasis involves several biological mechanisms, including an
increase in cell motility, which can be assessed by in vitro migration assays.
Mechanistically, ROS may participate in various signaling pathways associated with
cell migration (Fernandes et al., 2016). In this work, cell migration was evaluated by
two distinct methodologies - the wound-healing assay and the chemotaxis assay. The
wound-healing assay provides insights into collective cell motility, evaluating the
movement of cells across a horizontal surface with the preservation of functional cell-
cell junctions (Fernandes et al., 2015; Kramer et al., 2013). Conversely, the chemotaxis
assay evaluates the migration of individual cells. This is characterized by an individual
movement of cells through a membrane pore, toward a higher serum content (Kramer et
al., 2013). In our study, the MnTnHex-2-PyP (0.25 uM) did not lead to a reduction in
collective cell motility. Nevertheless, the MnTnHex-2-PyP significantly decreased the
chemotactic migration. Despite this unequivocal result we used as a chemotaxis control
experiment, an assay with the same percentage of FBS in both chambers. The migration
of the MnTnHex-2-PyP treated cells was similar to the migration of the non-treated
control cells. This demonstrates that the role of MnTnHex-2-PyP in the reduction of the
individual migration is observed only in the presence of chemoattraction and excludes
the interference of spontaneous migration in the results herein presented. The effect of

the MnTnHex-2-PyP in cell migration could be related with the modulation of HIF and
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the mTOR pathways, which influence cell migration (Finlay et al., 2012; Zong et al.,
2014). The differences observed in both migration assays can be justified by the
different molecular mechanisms, related pathways and extracellular stimulus that
influence cell migration. The MnTnHex-2-PyP could act either as a direct migration
modulator or indirectly through ROS, which can modulate several migration signaling

pathways.

4.5. Conclusion

In conclusion, these very promising results suggest that MnTnHex-2-PyP can have a
beneficial impact in reducing renal cancer cells viability and migration. Nevertheless,
further studies regarding mechanistic insights into the MnPs mode of action and

therapeutic strategies against human renal cancer should be performed.
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Oxidative stress plays important roles in different disorders and pathologies. Reactive
species are present and contribute directly and indirectly to all tumorigenesis stages. The
radical O2" is one of the most important ROS, which is associated with several
pathological conditions, including cancer. Moreover, SOD enzymes are crucial
antioxidant defenses and are decreased in some disorders. Therefore, it is essential to
comprehend the redox mechanisms of diseases in order to mitigate the deleterious effects
associated with oxidative stress in biological systems.

SODm can be useful in the treatment of pathologies related with oxidative stress,
including cancer either, alone or combined with other treatments. It is important to note
that SODm albeit being polyfunctional antioxidants can also promote pro-oxidant actions.
SODm have the ability to protect normal tissue from anticancer treatments, which in
general are known to produce ROS. Nonetheless, SODm can act as pro-oxidative agents
as well, due to their capacity to generate higher amounts of H>Oz in tumor cells, where
the basal ROS levels are highest and the antioxidant defenses are severally lower.

In the present work, the selection of a MnP was primarily based on the very high
SOD-like activity presented the SODm from this class along with their high stability in
physiological conditions. As described in Chapter 1, MnPs have been extensively used
with success in various experimental models, as well as in clinical trials. MnPs can be
useful mechanistic tools to assess the involvement of oxidative stress in pathological and
toxicological conditions. In addition, MnPs are also promising drug candidates for redox-
based therapeutic approaches against different pathologies, including cancer. Among the
MnPs, the choice of MnTnHex-2-PyP was fully justified by its unique characteristics.
This compound is one of the most potent SODm ever synthesized, allowing its use in low
concentrations. This MnP is a ROS and RNS scavenger and modulates key redox-based
cellular transcription factors. Moreover, MnTnHex-2-PyP is one of the most lipophilic
cationic MnPs being preferentially distributed to tumor relatively to non-tumor tissues.
Moreover, it accumulates predominantly in mitochondria thus mimicking the

mitochondrial SOD (MnSOD). MnTnHex-2-PyP had already demonstrated beneficial
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effects in different pathologies and disorders, namely stroke, cerebral palsy or kidney
ischemia injuries. In addition, it was used in cancer models as radioprotector and as
anticancer agent per se, as previously described. Despite all of the preexisting knowledge
on this MnP, its effects in kidney cancer have never been explored before. The
pharmacokinetic studies of MnTnHex-2-PyP in in vivo models showed an oral availability
of approximately 20% and a good tissue penetration and retention due to its high
lipophilicity. This MnP has a higher bioavailability in the liver, followed by the kidney.
The administration of MnTnHex-2-PyP through different routes in mice led to
concentrations in the kidney in the micromolar range, which is in accordance with the
concentrations generally used in in vitro studies, including those herein evaluated.
Moreover, this distribution profile suggests that the oral administration of MnTnHex-2-
PyP could be a feasible therapeutic approach to treat kidney injuries.

The main objectives of this thesis were focused on the role of SODm in the kidney
cancer initiation and progression stages. To achieve this purpose, different experimental
models and complementary methodologies to characterize and better understand the
mode of action (MOA) of SODm were performed.

The in vitro model used to study the initiation stage was the Vero cell line. Vero
cells derived from epithelial cells of the African green monkey (non-diseased) that were
established in the 1960’s by Japanese scientists. Some clones of this cell line, such as
Vero E6 cells were then obtained. Vero cells are one of the most common mammalian
continuous cell lines used in research, mostly in virology studies, but also in toxicology
and pharmacology areas. The in vitro assessment of kidney injuries presents some
complexity related with the different cell types present in this organ, which have different
characteristics and, consequently, distinct toxicological responses. Nevertheless, renal
epithelial cell lines present some advantages, such as the preservation of the original
functions from kidney in vivo. Moreover, the specific location of epithelial cells in the
kidney enhances their sensitivity to toxic compounds. Vero-E6 cells in particular, have

been used as model for different toxicological assays and proved to be one of the most
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sensitive model used in those studies. In the present work, Vero cells also showed to be
an efficient cell model to study the protective effects of MnPs, as well as the toxicity
induced by OTA.

To mimic the kidney cancer progression stage, 786-O cells were used. 786-0 cells
are human epithelial cells derived from a primary clear-cell adenocarcinoma from a male
patient that have been used as an in vitro model of RCC. The clear-cell RCC (ccRCC) is
the most common type of RCC and it incidence is higher in men than women. The
selection of 786-O cells in this study was therefore based on the clinical and
epidemiological data of RCC and also on specific cellular characteristics presented by
these cells, namely their inherent invasive characteristics. By using both cellular models
Vero and 786-0 it was therefore possible to study and compare the effects of the SODm
in different stages of kidney cancer.

The range of concentrations of OTA used in this work is in accordance with the
concentrations previously evaluated in several toxicological studies. Nevertheless, these
concentrations can be considered above those usually quantified in humans, namely in
healthy individuals. However, it should be noted that in vivo values within the micromolar
range have already been detected in some human serum samples and that OTA levels
might be affected by different factors (e.g. chronic kidney diseases). The use of higher
concentrations than those generally found in a scenario of human exposure is often needed
in toxicological mechanistic studies, since in many cases a short term treatment with very
low concentrations would not be enough to clearly disturb cell functions. In this regard,
our data is relevant fundamentally in a proof of concept basis. Additionally, it is also
important to highlight that most experiments carried out herein were performed in culture
medium containing 10 % of FBS, which better mimics the in vivo conditions. Particularly,
the presence of FBS renders the free fraction of OTA in the nanomolar range, much below
the total OTA concentration, since toxicokinetics data on OTA indicate a very high

percentage of binding to serum proteins (> 99.9 %).
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To assess the role of SODm in renal cancer initiation and development, different
and complementary methodologies were used throughout this thesis. Due to the inherent
limitations of each cytotoxicity method and since the assessment of an effect on cell
viability may depend on the assay chosen, the use of different endpoints for cytotoxicity
evaluation is usually recommended. Therefore, this approach included a battery of four
mechanistically different and complementary methodologies: crystal violet (CV), neutral
red (NR), LDH leakage and MTS reduction assays. The CV stains adherent cells nuclei,
providing information on total cell biomass. The NR is based on the uptake and
subsequent lysosomal accumulation of the supravital dye NR by viable cells. The LDH
leakage assay is based on the measurement of lactate dehydrogenase activity in the
extracellular medium, which is an indicator of cell membrane damage and cell death.
Finally, the MTS reduction assay measures the mitochondrial reduction of MTS
tetrazolium compound by metabolically active cells. Importantly, all the viability assays
showed somehow similar results in each experiment.

The genotoxicity induced by OTA was also assessed through complementary
methodologies: the cytokinesis-block micronucleus (CBMN) and the comet assays. The
comet assay allows the evaluation of primary DNA lesions, such as single-and double-
strand breaks. Additionally, with the FPG modified comet assay, it is possible identify
oxidative DNA damage. The micronuclei may be generated through clastogenic or
aneugenic events that are markers of irreversible and persistent damage. In the present
study, the results of CBMN assay were coherent with the induction of DNA breaks
detected by the comet assay.

The evaluation of intracellular ROS was performed using fluorescence
microscopy and flow cytometry techniques. Two fluorescence probes were used, DHE
and DHR, which have different reactivity towards reactive species. The fluorescence
microscopy provides information on cell morphology and viability. Through this
methodology it is possible to identify the cellular structures or compartments more

responsible for the higher levels of ROS and also to obtain representative cellular images.
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The flow cytometry technique is more robust, since it allows to analyze a much higher
number of cells than the fluorescence microscopy. Moreover, flow cytometry has more
accuracy and has also higher detection sensitivity. In addition, the data acquisition with
flow cytometry is faster, avoiding some problems related with the oxidation of the
fluorescence probes and, the analysis of the samples is less time-consuming. The
background fluorescence is mostly avoided with flow cytometry, while with fluorescence
microscopy it is necessary remove it manually for each sample. The use of probes with
different reactivities and the wavelengths filters used in the fluorescence microscopy
assays provided an indication of RS possible generated by the treatments under study.
However, to properly identify the RS involved, more specific techniques should be used
such as the identification of the DHE oxidation products by HPLC or the assessment of
H20- using HyPer probe.

The impact of MnP in the cell cycle and cell death was performed through flow
cytometry, using Pl staining and double staining with Pl and Annexin V, respectively.
Since cytotoxicity and genotoxicity are frequently accompanied by cell cycle arrest and
apoptosis, this approach reinforced the results obtained before.

To study the kidney cancer progression, the cell migration was evaluated through
two different migration assays: the wound-healing and the transwell assays. The wound-
healing assay evaluates collective cell motility and the chemotaxis assay evaluates the
migration of individual cells. The results obtained suggest that the MnP influences the
individual cell migration, but not collective migration. These different types of cell
migration are not necessarily coupled due to the different molecular mechanisms that are
involved in each case. Therefore, pharmacological interventions may show differential
impact in the two assays. The chemotaxis of tumour cells is a well-known characteristic
that is essential to tumour dissemination during progression and metastasis. The impact
of MnP at this level is therefore a significant finding that deserves to be further explored,
for example, using an in vivo model. Overall, the general approach herein adopted

consisting of different and complementary methodologies to properly study each
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characteristic, enable us to compare each endpoint and to analyze the global results in
order to draw more consistent and robust conclusions.

Cancer is a complex disease associated with multiple factors with an interaction
between genetic and environmental factors. The family history of the disease is relevant,
and the genetic background of the individual can be determinant, although many other
risk factors are crucial to cancer etiology. Environmental factors include tobacco smoke,
alcohol consumption, sunlight and ionizing radiation exposure, organic and inorganic
chemicals, viruses and bacteria, hormonal factors and diet. Some of these factors may
lead to the accumulation of mutations in key genes, such as in tumor suppressor genes,
oncogenes, apoptosis genes or DNA repair genes, which contribute to alterations in cell
division and proliferation. Humans are daily exposed to various combinations of different
carcinogens. Those compounds can be present in water, food, air, houses and personal
care products. Taking into account the particular physiological functions of the kidney,
as previously described in Chapter 1, this organ has a higher susceptibility to carcinogenic
compounds. Among such compounds, the contamination of food and feed by mycotoxins
is an important public health problem worldwide. The OTA is one of the most common
mycotoxins detected in food that is associated with different disorders in humans and
animals. The exposure to OTA has been associated with kidney cancer and also with other
kidney dysfunctions, such as chronic kidney disease. The choice of OTA as a renal cancer
initiation model was based in its common and global human exposure. Moreover, it was
also important to clarify the mode of action of OTA in renal cancer initiation, namely the
involvement of oxidative stress. With the present work, was possible to show the presence
of oxidative genotoxic damage induced by OTA. However, regarding the global results,
the RS do not seem to play a central role in OTA toxicity to Vero kidney cells.

The RCC has different etiological factors that can contribute individually or in
combination to carcinogenesis. It is fundamental to continue the study and the evaluation
of other potential kidney carcinogen compounds, as well as the existence of other risk

factors associated with RCC. In this regard, SODm can constitute a valuable tool since
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many of the kidney carcinogens induce oxidative stress that can contribute to their
mechanism of toxicity. In addition, the role of SODm in the mitigation of renal genotoxic
lesions should also be considered. It is also important to mention that many compounds
can act as cancer promotors and influence the cancer progression. Therefore, after the
initiation process, the continuous exposure to such compounds can negatively affect the
prognosis of the disease. Accordingly, it is vital to perform risk-assessment studies
directed to more potential carcinogens and also to different exposure combinations.

The cellular models and the methodologies developed and optimized in the
present work can be useful for further studies of other potential nephrocarcinogens. Such
experiments could be focused on renal cancer initiation, as well as on renal cancer
migration and invasion processes.

SODm can be useful as protective drugs by their antioxidant action in scenarios
of occupational or continuous exposure to toxic compounds. Moreover, as already
demonstrated in several studies, SODm can be useful in the treatment of oxidative stress-
related pathologies, as well as in cancer treatment. More experiments with special focus
on molecular and cellular redox pathways (e.g. NF-kB) are needed to understand the
mechanisms of action of SODm. In addition, studies evaluating the use of SODm in
combination with standard chemotherapy drugs may shed light on the potential benefits

of these compounds and will contribute to drive SODm into clinical practice.
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