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Novel synthetic compounds with pharmacological potential: protection

against oxidative stress

Abstract

Oxidative stress has been described as an imbalance in the equilibrium between
oxidants and antioxidants in favour of the former, and has been commonly
associated with several pathologies, including neurodegenerative and
cardiovascular diseases.

As part of a broader research project aiming the development of drugs useful for
the improvement of human health, we studied the pharmacological potential of four
novel synthetic nitrogen compounds (FMA4, FMA7, FMA762 and FMA796), on
different situations involving oxidative stress.

Experiments using cell-free systems, by the use of DPPH discolouration and 2-
deoxy-D-ribose degradation assays, indicated their high antiradical activity, which
revealed to be superior for FMA762 and FMA796. The free radical scavenging
properties of the nitrogen compounds were confirmed by observing their protective
effects on intracellular ROS/RNS formation and on lipid peroxidation, both induced
to PC12 cells, with the oxidant pair ascorbate/iron. Their relatively good liposolubility
seemed to contribute to their protective role, since it enables them to cross the lipid
bilayer and act intracellularly. Moreover, the protective effects of the nitrogen
compounds seemed to be mediated by their ability to scavenge free radicals, since
they were unable to revert the t-BHP-induced decrease in the activity of the natural
antioxidant defence systems, such as GSH/GSSG levels, SOD and GPx.

Since oxidative DNA damage is regarded as the type of damage most likely to
occur in neuronal cells, we studied the effects of the compounds on the protection
and repair of this kind of damage. Simultaneously, a similar study with the
polyphenols, luteolin, quercetin and rosmarinic acid, was performed. Using the
Comet assay, we observed a protective effect for all the four nitrogen compounds
(superior for FMA762 and FMA796) against t-BHP-induced strand-breaks formation,
as well as an increase in the repair of this kind of damage. In this regard, although
the nitrogen compounds showed a smaller protection relatively to luteolin and
quercetin, they showed no genotoxicity for longer incubation periods (as described
for quercetin) and presented higher increases in strand-breaks repair capacity,
which were similar to rosmarinic acid. In addition, at least FMA796 and rosmarinic

acid increased the repair of oxidised bases induced with the photosensitiser
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compound Ro 19-8022. Furthermore, using the in vitro base excision repair assay,
we demonstrated that both nitrogen compounds and rosmarinic acid led to an
increase in the activity of DNA repair enzymes. Whereas in the case of rosmarinic
acid this increase seemed to be mediated by a regulation at the gene expression
level, namely of OGG1, the positive action of the nitrogen compounds might be
attributed to their ROS scavenging activity.

Oxidative stress has also been reported to be involved in several cardiovascular
diseases, including atherosclerosis and ischemia/reperfusion injury. So, we
evaluated the protective role of the nitrogen compounds on t-BHP-induced oxidative
injury and apoptosis in H9c2 cells. The synthetic compounds, namely FMA762 and
FMA796, decreased t-BHP-induced cell death, as measured both by the SRB assay
and by quantification of cells showing nuclear chromatin condensation (Hoechst
33342 staining). In addition, evidence is shown for their involvement in the
regulation of intracellular signalling mechanisms leading to apoptotic cell death,
namely those mediated by mitochondria. In fact they were able to overcome t-BHP-
induced cellular and mitochondrial morphological changes (triple labelling with
TMRM, calcein-AM and Hoechst probes), loss of mitochondrial membrane potential,
increased expression of the pro-apoptotic proteins p53, Bax and AlF, and activation
of caspases 3 and 9. Moreover, the results obtained indicate that the compounds’
ROS scavenging ability plays a crucial role in this protection profile, as a decreased
intracellular ROS formation was observed in their presence.

Altogether, the results herein presented reveal the antioxidant potential of novel
synthetic compounds, demonstrating their strong ability to act on oxidative stress-
mediated injury in two different cell models. In some aspects they also prove to have
advantages relatively to some polyphenols from natural origin. In this way, the
nitrogen compounds may represent a major breakthrough, as active principles of
drugs with pharmacological potential, useful in the treatment of disorders involving

oxidative stress, including neurodegenerative and cardiovascular diseases.
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Novos compostos sintéticos com potencial farmacol6gico: proteccdo contra

stresse oxidativo

Resumo

O stresse oxidativo tem sido descrito como um desequilibrio entre espécies
oxidantes e antioxidantes em favor dos oxidantes, e tem sido comummente
associado a diversas patologias, incluindo doengcas neurodegenerativas e
cardiovasculares.

No ambito de um projecto mais alargado com vista ao desenvolvimento de
compostos uteis para o melhoramento da saude humana testou-se, neste trabalho
o potencial farmacoldégico de quatro compostos azotados sintetizados de novo
(FMA4, FMA7, FMA762 e FMA796), em situagdes envolvendo stresse oxidativo.

Experiéncias efectuadas em sistemas livres de células, usando os testes de
descoloracédo do radical DPPH e da degradacao da 2-deoxi-D-ribose, indicaram a
sua elevada actividade anti-radicalar, superior para o FMA762 e FMA796. As
propriedades de “scavenging” de radicais livres dos compostos azotados foram
confirmadas através da observacido dos seus efeitos protectores na formacao de
ROS/RNS intracelulares e na peroxidacado lipidica, ambas induzidas pelo par
oxidante ascorbat/ferro em células PC12. Os valores de lipossolubilidade
encontrados parecem contribuir para o seu papel protector, uma vez que sao
indicativos que os compostos atravessam a membrana lipidica, sendo capazes de
actuar intracelularmente. Além disso, os efeitos protectores dos compostos
pareceram ser mediados pela sua capacidade de complexacado de radicais livres,
uma vez que os mesmos foram incapazes de reverter a diminuicdo na actividade
dos sistemas naturais de defesa antioxidante, tais como os niveis de GSH/GSSG,
SOD e GPx, induzida por t-BHP.

Uma vez que os danos oxidativos no DNA sao vistos como o tipo de dano mais
provavel de ocorrer em células neuronais, estudaram-se os efeitos dos compostos
na proteccdo e reparagao deste tipo de dano. Simultaneamente, realizou-se um
estudo similar com os polifendis luteolina, quercetina e acido rosmarinico. Usando o
ensaio de Cometa, observou-se um efeito protector para todos os quatro compostos
(superior para o FMA762 e FMA796) na formacao de quebras de DNA induzidas
por t-BHP, assim como um aumento na reparagao deste tipo de dano. Embora os
compostos azotados tenham apresentado uma menor proteccéo relativamente a

luteolina e a quercetina, eles ndo demonstraram genotoxicidade para periodos de




incubacao mais longos (como descrito para a quercetina) e apresentaram maior
capacidade de reparagcao de quebras no DNA, de forma semelhante ao acido
rosmarinico. Além disso, pelo menos o FMA796 e o acido rosmarinico levaram ao
aumento da reparagdo de bases oxidadas induzidas com o composto
fotosensibilizador Ro 19-80222. Por seu turno, usando o ensaio in vitro de
reparacado de excisdo de bases demonstrou-se também que ambos os compostos
azotados e o acido rosmarinico levam a um aumento da actividade das enzimas de
reparacdo de DNA. Enquanto que para o ac. rosmarinico esse aumento parece ser
mediado por uma regulagdo a nivel da expressdo de genes, nomeadamente o
OGG1, os efeitos benéficos dos compostos azotados poderdo ser atribuidos
apenas a sua capacidade de “scavenging” de ROS.

O envolvimento do stresse oxidativo em doencgas cardiovasculares, incluindo
aterosclerose e isquémia/reperfusdo, tem sido igualmente descrito. Sendo assim,
avaliou-se o papel protector dos compostos azotados nos danos oxidativos e em
apoptose induzida por BHP em células H9c2. Os compostos sintéticos,
nomeadamente o FMA762 e FMA796, diminuiram a morte celular induzida por t-
BHP, tal como determinado pelo ensaio de SRB e pela quantificacdo de células
com condensagdo de cromatina (marcagado nuclear com Hoechst 33342). Além
disso, obtivemos evidéncia para o seu envolvimento na regulacdo de mecanismos
de sinalizacao intracelular conducentes a apoptose, particularmente os mediados
pela mitocondria. De facto, os compostos mostraram capacidade para reverter
alteragdes morfoldgicas a nivel celular e mitocondrial (marcagao tripla com TMRM,
calceina-AM e Hoechst), perda de potencial de membrana mitocondrial, aumento
de expressdo das proteinas pré-apoptoticas p53, Bax e AlF, e activagdo das
caspases 3 e 9, eventos estes induzidos por t-BHP. Além disso, os resultados
obtidos sao indicativos de que a capacidade de “scavenging” de ROS parece
desempenhar um papel crucial no perfil de protec¢do dos compostos, uma vez que
na sua presenga se observou uma diminui¢cao na formacao de ROS intracelulares.

No seu conjunto, os resultados aqui apresentados revelam o potencial
antioxidante dos novos compostos sintéticos, demonstrando a sua forte capacidade
para actuar em danos mediados por stresse oxidativo em dois diferentes modelos
celulares. Nalguns aspectos os compostos sintéticos provaram ter vantagens
relativamente a alguns polifendis de origem natural. Deste modo, 0os novos
compostos nitrogenados poderdo representar uma enorme inovagdo como
principios activos de farmacos uteis no tratamento de varias patologias envolvendo

stresse oxidativo, incluindo doengas neurodegenerativas e cardiovasculares.
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“Living with the risk of oxidative stress is a price that

aerobic organisms must pay for more efficient bioenergetics.”

V. P. Skulachev
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General Introduction

1.1. Oxidative stress

There is a general agreement among the scientific community that significant
amounts of oxygen (O.) first appeared in the Earth’s atmosphere about 2.5 billion
years ago. However, the toxicity of oxygen led the existing anaerobic organisms to
adapt to the new environment by developing defence mechanisms, in order to
protect themselves and survive (Wilcox et al., 2004). Though some of them chose to
live in an oxygen-free micro-environment, others became capable of performing
both respiration and fermentation (facultative anaerobes). Only later on there was
the development of new species that used respiration in an exclusive way, the
aerobic organisms (Halliwell and Gutteridge, 1999; Behl, 1999; Limén-Pacheco and
Gonsebatt, 2008).

Initially, O, toxicity was thought to be due to the inactivation of enzymes, mainly
the thiol group of cysteine residues. Later, toxicity was also attributed to the effects
of hydrogen peroxide (H.0O,). Ultimately, molecular biology techniques established
that the toxic effects of O, are directly linked to its partially reduced forms, the
reactive oxygen species (ROS), acting on cellular components (Cemeli et al., 2008).
More than 50 years ago, Denham Harman, in his “Free Radical Theory of Aging”,
described these reactive species as being responsible for the most part of cellular
damage and as playing a key role in the aging process (in Valko et al., 2007). The
discovery of the enzyme superoxide dismutase (SOD) in 1969 by McCord and
Fridovich (McCord and Fridovich, 1969) definitively convinced the rest of the
scientific community of the importance of free radicals in living systems. This led to
further investigation in this field, which resulted in the finding that these free radicals
also intervene in the regulation of intracellular signalling. So, as living systems
evolved, they have not only adapted to a coexistence with free radicals but have
developed various defence mechanisms to protect themselves against the toxicity of
oxygen (in Droge, 2002; Valko et al., 2007).

In normal physiological conditions, the production of free radicals and other
reactive species is maintained in an equilibrium state by this antioxidant defence
system (Halliwell and Gutteridge, 1999). However, when an imbalance occurs
between oxidants and antioxidants in favour of the oxidants, we come to a situation
defined as oxidative stress (Sies, 1997; Nordberg and Arner, 2001). This can result
from two different factors: a decrease in antioxidants, due to mutations affecting

antioxidant enzymes or depletion of antioxidants along with other essential diet
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constituents; or an excessive production of oxygen and nitrogen reactive species,
for example, by exposure to high levels of O,, by the presence of toxins that are
metabolised to produce ROS, among others (Halliwell and Gutteridge, 1999).

Oxidative stress can cause damage to all biomolecules and ultimately lead to
cell death, being implicated in the etiology of several pathologies, such as
atherosclerosis (Uemura et al., 2002), neurodegenerative diseases (Halliwell, 2001;
Jang et al., 2004), and ischemia-reperfusion injury (Aikawa et al., 1997; He et al.,
2007).

1.1.1. Formation of reactive species

Intracellular accumulation of reactive oxygen (ROS) and nitrogen (RNS) species
can be triggered by both exogenous and/or endogenous factors (Fleury et al., 2002),

as summarised in Figure 1.1.

Irradiation
(U.V,, y-rays, X-rays) Cigarette smoke

Cellular metabolism E - -
(mitochondrial electron |  m—- ree <4mmmm | Air pollution
transport chain) Radicals

7 N

Inflammation Environmental
(neutrophils, macropaghes) toxins

Figure 1.1 — Summary of exogenous and endogenous sources of free radicals. Adapted from
Stadtman (2004) and Wilcox et al. (2004).

Mitochondria reduce to water over 95% of all the oxygen used by the cell, mostly
due to the presence of an electron transport chain (ETC). However, a small
percentage of the total oxygen escapes resulting in the formation of superoxide
radicals, and subsequently other reactive species, like hydrogen peroxide and

hydroxyl radicals (Cadenas and Davies, 2000; Somayajulu et al., 2005). In fact,




General Introduction

these organelles are packed with several redox carriers that can potentially leak
single electrons to oxygen and convert it into superoxide anion, which, by its turn,
leads to the subsequential formation of other ROS. Given the moderate redox
potential of the superoxide/dioxygen (O," "/ O,) couple (E1 = - 0.16 V), the reaction
of one-electron reduction of oxygen is thermodynamically favourable for numerous
mitochondrial oxidoreductases (in Andreyev et al.,, 2005). Considering that
superoxide is effectively removed from the reaction by some detoxifying enzymes,
like superoxide dismutase, and the possibility of highly reduced state of many redox
carriers, the reaction becomes virtually irreversible. So, which of the electron
carriers do become the sites of ROS production is kinetically controlled (Turrens,
2003; Andreyev et al.,, 2005). Some examples of these carriers include the
cytochrome b5 reductase and the monoamine oxidases (located in the outer
mitochondrial membrane), a-glycerophosphate dehydrogenase (outer surface of the
inner mitochondrial membrane), succinate dehydrogenase (complex Il, situated at
the inner surface of the inner membrane), aconitase (in the mitochondrial matrix)
and the a-ketoglutarate dehydrogenase complex (associated with the matrix side of
the inner membrane). Nevertheless, the majority of ROS are produced in complexes
| and Il of the mitochondrial respiratory chain (Jezek and Hlavata, 2005). Best
understood is the Complex Il (ubiquinol-cytochrome ¢ reductase) contribution to
superoxide generation. Within this complex, the transfer of electrons from ubiquinol
(UQH.) to cytochrome c¢ proceeds through a set of reactions known as the Q-cycle.
However, during this process, the one-electron reduction of oxygen by the
ubisemiquinone anion radical (UQ’" 7), an unstable intermediary of the Q-cycle, may
lead to the formation of superoxide, in both the inner and outer sides of the inner
mitochondrial membrane (Andreyev et al., 2005; Jezek and Hlavata, 2005).
Complex | (NADH dehydrogenase, also named NADH-ubiquinone
oxidoreductase), appears to be the primary source of superoxide formation in the
brain, under normal conditions (Barja, 1999; Turrens, 2003). It oxidises NADH using
ubiquinone as an electron acceptor in a reversible reaction coupled with a proton
pump generating transmembrane potential. To date, the increase in ROS production
in this complex has been observed in three different situations: during normally
functioning respiratory chain, in the presence of rotenone (an inhibitor that blocks
the transfer of electrons from complex | to ubiquinone) and during reverse electron
transfer (a set of reactions in the respiratory chain that allow electrons to be

transferred against the gradient of redox potentials of electron carriers, from reduced
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ubiquinone to NAD®, instead of oxygen. The main sites of ROS production in

mitochondria are summarised in Figure 1.2.

PEroxi-
dation

HO, < O,

H,0,

h HO

GSH GSSG

Figure 1.2 — Major sources of ROS in mitochondria and their respective fluxes. The majority of
ROS production occurs at complexes | and lll. Many of these species are removed by
antioxidant enzymes present in the matrix, such as superoxide dismutase (MnSOD and
CuzZnSOD) and glutathione peroxidase (GPx). However, the main contribution of mitochondria
to cytosolic ROS is due to the hydrogen peroxide that escapes degradation by GPx in the
matrix, and residual O2" ~, which can enter the cytosol via the porin VDAC. O.M.M. — outer
mitochondrial membrane; I.M.M. — inner mitochondrial membrane. Adapted from Jezek and Hiavata

(2005).

Besides mitochondria, there are other endogenous sources of ROS. For
example xanthine oxidase, a widely distributed enzyme in the tissues of mammals,
during the catalisation of the reaction of hypoxanthine to xanthine and xanthine to
uric acid, leads to the reduction of molecular oxygen, forming the superoxide anion
in the first step and hydrogen peroxide in the second one (Valko et al., 2004).
Additional sources of cellular ROS are inflammatory cell activation (neutrophils,
eosinophils and in particular macrophages) (Conner and Grisham, 1996),
cytochrome P450 metabolism (namely following the breakdown or uncoupling of the
P450 catalytic cycle) (Moon et al., 2006) and peroxisomes, which mainly lead to the
production of H,O, (Gupta et al., 1997).
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1.1.2. Chemistry and biochemistry of ROS/RNS

The most common intracellular forms of reactive oxygen and nitrogen species
include radical (O; 7, "OH, 'NO, among others), as well as non-radical (O,, ONOO",
H,0,, HOCI, O3) moieties, that can be deleterious to cells (Butterfield et al., 1999).

Free radicals can be defined as molecules or molecular fragments, capable of
independent existence, which contain one or more unpaired electrons. The
presence of these unpaired electrons confers them a considerable degree of
reactivity, since they need another electron to fill the orbital and become stable
(Wilcox et al., 2004; Valko et al., 2006). Free radicals are often reactive species,
although the opposite is not always true. Hydrogen peroxide (H.0,), for example,
although considered a reactive species, is not regarded as a free radical since it has
no unpaired electrons in its structure (Nordberg and Arner, 2001). On the other
hand, molecular oxygen (dioxygen, O,) has a unique electronic configuration and is
considered a reactive species. In the ground state, it is sometimes viewed as a bi-
radical, with two parallel unpaired electrons in antibonding 1* orbitals, thus forming
a triplet state molecule (Valko et al., 2004).

The addition of one electron to molecular oxygen forms the superoxide anion
radical (O," ), which, despite being a free radical, is not highly reactive, since it lacks
the ability to cross lipid membranes. In this way, it stays enclosed in the
compartment where it is generated (Nordberg and Arner, 2001). It is considered the
“primary” ROS, from which “secondary” ROS can be generated (Valko et al., 2006),
and arises mainly through metabolic processes. Among them is the electron
transport chain in the mitochondria, as previously described, but it can also be
produced by flavoenzymes (e. g. xanthine oxidase), lipoxygenases and
ciclooxygenases. In addition, the activity of the NADPH-dependent oxidase of
phagocytic cells, a membrane-associated enzyme complex, constitutes an example
of a high production of superoxide anion. In the presence of superoxide dismutase,
two molecules of this radical can easily be transformed to more effective species:
hydrogen peroxide and molecular oxygen (Nordberg and Arner, 2001; Spiteller,
2001).

Singlet oxygen is also a very reactive ROS that induces various genotoxic,
carcinogenic, and mutagenic effects through its action on polyunsaturated fatty
acids (PUFAs) and DNA (Cui et al., 2004).

Hydrogen peroxide (H.0.) is not a free radical. Nonetheless, is highly important,

much because of its ability to penetrate biological membranes. It plays a radical
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forming role as an intermediate in the production of more reactive ROS molecules
including HOCI (hypochlorous acid) by the action of myeloperoxidase, an enzyme
present in the phagosomes of neutrophils and, most importantly, formation of the
hydroxyl radical (Reaction 2) via oxidation of transition metals (Nordberg and Arner,
2001; Willcox et al., 2004). Additionally, it can be directly produced by several
enzymes, such as xanthine oxidase and glycollate oxidase (Halliwell, 2001). Once
produced by the above mentioned mechanisms, H,O, is removed by at least three
antioxidant enzyme systems, namely catalases, glutathione peroxidases, and
peroxiredoxins (Nordberg and Arner, 2001).

The hydroxyl radical ((OH) is highly reactive, being able to attack and damage all
biomolecules: carbohydrates, lipids, proteins and DNA (Halliwell, 2001). Since it has
a half-life in aqueous solution of less than 1 nanosecond, when produced in vivo,
this radical reacts close to its site of formation. Production of ‘OH close to DNA
could lead to this radical reacting with DNA bases or the deoxyribosyl backbone of
DNA to produce damaged bases or strand breaks (Valko et al., 2006). It can be
generated through several mechanisms, including ionising radiation and photolytic
decomposition of alkylhydroperoxides, but the majority of the hydroxyl radicals
produced in vivo comes from the metal catalysed (mainly involving iron and copper)
breakdown of hydrogen peroxide, according to the Fenton reaction (Reaction 1.1)
(Nordberg and Arner, 2001; Valko et al., 2004):

H,O, + Cu'/ Fe** — 'OH + OH + Cu®'/Fe** (Reaction 1.1)

Superoxide also plays an important role in connection with Reaction 1.1 by

recycling the metal ions (Reaction 1.2):

Cu?/Fe* + 0, — Cu'/Fe* + 0, (Reaction 1.2)

The sum of Reactions 1 and 2 is the Haber-Weiss reaction (Reaction 1.3):

O, " + H,0, FlCU “OH + OH + 0, (Reaction 1.3)

Transition metals thus play an important role in the formation of various free
radicals, as is the case of hydroxyl radicals. The redox state of the cell is largely
linked to an iron (and sometimes copper) redox couple and is maintained within

strict physiological limits. In fact, iron, for example, is required by the human body
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for the synthesis of several enzymes and its adequate supply during early life is
essential for normal brain development (Halliwell, 2001; Mwanjewe et al., 2001).
However, its ability to transfer single electrons as it oscillates between the ferrous
and ferric states makes it a powerful catalyst of free radical reactions (Halliwell and
Gutteridge, 1999). These transition metals can be released from proteins like ferritin
and the [4Fe-4S] center of different enzymes of the dehydratase-lyase family, by
reactions with the superoxide anion (Levi et al., 1996; Nordberg and Arner, 2001).

Nitric oxide ('NO) is synthesised from L-arginine by three isoforms of nitric oxide
synthase (NOS), neuronal nitric oxide synthase (nNOS), endothelial nitric oxide
synthase (eNOS) and inducible nitric oxide synthase (iNOS) (Beal, 2002).

Like superoxide anion, ‘'NO does not readily react with most biomolecules,
despite its unpaired electron. On the other hand, it easily reacts with other free
radicals (e.g. peroxyl and alkyl radicals), generating mainly less reactive molecules
(Rubbo et al., 2000), thus in fact functioning as a free radical scavenger (Nordberg
and Arner, 2001). In addition, nitric oxide seems to be also involved in
neurotransmission, regulation of vascular relaxation and in inflammatory processes
(Beal, 2002; Antunes et al., 2005). However, it can react with the superoxide anion,
yielding peroxynitrite (ONOQO"). This compound has the capacity to act in a hydroxyl
radical-like manner to induce lipid and protein oxidation, readily reacts with CO, to
form nitroso peroxocarboxylate (ONOOCO,), can become protonated as
peroxonitrous acid (ONOOH) and undergo homolysis to form either ‘'OH and ‘NO,,
or be rearranged to nitrate (NO;) (Radi et al., 2001). In addition, peroxynitrite is
known to play a key role in neuronal damage associated with excitotoxicity
(Barafiano and Snyder, 2001).

Other reactive species derived from oxygen that can be formed in living systems
include peroxyl radicals (ROQO). The simplest peroxyl radical is HOO', which is the
protonated form of superoxide and is usually termed either hydroperoxyl radical or
perhydroxyl radical. Its involvement in the initiation of lipid peroxidation has already
been demonstrated (Valko et al., 2007).

1.1.3. Physiological functions of reactive species

Reactive species are known to play a dual role in biological systems, since they
can be either harmful or beneficial to living systems (Valko et al., 2006). These
species are maintained at low, but measurable, concentrations in the cells, through

a balance between their rates of production and their rates of removal by
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antioxidants. Thus, each cell is characterised by a particular concentration of
electrons (redox state) stored in many cellular constituents, and the redox state of a
cell and its oscillation determines cellular functioning. A temporary shift of the
intracellular redox state towards more oxidising conditions results in a temporary
imbalance that represents the physiological basis for redox regulation (Schafer and
Buettner, 2001).

A great number of physiological functions are controlled by redox-responsive
signalling pathways (Droge, 2002). Several evidences suggest that ROS participate
in the defence against intrusion of foreign bodies (Babior et al., 2003). Activated
neutrophils and macrophages produce large quantities of ROS via the phagocytic
isoform of NAD(P)H oxidase, in order to kill the pathogens. This massive production
of ROS during an inflammatory event is called “oxidative burst” and plays an
important role as the first line of defence against environmental pathogens
(Nordberg and Arner, 2001; Valko et al., 2007). At a smaller scale, some types of
non-phagocytic cells, like fibroblasts, vascular smooth muscle cells, cardiac
myocytes and endothelial cells, are also known to produce ROS by NAD(P)H
oxidase to regulate intracellular signalling cascades. Thus, ROS play an important
role in the regulation of cardiac and vascular cell functioning (Griendling et al.,
2000).

Nitric oxide plays several regulatory functions. In fact, its own production by
iINOS, the only isoform of NOS that is not constitutively expressed, is regulated at
the transcriptional and post-transcriptional levels by signalling pathways involving
redox-dependent transcription factor NF-kB or mitogen-activated protein kinases
(MAPKSs). In addition, ‘NO, in combination with H,O,, leads to the activation of the
enzyme soluble guanylate cyclase (sGC), which catalyses the formation of cyclic
guanosine monophosphate (cGMP) that, by its turn, is used as an intracellular
amplifier and second messenger in a variety of physiological responses, such as
modulation of protein kinases, ion channels, smooth muscle tone and inhibition of
platelet adhesion (Droge, 2002; Martinez-Ruiz and Lamas, 2004).

In higher organisms, oxygen homeostasis is maintained by a tight regulation of
the red blood cell mass and respiratory ventilation. It has been proposed that
changes in oxygen concentration are sensed independently by several different
ROS-producing proteins, including a b-type cytochrome. Other studies also
suggested that a change in the rate of mitochondrial ROS may play a role in this
oxygen sensing by the carotid bodies, which are sensory organs that detect

alterations in arterial blood oxygen. Other responses to changes in oxygen pressure
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include the regulated production of certain hormones (e.g. erythropoietin) controlled
by the transcription hypoxia inducible factor-1 (HIF-1) (Zhu and Bunn, 1999;
Semenza, 2000).

ROS also seem to be involved in cell adhesion, a mechanism that plays an
important role in embryogenesis, cell growth, differentiation, wound repair, among
other processes. The expression of cell adhesion molecules is stimulated by
bacterial lipopolysaccharides and by various cytokines such as TNF, interleukin-1a,
and interleukin-1b. The adherence of leukocytes to endothelial cells is also induced
by ROS. Moreover, the oxidant-induced adherence of neutrophils is inhibited by
hydroxyl radical scavengers or iron chelators, suggesting that the induction of
adherence may be mediated by hydroxyl radicals generated from hydrogen peroxide
within the cell (Sellak et al., 1994; Droge, 2002).

Reactive oxygen and nitrogen species can directly affect the conformation
and/or activities of all sulfhydryl-containing molecules, such as proteins or
glutathione (GSH), by oxidation of their thiol moiety. This type of redox regulation
affects many proteins important for signal transduction and carcinogenesis, such as
protein kinase C, Ca?-ATPase, collagenase and tyrosine kinases, among many
other enzymes and membrane receptors (Dalton et al., 1999). In addition, ROS/RNS
are known to trigger apoptotic cell death, by causing Bcl-2 (a protein located in the
outer membranes of mitochondria) to activate a related protein, Bax, which by its
turn leads to the release of cytochrome ¢ from mitochondria (Cai and Jones, 1999;
Fleury et al., 2002; Montiel-Duarte et al., 2004; Nunes et al., 2008). This release
then results in the activation of several other proteins, in a process that will be

discussed further on in this chapter (section 1.4.3.).

1.2. Antioxidants as protectors of oxidative stress

The excess of ROS is generally inactivated by endogenous and/or exogenous
antioxidant molecules (Cui et al., 2004).

Antioxidant is a term widely used, but difficult to define clearly. According to
some authors, a generic definition should be associated with the notion of the
ROS/RNS that have to be neutralised, as well as the target of damage that is
measured (Halliwell and Gutteridge, 1999; Azzi et al., 2004). In fact, it is quite
natural that an antioxidant gives protection in one system, but fails to protect, and
sometimes even cause damage, in others (Halliwell et al., 1995). Taken this into

account, an antioxidant could be defined as “any substance that, when present at
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low concentrations compared with those of an oxidisable substrate, significantly
delays or prevents oxidation of that substrate” (Sies, 1997; Halliwell and Gutteridge,
1999). However, some authors have stated that the concept of an antioxidant in vitro
should not be extended to cells, organs, animals or populations until the evidence
has been obtained, since a molecule demonstrated to have antioxidant properties in
vitro might have additional properties in a more complex system (Azzi et al., 2004).
A compound might exert antioxidant actions in vivo by inhibiting the generation
of ROS, by directly scavenging free radicals or by removing or lowering the local
concentrations of metal ions, which catalyse oxidation. Additionally, it might also act
by enhancing the endogenous antioxidant defences (e.g. by upregulating the
expression of the genes encoding for the cells’ natural antioxidant enzymes)
(Halliwell et al., 1995; Cui et al.,, 2004). Some examples of antioxidants are

discussed below.

1.2.1. Cellular antioxidant defences

The balance between the physiological production of ROS and their
detoxification is maintained in cells by effective enzymatic and non-enzymatic

antioxidant systems (Behl and Moosmann, 2002), as summarised in Figure 1.3.
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Figure 1.3 — Formation of reactive oxygen species and some of the endogenous antioxidant
defence mechanisms. Abbreviations: SOD - superoxide dismutase; GSH — reduced glutathione;
GSSG - oxidised glutathione; GPx - glutathione peroxidase; QR — quinone reductase. Adapted from

Butts et al. (2008).
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As a first line of defence, preventive antioxidants act by binding to and
sequestering promoters of oxidation and transition metal ions, like iron and copper,
which contain unpaired electrons and strongly accelerate the formation of free
radicals. Some examples of preventive antioxidants are transferrin, lactoferrin,
ceruloplasmin, haptoglobins, hemopexin and albumin (Cui et al., 2004; Bitto et al.,
2007). This class of preventive antioxidants also comprises the enzymatic
antioxidant defences, like superoxide dismutase (SOD), catalase (CAT) and
glutathione peroxidase (GPx). These enzymes act on specific ROS following their
formation and degrade them to less harmful products (Willcox et al., 2004; Cui et al.,
2004).

One of the most effective intracellular enzymatic antioxidants is superoxide
dismutase. This enzyme, whose activity was firstly proven in 1969 (McCord and
Fridovich, 1969), catalyses the dismutation of the superoxide anion to molecular
oxygen and hydrogen peroxide. The H,O, formed in this reaction is then destroyed
by the action of catalases and glutathione peroxidises. In humans, there are three
forms of SOD: the cytosolic Cu/Zn-SOD, which contains copper and zinc in its active
centre, the mitochondrial Mn-SOD (that contains manganese in the active site) and
the extracellular SOD (EC-SOD) (Buettner et al., 2006).

Catalase is a heme-containing enzyme, mainly localised in the peroxisomes of
mammalian cells, which decomposes hydrogen peroxide to water and molecular
oxygen. Thus, it lowers the risk of ‘OH formation from H,O, via the Fenton reaction
(Reaction 1, in page 9). In addition, catalase is involved in the detoxification of other
substrates that work as H* donors, such as phenols and alcohols (Matés, 2000;
Nordberg and Arner, 2001).

The selenium-containing peroxidases, of which glutathione peroxidase may be
considered the most important example, catalyse the reduction of a variety of
hydroperoxides (H,O, or ROOH) in the presence of the reduced form of glutathione
(GSH) (Matés, 2000). This enzyme (for which at least four different mammalian
forms are known), oxidises two molecules of GSH to GSSG (the oxidised form of
glutathione), which can subsequently be reduced to GSH again by glutathione
reductase (Nordberg and Arner, 2001).

In addition to these enzymatic defences, cells possess low molecular mass
agents that also exert an antioxidant protection, by removing or degrading ROS to
less harmful products, acting as a second line of defence. These include, among
others, molecules like glutathione, thioredoxin and coenzyme Q (Halliwell and
Gutteridge, 1999; Cui et al., 2004).

13
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The tripeptide glutathione exists either in the reduced (GSH) or oxidised (GSSG)
form and is ubiquitously present in all cells (distributed between the nucleus,
endoplasmic reticulum and mitochondria). Its main functions include: restoration of
oxidised protein sulphydryls; detoxification of hydrogen peroxide, lipid
hydroperoxides and electrophilic compounds either directly (via GPx-catalysed
reactions) or indirectly (through glutathione S-transferases-catalysed conjugation
reactions); transport of amino acids through the plasma membrane; direct
scavenging of hydroxyl radical and singlet oxygen; regeneration of some important
antioxidants, like vitamins C and E, to their active forms; and protection of brain
tissue from oxidative stress (Nordberg and Arner, 2001; Drake et al., 2003; Masella
et al., 2005; Valko et al., 2006). Along with GSH, thioredoxin, a small and
multifunctional disulphide-containing polypeptide, is also important for the
maintenance of cellular thiol homeostasis, contributing to the total antioxidant
protection (Lillig et al., 2004; Baty et al., 2005). It mainly functions as a general
protein disulfide reductant, but is also able to provide control over several
transcription factors that affect cell proliferation and death (Nordberg and Arner,
2001; Dobra and Hjerpe, 2008).

Coenzyme Q (CoQ), or ubiquinone, is a ubiquitous electron and proton carrier,
playing an important role in the mitochondrial electron-transport chain. Its reduced
form, ubiquinol, can function as an antioxidant, preventing lipid peroxidation by
reduction of peroxyl radicals and is also able to interact with a-tocopheroxyl radical,
thus regenerating endogenous vitamin E within the lipid membrane (Shapiro and
Saliou, 2001).

Other cellular low molecular mass agents, including bilirubin (Barafano and
Snyder, 2001), lipoic acid (Vanasco et al., 2008), melatonin (Korkmaz et al., 2009)
and uric acid (Cherubini et al., 2005), have been reported to help cells in the
removal of free radicals.

Since the processes of prevention and removal of reactive species are not
completely effective, damage still accumulates in biomolecules (Sies, 1997). So,
adding to the several types of antioxidants mentioned above, cells protect their
critical structures by other mechanisms, such as repair and de novo enzymes.
These act as the last line of defence, by repairing or eliminating damaged
molecules, reconstituting them, and even by clearing the toxic and waste products
(Niki, 2000; Cui et al., 2004). This type of antioxidants includes heat shock proteins,

DNA repair enzymes, proteases, lipases and transferases (Wilcox et al., 2004).
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1.2.2. Antioxidant protection by compounds derived from the diet

Several compounds present in plants and vegetables have been suggested to
have the ability of reacting with free radicals, without generating further radicals.
Other compounds become oxidised after scavenging ROS, and thus need to be
regenerated for further use (Masella et al., 2005).

Vitamins are considered to be antioxidants of major biological importance.
Ascorbic acid (vitamin C) is a water-soluble antioxidant, commonly found in
relatively high amounts in fruits and vegetables (Arrigoni and de Tullio, 2002). It
effectively scavenges several types of ROS/RNS in vitro, resulting in the formation
of an ascorbyl radical, which can be further oxidised to dehydroascorbate. This
molecule can then be regenerated, through the cellular reducing molecules of the
cell, to ascorbate. In addition, ascorbic acid can regenerate other small antioxidant
molecules from their respective radical species (such as a-tocopherol or GSH).
Moreover, it can function as a cofactor for many enzymes, by maintaining the metal
ions (such as iron and copper) present in the active centre of those enzymes, in a
reduced state. However, the reduction of iron and copper by ascorbate can also
result in a pro-oxidant effect, since these ions in the reduced form can be used to
fuel the Fenton reaction (Carr and Frei, 1999; Shapiro and Saliou, 2001).

Vitamin E is a lipophilic vitamin, synthesised only by plants, that exists in eight
different forms, of which a-tocopherol is the most active. It is the major membrane-
bound antioxidant employed by the cell, whose main function resides in protecting
cells against lipid peroxidation (Shapiro and Saliou, 2001; Munteanu et al., 2004).
As mentioned above, during the antioxidant reaction, a-tocopherol is converted to a
a-tocopheryl radical, which is then reduced to the original a-tocopherol form by
ascorbic acid (Pryor, 2000).

Vitamin A and its equivalent in animals, retinol, are also considered important
antioxidants. It is present in many foods and can be formed from [(-carotene
transformation (Robichova et al., 2004; Romieu, 2005). Vitamin B comprises a
family of chemically distinct water-soluble vitamins that play important roles in cell
metabolism, although only some of them show antioxidant properties. Vitamin B;
(thiamine), for example, has been shown to offer protection in different situations
where high levels of oxidative stress were involved (Mehta et al., 2008). In the same
way, high levels of vitamins B, (riboflavin) and B4, (cobalamin) have also been

reported to protect against oxidative injury (Depeint et al., 2006).

15



Chapter 1

Carotenoids, of which -carotene is probably the most studied, are pigments
responsible for the colour of many fruits and vegetables. These substances have
been recognised as the most potent quenchers of singlet oxygen (Cemeli et al.,
2008) and have been described to help in the prevention of cancer, heart disease
and stroke (Valko et al., 2004; Tamimi et al., 2005; Riso et al., 2006). Other
examples of carotenoids with protective effects on oxidative conditions are lycopene
(a bright red carotenoid found in red fruits) and xanthophylls (e.g. lutein and
zeaxanthin) (Santocono et al., 2007; Rao and Rao, 2007).

(Poly)phenolic compounds are secondary plant metabolites possessing one or
more aromatic rings with one or more hydroxyl groups within their structure
(Ferguson, 2001). These comprise a wide variety of molecules, divided into several
classes (like flavonoids, phenolic acids, stilbenes and others), commonly found in
fruits, vegetables, wine, tea, coffee and some cocoa products like dark chocolate
(Manach et al., 2004; Mozaffarieh et al., 2008). Many studies have reported a wide
range of biological activities for these compounds, including anti-inflammatory (Ruiz
and Haller, 2006), anti-carcinogenic (Moon et al., 2006), anti-allergic (Hendriks et
al., 2004) and anti-hepatotoxic (Lima et al., 2006), which have been described to be
mostly due to their antioxidant activity and also their ability to activate endogenous
defence systems (Di Carlo et al., 1999; Serafini et al., 2000; Masella et al., 2005).

The interaction of polyphenols with biological systems is sometimes difficult to
understand. For example, the metabolisation of phenolic compounds in vivo may
give rise to compounds that lose the original antioxidant activity (Masella et al.,
2005). Moreover, it should be taken into account that, in vivo, polyphenols and their
metabolites are found at lower concentrations in plasma or tissues than those of
other antioxidants (ascorbic acid and a-tocopherol, for example), since polyphenols
may need to undergo structure modifications (e.g. hydrolysis) in order to be
absorbed (Manach et al., 2004; Williamson and Manach, 2005).

Despite the numerous beneficial effects mentioned above for these natural
compounds, it should be noted that pro-oxidant effects have been described for
many of them, resulting in the induction of apoptosis, cell death and the blocking of
cell proliferation (Elbling et al., 2005; Lambert et al., 2005). For example, a high
intake of vitamin C has been associated to an increased risk of disease (Ahkang et
al., 1998; Lee et al., 2004). In the same way, a-tocopherol has been reported to be
involved in the progression of low-density lipoprotein (LDL) oxidation and
atherosclerosis, due to its pro-oxidant effects (Schneider, 2005). Despite being

considered an antioxidant, clinical trials regarding the use of B-carotene for cancer

16



General Introduction

prevention, have demonstrated harmful effects for this compound, as reported by
the Alpha-Tocopherol Beta Carotene Cancer Prevention Study Group, in 1994, and
also by Omenn et al. (1996). Some other compounds (polyphenols) have also
presented these opposite effects (Leung et al., 2005; Elbling et al., 2005; Boots et
al., 2007).

1.2.3. New synthetic molecules with pharmacological potential

The above mentioned drawbacks associated to the use of some natural
compounds are in part responsible for the undergoing development of novel
synthetic compounds, conceived to protect cells against oxidative injury. In fact, the
number of reports identifying new synthetic antioxidants has been growing rapidly
(Cemeli et al., 2008).

Many studies have described the synthesis of analogues of existing natural
molecules known to possess antioxidant properties, which were modified in order to
improve features like their stability and cellular uptake, but maintaining the
functionality of the original structure (Halliwell, 2001). In this way, synthetic
molecules that can mimic antioxidant enzymes such as superoxide dismutase,
catalase and glutathione peroxidase have been reported as potential new drugs
able to reduce damage caused by oxidative stress (Lanza and Vecchio, 2008). For
example, salens, which comprise a class of compounds containing manganese (lll)
complexes, and metalloporphyrins, a class consisting of a porphyrin combined to a
metal ion (usually iron or manganese), have been indicated as mimetics of
superoxide dismutase activity (Trova et al., 2003; Batinic-Haberle et al., 2006; Day,
2009). Moreover, compounds like ebselen (a selenium-based compound), as well as
diselenide and ditelluride compounds (which contain selenium, sulphur or tellurium
in their structures) have been reported to possess glutathione peroxidase-like
activity (Day, 2009). In the same perspective, Ehrlich and colleagues (2007) have
recently reported the design and synthesis of a group of GSH analogues, which
were named UPF peptides, that showed a higher hydroxyl radical scavenging ability
and enhanced antiradical efficiency against the a,a-diphenyl-B-picrylhydrazyl
(DPPH) radical, when compared to GSH, without influencing cell viability. Structures
of molecules produced by plants, with known antioxidant activity, like polyphenols
(Siddaiah et al., 2007; Bitto et al., 2007) or chalcones (Vogel et al., 2008) have also
been modified in order to increase their biological activity and stability (Cotelle et al.,
1996; Lebeau et al., 2000).
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Butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and tert-butyl
hydroquinone (t-BHQ) are synthetic antioxidants, commonly used as food additives
to prevent food spoilage, which are able to block lipid peroxidation. However,
probably due to their phenolic nature (presence of OH groups), these compounds
have shown contradictory effects (Suh et al., 2005; Cemeli et al., 2008). In addition,
other synthetic compounds, like dimethyl sulfoxide (DMSO), lazaroids (21-
aminosteroids drugs structurally related to glucocorticoids), salicylates (anti-
inflammatory), pyrrolidine dithiocarbamate (PDTC) and dimethylurea have been
found to scavenge free radicals and have also been used in therapeutic approaches
(Macdonald et al., 2003; Cui et al., 2004).

In this work, novel nitrogenated structures, composed of an amidine unit linked
to a phenol ring, were studied. Their synthesis, which has been recently described
(Areias, 2006), was performed in the Group of Organic Synthesis of the Department
of Chemistry of the University of Minho, headed by Prof. F. Proenga. The
introduction of their structures in a database created for this purpose by a group of
russian researchers (personal information provided by Prof. F. Proencga), identified
them as molecules with pharmacological potential for disorders involving oxidative
stress.

The choice to synthesise these kind of structures was based on different
aspects: 1) in living organisms exist several compounds containing nitrogen atoms
in their structure (e. g. serotonin, purinic and pyrimidinic DNA bases,
catecholamines, among others), which are known to easily interact with active
centres responsible for different functions in those same organisms (Areias, 2006);
2) the presence of hydroxyl groups within a phenol ring has been reported to be
responsible for the antioxidant properties of a compound, since those groups are
able to donate an hydrogen (Rice-Evans et al., 1996; Cotelle et al., 1996; Lien et al.,
1999); and 3) it has also been acknowledged that molecules incorporating
conjugated systems with nitrogen atoms can stabilise free radicals (Wentrup, 1984).
The combination of these factors was expected to enhance their ability to scavenge
free radicals.

More details on the compounds in study will be provided further ahead.
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1.3. Oxidative damage to biomolecules

Due to their high reactivity, ROS are prone to cause damage and are thereby
potentially toxic, mutagenic and carcinogenic. Their targets include all biomolecules,

namely lipids, proteins and nucleic acids (Kohen and Nyska, 2002).

1.3.1. Proteins

Proteins can function as important targets for attack by ROS (Kohen and Nyska,
2002). Direct oxidation of the side chains of all amino acid residues of proteins
(especially proline, arginine, lysine and threonine) by ROS yields reactive carbonyl
derivatives, particularly via metal-catalysed oxidation (Stadtman, 2004; Dalle-Donne
et al., 2006). Protein carbonyl derivatives can also be generated from the cleavage
of peptide bonds by the a-amidation pathway or by oxidation of glutamyl residues. In
addition, carbonyl groups may be introduced into proteins by secondary reaction of
the primary amino group of lysine residues with reactive carbonyl derivatives
(ketoamines, ketoaldehydes, deoxyosones), produced by the reaction of reducing
sugars or their oxidation products with lysine residues of proteins (glycation/
glycoxidation reactions), eventually leading to the formation of advanced glycation
end-products (AGEs). Finally, carbonyl groups may be formed by adduction of
byproducts of lipid peroxidation. These include malondialdehyde, which reacts with
lysine residues and a,B-unsaturated aldehydes (4-hydroxy-2-nonenal and acrolein),
which can undergo Michael-addition reactions at their C=C double bond with the
sulfhydryl group of cysteine, the ge-amino group of lysine or the imidazole group of
histidine residues, forming advanced lipoxidation end-products (ALEs) (Beal, 2002;
Dalle-Donne et al., 2006).

The introduction of carbonyl derivatives may alter the conformation, and/or even
cause fragmentation, of the polypeptide chain, thus determining the partial or total
inactivation of proteins. In addition, it can result in the loss of enzymatic activity,
increased proteolytic degradation, altered cellular functions such as energy
production, interference with the creation of membrane potentials and changes in
the type and level of cellular proteins (Fagan et al., 1999; Kohen and Nyska, 2002;
Dalle-Donne et al., 2006).

Protein carbonyl content is the most widely used marker for the measurement of

protein oxidation. Highly sensitive assays for the detection of protein carbonyls
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involve derivatisation of the carbonyl group with 2,4-dinitrophenylhydrazine (DNPH),
which results in the formation of a stable 2,4-dinitrophenyl(DNP)hydrazone product.
Stable DNP adduct can then be detected spectrophotometrically, a technique that
can be coupled to protein fractionation by High-Performance Liquid Chromatography
(HPLC). Alternatively, in recent years, identification of carbonylated proteins has
been performed by immunoblotting analysis, with the use of specific antibodies anti-
DNP (Dalle-Donne et al., 2003).

Protein damage is likely to be repairable and is a known non-lethal event for a
cell. However, oxidation of proteins is associated with a number of age-related
diseases including (but not limited to) Alzheimer’'s disease, Parkinson’s disease,
rheumatoid arthritis, amyotrophic lateral sclerosis, and ageing (Stadtman, 2004).
Additionally, two examples of human pathologies in which pathophysiological
aspects of protein carbonylation have been extensively investigated are adult (or
acute) respiratory distress syndrome (ARDS) and inflammatory bowel diseases
(IBDs) (Dalle-Donne et al., 2003).

1.3.2. Lipids

Polyunsaturated fatty acids (PUFAs), because of their multiple double bonds,
are also extremely sensitive to oxidation by free radical attack. In addition, PUFAs
can be formed enzymatically by the action of lipoxygenases (Niki et al., 2005).
Arachidonic and linoleic acids are the main PUFAs in the mammalian membranes
and are able to undergo both enzymatic and non-enzymatic lipid peroxidation.
However, since linoleic acid is much more abundant than arachidonic acid, most of
lipid peroxidation products derive from the former (Spiteller, 2001).

Briefly, the overall process of lipid peroxidation consists of three main stages:
initiation, propagation and termination. Lipid peroxidation may be induced when a
radical species (e. g. hydroxyl radicals generated via Fenton reaction) is sufficiently
reactive to remove a hydrogen atom from the polyunsaturated lipid (LH), leading to
the formation of a lipid radical (L), which results in the formation of lipid
hydroperoxide (LOOH) species (Fig. 1.5). Thus, many molecules of lipids may be
oxidised to lipid hydroperoxides for every initiation event. Termination reactions
occur when two radical species combine to form non-radical final products or when
substrate is depleted (Girotti, 1998; Lehuédé et al., 1999).
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Figure 1.5 — Basic reactions occurring during lipid peroxidation. Reactive species (e.g. hydroxyl
radicals) abstract an hydrogen atom from a polyunsaturated fatty acid, yielding a lipid radical (L)
that may undergo some molecular rearrangements. Oxygen uptake by these radicals propagates
the reaction via peroxyl radicals (LOO’), which leads to the formation of lipid hydroperoxides
(LOOH). These can then combine and generate the final products of lipid peroxidation (e.g. MDA 4-

HNE, acrolein, ethane/pentane, among others). Adapted from Spiteller, 2001.

Once formed, lipid hydroperoxides can degrade rapidly into a variety of
breakdown products, such as malondialdehyde (MDA), Cs;—C4, straight chain
aldehydes and a,B-unsaturated aldehydes, including 4-hydroxy-2-nonenal (4-HNE)
and acrolein (Meagher and Fitzgerald, 2000; Lovell and Markesbery, 2007). In
addition, lipid peroxidation also leads to production of isoprostanes and
neuroprostanes. Although these molecules do not show toxicity, they serve as
excellent markers of arachidonic and docosahexaenoic acid peroxidation in brain
and cerebrospinal fluid (Lovell and Markesbery, 2007).

Estimates of lipid peroxidation can be obtained by measuring the formation of
lipid hydroperoxides and their breakdown products, as well as by quantifying the
disappearance of PUFAs. The most widely used method to assess oxidative

damage to lipids is the thiobarbituric acid reactive substances (TBARS) assay,
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which is thought to reflect the production of MDA (McCall and Frei, 1999; Meagher
and Fitzgerald, 2000).

Some byproducts of lipid hydroperoxidation have been reported to possess
cytotoxic, mutagenic and genotoxic properties (McCall and Frei, 1999). For
example, MDA, 4-HNE and acrolein can damage DNA either by reacting directly
with DNA bases or by generating more reactive bifunctional intermediates, which
form exocyclic DNA adducts with a five-membered ring (etheno adducts) or a six-
membered ring (propane adducts) attached to DNA bases. These adducts can then
induce base pair substitution mutations (Nair et al., 2007). Hydroxynonenal and
acrolein are neurotoxic and can, among other things, inhibit enzymes critical for
neuron survival (Lovell and Markesbery, 2007). Moreover, lipid peroxidation seems
to be also involved in atherosclerotic processes. The oxidation of low density
lipoproteins (LDL) results in their uptake by phagocytes in the subendothelial space
via their scavenger receptor. These phagocytic cells then accumulate in the
subendothelial space, where they stimulate formation of atherosclerotic plaques
(Young and McEneny, 2001).

1.3.3. DNA

Damage to nuclear DNA has been proposed to occur through two different
mechanisms: oxidative modification and DNA fragmentation mediated by
endonucleases (an irreversible feature of programmed cell death). While the latter is
supposed to take place during the late stage of cell death, oxidative DNA damage is
believed to stand for an early event (Cui et al., 2000; Nagayama et al., 2000).
Mitochondrial DNA has, by its turn, been reported to be even more susceptible to
oxidation than nuclear DNA. The greater accumulation of damage may be related to:
mitochondria being the main producers of ROS in the cells; repair capacity of
mitochondrial DNA being limited (proteins responsible for DNA repair are expressed
in lower levels in mitochondria); and mitochondrial DNA not being protected by
histones (Inoue et al., 2003; Martin, 2008).

The attack of ROS and RNS is responsible for introducing several modifications
to DNA, which include: oxidised bases, the most studied being 8-oxo-7,8-
dihydroguanine (8-Oxo-Gua), a product derived from the oxidation of a guanine by
ROS; modifications to the sugar moiety of DNA, which may result in base loss —
abasic (apurinic/apyrimidinic) sites — and/or strand breakage (single- and double-
strand breaks); DNA-DNA intra-strand adducts and DNA-protein cross-links (Cadet
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et al., 1999; Powell et al., 2005). The formation of some of these lesions is
summarised in Fig. 1.6. In addition, exposure of cells to UV radiation can result in
dimerisation reactions between adjacent pyrimidine bases, yielding cyclobutane
pyrimidine dimers (CPDs) and pyrimidine(6-4)pyrimidone photoproducts (Clingen et
al., 1995; Douki et al., 2003).

\ /5 DNA Base Modification DNA Base Adduct

8-ox0-G
FapyG

v

Glycosylase

Lipid
hOGG1

Peroxidation

Lipid Peroxide
4-HNE, MDA Strand breaks
AP sites

Base
propenal Glycosylase
MPG
DNA Basé
Adduct M,G, edG, edA

Figure 1.6 — Types of DNA damage induced by reactive oxygen species. Abbreviations: 4-HNE:

4-hydroxy-2-nonenal; 8-oxo-G: 8-oxo-7,8-dihydroguanine; edG: etheno-deoxyguanosine; edA:
etheno-deoxyadenosine; FapyG: 2,6-diamino-4-hydroxy-5-formamidopyrimidine; hOGG1: human
8-oxoguanine DNA glycosylase 1; M1G: pyrimidopurinone; MDA: malondialdehyde; MPG: N-
methylpurine DNA glycosylase. Adapted from Powell et al. (2005).

DNA lesions, if left either un- or mis-repaired, may interfere with DNA-dependent
processes (such as transcription, replication, recombination and chromosome
segregation), leading to mutations, chromosomal instability and even cell death
(Kruman, 2004). Therefore, cells are equipped with specific and efficient repair
mechanisms, which are able to repair the modifications introduced in DNA (Evans et
al., 2004). During these repair processes, cell cycle may be arrested at any
checkpoint, which allows a time window to repair damaged DNA (Kruman, 2004; de
Waard et al., 2008). In addition, it should also be noted that oxidative stress leads to
an upregulation of the expression of many repair enzymes, which may result in an
enhancement of enzymatic repair mechanisms (Valko et al., 2006; Fishel et al.,
2007).
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DNA double-strand breaks are repaired via two different mechanisms:
homologous recombination (HR), in which the sister chromatid is used as a template
to copy the missing information into the broken locus (Helleday, 2003), and non-
homologous end joining (NHEJ), which consists in the fusion of the two broken ends
with little or no regard for sequence homology, a process that may result in
mutations (Seluanov et al., 2004). The mismatch repair (MMR) pathway plays an
important role in the post-replicative process, by repairing replicative and
recombinatorial errors that may result in mispaired bases (mismatches) (Neri et al.,
2005; Gorbunova et al., 2007). The nucleotide excision repair (NER) pathway
recognises bulky adducts, as well as covalent linkages between adjacent
pyrimidines resulting from exposure to UV radiation, and removes short DNA
oligonucleotides containing a damaged base; it can be classified into global genome
repair (GG-NER), which removes DNA damage from the entire genome, and
transcription-coupled repair (TC-NER), which specifically removes damage from the
transcribed strand of active genes, thereby releasing transcription arrest that occurs
at the lesions sites (Hanawalt, 2002; de Waard et al., 2008). However, oxidatively
damaged DNA is mainly removed by the base excision repair (BER) pathway, in
which oxidised bases are eliminated by different DNA glycosylases, leaving abasic
sites (Frosina, 2006; Coppedé et al., 2007).

Base excision repair consists of four main steps (base removal,
apurinic/apyrimidinic site incision, synthesis and ligation), and can be divided in two
sub-pathways, the short patch or single nucleotide replacing pathway and the long
patch pathway (Figure 1.7), which involves the incorporation of up to 13 nucleotides
(Rao, 2007; Martin, 2008).
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Figure 1.7 — Base excision repair pathways. First, a damaged base is recognised and removed
by DNA glycosylases, yielding an apurinic/apyrimidinic (AP) site, which is then cleaved by an
endonuclease (APE), forming a strand break. Then, after some chemical groups that may
interfere with gap filling and ligation are removed, different polymerases (depending whether the
short patch or the long patch pathway is active) fill the gap in the DNA strand. Finally, DNA ligase
inserts one (SHORT PATCH) or more (LONG PATCH) new bases. Other proteins, like poly (ADP-
ribose) polymerase (PARP), XRCC1, proliferating cell nuclear antigen (PCNA) and FEN1 aid in
the regulation of these pathways. The bacterial enzymes FPG and Endo Ill, used in the Comet
assay, act on the first step of this pathways (damaged bases recognition and removal). Adapted from

Tudek et al. (2006).

BER follows mainly through the short patch pathway. In the first step of this
pathway, a damaged base is recognised and removed from the deoxyribose
phosphate moiety (Rao, 2007). Two classes of DNA glycosylases are involved in
this step: Class | (bifunctional or complex), which includes, for example, 8-
oxoganine DNA glycosylase 1 (OGG1), an enzyme that removes 8-oxoguanine and
nicks the DNA backbone; and Class Il (monofunctional or simple), including N-
methylpurine DNA glycosylase (MPG) and uracil DNA glycosylase (UDG), which
remove alkylated DNA bases or uracil, respectively, but without nicking the DNA
backbone (Collins and Gaivao, 2007; Fishel et al., 2007). Due to the catalytic
inefficiency of OGG1’s lyase activity, this enzyme remains stuck to the site of

incision, limiting the overall rate of repair (Dodson and Lloyd, 2002; Frosina, 2006).
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So, following the glycosylase reaction, APE1 (apurinic/apyrimidinic endonuclease,
also called APEX, HAP1 and Ref-1), easily displaces the glycosylase and cleaves
the 5’ terminus of the apurinic/apyrimidinic (AP) site, resulting in the loss of a base
and a single-strand break with 5'-phosphate and 3'-OH termini (step 2) (Collins and
Gaivao, 2007; Martin, 2008). Additionally to its role in BER, APE has also been
implicated in the redox activation of transcription factors, such as p53 (Fantini et al.,
2008). In the third step of BER, the AP site that is generated by the APE1 repair
activity is removed by deoxyribosephosphate hydrolase (dRPase) activity provided
predominantly by DNA B-polymerase (B-pol). This is then followed by the insertion of
a new base by B-pol and ligation by DNA ligase | (step 4) (Fishel et al., 2007).

The long patch pathway is catalysed by B-pol or other polymerases like &/¢-pol,
which have a proof-reading activity associated to them. Repair follows this pathway
when the terminal sugar phosphate formed after the APE1 incision (step 2) develops
a complex structure that cannot be acted upon by the dRPase activity of B-pol (e.g.
oxidised abasic site). In this case, the repair synthesis still continues, but in a strand
displacement manner (Rao, 2007).

It should be noted that despite the presence of all these DNA repair systems,
DNA damage still occurs. In fact, DNA is continuously attacked by reactive species,
an event that can be attenuated by antioxidant defences. Whereas some of the
damage induced by ROS attack to DNA can induce the signalling pathways leading
to apoptotic cell death, the majority results in the oxidation of DNA. However, DNA
repair enzymes help to maintain an equilibrium state between damage formation
and repair, by repairing most of the oxidised DNA (Collins and Gaivao, 2007). This
implies that, in normal physiological conditions, oxidative damage is maintained at a
tolerable level in terms of genetic stability (Tomasetti et al., 2001; Collins and
Gaivao, 2007). Nevertheless, the oxidised DNA that does not get repaired can
become mutated, which may then result in further damage to cells. A scheme
demonstrating this equilibrium state is shown in Figure 1.8.

There are several methods that allow the measurement of oxidative DNA
damage. However, determining the background levels of the most common product
of DNA damage, 8-oxo-Gua, has brought some difficulties, since damage can arise
from the preparation of samples. With the purpose of normalizing the procedures to
measure this kind of damage, the European Standards Committee on Oxidative
DNA Damage (ESCODD) was formed (ESCODD, 2003; Gedik and Collins, 2004).
Although some chromatographic methods, like Gas Cromatography (GC) and High

Performance Liquid Cromatography (HPLC), usually coupled to mass spectrometry
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(MS) techniques, have been employed, they have shown inflated values, probably
due to erroneous oxidation during DNA isolation. So, a set of enzymatic methods
have been described as the most suitable. These methods make use of the bacterial
DNA repair enzyme formamidopyrimidine DNA glycosylase (FPG) to convert 8-
oxoGua to apurinic sites, which can then be measured by the Comet assay, alkaline
unwinding or alkaline elution (ESCODD, 2003; Powell et al., 2005).

The comet assay is a simple, fast and sensitive method that detects DNA strand
breaks and abasic sites, although it can detect oxidised bases via the use of repair
enzymes, such as FPG or endonuclease Ill (Endo Ill), which nick DNA at oxidised
purines and pyrimidines, respectively, at the initial step of the BER pathway (Fig.
1.7). Moreover, this assay reduced the risk of occurring oxidation during sample
preparation (Loft and Moller, 2006).

Oxidative DNA damage can result in the arrest or induction of transcription,
induction of signal transduction pathways, replication errors and genomic instability,
all of which have been implicated in cancer and neurodegenerative diseases,
besides being associated to the normal process of aging (Bjelland and Seeberg,
2003; Cooke et al., 2003).

Input

(ROSIRNS) . Antioxidants

— Apoptosis

Mutations «---+-  OXidative
DNA

damage Output
g | . (e.g. DNA Repair)

Figure 1.8 — Balance between oxidative DNA damage input and output. Oxidative DNA
damage can be regarded as a dynamic steady state: an equilibrium is maintained between
input of damage (i.e. endogenous and/or exogenous free radicals attack), which can be
attenuated by antioxidant defences, and output from this damage (i.e. DNA repair). A change
in input or output can cause an increase or decrease in the level of damage, until a new

equilibrium is established. Adapted from Collins and Gaivao (2007).
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1.4. Cell death

The exposure to oxidative stress may ultimately result in cell death, as a
consequence of severe damage caused to biomolecules by reactive oxygen and
nitrogen species (Nordberg and Arner, 2001). Cell death can occur by two main
mechanisms: necrosis and programmed cell death (PCD) (Boujrad et al., 2007).

Necrosis is usually referred as an “accidental”, or uncontrolled, form of cell death
(Henriquez et al., 2008). During this process, there is a rapid swelling of the cell,
leading to the loss of membrane integrity and consequent release of the cells’
contents, which is known to evoke an inflammatory response. In this way, cell death
becomes a passive consequence of irreparable damage, hence the term
“accidental” (de Bruin and Medema, 2008; Henriquez et al., 2008).

Apoptosis was initially considered as the only form of programmed cell death.
However, more recently, a variety of cell behaviours that may lead to active forms of
cell death have been observed. These include the typical apoptotic cell death,
autophagic death, mitotic catastrophe, oncosis, anoikis, excitotoxicity, Wallerian
degeneration, cornification and paraptosis. In this way, and using nuclear
morphology as a distinction criterion, programmed cell death has been divided into
three possible classifications: classical apoptosis, autophagic cell death and
necrosis-like PCD (Lorenzo and Susin, 2007; Boujrad et al., 2007; Kroemer et al.,
2008).

Type | PCD or classical apoptosis has been described as an active process by
which dying cells are removed in a safe, non-inflammatory manner (Leist and
Jaattela, 2001). It is a tightly regulated process, involved in many vital functions,
including tissue development, carcinogenesis, immune response and control of the
balance between proliferation and differentiation (Cai and Jones, 1999; Gil et al.,
2003a; Krantic et al., 2007). At the morphological and biochemical levels, it is
characterised by shrinkage of the celll, membrane surface blebbing,
oligonucleossomal DNA fragmentation and the breakdown of the cell into various
membrane-bound fragments, called apoptotic bodies. Along with these events,
occurs the activation of specific cysteine proteases, named caspases, as well as the
loss of membrane phospholipid asymmetry, which results in the externalisation of
phosphatidylserine (Matés et al., 1999).

Type Il PCD or autophagic cell death is mainly characterised by the presence of
double- or multiple-membrane vacuoles, mitochondrial dilation, as well as

enlargement of the endoplasmic reticulum (ER) and Golgi apparatus (Lorenzo and
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Susin, 2007). The vacuoles formed during this process, which are also called
autophagosomes, engulf portions of cytoplasm and organelles (like mitochondria
and ER), then fuse with lysosomes, where the intravacuolar content is disintegrated
by lysosomal enzymes (Kourtis and Tavernarakis, 2008). Nevertheless, it should be
noted that “autophagic cell death” is a process that differs from autophagy. Indeed,
autophagy is a dynamic process of protein degradation, used mainly to provide an
alternative source of nutrients, which is usually associated to cell death, with either
necrotic or apoptotic phenotype (Boujrad et al., 2007; de Bruin and Medema, 2008).
The mammalian protein kinase TOR (which stands for “target of rapamycin”) plays a
major role in the regulation of the autophagic process, by inhibiting this pathway.
Downstream of this protein, several other proteins encoded by Afg genes intervene
in the execution of the autophagic process (Kourtis and Tavernarakis, 2008;
Henriquez et al., 2008). The identification of these genes and the observation that
their inactivation protects from this type of death, supports the evidence of this PCD
as a specific type of death.

Recently, an active form of necrosis (type Ill PCD) was found to occur, not only
under pathological conditions, but also under normal physiological conditions
(Boujrad et al., 2007). It lacks caspase and lysosomal involvement and is mainly
characterised by an early swelling of intracellular organelles, followed by loss of
plasma membrane integrity (although nuclear disintegration is retarded). This type of
PCD can also be subdivided into two sub-types: IlIA or “non-lysosomal
disintegration”, characterised by nuclear disintegration, and IlIB or “cytoplasmic
degeneration”, which displays karyolysis (complete dissolution of the chromatin of a
dying cell). Moreover, programmed necrosis can occur by the induction of the
tumour necrosis factor (TNF) or Fas ligand, via their respective death receptors, and
gives an idea that necrosis is in fact a process that cells can control (Lorenzo and
Susin, 2007; Boujrad et al., 2007; Henriquez et al., 2008).

A summarised classification of cell death phenotypes is presented in Figure 1.9.
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Figure 1.9 — Classification of different cell death outcomes. This classification regroups cell
death phenotypes according to the family of proteases involved, and introduces programmed
necrosis as a distinct PCD type. Secondary activation of other classes of proteases (e.g.
cathepsin activation after calpain activation in apoptosis-like PCD) has not been taken into
account. In addition, some cell death phenotypes, such as paraptosis, are not included in this

classification. Adapted from Boujrad et al., (2007).

1.4.1. Programmed cell death pathways

Apoptosis, the most common form of programmed cell death, is a complex
process involving both pro- and anti-apoptotic proteins, which can be initiated by two
different signalling pathways: the death receptor (extrinsic) pathway and the stress-
or mitochondria-mediated (intrinsic) pathway (Dong et al., 2005; de Bruin and
Medema, 2008). A set of highly conserved cysteine-dependent aspartate-specific
proteases, named caspases, are regarded as the central executioners of apoptosis.
These caspases use a cysteine residue as the catalytic nucleophile and share a
specificity for cleaving their substrates after aspartic acid residues in target proteins
(Hengartner, 2000; Chowdhury et al., 2008).

The main intracellular signalling pathways leading to apoptotic cell death are
summarised in Figure 1.10.

The death receptor or extrinsic pathway is activated by the binding of an
extracellular ligand, such as Fas (also known as CD95 or APO-1) ligand, tumour

necrosis factor (TNF) or TNF-related apoptosis induced ligand (TRAIL), to their
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specific death receptors present in the cell membrane (Beere, 2005; Reeve et al.,
2007). This results in the recruitment of procaspase-8 and subsequent activation of
caspase-8, which then leads to the activation, either directly or indirectly, of
downstream caspases, like procaspase-3 (Cain et al., 2002; Beere, 2005) (Fig.
1.10).

As shown in the same figure (Fig. 1.10), the mitochondrial or intrinsic pathway
can be initiated by the translocation of several proapoptotic proteins from the Bcl-2
family (e.g. Bax, Bid or Bad) to the mitochondria (Zimmermann et al., 2001). These
proteins induce the permeabilisation of the mitochondrial outer membrane (MOMP),
which has been considered as a point of no return in cell death (Bouchier-Hayes et
al., 2005; Dong et al., 2005). As a consequence of an increase in its permeability,
mitochondria release several proapoptotic factors normally present in the
intermembrane space, which include cytochrome c, the serine protease HtrA2/Omi,
the Apoptosis Inducing Factor (AlF), Smac/DIABLO (which stands for second
mitochondria-derived activator of caspases/Direct IAP Binding Protein With Low pl)
and endonuclease G (Hengartner, 2000; Zimmermann et al., 2001; Krantic et al.,
2007).

The released cytochrome ¢ can bind to procaspase-9 and Apaf-1 (from apoptotic
protease-activating factor 1) in the presence of deoxyadenosine triphosphate
(dATP)/adenosine triphosphate (ATP). This complex, termed the apoptosome,
results in the activation of caspase-9, which is mainly activated through this
mitochondrial pathway (Gil et al., 2003a; Schafer and Kornbluth, 2006).

The intrinsic and extrinsic pathways can be interconnected by the action of Bid,
a protein from the Bcl-2 family (see figure 1.10). This protein is normally found in the
cytosol, where it can be cleaved by caspase-8. After cleavage, the carboxylic
terminus of Bid is translocated to mitochondria, leading, directly or indirectly (by
interaction with Bax) to the release of cytochrome c¢ (Tang et al.,, 2000; Beere,
2005).

Both activated caspase-8 (as well as caspases 2 and 10, also mediators of the
death-receptor pathway) and the activated caspase-9 (from the mitochondrial
pathway) converge to the downstream activation of effector caspases, such as
procaspases 3, 6 and 7 (Krantic et al., 2007). These caspases activate a DNase,
which is responsible for the fragmentation of oligonucleosomal DNA (Ferri et al.,
2000; Krantic et al., 2007). In addition, other enzymes and/or substrates, like poly-
(ADP-ribose) polymerase (PARP), fodrin, p75, actin, among others, are activated in

the process, culminating in the display of several of the phenotypic characteristics of
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apoptotic cell death, including loss of mitochondrial membrane potential, cell
blebbing and redistribution of lipids in the outer plasma membrane (Beere, 2005).

Alternatively to the caspase-dependent pathways, the characteristic features of
apoptosis can be induced by a caspase-independent way, mediated by the
apoptosis inducing factor (AlIF). This is a mitochondrial flavoprotein oxidoreductase
that translocates first to the cytosol and then to the nucleus (Ferri et al., 2000; Bahi
et al., 2006). Once in the nucleus, AIF interacts with nucleic acids, causing caspase-
independent chromatin condensation and DNA fragmentation (Lorenzo and Susin,
2007).

The endoplasmic reticulum (ER) can also act in the induction and regulation of
apoptosis. ER is known to play a central role in protein biosynthesis and is the major
intracellular organelle involved in calcium storage (Nakagawa and Yuan, 2000).
Calcium homeostasis is maintained by some members of the Bcl-2 family, like Bax
and Bak, which can also be associated to the ER membrane. Upon an apoptotic
stimulus, these proteins induce calcium release through ER calcium channels, such
as the inositol 1,4,5-triphosphate (IP3) receptors, whose opening is mediated by the
binding of IP;. Calcium from the ER is then taken up by mitochondria, causing a
calcium overload that subsequently results in the induction of mitochondrial
membrane permeabilisation by mitochondria-located Bax and Bak (Lindholm et al.,
2006; Schwarze et al., 2008). Moreover, calcium release from the ER can induce
the activation of calpains and caspase-12, which by their turn lead to the activation
of other caspases, resulting in the propagation of the apoptotic signal (Nakagawa
and Yuan, 2000).

It should be noted that many factors are able to regulate these pathways, by

activating or inhibiting them at specific sites.
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Figure 1.10 — Main intracellular pathways leading to apoptosis and some ways by which they can be
regulated. The extrinsic pathway is activated by the binding of an extracellular ligand to specific death
receptors, which activate caspase-8. The mitochondrial pathway is activated by Bax or Bak, which bind the
mitochondrial outer membrane, inducing the release of several pro-apoptotic factors, such as cytochrome
¢, which then forms the apoptosome upon binding to Apaf-1 and caspase-9. These two pathways can be
connected by the cleavage of Bid and both of them result in the induction of effector caspases, like
caspase-3, which then activate substrate responsible for the common features of apoptosis. The caspase-
independent pathway, mediated by AIF is also shown in this scheme. Adapted from Cell Signaling Technology

(http://www.cellsignal.com).
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Recently, a regulated lysosomal involvement in cell death has also been
observed. In fact, partial lysosomal membrane permeabilisation has been described
to trigger apoptosis and apoptosis-like cell death, in response to several apoptotic
stimuli, such as activation of death receptors of the tumour necrosis factor (TNF)
family, p53 activation, oxidative stress, among others (Kirkegaard and Jaattela,
2009). These stimuli can then lead to lysosomal membrane permeabilisation
through either caspase-dependent or -independent mechanisms, which normally
results in the release of a group of proteases named cathepsins (including
cathepsins B, D and L) from the lysosome to the cytosol (Jaattela et al., 2004). In
addition, lysosomal enzymes have been found to act on mitochondria and induce
the formation of mitochondrial ROS, which can then lead to further lysosomal
permeabilisation (Zhao et al., 2003). Moreover, it has been reported that mild stress
triggers only a limited release of the lysosomal contents to the cytosol followed by
apoptosis or apoptosis-like cell death, while elevated stress levels cause a
generalised lysosomal rupture and rapid cellular necrosis (Kagedal et al., 2001).
This lysosomal apoptotic signalling pathway has recently been considered as an
attracting drug target, namely in cancer therapeutics (Berndtsson et al., 2008).

Occasionally, deficiencies in the cell cycle checkpoints, which by its turn lead to
aberrant mitosis, may result in another type of programmed cell death, termed
mitotic catastrophe (Fig. 1.9). This process is mainly characterised by enlarged and
multinucleated cells, incomplete nuclear condensation, chromosome alignment
defects and unequal DNA separation (Roninson et al., 2001; Strauss et al., 2007; de
Bruin and Medema, 2008).

1.4.2. The role of ROS/RNS in the induction of cell death

The intracellular accumulation of reactive oxygen and nitrogen species also
plays an important role in the initiation of cell death processes (Matés, 2000). In fact,
the amount of reactive species accumulated in the cell, and the way the cell
responds to that redox imbalance, can determine that same cell’s fate. For example,
mild oxidative stress may activate biological responses that can either lead to
survival and proliferation, or can induce apoptosis, while the accumulation of high
levels of ROS may promote necrosis instead (Lin et al., 2004; Lopez-Sanchez et al.,
2007). Moreover, a sudden burst of ROS, resulting from the response to oxidative
stress of cells already committed to apoptosis, can direct those cells towards a
necrotic-like death (Matés, 2000; Fleury et al., 2002).

34



General Introduction

The accumulation of reactive species has been described to precede changes in
the mitochondrial membrane, nuclear condensation and other typical apoptotic
events (Fleury et al., 2002; Aquilano et al., 2007). Indeed, some studies have
reported that an increase in ROS induces cytochrome c release from mitochondria
(in a voltage-dependent anion channel (VDAC)-dependent way), and caspases
activation (Pias and Aw, 2002; Petrosillo et al., 2003; He et al., 2007).

Many studies have shown other evidences for the induction of apoptotic
pathways by reactive species. Some mediators of apoptosis (e.g. JNK, ERK, PTEN)
have been reported to lead to increased levels of ROS (Kim et al., 2005; Zhu et al.,
2006). Similarly, it has been shown that inhibition of the mitochondrial respiratory
chain at complex | (Deshpande et al., 2000), or an impairment of the electron
transfer chain by mutations in mitochondrial DNA, prevent the accumulation of ROS
and consequently protect cells against apoptosis (Cui et al., 2004; Hiona and
Leeuwenburgh, 2008). In addition, lipid peroxidation has also been reported to occur
following an apoptotic signal (Matés and Sanchez-Jimenez, 2000; Hiroi et al., 2005).
Moreover, and perhaps most important, inhibition of apoptosis by the addition of
antioxidants has already been described (Gil et al., 2003a; Jang et al., 2004; Jung et
al., 2007; Choi et al., 2007). For example, the antioxidant enzyme MnSOD has been
reported to inhibit apoptosis during ischemia/reperfusion injury (Marczin et al.,
2003), and “classical” antioxidants such as a-tocopherol and GSH have shown to
prevent apoptosis induced by ascorbate-iron (Hiroi et al., 2005). Thus, these studies
point towards a wide range of actions for ROS/RNS and add further importance to

the use of antioxidants to prevent apoptosis and treat several disorders.

1.4.3. Intracellular regulation of cell death pathways

The intracellular pathways leading to apoptotic cell death can be regulated at
several levels, including their blockade at the Death-Inducing Signalling Complex
(DISC), which is responsible for the recruitment of procaspase-8, or the inhibition of
their enzymatic activity (Figure 1.10). These regulators comprise inhibitors-of-
apoptosis proteins (IAPs), the FLICE-like inhibitor protein (FLIP) and calpains
(Chowdhury et al., 2008). IAPs are a family of cellular proteins, including eight
mammalian family members with highly conserved and differential expression
patterns in various tissues, which bind to the surface of caspases, blocking the
catalyzing grooves of caspases. These proteins do not inhibit caspase-8, but they

inhibit its substrate, procaspase-3, instead, thus arresting the death-receptor
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pathway. In the mitochondrial pathway, XIAP, c-IAP1 and c-IAP2 bind directly to
procaspase-9, preventing its activation (Cain et al., 2002; Chowdhury et al., 2008).
FLIP proteins have been described mainly as inhibitors of the death receptor
pathway, since they are able, when overexpressed, to inhibit the activation of
procaspase-8 at the DISC (Krueger et al., 2001; Golks et al., 2005).

Calpains represent a family of calcium-dependent, nonlysosomal, cysteine
proteases that share many substrates with caspase-3, including fodrin, calcium-
dependent protein kinase and PARP. In addition, due to the presence of a
calmodulin-like calcium-binding site in their structure, these proteases are involved
in various calcium-regulated processes, like signal transduction, cell proliferation,
platelet activation and apoptosis (Lorenzo and Susin, 2007; Chowdhury et al.,
2008). Moreover, calpains can also cleave Bcl-xL, an antiapoptotic protein,
converting it into a pro-apoptotic molecule (Nakagawa and Yuan, 2000).

Ceramides, which represent the structural backbone of
sphingolipids/sphingomyelin, are important second messengers in several cell
processes, including apoptosis. Some of their targets in apoptotic signalling
pathways include mitochondria, jun kinases (JNK), lysosomal cathepsin D, p38
mitogen-activated protein kinase (MAPK), Bcl-2 family members, among others
(Futerman and Hannun, 2004; Lee and Thévenod, 2008). Although the exact
mechanism is not yet fully understood, ceramides seem to induce apoptosis by
inducing the release of cyt ¢ from mitochondria to the cytoplasm (Grether-Beck et
al., 2003), which might be related to their ability to form protein permeable channels
in the mitochondrial membranes (Kim et al., 2001; Lee and Thévenod, 2008).

The release of cathepsins (a group of proteases that stand for “lysosomal
proteolytic enzymes”) from lysosomes to cytosol has also been found to be
implicated in the regulation of apoptosis (Chwieralski et al., 2006). This lysosomal
permeabilisation seems to be an early event, occurring prior to the loss of
mitochondrial transmembrane potential. Bcl-2 family members, particularly Bid,
seem to be the main targets of cathepsins. Bid cleavage then leads to the activation
of Bax, resulting in the consequent release of apoptogenic factors from mitochondria
(Lorenzo and Susin, 2007; Conus and Simon, 2008).

The activation of the tumour suppressor protein p53 can induce DNA damage.
Once activated, p53 may induce the expression of genes that prevent cell division
and cause apoptosis (L'Ecuyer et al., 2006). This may lead to the activation of pro-

apoptotic Bcl-2 family members, like Bax, resulting in the permeabilisation of the
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outer mitochondrial membrane and subsequent activation of the above mentioned
mitochondrial pathway (Cui et al., 2002; L'Ecuyer et al., 2006; Gartel, 2008).

A small peptide derived from the carboxyl terminus of p21, a protein identified as
a cyclin-dependent kinase inhibitor and that was known to play an important role in
the regulation of cell growth and differentiation, has recently been found to also
activate apoptosis by a process involving mitochondria, although the exact pathways

are still unclear (Dong et al., 2005).

1.5. Oxidative stress and disease

In normal conditions, cells can deal with mild levels of oxidative stress. They do
so by upregulating the expression of genes responsible for the synthesis of
antioxidant defence mechanisms. However, the intracellular accumulation of high
levels of ROS/RNS can result in damage to all types of biomolecules, and ultimately
lead to cell death, which has been associated with many pathological conditions
(Halliwell and Gutteridge, 1999; Valko et al., 2007). However, it should be noted that
whereas some diseases may indeed be caused by oxidative damage to
biomolecules, in others oxidative stress is a consequence (and not a cause) of the
disease. However, even as a secondary event, oxidative stress is of major
importance, since it can induce the aggravation of tissue damage in several
disorders (Wilcox et al., 2004).

A redox imbalance in the cell can lead to oxidative DNA damage, causing
mutations that may result in cancer (Collins et al., 2003; Bartsch and Nair, 2006).
The oxidative burst induced by neutrophils and macrophages to kill pathogens may
result in chronic inflammation, seen in immune disorders, such as rheumatoid
arthritis and inflammatory bowel diseases (Riso et al., 2006; Filippin et al., 2008).
Glycation of proteins leading to accumulation of advanced glycation end-products
(AGEs), reduced antioxidant levels and oxidative DNA damage seem to be present
in diabetic complications (Collins et al., 1998; Rolo and Palmeira, 2006). The decline
in CD4" lymphocytes (whose functioning is regulated by redox potential) counts has
been described to contribute to the progress of HIV infection to AIDS (Gil et al.,
2003b; Deshmane et al, 2009). Moreover, oxidative stress is involved in
ophthalmologic disorders, such as advanced macular degeneration (AMD) and
glaucoma (Mozaffarieh et al., 2008).

Reactive species also participates in the normal process of aging. Oxidative

damage accumulates with age, which leads to an increased impairment of cellular
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function. This results in a markedly decreased ability for the organism to neutralise
free radicals and cope with oxidative stress, as it grows older (Bertram and Hass,
2008). In addition, it has been reported that the cellular response to oxidants seems
to be associated with the mechanisms that regulate longevity. Three gene products,
including Forkhead transcription factors, the adaptor protein p66Shc and the
hystone deacetylase Sir2, are described as being involved either in the regulation of
intracellular ROS concentrations or in the increase in resistance to oxidative stress
(Finkel, 2003).

Oxidative stress also seems to be important in the etiology of several
cardiovascular diseases, like atherosclerosis, ischemic heart disease,
cardiomyopathies and congestive heart failure, among others (Valko et al., 2007;
Berthiaume and Wallace, 2007). In fact, the heart is one of the most energy
demanding tissues in the body and is totally dependent upon oxidative
phosphorylation to supply the large amount of ATP required for beat-by-beat
contraction and relaxation, which makes it quite susceptible to oxidative stress
(Halestrap et al., 2007). The enzymes xanthine oxidoreductase, NAD(P)H oxidase
and nitric oxide synthase, as well as the mitochondrial cytochromes and
haemoglobin may act as the main sources of oxidative stress in these diseases
(Berry and Hare, 2004; Hare and Stamler, 2005). Furthermore, high levels of
cholesterol and uptake of oxidised low-density lipoproteins (oxLDL), the main
carriers of cholesterol in plasma, is a primary risk for development of atherosclerosis
(Pryor, 2000; Podrez et al., 2000). One of the most clinically relevant cardiac
problems is ischemia-reperfusion injury. This type of injury involves an impairment of
the blood flow to the heart as a result of damage to the myocardium (ischemia), in
which the source of oxygen is removed, causing the cessation of oxidative
phosphorylation. After a short period of ischemia, blood flow restoration occurs
(reperfusion), which can, paradoxically, result in the aggravation of damage
occurring during the ischemic period, and can lead to both apoptotic and necrotic
cell death. An intracellular calcium overload and oxidative stress are two
mechanisms that have been proposed to explain the pathogenesis of
ischemia/reperfusion injury. Although the origin of ROS present during these events
is yet to be well understood, it has been suggested that xanthine oxidase and
NADPH oxidase, as well as mitochondria (via the electron transport chain) are
mainly responsible for the massive ROS burst occurring during ischemia/reperfusion
(Dhalla et al., 2000; Halestrap et al., 2007). In addition, increased oxidative stress

causes abnormalities in the myocyte function, including inhibition of ATPases
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present in the sarcolemma that, together with calcium release from the sarcoplasmic
reticulum, can also contribute to the intracellular calcium overload (Valko et al.,
2007).

To date, many studies have demonstrated the involvement of oxidative stress in
neurodegenerative diseases, such as Alzheimer’s and Parkinson’s (Cui et al., 2004).
For example, in the brains of patients with Alzheimer’s disease, a significant amount
of ROS/RNS has been detected, in association with a marked accumulation of
amyloid-B peptide (the main constituent of senile plaques) and deposition of
neurofibrillary tangles and neurophil threads (abnormal neurites) (Butterfield et al.,
2002). Several observations support the notion that the brain is particularly
susceptible to oxidative stress: 1) this organ is known to consume about a fifth of the
total oxygen used by the living organism, which increases the probability of ROS
formation at the mitochondrial electron transport chain level; 2) neurons are post-
mitotic (non-replicating) cells and any damage to brain tissues by ROS tends to be
cumulative over time; 3) the high abundance in polyunsaturated fatty acids, which
are particularly vulnerable to ROS damage; 4) the presence of high levels of
transition metal ions (e.g. iron) that catalyse ROS formation through the Fenton
reaction and the reduced levels of antioxidants able to segregate these transition
metal ions, like transferrin and ceruloplasmin; 5) the release of excitatory
neurotransmitters, such as glutamate, that induce a sequence of events in the post-
synaptic neuron, which results in the formation of ROS; 6) the release of ROS
during the oxidation of dopamine by monoamine oxidase in the nerve terminals of
dopaminergic neurons may produce increased oxidative stress in brain regions,
such as substantia nigra, which has been suggested to be a causative role in
Parkinson’s disease; 7) ascorbic acid, which is present at elevated levels in both
white and grey matters, additionally to its antioxidant properties, can act as a pro-
oxidant, when the free iron in brain regions increases due to intra-cerebral
hemorrhage, for example; 8) in comparison with other tissues, there are low levels
of antioxidant defences, such as catalase and glutathione peroxidase, in the brain
(Cui et al., 2004; Wilcox et al., 2004; Lovell and Markesbery, 2007).

1.6. Aims of the study

The implication of oxidative stress in many pathological conditions has drawn
the attention to the development of new molecules with antioxidant potential that can

act beyond and/or potentiate the cells natural defence mechanisms.
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In this work, we studied the pharmacological potential of four nitrogen
compounds synthesised de novo (FMA4, FMA7, FMA762 and FMA796) on different
situations involving oxidative stress and using different cell models. The compounds
represented in Fig. 1.11 have an amidine group and a phenol unit. The association
of these two moieties in the same molecule was expected to give them a superior

antioxidant capacity, as previously referred (page 18).
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Figure 1.11 - Schematic structure of the newly synthesised nitrogen compounds in study. A
phenolic unit is linked to an amidine function through a linear chain containing a nitrogen atom in
three carbon atoms. FMA762 and FMA796 main difference from FMA4 and FMAT is the
presence of three hydroxyl groups within their phenol ring. The compounds were synthesised by
F. Areias, Group of Organic Chemistry, University of Minho (Areias, 2006).

FMA4, FMA7 and FMA796 are (Z2)-N-[1,2-dicyano-2-(arylidenamino)vinyl]-O-
alkylformamidoximes  synthesised from  (Z)-N-(2-amino-1,2-dicyanovinyl)-O-
alkylformamidoximes. While FMA4 has a benzyl substituent linked to the amidine
moiety, FMA7 and FMA796 possess a methyl group instead. In addition, FMA796
contains three hydroxyl groups at the positions 3’, 4’ and 5’ of the phenol structure,
in comparison to just one hydroxyl group present in the phenol rings of FMA4 and

FMA7. FMA762 is a 1-amino-2-arylidenamino-1,2-(dicyano)ethene synthesised from
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diaminomaleonitrile (DAMN) and, similarly to FMA796, contains three hydroxyl
groups within its phenol ring, linked to positions C-3, C-4 and C-5. The presence of
more hydroxyl groups in FMA762 and FMA796 was expected to enhance the
antioxidant activity of the phenol ring. In fact, in a study with modified flavones,
Cotelle and co-workers concluded that the structures containing 2’,3',4’-OH
substituents presented higher antioxidant activities (Cotelle et al., 1996). In
accordance with that previous work, we have demonstrated low oxidation potential
values and high antiradical activities, as determined by the DPPH discolouration test
(Silva et al., 2006; Areias, 2006).

This study intended to continue that previous work performed in our lab (Silva et
al., 2006), from which FMA4 and FMA7 emerged as promising molecules with good
potential to fight off oxidative injury in mammalian cell models. In an attempt to
improve the antioxidant potential of these nitrogen compounds, two other related
molecules, FMA762 and FMA796, that emerged as promising in which regards their
antioxidant capacities (Areias, 2006), were also studied.

Given that, our first objective was to further characterise those four compounds,
at the biochemical level, in which concerns their protective effects against oxidative
damage (Chapter 2). Two cell-free assays (DPPH discolouration and 2-deoxy-D-
ribose degradation assays) were employed, in order to assess the compounds’
antiradical activity. Their protective role against oxidative damage induced to cells
was then evaluated by assessing the levels of intracellular ROS/RNS formation, lipid
peroxidation and their effects on intracellular antioxidant defences, like GSH/GSSG,
SOD and GPx. In these studies, PC12 cells, a neuronal cell line established from an
adrenal pheochromocytoma that allows the correlation between oxidative stress and
neurodegenerative diseases, was used.

Since oxidative DNA damage has been described as the type of damage most
likely to occur in neuronal cells, we proceeded our investigation by assessing, using
the Comet assay, the protective effects of these compounds on this specific type of
damage, both at strand breaks and oxidised bases levels. In addition, by addressing
specific repair enzymes, we intended to further characterise that protection and
investigate the compounds’ involvement in the mechanisms responsible for DNA
repair. This was also achieved by assessing the expression of two DNA repair
genes. The results obtained for the nitrogen compounds in this context are
presented in Chapter 3.

The protective effects provided by three polyphenolic compounds from natural

origin - luteolin, quercetin and rosmarinic acid - on oxidative DNA damage were also
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evaluated during the course of this work (Chapter 4). In this way, a comparative
study (at the level of oxidative DNA damage protection) between the new synthetic
compounds and the polyphenols was performed.

Taking into consideration that oxidative stress is present in many other
pathological conditions, namely in cardiac diseases (for example, as a result of
ischemia/reperfusion), we intended to explore the spectrum of action of these
compounds, in order to find them a more physiological application. So, in Chapter 5
we present the results of the investigation of their protective role on oxidative injury
and apoptosis induced to H9c2 cells. This cell line shows electrophysiological and
biochemical properties of both skeletal and cardiac tissues, and has been
considered a suitable model for the study of molecular responses to oxidative
damage, particularly at the cardiac level. The mechanisms by which the compounds
prevent -BHP-induced cell death, with a particular focus on the mitochondrial-
mediated pathway leading to apoptotic cell death, in addition to the compounds’

effects on the associated morphological modifications, were investigated.
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Protective role of new nitrogen compounds on ROS/RNS-mediated damage to PC12 cells

Abstract

Reactive oxygen (ROS) and nitrogen (RNS) species are known to be involved in
many degenerative diseases. Here, we report the study of four new nitrogen
compounds from organic synthesis, identified as FMA4, FMA7, FMA762 and
FMA796, which differ mainly by the number of hydroxyl groups within their phenolic
unit. Their potential role as antioxidants was evaluated in PC12 cells by assessing
their protection against oxidative and nitrosative insults. The four compounds, and
particularly FMA762 and FMA796, were able to protect cells against lipid
peroxidation and intracellular ROS/RNS formation to a great extent. Their protective
effects were likely mediated by their free radicals scavenge ability, as they appeared
to be involved neither in the induction of natural antioxidant enzymes like GSH-PX
and SOD, nor in the inhibition of NOS. Nevertheless, these results suggest a
promising potential for these compounds as ROS/RNS scavengers in pathologies

where oxidative/nitrosative stress are involved.
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2.1. Introduction

Reactive oxygen (ROS) and nitrogen (RNS) species are produced during normal
cellular function and in response to various stimuli (Mates, 2000; Somayajulu et al.,
2005). Vital beneficial physiological cellular use of ROS, which include superoxide
anion (Oy), hydroxyl radical ((OH) and hydrogen peroxide (H.O.) has been
demonstrated in different functions including intracellular signalling, host defence,
and redox regulation (Lopez-Lluch et al., 1998; Nordberg and Arner, 2001; Behl and
Moosmann, 2002; Valko et al., 2006). Moreover, nitric oxide (‘'NO), a RNS, can act
as an important neurotransmitter or neuromodulator in the central and peripheral
nervous systems (Calabrese et al., 2000; Jung et al., 2007).

Endogenous and exogenous factors may trigger the overproduction of
ROS/RNS (Wilcox et al., 2004). To withstand these sudden stressful changes,
organisms have developed a variety of enzymatic (e.g. superoxide dismutase,
catalase and glutathione-related enzymes) and non enzymatic (e.g. glutathione and
vitamin E) antioxidant systems that can either prevent the formation of ROS/RNS or
convert them to inactive derivatives (Fleury et al., 2002; Stadtman, 2004; Doulias et
al., 2007). Nevertheless, when an imbalance occurs between oxidants and
antioxidants in favour of the oxidants, we come to a situation defined as oxidative
stress, which leads to cellular damage responsible for degenerative conditions like
those that occur in Alzheimer, Parkinson and atherosclerosis, among others
(Tamagno et al., 1998; Halliwell, 2001; Jang et al., 2004; Piga et al., 2005; Tang et
al., 2005).

In an effort to prevent or diminish ROS/RNS-induced damage, many
investigators have been focused on the evaluation of either natural or synthetic
compounds that can act beyond and/or potentiate the cells natural defence
mechanisms (Sasaki et al., 2002; Nie et al., 2002; Lin et al., 2006; Siddaiah et al.,
2007).

In this study, we used new nitrogen compounds from organic synthesis, which
are nitrogenated structures composed of an amidine unit and a phenol ring (Figure
2.1). The choice of these molecules was based both on the knowledge that the
hydroxyl groups of the phenol ring are usually responsible for the antioxidant
properties and on the knowledge that nitrogen compounds (in particular, nitrogen
heterocycles incorporating an imidazole or an amidine unit) can easily interact with

active centres responsible for different functions in living organisms (Areias, 2006).
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The association of these two moieties in the same molecule was expected to result
in new structures capable of acting as antioxidants in living systems. Molecules
incorporating conjugated systems with nitrogen atoms are also known to stabilize
free radicals (Wentrup, 1984) and this combination was also expected to enhance
the antioxidant activity of the phenolic unit (Areias et al., 2001).

We previously reported (Silva et al., 2006) a good antioxidant potential for two of
these new nitrogen compounds, named FMA4 and FMAY. Furthermore, in a parallel
study involving the synthesis of nitrogen structures (Areias, 2006), two other
compounds, FMA762 and FMA796, emerged as promising in which concerns their
antioxidant capacities. That study suggested that the presence of three hydroxyl
groups in C-3, -4 and -5 positions of the aromatic substituent, as is the case of these
two structures, improved the antiradical activity of the compounds.

In the present study, we intended to further characterize these four new nitrogen
structures (FMA4, FMA7, FMA762 and FMA796) in which respects to ROS/RNS-
mediated damage induced in a neuronal cell model. PC12 cells were used since
they have some advantages over primary cultured neuronal cells, including the

homogeneity of the cell population (Hong and Liu, 2004; Colognato et al., 2006).

2.2. Materials and methods

2.2.1. Compounds

The new compounds used in this study (Figure 2.1) were prepared in the group
of Organic Synthesis, Chemistry Department, University of Minho, from the reaction
of an appropriate phenolic aldehyde with a substituted amidine, as described in
(Areias, 2006). The experimental procedure was adapted from previous work (Booth
et al., 1999) carried out on a selection of mono-substituted aldehydes. All of these
structures present a linear chain, differing mainly by the presence of one (FMA4 and
FMA7) or three (FMA762 and FMA796) hydroxyl groups present within the phenol
ring.

The compounds were provided as a yellowish powder, which was reconstituted
in DMSO, aliquoted and maintained frozen at -80°C until utilization. Each aliquot

was thawed only once.
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Foetal bovine serum (FBS) was from BioChrom KG (Berlin, Germany); horse
serum donor herd was purchased from Gibco (Paisley, UK). 2.7'-
dichlorodihydrofluorescein diacetate (DCFH,-DA) was purchased from Molecular
Probes (Eugene, OR, USA). NitroBlue Tetrazolium was purchased from Diagnostica
Merck (Darmstadt, Germany). 6-hydroxi-2,5,7,8-tetrametilcromano-2-carboxylic acid
97% (trolox) were purchased from Sigma-Aldrich Chemie (Berlin, Germany). All
other reagents, including those for cell culture, were purchased from Sigma
Chemical Company (St Louis, USA).

N——O0CH,Ph N——0CH,8
v o
NC\C/NH N NH
H |
PN c
NC N :E OH NC/ \N :ﬁ OH
FMA4 FMA7
N——OCH,
we?
Nc\c/ NH: OH ’
” NC\C/NH oH
C.
NC/ \N :E OH (U
NC/ \N :a OH
OH
OH
FMA762 FMA796

Figure 2.1 — Schematic structure of the newly synthesized nitrogen compounds. Two phenolic
units are linked to an amidine function through a linear chain containing a nitrogen atom in three
carbon atoms. FMA762 and FMA796 differ mainly from FMA4 and FMA7 by the presence of
three hydroxyl groups. The compounds were prepared by F. Areias, Group of Organic Chemistry,
University of Minho (Areias, 2006).

2.2.2. PCI2 cell culture and treatment conditions

PC12, a neuronal cell line established from a rat adrenal pheochromocytoma
(Greene and Tischler, 1976) was used in this study. There are many reports of the
use of this cell line as a model for the study of neurodegenerative disorders in which
oxidative stress is involved, such as Parkinson’s or Alzheimer disease (Oliveira et
al., 2002; Wang et al., 2003; Hiroi et al., 2005; Piga et al., 2005; Jung et al., 2007).
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Cells were cultured in suspension in 75 cm? flasks, in RPMI-1640 medium
supplemented with 10% (v/v) heat-inactivated horse serum, 5% (v/v) heat-
inactivated fetal bovine serum and 1% (v/v) of an antibiotic/antimycotic solution.
Cultures were maintained in a humidified incubator containing 95% air and 5% CO,,
and passed twice a week. Before each assay, the cell aggregates were carefully
disrupted by gently pipetting and the separated cells plated in poly-D-lysine-coated
multiwells, at a density of 2.5 x 10° cells/cm?, for the MTT assay, and at a density of
1.6 x 10° cells/cm? for other studies. After plating, cells were left for adhesion
overnight. The compounds in study were usually added to the cells three hours prior

to the addition of the deleterious stimuli.

2.2.3. Determination of the radical scavenging effect — DPPH assay

Free radical scavenging capacity of the compounds was determined using
DPPH (2,2-diphenyl-1-picrylhydrazyl) discoloration method, according to the
procedure previously described (Silva et al., 2006). The reduction of this radical by
an antioxidant compound results in a decrease in absorbance and is proportional to
the number of electrons absorbed (Parejo et al., 2000), indicating the antiradical
capacity of the substances in study.

Briefly, the discoloration rate of a 0.002% ethanolic solution of DPPH was
followed at 517nm, along the time, in a SpectraMax 340PC microplate reader,
versus a control containing ethanol instead of the compound in study. The inhibition
of discoloration was expressed as a percentage, towards the control, and the 1Cs
were then obtained from the inhibition curve. The absorbance stabilization time was
also determined. Antiradical Efficiency (AE) was determined according to the

formula
AE =1/(ICs0 x Tics0) (2.1)
where ICs is the concentration needed to reduce the DPPH discoloration by 50%

and Ticso is the time needed to reach the discoloration steady state at ICs

concentration (Sanchez-Moreno et al., 1998).
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2.2.4. Measurement of 2-deoxy-D-ribose degradation

The compounds scavenging activity against the hydroxyl radical was evaluated
by the 2-deoxy-D-ribose degradation assay. Hydroxyl radicals formed in this method
through a mixture of ascorbic acid, H,O, and EDTA-Fe** (Haber-Weiss reaction)
degrade deoxyribose in a series of fragments, which react on heating with
thiobarbituric acid to give a pink chromogen. If a compound is added to the reaction
mixture, that can scavenge the hydroxyl radical more efficiently than deoxyribose,
then its degradation will be slower, as well as the chromogen formation (Halliwell et
al., 1995).

A reaction mixture was prepared in 10 mM KH,PO,-KOH, pH 7.4, containing 2.8
mM deoxyribose, 20 uM FeCl; (dissolved in 2 mM Na,EDTA), 1.42 mM H,0,, 50 uM
ascorbic acid, in the presence or absence of the compounds in study at their I1Csq
concentrations (obtained by the DPPH discoloration method). After 1 h incubation at
37°C, the reaction was stopped by adding 1% thiobarbituric acid in 50 mM NaOH
and 2.8% trichloroacetic acid. The reaction mixture was then heated at 100°C for 15
minutes. After cooling, absorbance values were determined at 535 nm in a

microplate reader (SpectraMax 340PC).

2.2.5. Evaluation of the degree of hydrophobicity

The drugs hydrophobicity was determined by measuring the partition coefficients
(PC), in an n-octanol/HEPES system. The nitrogen compounds were dissolved in n-
octanol at a concentration of 20 uM, and 1 ml of each solution was shaken with 20
ml HEPES (20 mM, pH 7.4) for about 10 min, at room temperature. The two different
phases formed were then separated by centrifugation. The absorbance peaks of
each drug, needed to assess the concentrations in each solution, were determined
as 380 nm for FMA762 and 415 nm for FMA796. PC values were then calculated

using the formula:
PC =log (Co / Cy) (2.2)
where Co and Cy are the concentrations of the drugs in n-octanol and in HEPES,

respectively. The Cy values were indirectly determined by calculating the difference

between the initial and the final concentrations of the drug in octanol.
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2.2.6. Analysis of cell survival

Cell viability in the presence of the compounds was evaluated by the MTT
reduction test, as previously described (Silva et al., 2006). Briefly, 0.5 ml MTT (final
concentration 0.5 mg/ml, in Krebs medium, pH = 7.4), prepared just before usage
and maintained in the dark, was added to the PC12 cells. The plate, wrapped in
aluminium foil, was left incubating for 2 hours. Hydrogen chloride 0.04 M in
isopropanol was then added, followed by 2 hours more of orbital shaking, in the
dark, to dissolve the formazan crystals. The survival of PC12 cells was expressed
as the percentage of OD towards control cells, containing the same amount of the
drug solvent, DMSO.

2.2.7. Measurement of the extent of lipid peroxidation - TBARS assay

Lipid peroxidation was evaluated by measuring the levels of Thiobarbituric Acid-
Reactive Substances (TBARS), which are expressed in terms of malondialdehyde
(MDA) equivalents that react with thiobarbituric acid (TBA) (Hodges et al., 1999).
TBARS formation was induced by the oxidant pair ascorbate/iron for 1h at 37°C, as
previously described (Silva et al., 2006). Absorbance was read at 530 nm in a
multiplate reader (Spectramax 340PC). The amount of TBARS produced was
calculated using the molar absorption coefficient of 1.56 x 10°M™” cm™, corrected for
the total protein content (Sedmak and Grossberg, 1977) and expressed as nmol
TBARS/mg protein.

The antioxidant capacity of the drugs was evaluated determining the percentage
of protection offered by each drug against the lipid peroxidation induced by the
oxidant pair, by using the normalization proposed by Singh (1998) (Singh et al.,
1998):

% Protection = 1 - [(D-C) / OP] x 100 (2.3)
where D is the amount of TBARS in the presence of the drug, C is the basal lipid

peroxidation (negative control) and OP is the amount of TBARS in the presence of

the oxidant pair.
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2.2.8. Measurement of intracellular reactive oxygen and nitrogen species

Levels of intracellular ROS were measured by flow cytometry as the
fluorescence of DCF, which is the oxidation product of DCFH,-DA that is an ester
that freely permeates the cells membranes. After entering the cells, DCFH,-DA
loses its diacetate group (becoming DCFH;), by esterase action, and can then be
oxidized to highly fluorescent DCF. ROS and RNS like H,O,, NO and its reaction
product with O™+, which is the highly reactive peroxynitrite (ONOQO ™), can oxidize
DCFH; (Possel et al., 1997; Sharikabad et al., 2001).

PC12 cells were incubated with 10 yM DCFH»,-DA for 45 min, in the dark and at
37°C, after being subjected to the oxidative insult (2 mM ascorbate/100 uM Fe?*) for
1h or with the NO donor Sodium Nitroprusside (SNP) for 20h. After two washes with
PBS, cells were scrapped and collected for flow cytometry analysis in an Epics® XL-
MCL™ (Beckman Coulter) flow cytometer equipped with an argon-ion laser emitting
a 488-nm beam at 15 mW. Green fluorescence was collected through a 488 nm
blocking filter, a 550 nm long-pass dichroic and a 525 nm band-pass. At least 20
000 cells were analysed per sample at a low flow rate. Data were analysed by
WinMDI 2.8 software.

2.2.9. Nitrite assay

Accumulation of extracellular nitrites (NO,’), an indicator of NO synthase activity,
was measured in the culture medium by the Griess reaction. This assay relies on a
simple colorimetric reaction between nitrite and Griess reagent [0.1% N-
(naphthyl)ethylenediamine dihydrochloride and 1% sulfanilamide in 5% phosphoric
acid] to produce a pink azo product (Jang and Suhr, 2005; Tsikas, 2007).
Concentrations of nitrite, the end-product of NO production, were quantified 20h
after addition of the compounds and/or SNP to the cells. The Griess reagent (100 pl)
was then added to 100 pl of sample of the cell culture medium, mixed and incubated
for 20 min at room temperature. The optical density (OD) was measured at 540 nm
in a microplate reader (SpectraMax 340PC). Nitrites concentrations were
determined from a calibration curve of the absorbances obtained for a set of

standards of sodium nitrite prepared in culture medium.
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2.2.10. Determination of GSH/GSSG content

The glutathione (GSH) content of PC12 cells, incubated for 2 h 30 min in the
presence of 1 mM tert-butylhydroperoxide (t-BHP), was assessed by the DTNB-
GSSG reductase recycling assay, based in the methodology of Anderson
(Anderson, 1985), with some slight modifications. Briefly, 360 pl of culture medium
was added to 40 pl of 50% (w/v) 5-sulfosalicylic acid (SSA) for protein precipitation
and centrifuged for 1 min at 10 000 g. These samples allowed the quantification of
GSH and oxidized glutathione (GSSG) in the extracellular medium. The cells that
remained attached to the wells were scrapped in PBS and 360 pl of this cell
suspension were added to 40 pl of 50% (w/v) SSA and then centrifuged. This
procedure allowed for quantification of intracellular GSH and GSSG. Total
glutathione levels were measured in the supernatants, by following the 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB) oxidation, at 415 nm, and comparing it to a
GSH standard curve. For GSSG measurement, 100 pl of supernatant was
derivatized with 2 pl of 2-vinylpyridine and 10 pl of 50% (v/v) triethanolamine and
continuously mixed for 1 h. GSSG levels were then quantified in the same way as
previously described for total glutathione, but using a GSSG standard curve instead.
GSH content was calculated by subtracting GSSG content from the total glutathione

level.

2.2.11. Determination of antioxidant enzymes activity

The activity of antioxidant enzymes was measured after a pre-incubation period,
with the compounds, at 3 h. PC12 cells were then subjected to 1 mM #-BHP for 2.5h
more. After that, cells were washed and suspended in ice-cold PBS (pH 7.4) and,
after a short-pulse sonication to promote cell lysis, centrifuged at 13 000 g for 1 min.
All enzyme activities were measured in the supernatants. Determination of
glutathione peroxidase (GSH-Px) activity is based on the oxidation of reduced
glutathione by GSH-Px, using -BHP as a substrate, coupled to the disappearance
of NADPH by glutathione reductase (Flohé and Gunzler W.A., 1984; Alia et al.,
2006). This reaction was monitored by following the decrease in absorbance at
340nm, on a microplate reader (SpectraMax 340PC). One mili-unit (mU) of GSH-Px
was defined as the amount of enzyme that catalyses the oxidation of 1nmol of

NADPH per minute. Superoxide dismutase (SOD) activity was determined
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spectrophotometrically at 546 nm by following the reduction of NitroBlue Tetrazolium
(NBT) by the xanthine/xanthine oxidase system (McCord and Fridovich, 1969; Pias
et al., 2003). One unit (U) of SOD was defined as the amount of enzyme needed to
inhibit the reduction rate of NBT in 50%. This assay measures the activities of the
three most discussed types of SOD, namely Cu/Zn-SOD, Mn-SOD, and Fe-SOD. All
the enzymes activities were expressed relatively to the amount of protein in the cell

extracts.

2.2.12. Total protein quantification

Protein content was measured with the Bradford Reagent purchased from

Sigma (St. Louis, Missouri) using a bovine serum albumin standard.

2.2.13. Statistical analysis

Data are expressed as the mean + S.E.M., of the indicated number of
experiments. The significance of the differences between the means observed was
evaluated using the unpaired two-tailed Student’s t-test. A difference of p < 0.05 was

considered significant.

2.3. Results

2.3.1. Determination of the radical scavenging effect

It is well established that the antioxidant activity of a drug depends on its ability
to scavenge free radicals (Beckman and Ames, 1998). The DPPH discoloration
assay, a method frequently used to evaluate the radical scavenging activity of the
compounds by themselves (Okawa et al., 2001; Molyneux, 2004), was used as a
first approach. The first step was to determine the stabilization time for the
discoloration of a DPPH ethanolic solution, as previously reported (Silva et al.,
2006). We considered 40 min as a relative steady state discoloration time for all the
compounds. With the absorbance results obtained at this timepoint we calculated
the percentages of inhibition of discoloration for each drug concentration. For the

antiradical efficiency calculations we considered two parameters: the IC5, obtained

75



Chapter 2

for each drug (directly taken from the dose-response curves) and the time required
by each compound to reach the steady state of DPPH discoloration, at this ICsg
concentration. This time of stabilization at the 1Csy concentration was found to be 15
and 35 min for FMA762 and FMA796, respectively. Results in Table 2.1 show that
FMA762 and FMA796 have higher antiradical efficiency values than the antioxidant
trolox, used as a reference, and than FMA4 and FMAY (Silva et al., 2006). This is

the first indication of their improved ability to scavenge free radicals.

Table 2.1 - Free radical scavenging parameters of the different compounds tested.

DPPH discoloration assay
Antiradical 2-Deoxy-D-ribose
Compounds ICs0 (uM) (;;ci;o) EfﬂCie:Cy degradation (%)
(x 10™)
Control 100.0+ 4.5
FMA762 3.7+0.7 15 18.02 37.9+237
FMA796 34+03 35 8.40 387+217
FMA4®@ 19.8+0.1 40 1.26
FMA7® 20.4+0.2 40 1.23
Trolox 9.0£0.2 20 5.56 76.6+2.6 "

Different concentrations of each drug were added to the ethanolic solution of DPPH and the
discoloration measured spectrophotometrically, at 517 nm, after 40 min. Results were expressed as
the percentage of DPPH discoloration towards a positive control containing only the DPPH solution.
The antiradical efficiency was calculated as described in Materials and Methods. Degradation of 2-
deoxy-D-ribose degradation was assessed by adding the compounds, at the ICso concentrations, to a
reaction mixture as described in Materials and Methods. Results were expressed as the percentage,
relatively to the control (containing DMSO instead of the compound) of 2-deoxy-D-ribose degradation
occurring in the presence of Fe®* and ascorbic acid. Data represent mean = S.E.M for at least three
different experiments. ** p < 0.01, *** p < 0.001, compared to control. @ FMA4 and FMA?7 results in
Silva et al. (2006).

The scavenging effect of the compounds on hydroxyl radicals was assayed by
measuring the effect on the 2-deoxy-D-ribose degradation produced by the reaction
of Fe*" with ascorbic acid, in the presence of EDTA. Table 2.1 shows that FMA762

and FMA796, at their IC5, concentrations, attenuated the iron plus ascorbic acid
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mediated deoxyribose degradation by 62.1 + 2.3 and 61.3 + 2.1%, respectively. This
attenuation was higher than the one observed for trolox (23.4 + 2.6%), indicating the
compounds greater ability to scavenge hydroxyl radicals when compared with the
traditional antioxidant, trolox. These results indicate that FMA762 and FMA796 are
good scavengers of hydroxyl radicals and validate the ones obtained for the DPPH

discoloration assay.

2.3.2. Determination of intracellular reactive oxygen species

An effective antioxidant should be able to scavenge intracellular reactive
oxygen/nitrogen species (ROS/RNS) in order to stop radical chain reactions, or to
inhibit the reactive oxidants from being formed in the first place (Behl and
Moosmann, 2002; Huang et al., 2005).

The effects of the new compounds on intracellular ROS content were assessed
with the fluorescent probe DCF, by flow cytometry analysis. The pair ascorbate/
Fe?*, which has been described as adequate to induce oxidative stress in neuronal
models such as retinal cells (Rego et al., 1998; Areias et al., 2001) and was also
used in our previous studies (Silva et al., 2006), was used as a free radical
generator. In this case, the ferrous iron (Fe?") outside the cells is easily oxidized to
ferric iron (Fe®). Ascorbate acts as a pro-oxidant agent, reducing Fe* and
originating Fe?*. The interaction of this Fe?* with the hydrogen peroxide inside the
cells originates hydroxyl radicals through the Fenton reaction, which are susceptible
of inducing the oxidative stress cascade of events (Shapiro and Saliou, 2001; Hiroi
et al., 2005).

Our data in Figure 2.2 shows the increase in fluorescence originated by the
reaction of DCF with ROS. In the presence of the oxidant pair 2 mM ascorbate/100
UM Fe?" the cells display an increase in fluorescence (2.73 + 0.21, p < 0.001)
relatively to the control (cells alone). Pre-treatment with FMA762 and FMA796 for 3
hours resulted in a statistically significant reduction in fluorescence intensity, when
compared to the cells treated with the oxidant pair. This decrease in intracellular
ROS formation was similar to the one observed for a-tocopherol, the liposoluble
form of vitamin E, used as a positive control due to its known ROS scavenging
properties (Hong and Liu, 2004). FMA7 and FMA4 were not able to reduce

intracellular ROS levels induced by the oxidant pair.
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Thus, we can say that among the new compounds tested, FMA762 and FMA796
are the most efficient ones, showing a high protective effect on ascorbate/iron-

induced intracellular ROS formation.
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Figure 2.2 - Inhibitory effect of the selected compounds on intracellular ROS formation.
Compounds were added to the cells 3 hours prior to the incubation with the oxidant pair 2 mM
ascorbate / 100 pM Fe?* for 1 h. ROS formation was assayed by flow cytometry after 45 min
incubation with 10 uM DCFH-DA. a-Tocopherol (a-Toc) was used as a positive control. Results
were expressed as the increase in fluorescence relatively to control. For each bar is represented
the mean + S.E.M for at least three independent experiments. ~ p < 0.05, "~ p < 0.01, compared to

oxidant pair.

2.3.3. Effect of the compounds on ascorbate/iron-induced lipid

peroxidation

It is known that metal-induced generation of oxygen radicals results in the attack
of different cellular components, including polyunsaturated fatty acid residues of
phospholipids which are, because of their multiple double bonds, excellent targets
for free radical attacks (Nordberg and Arner, 2001; Valko et al., 2006).

The extent of protection on lipid peroxidation presented by the compounds in
study is shown in Figure 2.3. The new compounds were tested at their 1Cs
concentrations and at a concentration 5-fold their ICs,. For the lower concentrations,
the protective effect was of about 40-50%. Furthermore, for the higher ones (17 uM
and 18.5 pM), FMA762 and FMA796 protection (64.9 + 5.7% and 50.5 + 2.0%,
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respectively) is higher than the one of trolox (37.5 + 3.1%) and, in the case of
FMA762 is even similar to the one of a-tocopherol (68.3 + 4.7%).
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Figure 2.3 - Relative drug protection on lipid peroxidation, in PC12 cell model. The oxidant pair
concentration used was 2 mM ascorbate/100 uM Fe?" Cells, at a density of 1.6 x 10° ceIIs/cmz,
were pre-incubated with the drugs for 3 h, prior to the addition of the oxidant pair, which was left
for 1 h more. Each column represents the mean + S.E.M., considering the results obtained for at
least 3 different experiments. ** p < 0.01, compared to trolox. * p < 0.05, ** p < 0.01, compared to

a-tocopherol.

In comparison to our results previously obtained with FMA4 and FMA7 (Silva et
al., 2006), FMA762 and FMA796, which differ mainly by the presence of three
hydroxyl groups within their phenol ring, show an improved ability to protect cells
from the ascorbate/iron-induced lipid peroxidation, which is in agreement with their

greater capacity to prevent intracellular ROS formation (Figure 2.2).

2.3.4. Measurement of the compounds liposolubility

The partition coefficient is a physico-chemical property of a compound that can
be linked to its biological behaviour (Bhat et al., 2002; Rogachev et al., 2003).
Therefore, the degree of hydrophobicity of the new compounds was measured by
determining this parameter in an n-octanol/HEPES system. Partition coefficients for
FMA762 and FMA796 were 1.30 £ 0.02 and 1.91 £ 0.12, respectively. These results
are indicative of the relative liposolubility of the new compounds in study, which is

intermediate between the hydrosoluble form of vitamin E, trolox, and the liposoluble
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one, a-tocopherol (Silva et al., 2006). This fact could explain the intermediate
protection (between these two forms of vitamin E) previously observed on lipid
peroxidation (Figure 2.3).

Among the tested compounds, FMA796 presents a higher affinity for the octanol
phase (highest PC value). This is even higher than the PCs previously obtained for
FMA4 and FMAY (Silva et al., 2006), which again confirms its increased ability to act

intracellularly.

2.3.5. Effect of the compounds on SNP-induced toxicity

Nitric oxide production is commonly associated with degenerative conditions
such as Alzheimer and Parkinson’s diseases (Araujo et al., 2003; Jang and Subhr,
2005). Therefore, an antioxidant compound would be of greater value if it could also
decrease the levels of nitrosative stress.

In this context, Sodium Nitroprusside (SNP) was used as a NO generator inside
the cells. However, it has been previously reported that toxicity induced by SNP is
associated with a decrease in cell viability, as a consequence of the stimulation of
reactive oxygen and nitrogen species related to the release of NO, and subsequent
generation of even more reactive molecules, like peroxynitrite (Bastianetto and
Quirion, 2002; Jung et al., 2007).

Indeed, treatment of PC12 cells with 400 uM SNP resulted in a decrease in cell
viability of 51.5 % (MTT assay), as it is shown in Figure 2.4A. Both FMA762 and
FMA796 led to a significant increase in cell survival, in the presence of SNP,
revealing a good ability to attenuate the NO-induced cytotoxicity. Their beneficial
effect was even better than the one observed for the vitamin E hydrosoluble
analogue, trolox. As expected, the DCF assay indicated that 400 yM SNP caused a
significant increase in ROS/RNS accumulation (2.4 + 0.2 above control values, p <
0.001) 20 h after its addition to the culture medium (Figure 2.4B). SNP-induced
ROS/RNS production was significantly attenuated by FMA762 (1.7 + 0.2, p < 0.05)
and FMA796 (1.6 £ 0.3, p < 0.05). On the other hand, both FMA4 and FMA7 were
unable to attenuate the effect of SNP on ROS/RNS intracellular accumulation. The
lack of inhibitory effects of the former against toxic events initiated by SNP were
shared by 45uM trolox (used as control), which is in accordance with other
published papers (Bastianetto et al., 2000). So, FMA762 and FMA796 seem to be

effective also as RNS scavengers.
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Figure 2.4 - Effects of the tested compounds on SNP-induced toxicity and intracellular
ROS/RNS formation. Cells, at a density of 1.6 x 10° cells/cm?, were incubated in the presence
of 400 uM SNP together with the compounds for 20 h. A) Cell viability assessed by the MTT
assay. B) Intracellular ROS/RNS formation, assessed by flow cytometry, using the fluorescent
probe DCF. For each bar is represented the mean + S.E.M for at least three independent
experiments. ** p < 0.01, compared to control cells; * p < 0.05, ** p < 0.01, compared to 400
MM SNP.

The fact that these new compounds are nitrogenated has raised a question
regarding whether these structures per se could, directly or indirectly, lead to nitric
oxide production inside the cells, which could somehow influence the results.

As previously reported (Bastianetto and Quirion, 2002), an exposure to SNP
leads to an increase in nitrites in the culture medium. For this reason, the increase in
nitrites concentration induced in the presence or absence of SNP was evaluated for
each experimental condition. So, first we determined if the compounds led to an

increase in the accumulation of nitrites, which are the end-products of NO
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production. SNP was used as a positive control, leading to an increase from 0.7 to
21.6 uM in nitrites concentration, as shown in Figure 2.5A. Results in this figure
clearly show that the new compounds in study do not act as substrates for nitric
oxide synthase and do not contribute, per se, to the increase of intracellular nitrite
levels. Moreover, there are no differences in nitrites production between them.
Additionally, none of the compounds tested decreased the SNP-induced
accumulation of nitrites, indicating that they were unable to modulate the activity of

nitric oxide synthase elicited by SNP (Figure 2.5B).
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Figure 2.5 — Effects of the compounds on nitrite accumulation in the culture medium. Cells were
incubated in the presence of 400 yM SNP and/or the compounds for 20 h. A) Effect of the
compounds alone on nitrite levels. In this case, 400 uM SNP was used as a positive control. B)
Effects of the compounds on nitric oxide synthase activity induced by SNP. For each bar is
represented the mean + S.E.M for at least three independent experiments. *** p < 0.001,

compared to control cells.
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2.3.6. Effects of the nitrogen compounds on cellular total glutathione levels

and on the activities of GSH-Px and SOD

Besides the effect of the compounds as ROS/RNS scavenging agents we
wanted to investigate their role on enzymatic and non-enzymatic intracellular
defences against oxidative stress.

So, as an indicator of the intracellular non enzymatic antioxidant defences, the
GSH content was measured in cells treated with 1 mM -BHP for 2.5 h. The thiol-
oxidizing agent, t-BHP, has been widely used as an inducer of oxidative stress
(Ahmed-Choudhury et al., 1998), being its use reported to study changes in the
levels of antioxidant defences (Pias and Aw, 2002; Alia et al., 2005).

Our results show that in the presence of t-BHP there was a decrease in
cytoplasmic GSH content (Table 2.2). A 3 h pre-incubation with the compounds prior
to the addition of --BHP was not able to revert this t-BHP-induced decrease in GSH
content, since no significant changes were observed between the compounds and t-
BHP. There were neither significant changes in oxidized glutathione (GSSG) content
(Table 2.2) produced by pre-incubation of the cells with the nitrogen compounds.

In order to study the effects of the nitrogen compounds on the antioxidant
defence enzymes in our model, the activities of GSH-Px and SOD were determined
after incubation with 1 mM ~BHP for 2.5 h.

Results in Table 2.2 show that 1 mM t-BHP induced a statistically significant
decrease in enzymes activities (about 35% and 42% for GSH-Px and SOD,
respectively) as expected. However, this decrease was not attenuated by pre-
incubating cells with the nitrogen compounds. This indicates that the compounds
antioxidant effects are not mainly due to a modulation of the studied natural

antioxidant enzymes.
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Table 2.2 - Effect of the compounds on glutathione levels and antioxidant enzymes activities.

GSSG

imM GSH (nmol GSH GSH-Px SOD
Compound t-BHP, (nmol/mg X (mU /mg (U/mg
25h protein) equiv/ mg protein) protein)
' protein)
-—- - 243 +4.4 07104 14.3+0.5 24+05
+ 5818 90+19" 93+02" 14+0.2°
40uM FMA4 + 6.1+0.7 6.3+0.9 10.2+0.1 1.2+0.2
40uM FMA7 + 59+14 9.3+0.6 105+1.9 1.4+0.3
37uM FMA762 + 9.3+25 10.5+26 10.1+£0.7 1.310.1
34uM FMA796 + 7.7+£22 121+£23 10.5+£0.7 1.2%0.1

Cells were pre-incubated in the presence of the compounds for 3 h prior to the addition of 1 mM {-BHP
for 2h30. Glutathione content was determined by the DTNB-GSSG reductase recycling assay.
Enzymatic activities were performed as described in Materials and Methods. For each condition is
represented the mean + S.E.M for at least three independent experiments. * p < 0.05, ** p < 0.01,

compared to control cells.

2.4. Discussion

In a previous study, a broad range of nitrogen compounds were synthesized and
chemically characterized regarding their antioxidant potential (Areias, 2006). From
that study, which also tried to determine the ideal structures an antioxidant should
have in order to be effective, two compounds emerged as promising in which
concerns to their antioxidant potential. The present work intended to continue that
study, by focusing on four structurally related new nitrogen compounds with slight
structural differences, FMA4, FMA7, FMA762 and FMA796. Our first results with
FMA4 and FMA7 had shown an ability to scavenge free radicals (Silva et al., 2006).
However, modifications made to their structures resulted in more promising
compounds in terms of antioxidant activity (FMA762 and FMA796), as the results
obtained with chemical approaches like the DPPH discoloration and 2-deoxy-D-
ribose degradation assays, demonstrate (Table 2.1). Essentially, FMA762 and
FMA796 differ from FMA4 and FMA7 by the presence of three hydroxyl groups
within the phenol ring, instead of just one, which seems very important since the
substituents present in the molecule, and particularly their positions, contribute to

the antiradical activity differences seen between compounds (Yokozawa et al.,
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1998; Arora et al., 1998; Lebeau et al., 2000). In addition, the compounds in study
differ by the presence or absence of functional groups in the amidine unit which
have the intent to make them more liposoluble and thus permeate biological
membranes more easily. Previous studies with flavonoids indicated that the more
hydroxyl substitutions in a molecule, the stronger the antioxidant activities observed
(Cao et al., 1997). Therefore, the presence of three hydroxyl groups in FMA762 and
FMA796 is expected to improve their free radical scavenging ability, when compared
to FMA4 and FMAY (see Figure 2.1).

The extent of oxidative stress induced by ascorbate/iron (lI) was determined by
following the changes in DCF fluorescence, which is a measure of intracellular ROS
formation. As the oxidant stimulus, we used the pair ascorbate/Fe?*, which has been
shown to significantly increase the formation of intracellular free radicals in PC12
(Gassen et al., 1998) and retinal (Areias et al., 2001) cells. It is described that iron is
present in very high concentrations in different regions of the brain and that an
increase in free iron concentration occurs in many neuropathological situations, like
Parkinson and Alzheimer’s diseases, as a result of a disruption of iron homeostasis
(Halliwell et al., 1995; Berg et al., 2001; Mwanjewe et al., 2001). Furthermore, free
iron can be reduced by ascorbate that exists at a high (millimolar) concentration in
the nervous tissue (Sen et al., 2006; Qiu et al., 2007), generating hydroxyl radicals
by the Fenton reaction, making the pair adequate to our cell model. As expected
from the results regarding their higher ability to scavenge the DPPH radical and to
inhibit 2-deoxy-D-ribose degradation, FMA762 and FMA796, as opposite to FMA4
and FMAY, were effective in decreasing ascorbate/iron-induced intracellular ROS
formation, at their 1C5, concentrations (previously determined by the DPPH
discoloration method). This decrease was similar to the one observed for a-
tocopherol, commonly used as an antioxidant. These results are of great relevance
since the pair ascorbate/iron, used in this study as the free radical generator, as
previously stated, is known to induce an excessive production of free radicals in
several pathological conditions where it is involved an alteration of the intracellular
iron homeostasis.

There seems to be a relationship between the compounds structure, their
antiradical activity and their ability to protect cells from intracellular ROS formation.
When compared with FMA4 and FMA7, which have only one hydroxyl group in their
structures, the presence of three hydroxyl groups in the phenol ring of FMA762 and
FMA796 provides them a higher ability to scavenge free radicals, as determined by

the chemical approaches (DPPH discoloration and 2-deoxy-D-ribose degradation
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assays). This was also observed in our biological model, by assessing their greater
ability to prevent the formation of ROS inside PC12 cells. The protection profile of
the compounds in study against increased ROS formation induced by the oxidant
pair ascorbate/iron seems to correlate with the protective effect observed against
lipid peroxidation.

FMA762 and FMA796 also presented an ameliorated ability, in comparison to
FMA4 and FMA7, to prevent lipid peroxidation induced by ascorbate/iron. The
amount of protection observed for FMA762 and FMA796 was higher when
compared to trolox, the hydrosoluble form of vitamin E, and FMA762 was similar to
the one of a-tocopherol. It should be noted that a-tocopherol is the most active form
of vitamin E in humans, has been considered the major membrane bound
antioxidant employed by the cell, whose main function is to protect cells against lipid
peroxidation (Valko et al., 2006). Therefore, the ability of the compounds to match a-
tocopherol’s protection on lipid peroxidation, as well as to prevent the intracellular
ROS formation, could be indicative of a superior antioxidant potential of the
compounds in study.

Since lipid peroxidation occurs mainly due to the free radicals formed
intracellularly it is important that the antioxidant compounds have the ability to cross
the lipid bilayer and prevent those radicals from inducing the peroxidation of
membrane lipids (Spiteller, 2001). The partition coefficients obtained for the new
compounds are indicative of their relative liposolubility, which enables them to
permeate cells, further contributing to their intracellular action. Their lipophilic
profiles were similar to some common natural antioxidant compounds (Areias et al.,
2001; Kitagawa et al., 2005). It seems difficult to establish a correlation between the
nitrogen compounds structures and their liposolubility profiles, since the presence of
more polar groups (e.g. hydroxyl) does not, by itself, contribute to a lower
liposolubility. For example, FMA796 despite presenting an added number of
hydroxyl groups, shows an increased liposolubility when compared to FMA7 (see
figure 1). However, the hydroxyl groups in the phenolic unit of FMA796 are engaged
in a highly favourable intramolecular H-bonding. Consequently, the interaction with
water molecules (HEPES solution) will be reduced and the solubility in the non-polar
solvent n-octanol is favoured, compared to what is observed for compound FMA?7,
where the hydroxyl group interacts exclusively with the water molecules.
Nevertheless, the liposolubility results can at least partially explain the good
performance of the compounds in scavenging ascorbate/iron-induced intracellular

ROS and in preventing lipid peroxidation. In fact, all the compounds, which
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presented higher PCs than trolox (0.49 + 0.02) and lower than a-tocopherol (6.76 +
0.39) [25], were more effective on the prevention of lipid peroxidation than the water-
soluble analogue of vitamin E, but were not able to surpass the protection offered by
its lipophilic form (a-tocopherol). The liposoluble form of vitamin E, a-tocopherol, in
contrast to the more hydrosoluble one, trolox, is known to bind the cells plasma
membrane, where it exerts its main function of protecting cells against lipid
peroxidation (Valko et al., 2006). Therefore, the ability of the compounds to match a-
tocopherol’s protection on lipid peroxidation, associated to their action on ROS
scavenging at the intracellular level (Figure 2.2), makes them promising antioxidants
with a broader action than a-tocopherol and suggests their ability to act
intracellularly.

Besides ROS, reactive nitrogen species (RNS), like nitric oxide (NO) and
peroxinitrite can also exert harmful effects to cells (Antunes et al., 2005; Valko et al.,
2006). NO is a short-lived radical that is generated during the conversion of L-
arginine to citrulline by nitric oxide synthase. In the first step of the reaction, arginine
is hydroxylated to N-hydroxy-arginine, which is then oxidized to citrulline and NO
(Cadenas and Cadenas, 2002; Li et al, 2007). Although at physiological
concentrations NO acts as an important second messenger, when present at
concentrations higher than physiological ones, NO can initiate a toxic cascade that
leads to cell death (Dawson and Dawson, 1996).

Among the nitrogen compounds herein studied, FMA762 and FMA796 showed
the highest protective effect against SNP-induced toxicity as a result of NO
generation (Figure 2.4), as they significantly reversed the decrease in cell viability
induced by SNP (assessed by the MTT assay) and also significantly diminished the
increase in intracellular RNS formation.

Since the new compounds are nitrogenated, a question raised regarding
whether these structures per se could, directly or indirectly, lead to nitric oxide
production inside the cells. In fact, with the exception of FMA762, all of them
possess an amidine group in their structure, similar to the one of L-arginine, which
could be oxidized inside the cells, originating nitric oxide. Depending on the
concentration produced, this could be either harmful or beneficial to cells (Valko et
al., 2006).

However, it was observed that in the presence of the NO donor none of the
compounds was able to reduce the extracellular nitrite accumulation (see Figure
2.5). This is in accordance with results obtained for common natural compounds

with antioxidant activity, which were also reported to exert no effect on NOS
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(Bastianetto et al., 2000; Bastianetto and Quirion, 2002). As it can be observed in
Figure 2.5, the concentration of nitrites did not increase in the presence of the
compounds alone, indicating that they do not act as substrates for NO synthase and
thus do not lead, by themselves, to an increased production of NO inside the cells.
Altogether, these findings indicate that the protective effects of these compounds on
nitrosative stress are not likely associated to the inhibition of nitric oxide synthase,
but with their ability to scavenge reactive nitrogen species.

In addition to directly scavenge free radicals (ROS and RNS), another way by
which an antioxidant can act is through the induction of expression of cells natural
antioxidant defences (Behl and Moosmann, 2002). It is well known that cells are well
equipped with defence mechanisms against oxidative stress-induced cell damage
(Halliwell and Gutteridge, 1999). These cellular antioxidant systems can be divided
into two major groups: enzymatic (comprising SOD, catalase and GSH-related
enzymes) and nonenzymatic (which include the low molecular-weight molecule
GSH) (Nordberg and Arner, 2001; Wilcox et al., 2004). Glutathione (GSH) is the
major intracellular low-molecular-weight thiol that plays a critical role in the non-
enzymatic cellular defence against oxidative stress in mammalian cells (Schafer and
Buettner, 2001; Guan et al., 2006) and plays an important role in protecting brain
tissue from oxidative stress (Drake et al., 2003; Yu et al., 2005). Despite the cells
ability to deal with mild oxidative stress through an upregulation of the antioxidant
defence mechanisms, cell injury may occur when adaptation is not adequate for the
build up of oxidation products, leading to oxidative damage to all types of
biomolecules, including proteins (Willcox et al., 2004). In our case, the cells
incubation with 1mM #-BHP for 2.5 h caused a decrease in cell integrity of about
50% (data not shown), which may have induced the inactivation of the natural
antioxidant enzymes and thus leading to a decrease in their activity. Such results
have also been observed in other published papers using the same cell model (Yu
et al., 2005; Sun et al., 2005; Guan et al., 2006; Wu et al., 2006).

We tested the effects of the new compounds on these antioxidant defence
systems. No statistically significant protective effect could be observed against t-
BHP-induced decrease in GSH-Px and SOD activities. In the same way, no
beneficial effect was observed on the decrease in intracellular GSH. Overall, these
results indicate that the compounds protective effect against oxidative stress is not
due to an involvement on the natural antioxidant defence systems but, again, rather

to a direct scavenging of free radicals.
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In conclusion, we have shown that the new nitrogenated compounds herein
studied are capable of rescuing PC12 cells against oxidative and nitrosative stress.
These effects are likely mediated by their ability to scavenge free radicals, as they
proved to be quite effective in reducing lipid peroxidation, intracellular ROS and
RNS formation in association with their ability to scavenge the DPPH radical and
inhibit 2-deoxy-D-ribose degradation and do not appear to be involved neither in the
induction of intracellular antioxidant enzymes such as GSH-Px and SOD, nor in the
inhibition of NOS. Nevertheless, our results suggest a real interest of these
compounds as potent free radical scavengers and so with a possible
pharmacological application against pathological situations in  which
oxidative/nitrosative stress is involved.

Further studies on basic structure modification regarding other biological targets

are under current investigation.
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Novel nitrogen compounds enhance protection and repair of oxidative DNA damage in a neuronal cell model

Abstract

Oxidative DNA damage has been described as the type of damage most likely to
occur in neuronal cells and is involved in many neurodegenerative diseases and in
aging. This study evaluates the protection of four new synthetic nitrogen compounds
that we have been characterizing (FMA4, FMA7, FMA762 and FMA796). In this
case, we studied their effects on oxidative DNA damage induced in PC12 cells,
using the Comet assay. FMA762 and FMA796 were the most effective in preventing
t-BHP-induced formation of DNA strand breaks and in improving the cells’ capacity
to repair this kind of damage. Moreover, they increased the repair capacity of
oxidised bases induced with the photosensitiser Ro 19-8022, which seems to be
mediated by an increase in DNA repair enzymes activity, assessed by the in vitro
BER assay. However, no regulation at the expression of OGG7 and APE1 genes
was detected. In addition to other properties previously found for these compounds,
they now prove their effectiveness against oxidative stress-induced DNA damage in

a neuronal cell model.
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3.1. Introduction

DNA lesions are constantly being produced in living cells by the deleterious
action of both endogenous and environmental DNA-damaging agents (Kruman,
2004). A great amount of this damage is caused by the oxidation of DNA by reactive
oxygen species (ROS), which are generated during normal cell metabolism and in
response to exogenous factors (Gedik et al., 2002; Wilcox et al., 2004). Oxidative
DNA lesions include the formation of single and double-strand breaks, abasic
(apurinic/apyrimidinic) sites and DNA-protein cross-links, all of which are cytotoxic
and/or mutagenic (Powell et al., 2005; Youn et al., 2005; Hazra et al., 2007).

Neuronal cells, because of their high rate of oxidative metabolism and low levels
of antioxidant enzymes, are quite susceptible to damage by ROS (Englander and
Ma, 2006; Rolseth et al., 2008). In fact, oxidative DNA damage has been described
by some authors as the type of damage most likely to occur in neuronal cells (Fishel
et al., 2007; Bohr et al., 2007), with severe implications in neurodegenerative
diseases (Gabbita et al., 1998; Brooks, 2002; Cui et al., 2004), as well as in aging
(Rao, 2007).

To cope with the deleterious consequences of DNA lesions, cells are equipped
with efficient defence mechanisms to remove this kind of damage by DNA repair
pathways (Kruman, 2004). In this way, DNA damage is predominantly corrected by
the base excision repair (BER) pathway (Coppede et al., 2007), although certain
types of oxidative lesions also appear to be repaired by nucleotide excision repair
(NER) (Dusinska et al., 2006) and mismatch repair (MMR) (Neri et al., 2005).

BER is a major pathway used to repair base lesions and abasic sites. The first
steps are the recognition of damaged bases by specific DNA glycosylases,
hydrolysis of the glycosidic bond between base and deoxyribose and incision of the
affected DNA strand by an apurinic/apyrimidinic (AP) endonuclease at the resulting
abasic site, thus creating a DNA single-strand break. The appropriate nucleotides
are then inserted by polymerases before the nick is sealed (Burkle, 2006; Collins
and Gaivao, 2007; Dobbs et al., 2008). Two enzymes that play an important role in
DNA repair are 8-oxoguanine DNA glycosylase 1 (OGG1) and AP endonuclease 1
(APE1, also known as APEX, HAP1 and Ref-1 (Saitoh et al., 2001)). In mammals,
OGGH1 is responsible for the removal of 8-oxoguanine, a lesion that arises from the
oxidation of guanine base by ROS. This enzyme also has an AP lyase activity,
which is slow and limits the overall rate of repair (Alamo et al., 1998; Dodson and

Lloyd, 2002). So, following the glycosylase reaction, APE1, which is an AP
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endonuclease, bypasses the AP lyase activity of OGG1 and enhances OGG1
turnover, thus having an important role in the regulation of base excision repair of
oxidative DNA damage (Hill et al., 2001; Vidal et al., 2001).

As part of a broader research project regarding the development process of
drugs that can be useful in the improvement of human health, we have been
investigating the potential of new nitrogen compounds, from organic synthesis, in
different conditions where oxidative stress is involved (Silva et al., 2006; Silva et al.,
2008b). In fact, we have previously reported an elevated ROS scavenging activity
for four of them, named FMA4, FMA7, FMA762 and FMA796. These molecules are
composed of an amidine unit and a phenol ring (Figure 3.1) and were synthesised
based on the knowledge that the hydroxyl groups of the phenol ring are usually
responsible for the antioxidant properties of a compound and that nitrogen
compounds can easily interact with active centres responsible for different functions
in living organisms (Wentrup, 1984; Areias et al., 2001). Therefore, the association
of these two moieties in the same molecule was expected to result in new structures
capable of acting even better as antioxidants in living systems (Areias, 2006).

In this work, we evaluated the protective potential of those four new nitrogen
compounds (FMA4, FMA7, FMA762 and FMA796) on tert-butylhydroperoxide (t-
BHP)-induced oxidative DNA damage in a neuronal cell model, by the Comet assay,
a technique which has been commonly used to assess the genotoxicity of
antioxidants (Cemeli et al., 2008). In addition, we intended to further characterise
that protection and investigate the involvement of these compounds in DNA repair
mechanisms, by addressing specific repair enzymes both at activity and gene
expression levels. The rat pheochromocytoma PC12 cell line, used in this study, is
derived from chromaffin cells of the adrenal medulla and have been previously used
as a simple model system in which a correlation between oxidative stress and
neurodegeneration, characteristic of Parkinson’s or Alzheimer’s diseases, has been
established (Piga et al., 2005; Guan et al., 2006; Jung et al., 2007).

3.2. Materials and methods

3.2.1. Compounds

The compounds used in this study (Figure 3.1) were prepared in the group of
Organic Synthesis, Chemistry Department, University of Minho, from the reaction of

an appropriate phenolic aldehyde with a substituted amidine, as previously
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described (Areias, 2006). The experimental procedure was adapted from previous
work (Booth et al., 1999) carried out on a selection of mono-substituted aldehydes.
The compounds were provided as a yellowish powder, which was reconstituted in
DMSO, aliquoted and maintained frozen at -80°C until use. Each aliquot was thawed
only once. When incubated with cells, the final solution contains no more than 1%
DMSO. In this case, controls were performed with the same volume of DMSO. Cells
were incubated in the presence of these nitrogen compounds for the indicated time
periods (1h or 24h) in a final solution containing no more than 1% DMSO. The same
volume of DMSO was also added to control cells for each experiment in which the

nitrogen compounds were used.
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Figure 3.1. — Schematic structure of the newly synthesized nitrogen compounds. A phenolic unit
is linked to an amidine function through a linear chain containing a nitrogen atom in three carbon
atoms. FMA762 and FMA796 differ mainly from FMA4 and FMA7 by the presence of three
hydroxyl groups within the phenol ring, instead of one. The compounds were prepared by F. M.

Areias, Group of Organic Chemistry, University of Minho.

Foetal bovine serum (FBS) was obtained from BioChrom KG (Berlin, Germany);
horse serum donor herd was purchased from Gibco (Paisley, UK). RPMI-1640 and
DMEM cell culture media, dimethyl sulfoxide (DMSO), EDTA, trypsin, tert-butyl
hydroperoxide were purchased from Sigma—Aldrich (St. Louis, MO, USA). Ro 19-
8022 (used to induce specific DNA damage) was kindly provided by Hoffman La-
Roche (Basel, Switzerland). Primers specific for 18S, OGG17 and APE1 genes were
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synthesised by STAB-VIDA (Oeiras, Portugal). Qiagen RNeasy total RNA isolation
kit was purchased to Qiagen (Hilden, Germany). Superscript Reverse Transcriptase
[ll kit was obtained from Invitrogen (USA). Power SYBR Green master mix was

acquired from Applied Biosciences (Cheshire, UK).

3.2.2. PCI2 cell culture

PC12, a cell line established from a rat adrenal pheochromocytoma (Greene and
Tischler, 1976) was used in this study. When grown in serum-containing medium,
these cells divide and resemble precursors of adrenal chromaffin cells and
sympathetic neurons, being able to release dopamine (Sasaki et al., 2003). In
addition, they are a user-friendly cell model with some advantages over primary
cultured neuronal cells, including the homogeneity of the cell population (Colognato
et al., 2006; Silva et al., 2008b). Cells were cultured in suspension in 75 cm? flasks,
in RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated horse serum,
5% (v/v) heat-inactivated foetal bovine serum and 1% (v/v) of an
antibiotic/antimycotic solution. Cultures were maintained in a humidified incubator
containing 5% CO, and passed twice a week. Before each assay, the cell
aggregates were carefully disrupted by gently pipetting and the separated cells
plated in poly-D-lysine-coated multiwells at a density of 5 x 10° cells/well, for all
studies. After plating, cells were left for adhesion overnight.

L929 cells, used as substrates for the in vitro base excision repair assay, were
routinely grown in 75 cm? tissue culture flasks in DMEM supplemented with 10%
(v/v) heat-inactivated FBS and 1% (v/v) of an antibiotic/antimycotic solution, until

they reached confluence.

3.2.3. Single cell gel electrophoresis (Comet assay)

The Comet assay is a simple, sensitive, fast and cheap method that allows the
assessment of DNA damage in individual cells. It identifies strand breaks, after
separation of the DNA fragments by electrophoresis in alkali conditions. The
protection against oxidative DNA damage conferred by the compounds herein

studied was assessed using this assay, slightly modified as previously described

5
(Silva et al., 2008a). Cells were plated at a density of 7.5 x 10 cells per well and left

to adhere overnight. Oxidative DNA damage was induced in the presence of either
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200 pM BHP (for strand breaks assessment) or 0.6 pM Ro 19-8022, a
photosensitiser compound, in order to measure oxidised purines. Briefly, after
treatment with the compounds for the indicated time periods, cells were trypsinised
and about 50 000 of them were centrifuged, suspended in low melting point agarose
and spread on slides previously coated with normal melting point agarose. Cells
were lysed, leaving just the nucleoid (which accounts for the supercoiled DNA)
embedded in the agarose. This DNA was then subjected to an electrophoresis, in
alkaline conditions, for 20 min at 1 V/cm, which makes the broken DNA loops, if they
exist, to extend towards the anode, yielding an image that looks like a comet.
Finally, slides were neutralised by washing three times with 0.4 M Tris, pH 7.5, and
fixed with absolute ethanol. Comets were stained with ethidium bromide (10 ug/ml in
PBS) and analysed under a fluorescence microscope. Comet quantification was
performed through either of two ways: visual scoring, a method in which comets are
classified into one of five classes of damage (from 0 to 4) in 100 nucleoids (range of
score: 0 — 400); and/or through a computer-assisted image analysis (TriTek
CometScore™ Freeware v1.5), by measuring the percentage of DNA in the tail.
These two methods had previously shown a good correlation (Silva et al., 2008a).
After subtracting the background levels of damage observed in the untreated

cells, their repair capacity (RC) was determined by using the formula:

RC = 100 x [(DoX— DiX) / DoX] (3.1)

where DoX represents DNA damage before the recovery period in the condition X
and DX represent DNA damage after a recovery period, for the same condition. By
using this formula it is assumed that the initial rate of repair is influenced by the
amount of damage present. In fact the rate of biochemical reactions depends on the
substrate concentration (if not in saturating concentrations). So, if a compound
decreases the initial damage level, as is the case with the ones we are studying, it
will also reduce the repair rate. Therefore, the repair was calculated considering the
initial amount of damage present for each condition (and not to the higher amount
present in control cells) as also done by others (Ramos et al., 2008). The increase in
cells’ repair capacity induced by the compounds was obtained by subtracting the
percentage of repair observed in the presence of the deleterious stimulus alone, to
the percentage of repair in the presence of the compounds and the deleterious

stimulus.
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3.2.4. Measurement of oxidised purines

To measure the amount of oxidised bases, cells were treated with the
photosensitiser compound Ro 19-8022, which induces an excess of this kind of
damage relatively to strand breaks. A stock of a 1 mM concentration was prepared
in 70 % ethanol and stored in small aliquots at -20°C. The working solutions were
prepared immediately before use by diluting this stock solution with PBS (132 mM
NaCl, 4 mM KCI, 1.2 mM NaH,POQO,, 1.4 mM MgCl,, 10 mM HEPES, 6 mM glucose,
1 mM CaCl, pH 7.4). The experiment was carried out in the dark and all solutions
were kept on ice. Cells, plated as previously described, were incubated in the
presence of the nitrogen compounds for the indicated time periods (1h or 24h). After
that treatment, culture medium was removed, cells were rinsed with PBS and 3 ml of
a Ro 19-8022 solution were added to each well at the final concentrations indicated
for each condition. The plates were irradiated on ice at a distance of 33 cm from a
500 W halogen lamp, for 5 min. Control cells were incubated in PBS alone. After
washing the cells with PBS to remove traces of Ro 19-8022, the Comet assay was
performed as described above, with a small change: following lysis, the slides were
washed 3 times (5 min each) in cold enzyme reaction buffer (40 mM HEPES-KOH,
0.1 M KCI, 0.5 mM EDTA, 0.2 mg/ml BSA, pH 8, 4 °C), blotted dry and incubated
with the bacterial repair enzyme formamidopyrimidine DNA glycosylase (FPG), or
buffer (controls), for 30 min, at 37 °C. FPG recognises oxidised purines, creating
breaks at those sites (Duthie and Dobson, 1999; ESCODD, 2003; Gedik and
Collins, 2004), and facilitating their identification. The amount of oxidised purines
(FPG-sensitive sites) was then determined by subtracting the amount of strand
breaks (samples incubated with buffer alone) to the total amount of breaks obtained

after incubation with FPG.

3.2.5. Invitro base excision repair assay

The base excision repair (BER) assay measures the ability of a cell-free extract,
containing the DNA repair enzymes, to recognise the damage in the DNA of
substrate nucleoids and incise the DNA containing specific damage, in this case 8-
oxoguanine (8-oxoGua). The increase in the amount of strand breaks produced
reflects the DNA repair activity of the cell extract (Collins, 2004). This assay was

performed as we previously described (Silva et al., 2008a).
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L929 fibroblasts were used as substrates, since these cells allow an easier
measurement of comets’ damage due to their greater size and lack of a tendency to
form aggregates, in comparison with PC12 cells. Oxidation of purines was induced
by treating L929 cells in a 75 cm? flask, near confluence, with the photosensitiser Ro
19-8022 plus visible light (5 min irradiation on ice at 33 cm from a 500 W halogen
lamp). Cells were then collected and stored at -80°C, in aliquots with a density of 3 x
10° cells/ml.

For the extract preparation, PC12 cells, plated at a density of 5 x 10° cells/ml,
were incubated with the nitrogen compounds for either 1 or 24 h. Cells were then
trypsinised, divided into aliquots and centrifuged at 14 000 g for 5 min, at 4°C. The
dry pellets were then flash frozen in liquid nitrogen and stored at -80°C. On the day
of the experiment, one of these aliquots was thawed and the pellet resuspended in
65 pl of lysis buffer (45 mM HEPES, 0.4 M KCI, 1 mM EDTA, 0.1 mM dithiothreitol,
10 % glycerol, pH 7.8 with KOH, supplemented with 0.25 % Triton X-100). The
suspension, mixed by vortexing, was centrifuged at 14 000 g for 5 min, at 4°C, and
55 ul of the supernatant were removed and combined with 220 ul of cold enzyme

reaction buffer.

An aliquot of Ro- and light-treated substrate L929 cells was thawed, washed
twice in cold PBS and spinned at 800 g, for 5 min, at 4°C. The pellets were
suspended in 100 pl of PBS and 35 pl of this suspension was mixed with 1.5 ml of 1
% low-melting point agarose at 37°C. These cells were then embedded in agarose
and the procedure followed according to the standard Comet assay, with a slight
modification: after lysis, the slides were washed three times (for 5 min each) in cold
enzyme reaction buffer and incubated with 35 pl of treated or non-treated extract for
20 min. Percentage of DNA in the comets’ tails was then measured by a computer-
assisted image analysis. Control slides incubated with either FPG (positive control)
or buffer alone (negative control) were performed. It should be noted that, in this
assay, the higher amount of strand breaks indicates a higher activity of DNA repair

enzymes.

3.2.6. Quantification of rOGG1 and rAPE] expression

Total RNA was isolated from PC12 cells treated in the same conditions as for
the base excision repair assay, using a Qiagen RNeasy total RNA isolation kit

(Qiagen, USA), following the standard protocol. RNA purity was confirmed by

107



Chapter 3

determining the OD260/0D280 nm absorption ratio. One microgram of total RNA
was reversed transcribed with the Superscript Reverse Transcriptase Il kit
(Invitrogen, USA), by using 50 ng/ul of random hexamers and 10 mM of a dNTP mix
according to the manufacturer’s instructions. cDNA integrity was verified by gel
electrophoresis after PCR amplification of Gapdh, using sequence-specific primers.

PCR was performed using 18S specific primers, manufactured by STAB-VIDA,
Portugal (forward: 5- AAG TCC CTG CCC TTT GTA CAC A -3’; reverse: 5- GCC
TCA CTA AAC CAT CCA ATC G -3’) as an internal reference. Specific primer pairs
for rOGG1 (forward: 5’- ACT TAT CAT GGC TTC CCA AAC C -3’; reverse: 5’- CAA
CTT CCT CAG GTG GGT CTC T -3’) and rAPET1 (forward: 5’- GCG GCA GCG GAA
GAC -3’; reverse: 5- GCC TCC TTC TCAGTT TTC TTT GCT -3’) were used (Silva
et al., 2008a).

Real-time RT-PCR was performed in an ABI PRISM 7700 Sequence Detection
System (Applied Biosystems, USA) using 1 ul of the cDNA preparation, which was
added to a reaction mixture containing 12.5 ul Power SYBR Green master mix
(Applied Biosciences, Cheshire, UK) plus 1 pl of each primer (25 pmol/ul) and sterile
water to a final volume of 25 pl per well. The plates were covered, centrifuged and
placed in the thermal cycler. The PCR conditions were: 50°C for 2 min, 95°C for 10
min and 40 cycles (95°C, 15 s; 60°C, 60 s).

The expression of OGG7 and APET mRNA in samples was determined from a
standard curve constructed from serial dilutions of cDNA obtained from unstimulated
PC12 cells. Target genes’ transcript levels were all normalised to 18S mRNA levels.
The average of at least two replicates, for each of three independent experiments,

was used.

3.2.7. Statistical analysis

Data are expressed as the mean + S.E.M., of the indicated number of
experiments. The significance of the differences between the means observed was
evaluated using the unpaired two-tailed Student’s t-test. A difference of p < 0.05 was

considered significant.
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3.3. Results
3.3.1. Evaluation of the compounds’ protection against DNA strand breaks

formation

Reactive oxygen species formed intracellularly can react with DNA, leading to its
oxidation, which results in the formation of several types of DNA lesions, such as
strand breaks and oxidised bases (Saitoh et al., 2001; Moller et al., 2003).

As a first approach, we studied the protective effects of the compounds against
the formation of strand breaks, induced by -BHP, a widely accepted inducer of
oxidative stress (Ahmed-Choudhury et al., 1998; Palomba et al., 2001; Pias and Aw,
2002). In fact, this is one of the major types of DNA damage, in which might occur a
loss of a purine or pyrimidine base and the deoxyribose, by a cut in the
phosphodiester backbone in one or two strands (single-strand or double-strand
breaks, respectively) of the double helix (Martin, 2008).

PC12 cells were subjected to either one of two types of incubation with the
nitrogen compounds: a co-incubation of 1 h with the compounds and t-BHP; ora 3 h
pre-incubation with the compounds prior to the addition of the pro-oxidant agent. As
it is shown in Figure 3.2G, all the compounds significantly decreased the t-BHP-
induced formation of DNA strand breaks. FMA762 and FMA796 presented the
highest protective effect, leading to a decrease between 25 and 30% in the amount
of DNA damage, for either incubation conditions. So, the period of incubation seems
not to be important for the protective action observed. The representative images of
comets presented in Fig. 3.2 (A-F) clearly demonstrate the protection offered by the
compounds, which, in this case, were added to cells at the same time as {-BHP.
Indeed, the amount of DNA breaks observed in the tail of the comets is decreased in
their presence, especially for FMA762 and FMA796 (Fig. 3.2 E and F). In addition, it
should also be noted that none of the compounds, by itself, induced an increase in
DNA strand breaks, in comparison with control cells, as observed in cultures treated
with the nitrogen compounds alone (data not shown).

Based on these results and on our previous work describing the antioxidant
properties of these compounds (Silva et al., 2008b), in which FMA762 and FMA796
demonstrated ameliorated ROS scavenging effects, we selected them to proceed

with further experiments regarding their action on oxidative DNA damage.
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Figure 3.2 — Compounds protection against -BHP-induced formation of DNA strand breaks,
evaluated by the Comet assay. A-F) representative images of comets from control, 200uM {-BHP,
40 uM FMA4, 40 uyM FMA7, 37 uM FMA762 and 34 pM FMA796 (without pre-incubation),
respectively. G) Quantification of DNA damage by visual scoring. PC12 cells were incubated for 1
h in the presence of 200uM {-BHP. Nitrogen compounds were added to the cells either

simultaneously or 3 h prior to the addition of the oxidative stimulus. Each bar represents the

+

mean + S.E.M. for at least three independent experiments. *** p < 0.001, compared to respective

control cells; * p < 0.05, ** p < 0.01, compared to 200uM t-BHP (for each respective incubation

condition).

So, we then investigated their ability to enhance the repair of strand breaks. To
observe a possible effect at this level, after cells’ incubation with the nitrogen
compounds and -BHP for 1 h, culture media was replaced and cells given a 1 h
recovery period (in the absence of any compound or stimulus) to allow the repair of
DNA damage, namely strand breaks. The increase in cells’ repair capacity induced
by the compounds was obtained by subtracting the percentage of repair observed in
the presence of the deleterious stimulus alone, to the percentage of repair in the
presence of the compounds and the deleterious stimulus, as described before
(Materials and Methods section). In Figure 3.3, we observe that cells treated with
the deleterious stimulus alone were able to repair 48.2 % of strand breaks during

that recovery period (Fig. 3.3B). When incubated in the presence of the nitrogen

110



Novel nitrogen compounds enhance protection and repair of oxidative DNA damage in a neuronal cell model

compounds, cells’ capacity to repair strand breaks was significantly increased (in
19.9 % and 18.3 % for FMA762 and FMA796, respectively) relatively to cells treated
with t-BHP (see figure legend). Therefore, these results demonstrate the ability of
these compounds to protect PC12 cells against DNA strand breaks, not only by
preventing their formation but, and perhaps most important than this, by increasing
the cells’ capacity to repair this kind of damage.
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Figure 3.3 — Effects of the compounds on DNA strand breaks repair. A) After 1 h of cells’
simultaneous incubation with the compounds and 200uM t-BHP, cell culture media was replaced
and DNA damage evaluated 1 h later. Comets were visually scored and results expressed in
percentage of damage relatively to the maximum obtained before the recovery period. B) Repair
capacity was calculated using the formula presented in the Material and Methods section. Values
in brackets represent the increase in repair capacity. For each bar is represented the mean *

+

S.E.M for at least three independent experiments. *** p < 0.001, compared to respective control

cells; * p < 0.05, ** p < 0.01, *** p < 0.001, compared to 200uM ¢-BHP (for each respective
incubation condition).
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3.3.2. Effects of the nitrogen compounds on base oxidation

Nucleotidic bases in the DNA can also undergo structure modifications upon
exposure to ROS. Oxidative base lesions are of likely importance as DNA strand
breaks to overall cellular function and survival (Bjelland and Seeberg, 2003). In fact,
they mispair with the other bases during DNA replication and transcription, thus
becoming mutagenic (Martin, 2008). So, we continued our studies by investigating if
the nitrogen compounds, were also able to prevent the oxidation of nucleotidic
bases.

Bases oxidation was induced in the presence of Ro 19-8022, a photosensitiser
compound that produces singlet oxygen, which is 1000-fold less reactive with DNA
than hydroxyl radicals. In this way, guanine modifications sensitive to FPG, in
addition to AP sites and pyrimidine modifications sensitive to endonuclease Il are
generated in excess over single-strand breaks, as previously described (Angelis et
al., 1999; Tomasetti et al., 2001). In contrast with the effects previously observed
using Ro 19-8022, -BHP induced a great amount of strand breaks along with the
oxidation of nucleotidic bases, not allowing the distinction between those two types
of damage. From this point on, the % of DNA in the tail of comets was quantified by
computerised image analysis, since we previously observed a good correlation
between this and the semi-quantitative method of visual scoring (Silva et al.,
2008a)(1), which is in accordance with other authors (Collins et al., 1997), and also
decreases the subjectivity.

As it can be observed in Figure 3.4, which presents the amount of oxidised
purines only (FPG-sensitive sites), treatment of PC12 cells with 0.6 uM Ro 19-8022
led to a significant increase of the percentage of DNA in the comets’ tails. This Ro
19-8022 concentration was chosen based on previous results (not shown) indicating
that with 0.6 uM Ro 19-8022 a significant increase in DNA damage was observed,
though not reaching the assay’s saturation point, which could lead to
underestimation of enzyme-sensitive sites (Gedik et al., 2002). Figure 3.4 also
shows that pre-incubation of the cells with the nitrogen compounds, for either 1 h or
24 h, did not lead to a significant decrease in the amount of oxidised purines.

In addition we assessed the effects of the nitrogen compounds after a recovery
period, following the incubation with Ro 19-8022, since the observation of a possible
protective effect could be related with the time needed for the repair of bases to
occur, after the incubation period. In fact, it is described that base lesions require a

longer period of time to be repaired, in comparison to strand breaks (Collins and
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Horvathova, 2001). So, after treatment of PC12 cells with Ro 19-8022, culture media
was replaced and cells allowed to recover for a period of 6 h. Previous results had
shown that at this time point cells had repaired between 40 - 50 % of oxidised bases

and the assay had not reached saturation (Silva et al., 2008a) @),
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Figure 3.4 — Effect of the nitrogen compounds on Ro 19-8022-induced purines oxidation. PC12
cells were either incubated for 1 h or 24 h, prior to the treatment with 0.6 uM Ro 19-8022 plus
light. The level of oxidized purines was determined through sample incubation with FPG, for 30
min. Percentage of damage in the comet tail was quantified by computer-assisted image analysis.
Each bar represents the mean + S.E.M for at least three independent experiments. ** p < 0.01,

compared to cells in the absence of Ro 19-8022.

Results in Figure 3.5 show that after the 6 h recovery period, cells had repaired
43.8 % of the amount of oxidised purines induced in the presence of Ro 19-8022. In
addition, after that same recovery period, but following a 24 h incubation of cells in
the presence of the nitrogen compounds and treatment with Ro 19-8022, the levels
of DNA in the comets’ tails were not significantly altered by the presence of the
compounds (Fig. 3.5A). However, by calculating the repair capacity induced by each
compound, we observed that treatment with FMA796 leads to a statistically
significant increase (6.2 %) in the cells capacity to repair oxidised purines, relatively
to the Ro-treated cells (Fig. 3.5B). On the other hand, cell treatment with FMA762
did not significantly enhance the cells’ repair capacity, although there seems to be a

trend to do so.
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Therefore, these results suggest that the nitrogen compounds, particularly

FMA796, may be involved in the repair of oxidised bases.
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Figure 3.5 — Effects of the compounds on purine oxidation repair. A) After a 24 h incubation in
the presence of the compounds, cells were treated with Ro 19-8022 plus light for 5 min, on ice.
Culture media was then replaced and DNA damage evaluated by the Comet assay 6 h later.
Percentage of damage in the comet tail was quantified by computer-assisted image analysis. B)
Repair capacity calculated according to the formula presented in Material and Methods. Values in
brackets represent the increase in repair capacity. For each bar is represented the mean =+
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S.E.M. for at least three independent experiments. *** p < 0.001, compared to respective control

cells. * p < 0.05, compared to Ro 19-8022.
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3.3.3. In vitro base excision repair assay

Repair of DNA containing oxidised bases in vivo proceeds predominantly
through the base excision repair (BER) pathway initiated by DNA glycosylases
(Bjelland and Seeberg, 2003). Therefore, we investigated the ability of the
compounds to enhance the activity of DNA repair enzymes, by using a modified
version of the Comet assay that measures the incision activity of cell-free extracts,
which were obtained from PC12 cells previously treated with the nitrogen
compounds for 24 h. Damage-containing substrates were obtained by treating L929
cells with 1 yM Ro 19-8022, for 5 min on ice, under a 500 W halogen lamp. Since
these substrate cells were treated with Ro 19-8022 plus light, the breaks observed
reflect only the amount of oxidised nucleotidic bases.

As presented in Figure 3.6E, after a 20 min incubation of the substrate with a
cell-free extract, containing the DNA repair enzymes, there is an increase in the
number of DNA breaks (FPG-sensitive sites) relatively to the control (24.84 £ 0.47 %
vs 6.12 £ 0.97 %, p < 0.001), which is indicative of the greater incision activity of the
extract and is in accordance with the literature (Collins et al., 2003; Dusinska et al.,
2006). It is also evident in the same figure that extracts from compound-treated cells
showed a significant increase in their incision activity (2.44 % and 5.56% for
FMA762 and FMA796, respectively) compared to the extract of non-treated cells.
However, if we subtract the amount of damage in the control (containing strand-
breaks alone) to all the other conditions, and consider the amount of damage in the
extract of untreated cells as being 100%, then those differences effectively
correspond to increases in the extracts’ DNA repair capacity of 13.03 % and 29.7 %,
for FMA762 and FMA796. The ameliorated incision activity of the extracts from
FMA762 and FMA796-treated cells is also clearly demonstrated in the
representative images (Fig. 3.6A-D), in which is possible to observe an increased
amount of DNA damage in cells incubated with extracts treated with the nitrogen
compounds, relatively to the non-treated extract.

These positive effects on the DNA repair enzymes’ activity suggested us a
possible involvement of the nitrogen compounds in the regulation of gene

expression of those same enzymes.
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3.3.4. Expression of DNA repair genes

We then ftried to elucidate the molecular mechanisms underlying the action of
the compounds in study on the DNA repair enzymes’ activity. In this way, we
investigated a possible direct effect of these compounds on the expression of the
DNA repair genes OGG1 and APET1, using real time RT-PCR. These genes are
known to play an important role in DNA repair, namely in the base excision repair

pathway, as stated in the introduction.
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Figure 3.6 — Effect of the compounds on the in vitro BER assay. A-D) representative images of
Comets from control (buffer alone), and extracts from non-treated, FMA762-treated and FMA796-
treated cells, respectively. E) Quantification of the percentage of DNA in the comets tails after
treatment of damage-containing substrate cells with a cell-free extract obtained from PC12 cells
incubated with the nitrogen compounds for 24 h. The repair enzyme FPG was used as a positive
control. Levels of oxidised purines were determined and quantified as previously described. For
each condition is represented the mean + S.E.M for at least three independent experiments. ** p
< 0.001compared to control cells; * p < 0.05, relatively to non treated extract. SBs — Strand

Breaks.
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Results in Figure 3.7 show that no statistically significant differences could be
observed between the expression of the DNA repair genes in Ro-treated and non-
treated cells (control bars). In addition, treatment of PC12 cells with the nitrogen
compounds did not also induce any significant changes in the expression of the

genes tested, for both conditions.
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Figure 3.7 — Effects of FMA762 and FMA796 on the expression of repair genes OGG17 and
APE1. PC12 cells were incubated for 24 h in the presence of the nitrogen compounds, prior to the
exposure to Ro 19-8022 plus visible light. Levels of genes expression was determined by real
time RT-PCR and results expressed as the increase in the expression of each gene relatively to
the control. Values in brackets represent the difference in the fold-increase expression between
Ro-treated and non-treated conditions. Real control values were of 0.376 and 0.288 arbitrary
units for OGG1 and APE1, respectively. Each bar represents the mean + S.E.M for at least two

independent experiments.

Such results indicate that the action of the compounds on DNA repair is not
mediated by a direct regulation at the level of the expression of the DNA repair
genes tested, which are the most important in BER pathways, as already

mentioned. These results are discussed below.

3.4. Discussion

DNA oxidation resulting from the action of reactive oxygen species has been
described to play an important role in neurodegenerative diseases, aging and
cancer. Thus, prevention of DNA damage has obvious and important implications for

the prevention and treatment of the mentioned situations (Duthie and Dobson, 1999;
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Perron et al., 2008). Despite the presence of antioxidant systems that scavenge
endogenous and/or exogenous free radicals, DNA damage still occurs in normal
physiological conditions. However, most of this damage is removed by repair
enzymes before it can interfere with the process of DNA replication, by introducing
mutations and eventually stopping it. In this way, an equilibrium state between
damage and repair is maintained. The implication is that DNA repair, in normal
physiological conditions, maintains oxidative damage at a level that is tolerable in
terms of genetic stability (Tomasetti et al., 2001; Gaivao et al., 2008).

To date, many compounds presenting antioxidant properties, of both natural and
synthetic origin, have been tested for their ability to reduce oxidative DNA damage.
However, some of them have different effects, depending on the concentrations, cell
lines and oxidant stimuli used (Cemeli et al., 2008). In addition, most of those
studies do not reveal if the protective effects observed are attained through an
improvement of DNA repair or if the compounds simply prevent the oxidation of DNA
due to their antioxidant properties. Recently, we have also studied the effects of
three polyphenolic compounds, namely luteolin, quercetin and rosmarinic acid on
oxidative DNA damage (Silva et al., 2008a). Although all of them decreased the
amount of strand breaks formed, only rosmarinic acid was able to increase the cells’
capacity to repair base lesions, most likely due to its involvement in the regulation of
expression of some genes responsible for DNA repair.

We have been investigating the potential of new nitrogen compounds as
protectors of oxidative stress conditions (Silva et al., 2006; Silva et al., 2008b). In
this particular work, we evaluated the protective effects of four of those compounds
(FMA4, FMA7, FMA762 and FMA796) on oxidative DNA damage induced in a
neuronal cell model, with a special focus on the mechanisms by which they could be
acting.

We began by investigating their involvement in protection and repair of t-BHP-
induced strand breaks formation. This type of damage, and in particular double-
strand breaks, is widely accepted to be the most severe form of damage, which if
left un/mis-repaired may either induce gross chromosomal rearrangements or
become cytotoxic (Dobbs et al., 2008). The compounds were tested at
concentrations previously shown in our lab to have high antioxidant activity and no
cytotoxicity (Silva et al., 2008b). As it might be expected from their antioxidant
properties, all the four compounds were able to decrease the {-BHP-induced DNA
strand breaks formation. In accordance with our previous results (Silva et al.,
2008b), FMA762 and FMA796, which differ from FMA4 and FMA7 mainly by the
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presence of three hydroxyl groups within the phenol ring (instead of just one),
proved to be the most efficient ones. So, we proceeded by testing only those two
compounds that presented better results. No differences in protection were
observed when the compounds were added simultaneously or 3 h prior to the
addition of t-BHP, which should be taken in consideration when comparing these
compounds with some natural ones. Quercetin, for example, despite having
important protective effects against oxidative DNA damage, may be metabolised
into a less protective compound, and even become a cause of genotoxicity when
added to cells for long periods of time, as we previously reported in PC12 cells
(Silva et al., 2008a) and as it is also reported in lymphocytes (Duthie and Dobson,
1999). FMA762 and FMA796 also led to an increase in the cells’ capacity to repair
strand breaks, which was similar for both of them.

The action of these compounds against t-BHP-induced strand breaks formation
may be attributed, at least in part, to their ROS scavenging properties. Indeed, our
previous work (Silva et al., 2008b) demonstrated their effects on several biomarkers
of oxidative stress, such as their ability to decrease intracellular ROS formation and
lipid peroxidation. In that same report, they were also shown to scavenge hydroxyl
("OH) radicals, as indicated by the 2-deoxy-D-ribose degradation assay. These
results assume major importance if we take into account that, as it has been
described, ‘OH radicals may be considered the main contributing reactive oxygen
species to endogenous oxidation of cellular DNA (Cadet et al., 1999; Dizdaroglu et
al., 2002), although this radical has a generalised action on all biomolecules.
Moreover, another feature that may be contributing to these compounds’ protection
against DNA damage is their good lipophilicity, as indicated by their relatively high
partition coefficients (Silva et al., 2008b). In fact it is described that the degree of
lipophilicity of a compound is of great importance for protecting cells from DNA
damage, since it increases its cellular uptake (Sestili et al., 2002; Spencer et al.,
2004; Lima et al., 2006) and consequent interaction with the hydrophilic DNA.

Alternatively, the protective effects of these nitrogen compounds might be
associated to an involvement in the intracellular pathways related to DNA repair.
However, measuring DNA strand breaks only gives limited information, since breaks
may represent the direct effect of some damaging agent, but they are generally
quickly rejoined (Collins, 2004). So, it becomes important to investigate the effects
of the nitrogen compounds on the protection against nucleotidic bases oxidation, a
kind of damage which is more slowly repaired by the cells. In the conditions tested,

none of the compounds was able to reduce the amount of oxidised purines induced
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by the photosensitiser compound Ro 19-8022, regardlessly of the incubation time
used in the pre-treatment. Nevertheless, at least FMA796 was able to increase the
cells’ capacity to repair oxidised purines. For FMA762, a trend to increase the repair
of these lesions was observed, though this increase was not statistically significant.

The effect of an antioxidant on recovery from oxidative DNA damage can be
explained by at least two ways: 1) it can stimulate the activity of repair enzymes or
2) it can directly protect against oxidation (Tomasetti et al., 2001). The lack of a
protective effect against Ro-induced DNA damage, for either of the pre-treatments
tested, suggest that the nitrogen compounds do not act through the second
mechanism, since they do not seem able to scavenge the singlet oxygen produced
by Ro 19-8022, though they seem to scavenge the radicals produced by t-BHP.
However, at least for FMA796 there seems to be an effect on the stimulation of the
oxidised bases repair, which suggests that these compounds may be acting on the
intracellular pathways responsible for the repair of DNA base lesions.

In order to better understand the mechanisms underlying the compounds action
on oxidative DNA damage, we used an approach to assess the repair capacity of a
sample extract provided with a DNA substrate carrying a specific type of damage (in
this case, oxidised nucleotidic bases), the BER assay.

We observed that both nitrogen compounds (FMA762 and FMA796) led to an
increase in the activity of DNA repair enzymes, as indicated by the greater amount
of breaks formed in the presence of the extracts pre-treated with these compounds,
relatively to the non-treated extract. However, this effect does not seem to be
regulated at the gene expression level, since no significant changes could be
observed in the levels of OGG1 and APET mRNA. Similar results were obtained in a
human intervention study, in which healthy individuals were given a diet
supplementation with kiwifruit. In that study, higher incision rates were observed in
extracts of lymphocytes obtained after kiwifruit supplementation. However, no
changes in OGG71 and APE1 genes expression were observed, even after diet
supplementation (Collins et al., 2003). It should be considered that, like in that study,
the effects observed with our nitrogen compounds on DNA repair may result from an
increased stability of the OGG1 protein or availability of an unknown factor, which
could, for example, increase the lyase activity of OGG1. In addition, it is also
possible that repair enzymes are susceptible to inhibition by ROS and that a
decrease in these reactive species, resulting from exposure to the antioxidant
compounds, gives rise to the higher rates of repair, as also observed by Collins and

co-workers (Collins et al., 2003). Moreover, it should be taken into account that by
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measuring the expression of OGG1 and APE1 genes by real time RT-PCR, we are
just assessing the effects of the compounds on mMRNA steady state levels. However,
additional factors have been demonstrated to enhance the activity of OGG1 (Le
Page et al., 2000). So, it is possible that the compounds may also be involved in the
regulation of DNA repair at the post-transcriptional level. Independently of the
explanation, increased repair together with the increased antioxidant capacity
demonstrated by these nitrogen compounds in this and in our previous studies, can
account for the significant decreases in endogenous oxidative DNA damage.

It should be noted that, although the protective effects observed for the nitrogen
compounds on increased repair of base oxidation appear to be small, they may in
fact assume a great biological relevance. In this regard, some points should be
taken into consideration: 1) DNA repair involves a complex and coordinated network
of events that coordinate cell cycle arrest, DNA repair and apoptosis following DNA
damage. Since those defects in the DNA damage response may result in several
disorders, including cancer, a fine equilibrium is required for proper activation and
inactivation of DNA damage signalling and repair mechanisms (Buscemi et al.,
2006; Déry and Masson, 2007); 2) Some of the genes involved in the DNA repair
process, like OGG1, are considered housekeeping genes (Loft and Moller, 2006).
Thus, a large increase in their activity could result in the deregulation of fine-tuned
mechanisms vital to cells; 3) Several polymorphisms of DNA glycosylases (like
OGGH1) responsible for the excision of 8-oxoGua are known, and their presence in
human genomes has been linked to the risk of developing specific types of cancers.
However, some of them have been shown to be responsible for reducing the affinity
of OGG1 to bind DNA, in comparison to the wild-type enzyme (Tudek, 2007). Thus,
these polymorphic variants decrease the repair enzyme’s activity, which may also
be responsible for the small differences obtained for the incision activity levels; 4)
Some DNA repair enzymes also participate in other cellular functions. For example,
APE1 is also able to enhance DNA binding of a number of transcription factors,
including p53, Egr-1 and NF-kB, which are involved in cell proliferation, by acting as
transcriptional co-activators (Fantini et al. 2008). In this way, a deregulation of that
gene could interfere with other processes vital to cells.

So, given the complex regulation of DNA damage, above mentioned, and its
association with other cellular processes, it should be considered that great
increases in the expression and activity of the several proteins involved in the tight

regulation of those mechanisms could result in abnormalities in vital processes.
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Therefore, small nitrogen compounds-induced increases in DNA repair, which
assume great relevance at the biological level, should not be underestimated.

In this study, we have shown the protective effects of new nitrogen compounds
against oxidative DNA damage induced to PC12 cells and investigated some of the
underlying mechanisms regulating their action. The nitrogen compounds in study not
only were able to prevent t-BHP-induced DNA strand breaks formation, but also
induced an increase in the repair of different types of DNA damage, such as strand
breaks and oxidised bases. However, it should be taken into account that this study
intended to be the first step in the evaluation of the protective effects of these new
compounds on oxidative DNA damage induced to neuronal cells. Before any
correlations can be made between the protection observed in vitro, in this cell
model, and what happens in vivo, more studies should be performed, since it
remains unknown, for example, if they are capable of crossing the blood-brain
barrier. Nevertheless, even if they are unable to do so, a role for these compounds
in neuroprotection should not be ruled out, since there are ways of increasing a
compound’s ability to cross the blood brain barrier, like the combination of some
phospholipids with flavonoids described in Dajas and colleagues (Dajas et al.,
2003).

In conclusion, the results herein presented confirm the great value of the
nitrogen compounds in study, while opening new perspectives for their development
and application in several pathological conditions, like neurodegenerative diseases,
in which oxidative DNA damage is involved. Nevertheless, further investigation,
which is currently being held, is required to understand the exact mechanisms of
action of these compounds on DNA repair, namely which proteins may be activated
in the presence of the compounds and how exactly their ROS scavenging properties

may be important for that process.
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Abstract

Biological systems are frequently exposed to excessive reactive oxygen species
(ROS), causing a disturbance in the cells natural antioxidant defence systems and
resulting in damage to all biomolecules, including nucleic acids. In fact, oxidative
DNA damage is described as the type of damage most likely to occur in neuronal
cells. In this study, three polyphenolic compounds, luteolin, quercetin and rosmarinic
acid, were investigated for their protective effects against oxidative DNA damage
induced in PC12 cells, a neuronal cell model. Although luteolin and quercetin
prevented the formation of strand breaks to a greater extent than rosmarinic acid,
this last one presented the highest capacity to repair strand breaks formation. In
addition, rosmarinic acid was the only compound tested that increased the repair of
oxidised nucleotidic bases induced with the photosensitiser compound Ro 19-8022.
The activity of repair enzymes was indicated by the in vitro base excision repair
assay, using a cell-free extract obtained from cells previously treated with the
compounds to incise DNA. The protective effect of rosmarinic acid was further
confirmed by the increased expression of OGG1 repair gene, observed through real
time RT-PCR. The data obtained is indicative that rosmarinic acid seems to act on
the intracellular mechanisms responsible for DNA repair, rather than by a direct
effect on ROS scavenging, as deducted from the effects observed for luteolin and
quercetin. Therefore, these results suggest the importance of these polyphenols,
and in particular rosmarinic acid, as protectors of oxidative stress-induced DNA
damage that commonly occurs in several pathological conditions, such as

neurodegenerative diseases.
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4.1. Introduction

In living cells, when the formation of intracellular reactive oxygen species (ROS)
exceeds the cells’ antioxidant capacity, oxidative stress can arise, resulting in
damage to cellular macromolecules such as proteins, lipids and DNA (Nordberg and
Arner, 2001; Valko et al., 2007). DNA is a particularly sensitive cellular target
because of the potential to create cumulative mutations that can disrupt cellular
homeostasis. In this case, ROS can lead to the formation of single and double-
strand breaks, as well as induce chemical and structural modifications to purine and
pyrimidine bases, and also to 2’-deoxyribose (Powell et al., 2005; Hazra et al.,
2007).

Oxidative DNA damage has been considered as an important promoter of
cancer, besides being implicated in the normal process of aging (Bjelland and
Seeberg, 2003). In addition, according to some authors, it is regarded as the type of
damage most likely to occur in neuronal cells (Fishel et al., 2007). However, this
kind of DNA damage is predominantly corrected by the base excision repair (BER)
pathway (Coppede et al., 2007), although certain types of oxidative lesions also
appear to be repaired by nucleotide excision repair (NER) (Dusinska et al., 2006)
and mismatch repair (MMR) (Neri et al., 2005). BER is a generic mode of repair,
whose first steps are the recognition of damaged bases by specific DNA
glycosylases, hydrolysis of the glycosidic bond between base and deoxyribose and
incision of the affected DNA strand by an apurinic/apyrimidinic (AP) endonuclease at
the resulting abasic site, thus creating a DNA single-strand break (Burkle, 2006;
Collins and Gaivéao, 2007). The most important enzymes involved in DNA repair are
8-oxoguanine DNA glycosylase 1 (OGG1) and AP endonuclease 1 (APE1). In
mammals, OGG1 is responsible for the removal of 8-oxoguanine, a lesion that
arises through the incorporation, during DNA replication, of 8-oxo-dGTP formed
from oxidation of dGTP by ROS. This enzyme also has an AP lyase activity, which is
slow and limits the overall rate of repair (Alamo et al., 1998; Dodson and Lloyd,
2002). APE1, by its turn, is an AP endonuclease that bypasses the AP lyase activity
of OGG1, enhancing OGG1 turnover, thus having an important role in the regulation
of base excision repair of oxidative DNA damage (Hill et al., 2001; Vidal et al.,
2001).

Antioxidant activity, as well as interaction with several enzymes and synergy
with other antioxidants, has been recognised to polyphenolic compounds

(Horvathova et al., 2005), which are secondary plant metabolites with numerous
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other biological activities (Rice-Evans et al., 1996; Hollman and Katan, 1999;
Skibola and Smith, 2000). In the present study, attention was given to the flavonoids
quercetin and luteolin, and to the phenolic acid, rosmarinic acid (Fig. 4.1). Quercetin
is one of the most abundant natural flavonoids and can be found in onion, tea and
apple, for example (Scalbert et al., 2005). Luteolin, which differs from quercetin by
having one less hydroxyl group in the C-ring of its molecular structure (Fig. 4.1), is
found in high celery, green pepper and chamomile (Gutierrez-Venegas et al., 2006).
Both quercetin and luteolin, which by their chemical nature are antioxidants, have
been associated to the prevention of cancer, diabetes, osteoporosis, as well as
cardiovascular and neurodegenerative diseases, among others (Hollman and Katan,
1999; Aherne and O'Brien, 2000; Scalbert et al., 2005). Rosmarinic acid is present
in many plants, such as rosemary (Petersen and Simmonds, 2003) and its
therapeutical value has been attributed to its antioxidant, anti-inflammatory, anti-
bacterial and anti-viral properties (Petersen and Simmonds, 2003; Chlopcikova et
al., 2004; Kim et al., 2005; luvone et al., 2006). Neuroprotective effects have also
been described for all of these compounds (Gelinas and Martinoli, 2002; Sasaki et
al., 2003; luvone et al., 2006), suggesting their potential protective role in
neurodegenerative diseases. Moreover, studies using some of these compounds
have demonstrated their ability to protect different cell types against oxidative DNA
damage (Noroozi et al., 1998; Duthie and Dobson, 1999; Horvathova et al., 2005;
Lima et al., 2006). However, whether they act by enhancing DNA repair or simply by
preventing oxidative DNA damage is still unknown.

In this work, we evaluated the potential of these polyphenolic compounds to
protect PC12 cells against oxidative DNA damage, by using the Comet assay. In
addition, by addressing specific repair enzymes, we aimed to further characterise
that protection and explore the involvement of those compounds in DNA repair
mechanisms. The PC12 cell model was used as a simple model in which a
correlation between oxidative stress and neurodegeneration, characteristic of
Parkinson’s or Alzheimer diseases, has been established by several authors (Piga
et al., 2005; Guan et al., 2006; Jung et al., 2007).
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Figure 4.1 — Chemical structures of the polyphenolic compounds used in this

study: luteolin, quercetin and rosmarinic acid.

4.2. Materials and Method's

4.2.]. Chemicals

Quercetin and rosmarinic acid were purchased from Sigma—Aldrich (St. Louis,
MO, USA). Luteolin was purchased from Extrasynthese (Genay, France). The
polyphenolic compounds were dissolved in DMSO, aliquoted and maintained frozen
at -20°C until usage. Each aliquot was thawed only once.

RPMI-1640 cell culture medium, dimethyl sulfoxide (DMSQO), EDTA, trypsin, tert-
butyl hydroperoxide were also purchased from Sigma—Aldrich (St. Louis, MO, USA).

Foetal bovine serum (FBS) was from BioChrom KG (Berlin, Germany); horse
serum donor herd was purchased from Gibco (Paisley, UK). Ro 19-8022 (used to
induce specific DNA damage) was kindly provided by Hoffman La-Roche (Basel,
Switzerland). Primers specific for 18S, OGG1 and APE1 genes were synthesised by
STAB-VIDA (Oeiras, Portugal). Qiagen RNeasy total RNA isolation kit was
purchased to Qiagen (Hilden, Germany). Superscript Reverse Transcriptase Il kit
was obtained from Invitrogen (USA). Power SYBR Green master mix was acquired

from Applied Biosciences (Cheshire, UK).
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4.2.2. PC12 cell culture and treatment conditions

PC12, a neuronal cell line established from a rat adrenal pheochromocytoma
(Greene and Tischler, 1976) was used in this study. When grown in serum-
containing medium, these cells divide and resemble precursors of adrenal
chromaffin cells and sympathetic neurons, being able to release dopamine (Sasaki
et al., 2003). In addition, they are an user-friendly cell model with some advantages
over primary cultured neuronal cells, including the homogeneity of the cell
population (Colognato et al., 2006; Silva et al.,, 2008). Cells were cultured in
suspension in 75 cm? flasks, in RPMI-1640 medium supplemented with 10% (Vv/v)
heat-inactivated horse serum, 5% (v/v) heat-inactivated foetal bovine serum and 1%
(v/v) of an antibiotic/antimycotic solution. Cultures were maintained in a humidified
incubator containing 95% air and 5% CO,, and passed twice a week. Before each
assay, the cell aggregates were carefully disrupted by gently pipetting and the
separated cells plated in poly-D-lysine-coated multiwells, at a density of 2.5 x 10°
cells/cm?, for the MTT assay, and at a density of 5 x 10° cells/well for the other
studies. After plating, cells were left for adhesion overnight. The polyphenols were
either pre-incubated for the indicated periods of time or added simultaneously with
the deleterious stimuli.

L929 cells, used as substrates in the in vitro base excision repair assay, were
routinely grown in 75 cm? tissue culture flasks in DMEM supplemented with 10%
(v/v) heat-inactivated FBS and 1% (v/v) of an antibiotic/antimycotic solution
containing 10,000 units of penicillin, 10 mg streptomycin and 25 yg amphotericin B

per ml.

4.2.3. Analysis of cell survival

Cell viability was evaluated by the MTT reduction test, as previously described
(Silva et al., 2006). A volume of 0.5 ml MTT (final concentration 0.5 mg/ml, in Krebs
medium, pH = 7.4), prepared just before usage and maintained in the dark, was
added to the PC12 cells, at a density of 2.5 x 10° cells/cm?. Absorbance was read at
570 nm in a multiplate reader (Spectramax 340PC). The survival of PC12 cells was
expressed as the percentage of OD towards control cells, containing the same

amount of the compounds’ solvent, DMSO.
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4.2.4. Single cell gel electrophoresis (Comet assay)

The protection against oxidative DNA damage conferred by the polyphenols
herein studied was assessed using the Comet assay, in which the strand breaks
present in the DNA of nucleoids, obtained after lysis of gel-embedded cells, migrate
towards the anode during an electrophoresis in alkali conditions, yielding an image
that, after staining with a fluorescent dye, looks like a comet, hence its name. This

method was performed as previously described (Tice et al., 2000), with the following

modifications. Cells were plated at a density of 7.5 x 105 cells per well and left to
adhere overnight. Oxidative DNA damage was induced in the presence of either 200
UM t-BHP (for strand breaks assessment) or 0.6 yM Ro 19-8022, in order to
measure oxidised purines. Cells were then trypsinised, resuspended in phosphate
buffered saline (PBS) and counted. About 50,000 cells were centrifuged at ~5,000
rpm, for 1 min, in an Eppendorf 5415C centrifuge. Supernatants were discarded and
pellets mixed with 100 pl of low melting point agarose 0.5% (w/v) in PBS, at 37°C,
and spread on slides previously coated with normal melting point agarose for 10
min, at 4°C. The slides were immersed in lysis buffer (2.5 M NaCl, 100 mM EDTA,
10 mM Tris, pH 10, with 1% Triton X-100 v/v added at the time of buffer preparation)
at 4°C for a minimum of 2 h. Slides were then rinsed with distilled water and
immersed in electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH > 13), in an
horizontal electrophoresis tank, at 4°C for 40 min, to allow alkaline unwinding.
Electrophoresis was carried out at 4°C, under alkaline conditions for 20 min at 1
V/cm. Finally, slides were neutralised by washing three times (5 min each) with 0.4
M Tris, pH 7.5, and fixed with absolute ethanol (two washes).

Comets were stained with ethidium bromide (10 ug/ml in PBS) and analyzed
under a fluorescence microscope. Comet quantification was performed through
either of two ways: visual scoring, a method in which comets are classified into one
of five classes of damage (from 0 to 4) in 100 nucleoids (range of score: 0 — 400);
and/or through a computer-assisted image analysis (TriTek CometScore™ Freeware
v1.5), by measuring the percentage of DNA in the tail. The method identifies DNA
strand breaks.

Cells repair capacity (RC) was determined by using the following formula:

RC = 100 x [(DoX— DiX) / DoX],
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where DoX represent DNA damage before the recovery period in the condition X
and DX represent DNA damage after a recovery period, for the same condition. The
increase in cells’ repair capacity induced by the polyphenolic compounds was
obtained by subtracting the percentage of repair observed in the presence of the
deleterious stimulus alone, to the percentage of repair in the presence of the

compounds and the deleterious stimulus.

4.2.5. Measurement of oxidised purines

Occurrence of oxidised bases were measured by using the bacterial DNA repair
enzyme formamidopyrimidine DNA glycosylase (FPG), which recognises oxidised
purines, creating breaks at those sites (Duthie and Dobson, 1999).

Cells were treated with the photosensitiser compound Ro 19-8022 (a kind gift
from Hoffmann La-Roche, Basel, Switzerland). A stock of a 1 mM concentration was
prepared in 70 % ethanol and stored in small aliquots at -20°C. The working
solutions were prepared immediately before use by diluting this stock solution with
PBS (132 mM NaCl, 4 mM KCI, 1.2 mM NaH,PO,, 1.4 mM MgCl,, 10 mM HEPES, 6
mM glucose, 1 mM CaCl, pH 7.4). The experiment was carried out in the dark and
all solutions were kept on ice. Cells, plated and treated as previously described,
were rinsed with PBS and 3 ml of the diluted Ro 19-8022 solution was added to
each well. The plates were irradiated on ice at a distance of 33 cm from a 500 W
halogen lamp, for 5 min. Control cells were incubated in the presence of PBS alone.
After washing the cells with PBS to remove traces of Ro 19-8022, the Comet assay
was performed as described above, with a small change: following lysis the slides
were washed 3 times (5 min each) in cold enzyme reaction buffer (40 mM HEPES-
KOH, 0.1 M KCI, 0.5 mM EDTA, 0.2 mg/ml BSA, pH 8, 4 °C), blotted dry and
incubated with the repair enzyme (FPG), or buffer, for 30 min, at 37 °C. The amount
of oxidised purines (FPG-sensitive sites) was then determined by subtracting the
amount of strand breaks (samples incubated with buffer alone) to the total amount of

breaks obtained after incubation with FPG.

4.2.6. Invitro base excision repair assay

The base excision repair (BER) assay measures the ability of a cell-free extract

to recognise the damage in the DNA of substrate nucleoids and incise the DNA
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containing specific damage, in this case 8-oxoguanine (8-oxoGua). The increase in
the amount of strand breaks produced reflects the DNA repair activity of the cell
extract (Collins, 2004).

L929 fibroblasts were used as substrates. This allows an easier measurement of
comets damage due to the greater size of these cells and their lack of a tendency to
form aggregates when compared to PC12 cells. Briefly, L929 cells in a 75 cm? flask
near confluence were treated with the photosensitiser Ro 19-8022 plus visible light
(5 min irradiation on ice at 33 cm from a 500 W halogen lamp). Cells were then
washed with PBS, trypsinised and collected in 5 ml of culture medium. After a
centrifugation at 400 g for 5 min, at 4°C, in a Sigma 2K15 microcentrifuge, the pellet
was suspended in freezing medium (culture medium with 20 % fetal bovine serum
and 10% DMSO) at a density of 3 x 10° cells/ml. Cells were then aliquoted and
stored at -80°C.

For the extract preparation, PC12 cells, at a density of 5 x 108 cells/ml, were
incubated with the polyphenols for either 1 or 24 h. Cells were then washed with
PBS, trypsinised and collected in PBS to microcentrifuge tubes. After centrifuging at
800 g for 5 min, at 4°C, in a Sigma 2K15 microcentrifuge, the pellets were
resuspended in ice cold PBS. Cells were divided into 1 ml aliquots and centrifuged
at 14,000 g for 5 min, at 4°C. Supernatants were discarded and the dry pellets flash
frozen in liquid nitrogen, to be stored at -80°C. On the day of the experiment, one of
these aliquots was thawed and the pellet resuspended in 65 pl of lysis buffer (45
mM HEPES, 0.4 M KCI, 1 mM EDTA, 0.1 mM dithiothreitol, 10 % glycerol, pH 7.8
with KOH, supplemented with 0.25 % Triton X-100). The mixture was vortexed for 5
s, followed by a 5 min incubation on ice, and then centrifuged at 14,000 g for 5 min,
at 4°C. Finally, 55 ul of the supernatant were removed and combined with 220 ul of

cold enzyme reaction buffer.

An aliquot of Ro- and light-treated substrate L929 cells was thawed, washed
twice in cold PBS and spinned for 5 min at 800 g, 4°C. The pellets were suspended
in 100 pl of PBS and 35 pl of this suspension was mixed with 1.5 ml of 1 % low-
melting point agarose at 37°C. These cells were then embedded in agarose and the
procedure then followed according to the standard Comet assay, with a slight
modification: after lysis, the slides were washed three times (for 5 min each) in cold
enzyme reaction buffer and incubated with 35 pl of treated or non-treated extract for
20 min. Control slides incubated with either FPG (positive control) or buffer alone

(negative control) were performed.
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4.2.7. Quantification of rOGG1 and rAPE] expression

Total RNA was isolated from PC12 cells treated in the same conditions as for
the base excision repair assay using a Qiagen RNeasy total RNA isolation kit
(Qiagen, USA), following standard protocol. RNA purity was confirmed by
determining the OD260/0D280 nm absorption ratio. 1 ug of total RNA was reversed
transcribed with the Superscript Reverse Transcriptase Il kit (Invitrogen, USA), by
using 50 ng/ul of random hexamers and 10 mM of a dNTP mix according to the
manufacturer’s instructions. cDNA integrity was verified by gel electrophoresis after
PCR amplification of Gapdh, using sequence-specific primers.

PCR was performed using 18S specific primers (forward: 5- AAG TCC CTG
CCC TTT GTA CAC A -3’; reverse: 5- GCC TCA CTA AAC CAT CCAATC G -3') as
an internal reference. Specific primer pairs for rOGG17 (forward: 5- ACT TAT CAT
GGC TTC CCA AAC C -3’; reverse: 5- CAA CTT CCT CAG GTG GGT CTC T -3))
and rAPE1 (forward: 5'- GCG GCA GCG GAA GAC -3’; reverse: 5'- GCC TCC TTC
TCA GTT TTC TTT GCT -3’) were described in Englander and Ma, 2006. Primers
were manufactured by STAB-VIDA, Portugal.

Real-time RT-PCR was performed in an ABI PRISM 7700 Sequence Detection
System (Applied Biosystems, USA) using 1 ul of the cDNA preparation, which was
added to a reaction mixture containing 12.5 ul Power SYBR Green master mix
(Applied Biosciences, Cheshire, UK), 1 pul of each primer (25 pmol/ul) and
autoclaved water to a final volume of 25 pl per well. The plates were covered,
centrifuged and placed in the thermal cycler. The PCR conditions used were: 50°C
for 2 min, 95°C for 10 min and 40 cycles (95°C, 15 s; 60°C, 60 s).

The expression of OGG7 and APE1 mRNA in samples was determined from a
standard curve constructed from serial dilutions of cDNA obtained from unstimulated
PC12 cells. Target genes’ transcript levels were all normalised to 18S mRNA levels.
The average of at least two replicates for each of three independent experiments

was used.

4.2.8. Statistical analysis

Data are expressed as the mean * S.E.M., of the indicated number of

experiments. The significance of the differences between the means observed was
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evaluated using the unpaired two-tailed Student’s t-test. A difference of p < 0.05 was

considered significant.

4.3. Results

4.3.1. Polyphenols toxicity to PCI2 cells

The beneficial effects of polyphenolic compounds like the ones herein tested in
cells under oxidative stress are well recognised (Sasaki et al., 2002; Horvathova et
al., 2005; luvone et al., 2006). Nevertheless, in specific conditions, some of them
can also induce harmful effects. For example, quercetin was described as becoming
toxic as a result of its own protective activity (Leung et al., 2005; Hur et al., 2007;
Boots et al., 2007). We therefore evaluated the cytotoxicity of quercetin, luteolin and
rosmarinic acid in our biological model. As depicted in figure 4.2, for the
concentrations tested, none of the compounds showed a statistical significant

decrease in cell viability, even after an overnight incubation.
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Figure 4.2 — Cell viability assessed by the MTT reduction test. PC12 cells were
incubated overnight with increasing concentrations of the polyphenolic
compounds. Control cells were incubated in the presence of 1% DMSO. Each bar
represents the mean + S.E.M., considering the results obtained in at least three
independent experiments. Cell damage induced by 1 mM t-BHP was used as a

positive control. ** P < 0.01, compared with the control.
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4.3.2. Determination of t-BHP-induced damage to PC12 cells

The extent of oxidative DNA damage was evaluated by the Comet assay, by
incubating PC12 cells for one hour with increasing concentrations of the thiol-
oxidizing agent, -BHP, a widely accepted inducer of oxidative stress (Ahmed-
Choudhury et al., 1998; Palomba et al., 2001; Pias and Aw, 2002). The dose-
response curves to --BHP on DNA damage (Figs. 4.3A and 4.3B) obtained by comet
quantification assessed both by visual scoring (A) and computer-assisted image
analysis (B), indicate a concentration-dependent effect in DNA damage. The results
showed a good correlation between the semi-quantitative method of visual scoring
and the % of DNA in the tail assessed by computerised image analysis (Fig. 4.3C),
which is in accordance with other authors (Collins et al., 1997). Despite a
considerable amount of DNA damage being observed for concentrations above 200
MM, cell viability (assessed by the MTT assay) was significantly decreased at
concentrations of 500 and 1000 uM (Fig. 4.3D). Therefore, for subsequent induction
of oxidative DNA damage, PC12 cells were incubated with 200 uM t-BHP for 1 h.
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Figure 4.3 — t-BHP-induced damage in PC12 cells. Cells were incubated with different concentrations
of -BHP for 1 h and DNA damage assessed by the Comet assay. Comets were quantified either by
visual scoring (A) or by computer-assisted image analysis (B). C) Correlation coefficient between the
semi-quantitative method and the computer assisted parameter. D) Cell viability assessed by MTT
reduction test. Each bar represents the mean + S.E.M., for at least three independent experiments. * P
<0.05, ** P<0.01 and *** P < 0.001, compared with the control.
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4.3.3. Evaluation of the protective effect of the compounds against DNA

strand breaks formation

The interaction between ROS and DNA can lead to the oxidation of this
biomolecule, resulting in several types of oxidative DNA damage, including strand
breaks and oxidised bases (Saitoh et al., 2001). We firstly studied the protective
effects of the compounds against the formation of strand breaks, induced by t-BHP.
The polyphenolic compounds were either pre-incubated for a period of 3 h, or
incubated simultaneously with the oxidative stimulus. As it can be observed in Fig.
4.4, all the compounds significantly decreased the -BHP-induced formation of DNA
strand breaks. Among them, luteolin showed the highest protective effect, with a
reduction in DNA damage of about 71 % for either incubation conditions.. No
differences could be observed between pre-incubating or not the cells with the
luteolin or rosmarinic acid. For quercetin, the protective effect was significantly
increased when added simultaneously with t-BHP (28.8 and 54.1 % with or without
pre-incubation, respectively). The results relative to the simultaneous incubation of
the cells with the compounds and -BHP are clearly demonstrated by the comets
representative images for each condition (Fig. 4.4, A-E).

We then investigated the ability of these compounds in the stimulation of strand
breaks repair. In this way, after cell incubation in the presence of the polyphenolic
compounds and 200 uM t-BHP for 1 h, culture media was replaced and cells given a
1 h recovery period, to allow the repair of DNA damage. After this recovering period,
and in the presence of the deleterious stimulus alone, cells had repaired 45.3% of
strand breaks (Fig. 4.5). When cells were co-incubated with the polyphenols, the
strand breaks repair capacity was significantly increased.

There seems to be an inverse correlation between the compounds capacity to
protect the cells against the formation of strand breaks and their ability to increase
the cells’ repair capacity of this kind of damage. In fact, despite having a weaker
protective effect against the formation of strand breaks, rosmarinic acid induced the
highest increase in repair capacity (32.4% above cells own repair), followed by
quercetin and luteolin, which increased repair capacity by 24.7 % and 13.8%,
respectively. These results reflect the ability of these compounds to protect against
DNA strand breaks formation and, more importantly, to enhance the repair of this

type of damage, suggesting an involvement on specific mechanisms of DNA repair.
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Figure 4.4 — Compounds protection against t-BHP-induced formation of DNA strand breaks,
evaluated by the Comet assay. A-E) representative images of Comets from control, 200uM ¢t-BHP, 50
UM luteolin, 50 yM quercetin and 50 yM rosmarinic acid (without pre-incubation), respectively. F)
Quantification of DNA damage by visual scoring. PC12 cells were incubated for 1 h in the presence of
200uM t-BHP. Polyphenolic compounds were added to the cells either at the same time or 3 h prior to
the addition of the oxidative stimulus. Each bar represents the mean + S.E.M for at least three
independent experiments. ** P < 0.001, compared to respective control cells; *** P < 0.001, compared
to 200uM t-BHP (for each respective incubation condition); # p < 0.01, compared with the same

compound, after a 3 h pre-incubation.
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Figure 4.5 — Effects of the compounds on DNA strand breaks repair. A) After 1 h of cells’
simultaneous incubation with the compounds and 200uM ¢-BHP, cell culture media was replaced
and DNA damage evaluated 1 h later. Comets were visually scored and results expressed in
percentage of damage relatively to the maximum obtained before the recovery period. B) Repair
capacity was calculated using the formula presented in the Material and Methods section. Values in
brackets represent the increase in repair capacity. For each bar is represented the mean + S.E.M

+++

for at least three independent experiments. P <0.001, compared to respective control cells; * P <

0.05, ** P < 0.01, *** P < 0.001, compared to 200uM t-BHP (for each respective incubation
condition).

4.3.4. Effects of the polyphenolic compounds on base oxidation

In addition to formation of strand breaks, structure modifications at the level of
nucleotidic bases can occur as a consequence of oxidative stress. Oxidation of
nucleotidic bases is likely to be as important as DNA strand breaks to overall cellular
function and survival (Bjelland and Seeberg, 2003). We therefore investigated the
ability of the polyphenols herein studied to help cells overcome the formation of

oxidised bases. Since t-BHP induced a great amount of strand breaks along with

145



Chapter 4

bases oxidation, making it difficult to distinguish between these two types of
damage, we used Ro 19-8022, a photosensitiser compound that induces only the
accumulation of oxidised bases, namely 8-oxoGua, without the induction of a
significant amount of strand breaks (Angelis et al., 1999; Gedik et al., 2002). Indeed,
treatment of PC12 cells with increasing concentrations of Ro 19-8022 (Fig. 4.6)
resulted in a gradual increase in the percentage of DNA in the comet tails. From
these results, we selected the 0.6 yM Ro 19-8022 concentration as the most
adequate for subsequent experiments, since a significant increase in DNA damage
could be observed, with few class 4 comets generated. This indicates that the assay
had not reached a saturation point, which must be avoided, since it could lead to

underestimation of enzyme-sensitive sites (Gedik et al., 2002).
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Figure 4.6 — Dose-response curve for cells treatment with Ro 19-8022. PC12 cells were incubated
for 5 min, on ice and under a 500 W halogen lamp, in the presence of increasing concentrations of
Ro 19-8022. The level of oxidised purines was determined through sample incubation with FPG, for
30 min. FPG-sensitive sites were obtained by subtracting the amount of strand breaks alone to the
amount of breaks obtained after incubation with FPG. Percentage of damage in the comet tail was
quantified by computer-assisted image analysis. For each condition is represented the mean *
S.E.M for at least three independent experiments. * P < 0.05, compared to cells in the absence of

Ro 19-8022; ** P < 0.01, relatively to strand breaks for the same condition.

The polyphenolic compounds effects were then evaluated on the formation of
oxidised bases induced by 0.6 yM Ro 19-8022. Two pre-incubation periods, 1h and

24 h, were tested. Results in figure 4.7 show that none of the compounds
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significantly reduced the amount of oxidised purines, independently of the pre-

incubation period used.
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Figure 4.7 — Effect of the polyphenolic compounds on Ro 19-8022-induced purines oxidation. PC12
cells were either incubated for 1 h or 24 h, prior to the treatment with 0.6 yM Ro 19-8022 plus light.
The level of oxidized purines was determined through sample incubation with FPG, for 30 min.
Percentage of damage in the comet tail was quantified by computer-assisted image analysis. Each
bar represents the mean + S.E.M for at least three independent experiments. ** P < 0.01, compared

to cells in the absence of Ro 19-8022.

We also investigated the effects of the polyphenolic compounds after a recovery
period after the incubation with Ro 19-8022, since time can be decisive for the
observation of a possible protective effect. In this way, after Ro 19-8022 treatment,
culture media was replaced and cells allowed to recover for a period of 6 h. The
selection of this time period was based on results from Fig. 4.8, which show that,
after a 6 h recovery, cells had already repaired about 51 % of oxidised bases and
the assay had not reached saturation. These results are in agreement with previous
reports by other authors using different cell lines, and can be attributed to the longer
period of time required by oxidised bases to be repaired, when compared to strand
breaks (Collins and Horvathova, 2001).
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Figure 4.8 — DNA repair of Ro-induced oxidised purines. PC12 cells were treated with Ro 19-8022
plus light for 5 min, on ice. Culture media was then replaced to allow damage repair. At defined
time-points, cells were collected and assayed for the level of oxidised purines, by incubating
samples with FPG. Percentage of damage in the comet tails was quantified by computer-assisted
image analysis. For each condition is represented the mean + S.E.M for at least three independent
experiments. = 0.05, "P< 0.01, ™ P <0.001 compared to cells in the absence of Ro 19-8022.

As presented in Fig. 4.9A, after a 6 h recovery period following a 24 h incubation
of the cells in the presence of the polyphenolic compounds, the levels of DNA in the
comet tails was not significantly altered by the presence of the polyphenols.
Nevertheless, after calculating the repair capacity induced by each compound, we
observed that rosmarinic acid significantly increased the cells capacity to repair
oxidised purines in about 9.4 % (Fig. 4.9B). On the other hand, neither luteolin nor
quercetin were able to significantly increase the cells’ intrinsic repair capacity,
although for luteolin there seems to exist a trend to do so.

The lack of effect obtained for quercetin had been previously reported in
lymphocytes, using hydrogen peroxide as an inducer of base oxidation (Duthie and
Dobson, 1999). Our results clearly indicate that, among the polyphenolic
compounds tested, only rosmarinic acid seems to affect the repair of oxidised

bases.
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Figure 4.9 — Effects of the compounds on purine oxidation repair. A) After a 24 h incubation in the
presence of the compounds, cells were treated with Ro 19-8022 plus light for 5 min, on ice. Culture
media was then replaced and DNA damage evaluated by the Comet assay 6 h later. Percentage of
damage in the comet tail was quantified by computer-assisted image analysis. B) Repair capacity
calculated according to the formula presented in Material and Methods. Values in brackets
represent the increase in repair capacity. For each bar is represented the mean + S.E.M. for at least

three independent experiments. P < 0.001, compared to respective control cells; * P < 0.05,
compared to 0.6 yM Ro 19-8022 + light.

4.3.5. In vitro base excision repair assay

The capacity for incision activity by repair enzymes at oxidised purines in DNA
was monitored in cell-free extracts, obtained from PC12 cells previously incubated in
the presence of the polyphenols for 24 h. Damage-containing substrates were
obtained by treating L929 cells with 1 yM Ro 19-8022, for 5 min on ice, under a 500
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W halogen lamp. This concentration was selected based on a dose-response curve

of DNA damage against Ro 19-8022 (Fig. 4.10).
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Figure 4.10 — Dose-response curve of Ro 19-8022-induced DNA damage. L929 cells were
incubated in the same conditions indicated in Fig. 6. Levels of oxidized purines were determined

and quantified as previously described. For each condition is represented the mean + S.E.M for at
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least three independent experiments. * P < 0.05, ** P < 0.01, P < 0.001 compared to cells in the

absence of Ro 19-8022; * P < 0.05, *** P < 0.001, relatively to strand breaks for the same condition.

Results in Figure 4.11 show that after a 20 min incubation of the substrate with a
cell-free extract, L929 suffer an increase in the number of DNA breaks relatively to
the control (24.84 £ 0.47 % vs 6.12 £ 0.97 %, p < 0.001), as previously observed by
(Collins et al., 2003). Since substrate cells were treated with Ro 19-8022 and light,
these breaks reflect only the amount of oxidised nucleotidic bases. It is also evident
in the same figure that only rosmarinic acid led to an improvement of PC12 cells’
capacity to repair this kind of damage, as demonstrated by an increase of 6.96 % of
DNA in the tail for the rosmarinic acid-treated extract. This is equivalent to a 37.1 %
increase in DNA repair capacity relatively to the non-treated extract. In the presence
of extracts treated with either luteolin or quercetin, DNA repair was unaffected. The
increase in incision activity induced by the rosmarinic acid-treated extract, as well as
the lack of effect observed for luteolin and quercetin, are clearly demonstrated in the
representative images of BER assay (Fig. 4.11A-E).

These data suggest a possible involvement of rosmarinic acid in the regulation

of gene expression of DNA repair enzymes.
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Figure 4.11 — Effect of the compounds on the in vitro BER assay. A-E) representative images of
Comets (purines only) from control (buffer alone), extract from non-treated cells, extract from 50 uM
luteolin-treated cells, extract from 50 uM quercetin-treated cells and extract from 50 yM rosmarinic
acid-treated cells, respectively. F) Quantification of the percentage of DNA in the comets tails was
done after treatment of damage-containing substrate cells with a cell-free extract obtained from
PC12 cells incubated with the polyphenols for 24 h. The repair enzyme FPG was used as a positive
control. Levels of oxidized purines were determined and quantified as previously described. For
each condition is represented the mean + S.E.M for at least three independent experiments. ™" P <

0.001compared to control cells; * P < 0.05, relatively to non treated extract. SBs — Strand Breaks.
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4.3.6. Expression of DNA repair genes

We tried to elucidate the molecular mechanisms underlying the results observed
with rosmarinic acid, namely by investigating a direct effect of this compound on the
expression of the DNA repair genes OGG1 and APE1, which play an important role
in DNA repair, using real time RT-PCR. Treatment of PC12 cells with rosmarinic
acid alone results in a significant decrease in the expression of APE1, (Figure 4.12,
white bars). However, in the presence of Ro 19-8022, rosmarinic acid seems to
significantly enhance the expression of the repair gene OGG1. Such results confirm

the action of rosmarinic acid at the level of DNA repair, which is discussed further

on.
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Figure 4.12 — Effects of rosmarinic acid on the expression of repair genes OGG7 and APE1. PC12
cells were incubated for 24 h in the presence of rosmarinic acid, prior to the exposure to Ro 19-8022
plus visible light. Levels of genes expression was determined by real time RT-PCR and results
expressed as the increase in the expression of each gene relatively to the control. Values in
brackets represent the difference in the fold-increase expression between Ro-treated and non-
treated conditions. Each bar represents the mean + S.E.M for at least two independent experiments.

™ P <0.01, compared to control cells in the absence of Ro 19-8022; * P < 0.05, compared to cells

treated with rosmarinic acid alone.

152



Oxidative DNA damage protection and repair by polyphenolic compounds in PC12 cells

4.4. Discussion

Oxidative DNA damage is generally regarded as a dynamic steady-state: an
equilibrium is maintained between input of damage (i.e. endogenous and/or
exogenous free radicals attack), which can be attenuated by antioxidant defences,
and output from this damage (i.e. DNA repair). A change in input or output will lead
to an increase or decrease in the level of damage, until a new equilibrium is
attained. The implication is that DNA repair, in normal physiological conditions,
maintains oxidative damage at a level that is tolerable in terms of genetic stability
(Tomasetti et al., 2001; Collins and Gaivao, 2007).

In this work, three polyphenolic compounds (luteolin, quercetin and rosmarinic
acid) were investigated for their protective effects on oxidative DNA damage in a
neuronal cell model, with a particular focus on the mechanisms by which they may
be acting. Their antioxidant properties have already been well characterised in the
literature (Noroozi et al., 1998; Petersen and Simmonds, 2003) and, in addition,
some authors have described their protective effects against oxidative DNA damage
induced in cancer cell lines, in a clear association with their anti-carcinogenic
properties (Duthie and Dobson, 1999; Lima et al., 2006). In neuronal cells, it is
described the cumulative effect of DNA damage in human brain over time
(especially in mitochondrial DNA), which is supposed to play a critical role in aging
and in the pathogenesis of several neurodegenerative diseases (Bjelland and
Seeberg, 2003; Fishel et al., 2007; Coppede et al., 2007).

To date, no studies have reported the effects of these polyphenols on oxidative
DNA damage in neuronal models. Additionally, it remains unknown whether these
compounds exert their protective effects against oxidative DNA damage by
enhancing DNA repair or simply by preventing the oxidation of DNA due to their
antioxidant properties.

Based on the fact that, in our cell model, a 50 yM concentration of the
polyphenolic compounds did not present any toxicity to cells, and after selecting the
best conditions to obtain a significant amount of DNA damage without inducing a
significant decrease in cell viability, we proceeded to investigate the compounds
protection against --BHP-induced oxidative DNA damage. It should be noted that the
use of such concentrations has been also reported in other works with neuronal cell
models (Sasaki et al., 2003; Park et al., 2007; Okawara et al., 2007) and for some
authors were considered low (Horvathova et al., 2005). As expected from previous

reports, regarding the protective effects of these polyphenolic compounds on
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oxidative DNA damage (Noroozi et al., 1998; Duthie and Dobson, 1999; Lima et al.,
2006), all of them were also able to decrease t-BHP-induced DNA strand breaks
formation in our cell model. Among them, luteolin proved to be the most efficient
one, which is in accordance with previous studies reporting the high antioxidant
activity for this compound, observed in different cells, such as skin fibroblasts or
macrophages (Filipe et al., 2005; Harris et al., 2006). Although no differences in
protection were observed when luteolin or rosmarinic acid were added
simultaneously or 3 h prior to the addition of #-BHP, quercetin presented an
ameliorated effect when simply co-incubated with the deleterious stimulus. A similar
effect has been reported in human lymphocytes and was attributed to the
metabolization of this flavonoid into a less active compound (Duthie and Dobson,
1999).

The ability of the compounds to increase strand breaks repair varies in the
inverse order of that observed for the prevention of strand breaks formation. In fact,
although all the compounds tested were able to enhance the repair of strand breaks
in PC12 cells, rosmarinic acid induced the highest repair capacity for this kind of
damage. Since both luteolin and quercetin are known to possess high antiradical
scavenging activities (Noroozi et al., 1998; Choi et al., 2003; Horvathova et al.,
2005), and based on the fact that most of their protective effects against DNA
damage occurred during the 1 h incubation with £-BHP, we are led to believe that
these effects are mainly due to their antioxidant properties. In addition, features
such as their high lipophilicities (Areias et al., 2001) and abilities to chelate metal
ions (Mira et al., 2002) may also be responsible for their protective effects.
Rosmarinic acid, by its turn, has a weaker ROS scavenging activity and a lower
lipophilicity when compared to luteolin and quercetin, thus the results obtained
suggest its involvement in the intracellular pathways related to DNA repair.

The hypothesis that rosmarinic acid could be acting on those intracellular
pathways, in opposition to the more direct effect of luteolin and quercetin, was
further studied by investigating the involvement of these polyphenolic compounds on
the protection against base oxidation. It should be taken into account that the effect
of antioxidants on recovery from oxidative DNA damage may be justified by at least
two different explanations: 1) by stimulating the activity of repair enzymes or 2)
through a direct protection against oxidation (Tomasetti et al., 2001). In the
conditions tested, none of the polyphenols was able to decrease the amount of
oxidised purines induced by the photosensitiser compound, independently of the

time used in the pre-treatment. Nevertheless, rosmarinic acid significantly increased

154



Oxidative DNA damage protection and repair by polyphenolic compounds in PC12 cells

the PC12 cell capacity to repair oxidised purines. For luteolin, a trend to increase the
repair of oxidised purines was observed, though this increase was not statistically
significant.

Since Ro 19-8022 can induce a great amount of DNA damage in a short period
of time, the antioxidant properties of the polyphenols tested may not be sufficient to
exert a protective effect against DNA damage induced by this agent. Instead, a
protective effect in this case, to be detected, may be more easily attributed to an
involvement of a compound in the mechanisms responsible for Ro 19-8022 toxicity.
Considering this, the results obtained are indicative that only rosmarinic acid may be
acting on the intracellular pathways leading to repair of DNA damage.

In order to better re-create in vitro the conditions for DNA repair occurring in
vivo, an alternative approach for the assessment of repair capacity of a sample
extract, provided with a DNA substrate carrying specific type of damage, was used
(Tomasetti et al., 2001). We observed that only rosmarinic acid was able to increase
the PC12 cells’ capacity to repair oxidised bases, as indicated by the greater
amount of breaks formed in the presence of extract pre-treated with this compound,
relatively to the non-treated extract. This effect on DNA repair appears to be
mediated through change in gene expression, namely an increase in OGG7 mRNA
levels. However, in the presence of rosmarinic acid alone the levels of repair genes
expression decreased. This might be explained considering the dynamic steady
state of oxidative DNA damage, previously referred. Based on this theory (Collins
and Gaivao, 2007) we may assume that, in the presence of rosmarinic acid, basal
damage input to DNA induced by the deleterious stimulus will be lower than in the
absence of the compound. In this situation, a smaller amount of oxidised nucleotidic
bases might be expected. So, repair enzymes might not be recruited to a great
extent, which would explain the lower expression of repair genes. In addition, the
lack of a significant effect of rosmarinic acid on APE1 expression may be attributed
to a later recruitment of this enzyme during the repair process, as also described
elsewhere (Hill et al., 2001). It should be further noted that DNA repair enzymes,
such as OGG1, are considered housekeeping genes (Loft and Moller, 2006). In this
way, an effect at the level of base oxidation repair, if present, should be subtle, since
the intracellular pathways that are involved in the repair of oxidative DNA damage
are vital to cells and are therefore tightly regulated. This fact also justifies the small
variation obtained in expression of these genes with or without the deleterious

stimulus.
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Extracts pre-treated with either luteolin or quercetin were unable to increase the
DNA repair capacity, confirming that these compounds cannot act against the
oxidation of nucleotidic bases induced by Ro 19-8022.

In this study, we have shown some of the underlying mechanisms associated to
the protective effects on oxidative DNA damage in PC12 cells for three polyphenolic
compounds: luteolin, quercetin and rosmarinic acid. While the action of both luteolin
and quercetin seems to be associated with a direct effect on ROS scavenging, with
major implications on the prevention of t-BHP-induced strand breakage (in
accordance with results reported in other cell models), rosmarinic acid may rather
exert an indirect effect, by mediating intracellular mechanisms responsible for DNA
repair. However, it should be taken into account that this study intended to be the
first step in the evaluation of the protective effects of these polyphenols on oxidative
DNA damage induced to neuronal cells. Before any correlations can be made
between the protection observed in vitro, in this cell model, and what happens in
vivo, bioavailability studies should be performed. Some polyphenols do not pass
easily through the blood brain barrier and therefore are likely present, in the central
nervous system, at low concentrations. This has been reported for both quercetin
and rosmarinic acid (Youdim et al., 2004; Li et al., 2007) but not for luteolin which
seems to have a good ability to cross the barrier (Hendriks et al., 2004).
Nevertheless, a study with quercetin, showed that a combination of this flavonoid
with phospholipids like lecitin is a way of increasing its ability to cross the blood
brain barrier and exert its protective effect in the brain (Dajas et al., 2003). So a role
for these compounds in neuroprotection should not be ruled out.

In conclusion, our results strongly suggest that the polyphenols tested, which are
present in the human diet, and in particular rosmarinic acid, should be considered as
valuable protectors against oxidative stress-induced DNA damage that commonly

occurs in several pathological conditions, namely in neurodegenerative diseases.
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Abstract

Oxidative stress has been connected to various forms of cardiovascular
diseases. Previously, we have been investigating the potential of new nitrogen-
containing synthetic compounds using a neuronal cell model and different oxidative
stress conditions in order to elucidate their potential in the amelioration of
neurodegenerative diseases. Here, we evaluated the protective role of four of those
new synthetic compounds (FMA4, FMA7, FMA762 and FMA796) against oxidative
damage induced to H9c2 cardiomyoblasts by tert-butylhydroperoxide (-BHP), the
hypothesis being that the test compounds will be able to prevent oxidative damage
to the cell line tested. FMA762 and FMA796 decreased {-BHP-induced cell death, as
measured both by sulforhodamine B assay and nuclear chromatin condensation
counting. In addition, the two mentioned compounds inhibit intracellular signalling
mechanisms leading to apoptotic cell death, namely those mediated by
mitochondria, which was confirmed by their ability to overcome t-BHP-induced
morphological changes in the mitochondrial network, loss of mitochondrial
membrane potential, increased expression of the pro-apoptotic proteins p53, Bax
and AlF, and activation of caspases-3 and -9. Moreover, our results indicate that the
compounds’ ROS scavenging ability plays a crucial role in this protection profile, as
a significant decrease in t-BHP-induced oxidative stress was observed in their
presence. The data obtained indicates that some of the test compounds may clearly
prove valuable in a clinical context by ameliorating cardiovascular pathologies where

oxidative stress in involved.
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5.1. Introduction

Cardiovascular diseases have been established as one of the leading causes of
death worldwide (Wilcox et al., 2004; Sgobbo et al., 2007). Oxidative stress, an
event that occurs when the amount of reactive oxygen species (ROS) formed
intracellularly, surpasses the cells’ natural antioxidant defence systems (Halliwell,
2001; Piga et al., 2005), has been connected to various forms of cardiovascular
diseases, including atherosclerosis, ischemia-reperfusion injury, hypertension,
cardiomyopathies, cardiac hypertrophy and congestive heart failure (Lefer and
Granger, 2000; Giordano, 2005; Sam et al., 2005). In support of the connection
between oxidative stress and cardiac pathologies, it has been demonstrated that the
administration of exogenous antioxidants results in the protection against oxidative
myocardial injury (Nakamura et al., 2002; Kaiserova et al., 2007).

The mitochondrial respiratory chain on the inner mitochondrial membrane has
been recognised as the major intracellular source of ROS (Zhao et al., 2004). In
fact, electron transfer along the mitochondrial electron transport complexes is
associated with single electron reduction of molecular oxygen to form superoxide
anions. In addition, it has been estimated that as much as 1-2 % of the overall
oxygen consumption can result in the formation of free radicals (Sharma and
Morgan, 2001; Sgobbo et al., 2007). Since cardiac tissue is very abundant in
mitochondria (up to 35 % of the cell volume) and the cardiac muscle is dependent
on a continuous supply of oxidative phosphorylation-derived ATP (Wallace, 2007),
cardiac cells can be considered to be at a high risk of suffering oxidative damage.

The production of ROS by mitochondria seems to be also involved in the
initiation and execution of apoptotic cell death (Sgobbo et al., 2007). Apoptosis,
which is an active process of cell death, has been associated with human
cardiovascular system impairment, such as in cardiomyocytes during end-stage
heart failure or after myocardial infarction, and in vascular smooth muscle cells with
atherosclerotic plaques or after arterial injury (Narula et al., 1996; Isomoto et al.,
2006). ROS can promote cytochrome c release from mitochondria, by inducing its
dissociation from cardiolipin, a phospholipid to which cytochrome c is associated in
the inner mitochondrial membrane. Cytochrome c is then released to the cytosol
probably by a mechanism involving the mitochondrial permeability transition (MPT),
which involves swelling of the mitochondrial matrix and rupture of the outer
membrane (Petrosillo et al., 2003). Alternatively, cytochrome ¢ may also be released

in a MPT-independent way, since some members of the Bcl-2 family of proteins
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(e.g. the pro-apoptotic Bax and Bid, and the anti-apoptotic Bcl-2 and Bcl-X,) can
regulate mitochondrial cytochrome c release with consequent downstream activation
of caspases, thus playing an important role in the overall regulation of
cardiomyocyte apoptosis (Reeve et al., 2007). Therefore, pharmacological agents
which would be able to effectively suppress ROS formation and modulate
mitochondrial function should deserve a more intense investigation, in view of
treating patients with cardiac disease (Kaiserova et al., 2007; Sgobbo et al., 2007).

We have previously described the potential of new nitrogen compounds
originated from organic synthesis, against different models in which oxidative stress
is involved (Silva et al., 2006; Silva et al., 2008a). According with those studies, four
nitrogen compounds (named FMA4, FMA7, FMA762 and FMA796) have previously
shown an elevated ROS scavenging activity in a neuronal cell model, which resulted
in lipid peroxidation and oxidative DNA damage protection. The new molecules were
synthesised based on the knowledge that the hydroxyl groups of the phenol ring
(Figure 5.1) are usually responsible for the antioxidant properties of a compound
and that nitrogen compounds can easily interact with active centres responsible for
different functions in living organisms. Therefore, the association of these two
moieties in the same molecule was expected to result in new structures with good
potential as antioxidants in living systems (Areias, 2006).

In the present study, the effects of these active four new nitrogen compounds
(FMA4, FMA7, FMA762 and FMA796) on oxidative damage and apoptosis of H9c2
cells, a clonal myogenic cell line derived from embryonic rat ventricle was
investigated by using the pro-oxidant tert-butylhydroperoxide (-BHP) as model
oxidant. This cell line had shown electrophysiological and biochemical properties of
both skeletal and cardiac tissues, including depolarization in response to
acetylcholine and rapid activation of calcium currents through L-type channels. H9c2
cells are considered a proper model to study molecular responses to oxidative
damage to the cardiomyocyte (Dangel et al., 1996; L'Ecuyer et al., 2001). The
hypothesis behind the present work is that the test compounds will be able to
prevent oxidative damage to H9c2 myoblasts, including the prevention of

mitochondrial damage.
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5.2. Materials and method's

5.2.1. Compounds

The compounds used in this study (Figure 5.1) were prepared in the group of
Organic Synthesis, Chemistry Department, University of Minho, from the reaction of
an appropriate phenolic aldehyde with a substituted amidine, following an
experimental procedure adapted from previous work (Booth et al., 1999; Areias,
2006). The compounds were provided as a yellowish powder, which was
reconstituted in DMSO, aliquoted and maintained frozen at -80°C until use. Each
aliquot was thawed only once.

Foetal bovine serum (FBS) was obtained from BioChrom KG (Berlin, Germany);
Dulbecco’s Modified Eagle’s Medium (DMEM) cell culture medium, dimethyl
sulfoxide (DMSO), EDTA, trypsin, tert-butyl hydroperoxide, sulforhodamine,
phenazine methosulfate (PMS), reduced nicotinamide adenine dinucleotide (NADH),
NitroBlue Tetrazolium (NBT) and Hoechst 33342 were purchased from Sigma-—
Aldrich (St. Louis, MO, USA). Tetramethyl rodhamine methyl ester (TMRM),
Calcein-AM and 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate
(CM-H,DCFDA) were obtained from Invitrogen (Eugene, OR, USA).

N——0CHPh N——oCH,
HT// W
NC NH NC NH
\c”/ N
O ‘U
NC N :ﬁ OH NC/ \N :ﬁ OH
FMA4 FMA7
N——0CH,
HC//
NC\C/NH: on |
H NC\C/NH on
c
NC/ \N :ﬁ OH (U
ne” = OH
OH
OH
FMA762 FMA796

Figure 5.1 — Schematic structure of the newly synthesized nitrogen compounds. A phenolic unit
is linked to an amidine function through a linear chain containing a nitrogen atom in three carbon
atoms. FMA762 and FMA796 differ mainly from FMA4 and FMA7 by the presence of three
hydroxyl groups within the phenol ring, instead of one. The compounds were prepared by F. M.

Areias, Group of Organic Chemistry, University of Minho.
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5.2.2. HI9c2? cell culture

H9c2 cell line was originally derived from embryonic rat heart tissue using
selective serial passages (Kimes and Brandt, 1976) and was purchased from
America Tissue Type Collection (Manassas, VA, U.S.A.). Cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 1.5 g/L sodium
bicarbonate, 10% foetal bovine serum, 100 U/ml of penicillin and 100 pg/ml of
streptomycin in 75 cm? tissue culture flasks, and maintained at 37°C, in a humidified
incubator containing 5% CO,. Cells were fed every 2 — 3 days, and sub-cultured
once they reached 70 — 80% confluence, by treatment with a 0.05% trypsin/EDTA
solution. To prevent loss of differentiation potential, cells were not allowed to
become confluent. Cells were seeded at a density of 35 000 cells per ml, either in 24
well plates (final volume of 1 ml/well) for sulforhodamine B assays, or in 100 mm
diameter tissue culture dishes for western blots. For experiments using fluorescence
microscopy, cells were seeded as described above, but in 6-well plates containing
glass coverslips (final volume of 2 ml medium/well). Cells were treated with both the
compounds in study and -BHP, for either 3 h or 6 h, as mentioned in the legends of

figures.

5.2.3. Sulfhorodamine B (SRB) assay

The effects of the nitrogen compounds on cell proliferation per se and on the
protection against -BHP-induced cell death was evaluated by the sulforhodamine B
assay, according to (Papazisis et al., 1997), with slight modifications (Sardao et al.,
2007). H9c2 cells were seeded in 24-well plates and treated with the nitrogen
compounds in different time points, in the presence or absence of -BHP. Following
this treatment, the incubation medium was removed and cells were washed with
PBS and fixed in ice cold methanol, containing 1 % acetic acid, for at least 1 h. Cells
were then incubated with 0.5 % (w/v) sulforhodamine B dissolved in 1 % acetic acid
for 1 h at 37°C. Unbound dye was removed by washing several times with 1 %
acetic acid. Bound SRB was then solubilised with 10 mM Tris base solution, pH 10.
After shaking the plates to dissolve the SRB, 200 pl from each well were transferred
to 96-well plates and the absorbance read at 540 nm, against a blank containing 10

mM Tris alone. Results were expressed relatively to t = 0 h in the presence of the
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vehicle alone (DMSO), which was considered as 100 % of cell proliferation/cell

viability.

5.2.4. Chromatin condensation detection

The morphology of cells nuclei was observed by using the cell-permeable DNA
dye Hoechst 33342. Cells presenting nuclei homogeneously stained with the dye
were considered to be normal, whereas the ones presenting chromatin
condensation were considered as apoptotic.

In brief, after being treated with the compounds in the presence of -BHP, cells
were carefully washed with PBS, fixed with 2 ml of ice cold absolute methanol and
stained with 1 ug/ml of Hoechst 33342 for 30 minutes, at 37°C, in the dark. Nuclear
morphological changes were detected in a fluorescence microscope (Zeiss
Axioskop 2 plus) with an UV filter. Two hundred cells from several randomly chosen
fields were counted and the number of apoptotic cells expressed as a percentage of

the total number of cells.

5.2.5. Triple labelling of H9c2 cells with TMRM, Hoechst 33342 and

calcein-AM

H9c2 cellular and mitochondrial morphological changes in were analyzed by
fluorescence microscopy, according to Sarddo and collaborators (Sardao et al.,
2007), with slight modifications. Briefly, cells adhered to coverslips placed in the
bottom of 6-well plates and treated with the compounds in the presence of -BHP,
were incubated with 100 nM tetramethyl rodhamine methyl ester (TMRM), 1ug/ml
Hoechst 33342 and 300 nM Calcein-AM for 30 minutes, at 37°C, in the dark.
Coverslips were then carefully removed and cells observed under a fluorescence

microscope.

5.2.6. Measurement of mitochondrial membrane potential (Ay)

Monitorization of the mitochondrial Ay was performed by loading cells with
TMRM, a membrane-permeable cationic fluorophore that accumulates
electrophoretically inside mitochondria, proportionally to their Ay (Ehrenberg et al.,
1988). Thirty minutes before the end of the 3 h incubation period with 50 uM {-BHP
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and the nitrogen compounds, TMRM was added to the cell culture medium, to a final
concentration of 100 nM. Cells were then visualised under a fluorescence
microscope, using the adequate filter setting. Cell mean fluorescence intensity and
the standard deviation associated to it were quantified using Imaged 1.40g software
(National Institutes of Health, USA). Standard deviation is a more accurate
parameter for quantification, since an initial slight depolarization may cause the
release of TMRM from mitochondria and subsequent accumulation in the cytosol,
resulting in practically no alterations in the mean cell fluorescence value. As a test
control, cells were subjected to complete depolarization by treatment with 50 yM

carbonyl cyanide m-chloro phenyl hydrazone (CCCP).

5.2.7. Preparation of total protein extracts and nuclear fractionation

To obtain total protein extracts, after treatment with the compounds in the
presence of t-BHP, H9c2 cells were harvested by trypsinization and centrifuged
twice at 1,000 xg, for 5 min. Floating cells were also collected and combined with
the adhered ones. Cellular pellets were then resuspended in 50 pl of lysis buffer (20
mM HEPES/NaOH, pH 7.5, 250 mM Sucrose, 10 mM KCI, 2 mM MgCl,, 1 mM
EDTA) supplemented with 2 mM dithiothreitol (DTT), 100 uM phenylmethylsulfonyl
fluoride (PMSF) and a protease inhibitor cocktail (containing 1ug/ml of leupeptin,
antipain, chymostatin and pepstatin A). Afterwards, pellets were disrupted with ~30
passages through a 27-gauge needle. The cell suspension was then rapidly
frozen/thawed three times in liquid nitrogen and kept at -80°C until use.

For the preparation of nuclear fractions, cells were harvested as described
above and resuspended in homogenization buffer (250 mM sucrose, 20 mM
HEPES/KOH, pH 7.5, 10 mM KCI, 1.5 mM MgCl;, 0.1 mM EDTA, 1 mM EGTA)
supplemented with 1 mM DTT, 100 uM PMSF and protease inhibitor cocktail
(containing 1ug/ml of leupeptin, antipain, chymostatin and pepstatin A). Cells were
then homogenised in a Potter—Elvehjem homogeniser with a Teflon pestle and the
homogenate was centrifuged at 220 xg, for 5 min, 4°C. The pellet was resuspended
in 50 ul of a 250 mM sucrose/ 10 mM MgCl, buffer and the resulting suspension was
carefully poured over 500 ul of another buffer containing 350 mM sucrose/ 0.5 mM
MgCl,, in order to form a gradient. These gradients were then centrifuged at ~1,271
xg, for 5 min, at 4°C and the pellets resuspended in 50 pl of the 350 mM sucrose/
0.5 mM MgCl, buffer.
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The amount of protein in each sample was determined by the Bradford method,

using bovine serum albumin (BSA) as standard.

5.2.8. Determination of caspase-like activity

The activities of caspases 3 and 9 were assessed spectrophotometrically by
determining the cleavage of the respective colorimetric substrate, as described in
(Serafim et al., 2008). Briefly, after treating cells with the compounds for 3 h, total
protein extracts were obtained according to the procedure described above, and a
sample volume corresponding to 25 ug and 50 pg of protein for caspase-3 and
caspase-9, respectively, was added to the reaction buffer (0.1% CHAPS, 10%
Sucrose, 25 mM HEPES, pH 7.5, supplemented with 10 mM DTT). The enzymatic
reactions, in a final volume of 200 ul, were initiated by the addition of the
colorimetric substrates Ac-DEVD-pNA, for caspase-3-like protease activity, and
Ac—-LEHD-pNA, for caspase-9-like protease activity, to a final concentration of 100
MM. After 2 h incubation at 37°C, in the dark, 100 pl from each sample were
transferred to a 96-well plate and the reaction product (nM / ug protein) measured
spectrophotometrically at 405 nm. A calibration with known concentrations of p-

nitroanilide(oNA) was done.

5.2.9. Western-blot analysis

Protein expression was determined by western-blot. Equal amounts of protein
(50 pg) were denatured in sample loading buffer, separated in 8-15%
polyacrylamide gels by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS/PAGE), and ftransferred to polyvinylidene difluoride (PVDF) membranes
(Amersham Biosciences, Buckinghamshire, UK). The membranes were blocked for
2 h, at room temperature, in TPBS (PBS and 0.1% Tween 20, pH 7.4), containing
5% skim milk. Blots were then incubated overnight, at 4°C, with goat anti-p53
(1:200, Santa Cruz Biotechnology, CA, USA), rabbit anti-Bax (1:8,000, Cell
Signaling Technology, Beverly, MA, USA), rabbit anti-AlF (1:1,000, Cell Signaling
Technology) or mouse anti-B-actin (1:10,000, Sigma-Aldrich, St. Louis, MO, USA).
All primary antibodies were diluted in TPBS containing 1% bovine serum albumin
(BSA). After three washes, membranes were incubated for 1 h in the presence of

the horseradish peroxidase-conjugated anti-goat immunoglobulin (IgG) for p53
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(1:5,000, DAKO Cytomation, Denmark), anti-mouse immunoglobulin (IgG) for B-
actin (1:10,000, Amersham) and anti-rabbit immunoglobulin (IgG) for the other
proteins (1:10,000, Amersham). Membranes were then reacted with an enhanced
chemifluorescence system (Amersham). The bands were visualised by using a
molecular imager Chemi-Doc XRS system (Bio-Rad, Hercules, CA, USA) and the
images were analyzed with the Quantity One software (Bio-Rad). Band intensity for

p53, Bax and AIF was normalized against the loading control $-actin.

5.2.10. Detection of intracellular reactive oxygen species

Intracellular ROS formation was assessed by using the non-fluorescent probe 5-
(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein  diacetate (CM-H,DCFDA),
which permeates cell membrane and becomes oxidised in the presence of ROS,
yielding the fluorescent 2,7’-dichlorofluorescein (DCF), by a method previously
described (Sardao et al., 2007), slightly modified. Briefly, after a 3 h treatment with ¢-
BHP and the nitrogen compounds, cells were incubated with 7.5 yM CM-H,DCFDA
for 30 min, at 37°C, in the dark. Cells in coverslips were then observed by
fluorescence microscopy using a fluorescein filter in a Leica DM 4000B microscope.
The intracellular mean fluorescence intensity was quantified using the ImageJ 1.40g

software (National Institutes of Health, USA).

5.2.11. Evaluation of superoxide radical scavenging activity

The superoxide radical scavenging activity of the compounds was determined in
a cell free system, using the phenazine methosulfate (PMS)/NADH non-enzymatic
assay, according to a method previously described (Valentao et al., 2001), which is
based on the reduction, at 560 nm, of Nitroblue Tetrazolium (NBT) to the blue
chromogen formazan by O,". Briefly, increasing concentrations of the compounds (1
— 100 uM) were added, in a 96-well plate, to a reaction mixture consisting of 166 M
NADH and 43 yM NBT. Reactions were then initiated by the addition of 2.7 uM
PMS, to a final volume of 300 ul, and followed spectrophotometrically for 2 min, at
room temperature. All reagents were dissolved in 19 mM phosphate buffer, pH 7.4.

ICs50 values were determined from the dose-response curves obtained for each

compound, as the concentrations required to inhibit the reduction of NBT in 50 %.
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5.2.12. Statistical analysis

Data are expressed as the mean * S.E.M., of the indicated number of
experiments. The significance of the differences between the means observed was
evaluated using the unpaired two-tailed Student’s t-test or the one-way ANOVA
followed by the Student-Newman-Keuls post-hoc test. A difference of p < 0.05 was

considered significant.

5.3. Results

5.3.1. Effects of the compounds on cell proliferation

The sulforhodamine B assay was used to assess the effect of the compounds
per se on cell proliferation in a time and dose-dependent manner. As it can be
observed in Figure 5.2, at the concentrations tested, none of the compounds per se
seems to affect cellular proliferation, at least up to 96 h in culture. Despite the
absence of statistical significance, a 40 yM concentration of FMA762 and FMA796
caused a small inhibition of cell growth, hence those concentrations were not used
in subsequent assays. The next step was to verify if any of the test compounds
could afford protection against the loss of cell mass caused by {-BHP-induced
toxicity to H9c2 cells. Data in Figure 5.3 indicate that after a 6 h treatment with t-
BHP, a decrease of about 55 % in cell mass occurs, in comparison to control cells.
However, this decrease was prevented in the presence of the compounds, except
for FMA4. The protection observed with FMA762 and FMA796, besides more
powerful, is attained for a lower concentration (5 pM, instead of 40 pM). This
superior protective effect of FMA762 and FMA796 against -BHP-induced toxicity is

in accordance with our previous results, obtained in PC12 cells (Silva et al., 2008a).

5.3.2. Chromatin condensation

Chromatin condensation is a hallmark of apoptosis. To verify if the protection
against the cytotoxicity induced by t-BHP involves apoptosis inhibition, as measured
by chromatin condensation, H9c2 cells were stained with the fluorescent probe
Hoechst 33342, which binds to DNA.
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Figure 5.2 — Cellular proliferation assessed with the sulforhodamine B assay. H9c2 cells
proliferation was followed up to 96 h, in the presence of different compounds concentrations, as
indicated. The percentage of cellular proliferation was calculated relatively to t = 0 h. Proliferation
in control cells (no test compounds) was assessed in the presence of 0.1 % DMSO. For each
concentration the mean = S.D. for at least three independent experiments is represented. No
statistically significant differences were found between the different concentrations tested and the

respective controls for each time point.
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Figure 5.3 — Effects of the compounds on the reduction of cell viability induced by 50uM {-BHP,
evaluated by the sulforhodamine B assay. H9c2 cells were incubated for 6 h in the presence of
the nitrogen compounds and {-BHP. Results are presented in terms of percentage of cell viability,
determined relatively to the control containing only 0.1 % DMSO, which was considered as
representing 100 % of viability. For each bar, the mean + S.E.M. for at least three independent
p < 0.001, compared to control cells (DMSO); ** p < 0.01, *** p <
0.001, as compared to 50 pyM t-BHP.

+++

experiments is represented.

Figure 5.4 shows that the treatment with {-BHP leads to a statistically significant
increase in the number of nuclei with condensed chromatin, which occurs in a time-
dependent manner. When the nitrogen compounds were co-incubated with tBHP,
decreased numbers of apoptotic cells occurred. Co-incubation with FMA762 and
FMA796 resulted in almost a complete inhibition in the formation of apoptotic nuclei
(Fig. 5.4). The data suggests that the protection afforded by the test compounds

against loss of cells (Fig. 5.3) also results from inhibition of apoptosis.
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Figure 5.4 — Quantification of apoptotic nuclei after labelling cells with the fluorescent dye
Hoechst 33342. Top panel: Representative images, obtained by fluorescence microscopy of
Hoechst-labelled nuclei of H9c2 cells after treatment with -BHP and the nitrogen compounds (in
this case, only FMA762 and FMA796 are represented) for 3 and 6 hours. Arrows indicate nuclei
showing condensed chromatin, characteristic of apoptosis. Bottom panel: The number of
apoptotic nuclei were counted and expressed as the percentage of total cells counted
(approximately 200 cells per coverslip). For each bar the mean + S.E.M. for five independent
experiments is represented. ©* p < 0.001, compared to respective control; * p < 0.05, ** p < 0.01,

*** p <0.001, compared to 50 uM t-BHP (for the respective time period).
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5.3.3. Vital imaging of H9c2 cells labelled with TMRM, Hoechst 33342 and

calcein-AM

In order to identify possible morphological alterations induced by t-BHP, a triple
labelling with tetramethyl rodhamine methyl ester (TMRM), Calcein-AM and Hoechst
33342 was used. TMRM is a cationic, mitochondrial selective probe that is
accumulated by that organelle in a membrane potential (Aw)-dependent manner.
Calcein-AM readily passes through the cell membrane of viable cells because of its
high hydrophobicity. After it permeates into the cytoplasm, it is hydrolysed by
esterases to calcein, which remains inside the cells and emits a green fluorescence.
Thus, the accumulation of this probe inside the cells is indicative of membrane
integrity, since damaged cell membrane in necrotic cells prevents calcein from
accumulating intracellularly. Hoechst, as mentioned above, binds to DNA and is
commonly used to visualize nuclei, allowing the observation of chromatin
condensation in apoptotic cells or other nuclear alterations.

After the results obtained in Figure 5.4, 3 h of incubation with -BHP were
chosen in order to detect alterations that may precede widespread cell death.
Representative images in Figure 5.5 show that control (untreated cells) exhibit
polarized mitochondria distributed throughout the cytoplasm (A and B), are strongly
labelled by calcein (C) and show well-defined nuclei, with normal chromatin
distribution (D). On the other hand, cells treated with -BHP displayed several
morphological changes, which include a much smaller size, resulting from rounding
up (A) and loss of the mitochondrial polarization (B). Some cells presented other
features, such as a weak calcein labelling (C), condensed chromatin (D) or
notorious membrane blebbing (A and C). The morphological alterations are
indicative of the induction of apoptotic and/or necrotic events induced by -BHP in
accordance with the literature (Sardao et al., 2007). The results also indicate that,
among the nitrogen compounds tested, only FMA762 and FMA796 are able to
prevent almost completely t-BHP-induced alterations of H9c2 cells. In fact, no
evidence of necrotic cells could be found in the cell populations treated with
FMA762 or FMA796 plus t-BHP. For FMA4, and especially FMA7, a slight protective
effect was also observed, although not as powerful as FMA762 or FMA796.

These results are indicative of a superior protective effect of FMA762 and
FMA796, against t-BHP-induced morphological changes and constitute a stronger

evidence of the compounds’ role in the apoptotic cascade of events.
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Figure 5.5 — Protection against t-BHP- induced alterations in cellular and mitochondrial
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morphology. H9c2 cells were incubated for 3 h in the presence of 50 uM #-BHP with or without the
nitrogen compounds. Cells were then labelled with 100 nM TMRM (red), 300 nM Calcein-AM
(green) and 1 pg/ml Hoechst 33342 (blue). Images are representative of five independent

experiments.

5.3.4. Determination of the compounds’ effects on mitochondrial

membrane potential

Changes in mitochondrial membrane potential (Ay) were assessed after loading

the cells with the membrane-permeable cationic fluorophore TMRM. In order to
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reduce the risk of generating artefacts in the determination of fluorescence intensity
due to probe release to the cytosol, two quantification parameters were used: cell
mean fluorescence and fluorescence standard deviation. Results in Figure 5.6
(bottom panel) show that in the presence of -BHP there is a decrease in both
parameters relatively to control cells, which is indicative of the depolarization of
mitochondria. The simultaneous incubation of t-BHP with the compounds FMA762
and FMA796 significantly prevented mitochondrial depolarization, as demonstrated
by the values obtained in these conditions, which are similar to the control. In
addition, the nitrogen compounds, by themselves, did not cause any changes in the
mitochondrial Ay as measured by the two values. The effects obtained with CCCP,
a protonophore that induces the collapse of mitochondrial membrane potential (Lim
et al., 2001), validated the assay. The representative images on the top panel of the

same figure illustrate the observations described.

+ 50pM -BHP
Control
Control +CCCP 50uM -BHP 20pM FMAT7E2 20pM FMA796
I -CCCP [ + CCCP
60+ 204
3 50 S T
3 3 C
8 - — e S 15 =
c 40 ! E
8 2
@ &
5 30 2 104
] -
£ 2 e
o 2 5
E 104 E
H w
(8]
0 0
- 20uM 2004 S0um A 20uM [ i 00 S0uM 20 W
o v Fha LEHP [ FMA e A FMA LEHP Fra Fi
7% 762 7% %2 7 742 706
+ S0uMi-BHP + S0y L BHF

Figure 5.6 — Effects of the compounds on mitochondrial membrane depolarization. Cells were
loaded with 2 yM TMRM 30 minutes prior to the end of the 3 h incubation in the presence of t-
BHP and of the nitrogen compounds. CCCP was used to induce the complete depolarization of
the inner mitochondrial membrane. Top panel: Images representative of each condition. Bottom
panel: quantification of mitochondrial membrane potential, using two different parameters: cell
mean fluorescence intensity and standard deviation. Each bar represents the mean + S.E.M for at

+

least four independent experiments. ™ p < 0.001, compared to control cells in the absence of

CCCP; *** p £0.001, compared to 50 uyM t-BHP.
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Results in this figure indicate the involvement of mitochondria depolarization in
myoblast cell death induced by -BHP and the protection afforded by the compounds
in study.

5.3.5. Assessment of caspases -3 and -9 activities

The loss of mitochondrial membrane potential, as well as cell blebbing and
redistribution of lipids in the outer plasma membrane are some of the phenotypic
characteristics of apoptotic cell death that can be mediated by caspases activation
(Beere, 2005).

As depicted in Figure 5.7A, t-BHP induced the activation of caspase-3, an
effector caspase, as indicated by the almost 3-fold increase in the cleavage of its
substrate. caspase-3 activation seems to be mediated by the apoptotic
mitochondrial apoptotic pathway, since caspase-9 activation was also observed
(Fig. 5.7B). Confirming previous data, FMA762 and FMA796 were able to prevent
the activation of both caspases tested in a statistically significant manner, which is
indicative of a protective role for the nitrogen compounds against -BHP-induced

apoptotic cell death, particularly by an involvement in the mitochondrial cascade.
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Figure 5.7 — Activities of caspases -3 (A) and -9 (B). H9c2 cells were incubated in the presence
of both nitrogen compounds and -BHP for 3 hours. Each bar represents the mean + S.E.M for at
least three independent experiments. * p < 0.05, compared to control cells; * p < 0.05, ** p < 0.01,

in comparison with 50 uM {-BHP.
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5.3.6. Expression of pro-apoptotic proteins

Given the protective effects of the compounds on caspases activation (Fig. 5.7)
and on apoptotic-like morphological changes induced by #-BHP in H9c2 cells,
namely at the mitochondrial and nuclear levels (Fig. 5.5), we tried to identify more
specific targets, especially proteins known to activate apoptotic pathways, such as
p53, Bax and AlF.

As observed in Figure 5.8A, t-BHP induces an increase in the expression of the
transcription factor p53, known to lead to the expression of proteins that prevent cell
division and cause apoptosis (Gartel, 2008). These results are also in accordance
with data obtained with doxorubicin-induced myocyte cell death (L'Ecuyer et al.,
2006; Sardao et al., 2009). This activation of p53 was significantly reversed in the
presence of FMA762 and FMA796. Likewise, the increase in Bax expression
observed in the presence of t-BHP (Fig. 5.8B) was also prevented by the action of
the nitrogen compounds. Bax acts downstream of p53 and is responsible for the
permeabilization of the outer mitochondrial membrane, leading to the release of pro-
apoptotic proteins (Cui et al., 2002). Therefore, these results confirm that the
nitrogen compounds may prevent DNA damage by the pro-oxidants, increased
expression of p53 and its targets and subsequently the activation of the apoptotic
mitochondrial pathway.

Apoptosis may also be induced by a caspase-independent pathway, namely by
the translocation of the apoptosis-inducing factor (AIF) from mitochondria to the
nucleus, where it interacts with nucleic acids, causing chromatin condensation and
DNA fragmentation (Bahi et al., 2006; Lorenzo and Susin, 2007). As it is shown in
Fig. 5.8C, t-BHP led to an increase in the expression of AlF in the nuclear extracts
of H9c2 cells, which was once again significantly prevented by FMA762 and
FMA796.

5.3.7. Measurement of intracellular reactive oxygen species

Our previous results with the same compounds in a neuronal cell model have
indicated their important ROS/RNS scavenging activity. -BHP is a pro-oxidant agent
widely used as an inducer of oxidative stress (Ahmed-Choudhury et al., 1998; Pias

and Aw, 2002). So, the effect of the compounds on t-BHP-induced oxidative stress
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on H9c2 cells was assessed by fluorescence microscopy, through the detection of

oxidized dichlorofluorescein (DCF) form.
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Figure 5.8 — Effects of the test compounds on the expression of the pro-apoptotic proteins (A)
p53, (B) Bax and (C) apoptosis-inducing factor (AIF). Cells were treated with -BHP and the
nitrogen compounds either for 6 h (Bax and p53) or 15 h (AIF). For the analysis of Bax and p53
expression, total extracts were used, while extracts of the nuclear fractions were prepared to
assess AlF expression. p53, Bax and AIF were identified as protein bands of 53, 20 and 57 KDa,
respectively, and their expression calculated relatively to B-actin. Each bar represents the mean +
S.E.M for at least five independent experiments. ** p < 0.01, compared to control; * p < 0.05, **p <
0.01 compared with 50 uM -BHP.

As expected, cell treatment with 50 yM ¢BHP induces an increase in
intracellular oxidative stress, as demonstrated by the increase in the cell mean
fluorescence after 3 h incubation with the oxidant (Figure 5.9). The fluorescence
increase is attenuated in the presence of three of the four compounds studied,
namely FMA7, FMA762 and FMA796. Once again, in the case of FMA762 and
FMA796, oxidative stress was reduced to values similar to the control for the
concentration (20 uM) at which they proved protection in all the end-points tested
previously. These results are in agreement with previous data obtained in PC12
cells (Silva et al., 2008a).

In a cell-free system, the nitrogen compounds confirmed their antiradical activity,
namely regarding their superoxide anion (O, ~) scavenging ability evaluated through
the use of a PMS/NADH system to generate this radical.

As it can be observed in Figure 5.10, FMA762 and FMA796 show a significant
superoxide radical scavenging activity, with ICsy values of 7.01 £ 0.80 pM e 15.44 £

0.68 uM, respectively. These low values were somewhat expected, since we have
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previously reported the ability of these compounds to scavenge the DPPH radical,

with ICsq values of 3.7 uM and 3.4 uM, respectively (Silva et al., 2008a).
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Figure 5.9 — Effects of the compounds on t-BHP-induced intracellular oxidative stress. H9c2 cells
were incubated in the presence of -BHP and the nitrogen compounds for 3 hours. Increase in
intracellular oxidative stress was detected by oxidation of the fluorescent probe
dichlorofluorescein. Top panel: Representative images, obtained by fluorescence microscopy, of
cells treated with -BHP and the nitrogen compounds FMA762 and FMA796. Bottom panel:
Quantification of DCF fluorescence intensity. At least five fields per sample were analyzed in
each experiment. For each bar is represented the mean + S.E.M. for five independent

experiments. ™" p < 0.001, compared with control, *** p < 0.001, relatively to +-BHP.
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Figure 5.10 — Effect of the nitrogen compounds on NBT reduction induced by superoxide radical
generated in a NADH/PMS system. The ICs values were calculated from the represented curves,
as the concentration needed to inhibit the reduction of NBT by 50%. For each concentration the
mean + S.E.M. is represented, considering the results obtained in at least three different

experiments.

5.4. Discussion

Oxidative stress has been reported to be involved in several cardiovascular
diseases, including atherosclerosis, ischemial/reperfusion injury, hypertension,
congestive heart failure and other cardiomyopathies (Valko et al., 2007). In fact,
additionally to the modifications induced by ROS to phospholipids and proteins,
abnormalities to the myocyte function, including a reduction in the sarcolemmal
Ca?*-pump, inhibiting Ca®* sequestration from the cytoplasm in cardiomyocytes and
Na’-K* ATPase activities may occur (Dhalla et al., 2000). So, if correct localization
and accumulation are granted, the use of antioxidants may prove beneficial to
prevent and/or treat cardiac diseases, as these agents render heart resistance
against excessive ROS (Dhalla et al., 2000; Kaiserova et al., 2007; Han et al.,
2008).

Recently, we have been characterizing the antioxidant potential of novel nitrogen
compounds against events where neuronal oxidative stress is involved, trying to find
possible action targets for neurodegeneration prevention (Silva et al., 2006; Silva et
al., 2008a). In this particular study, we evaluated their ability to protect against
oxidative injury induced by -BHP to a model of cardiomyocytes, the H9¢c2 cell line,

the hypothesis being that the test compounds may also prove useful to protect this
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cardiac-like cell line against oxidative aggressions. This can be regarded as another
possibly usefulness of the same compounds for improvement of cardiac diseases
where oxidative stress is involved. The thiol-oxidizing agent t-BHP is metabolised
intracellularly, generating tert-butoxyl radicals, and has been commonly used as an
inducer of oxidative stress in several cell models (Pias and Aw, 2002; Alia et al.,
2005), including cardiomyocytes (Xie et al., 2003; Przygodzki et al., 2006; Sardao et
al., 2007). Depending on the cell line used, results obtained have also shown that it
may induce characteristics of cell apoptosis, such as cytochrome c¢ release from
mitochondria, increased expression of p53, mitochondrial membrane
permeabilization and caspases activation (Sonee et al., 2003; Zhao et al., 2004).

In the present study, we observed that none of the nitrogen compounds
interfered with the normal H9c2 cell proliferation, as assessed by sulforhodamine B
binding to basic amino acids of cellular proteins, at least up to 96 h. Based on the
proliferation curves obtained, the concentrations of compounds to be used in the
following experiments were chosen, namely 20 and 40 uM for FMA4 and FMA7, and
5 and 20 uM for FMA762 and FMA796. The lower concentrations tested for each
compound correspond to the 1Cs, values previously obtained through the DPPH
discolouration assay. Moreover, all the concentrations chosen had previously shown
high levels of protection against oxidative damage induced to PC12 cells (Silva et
al., 2006; Silva et al., 2008a).

At the concentrations mentioned above and after a 6 h incubation period, all the
compounds, with the exception of FMA4, led to a decrease in -BHP cytotoxicity.
Cell death induced by t-BHP was shown to be associated with an increase in the
number of apoptotic cells, as demonstrated by the presence of nuclear chromatin
condensation. These results previously observed by others (Sardao et al., 2007)
were further supported by the analysis of apoptotic typical morphological changes
(Beere, 2005) occurring after incubation with t-BHP, which included membrane
blebbing and breakdown of the mitochondrial network. Apoptotic cells, which
accounted for the majority of cells undergoing cell death, still accumulated green
calcein fluorescence (due to the maintenance of plasma membrane integrity), but
showed a morphologically altered mitochondrial network, with loss of mitochondrial
membrane potential (decrease in TMRM fluorescence). The data also confirms that
H9c2 cells respond to -BHP by both apoptosis and necrosis, the difference being in
the levels of intracellular energy maintained after the oxidative insult. Necrotic cells
showed a loss of membrane integrity and of mitochondrial membrane potential.

Interestingly, some of the necrotic cells showed smaller nuclei when compared to
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non-treated cells, which can be indicative of secondary necrosis phenomenon, in
which massive apoptosis overwhelms the available cell defence capacity, ensuing a
transition to a necrotic process in the absence of a phagocytic process (Silva et al.,
2008b).

The morphological changes induced by -BHP to H9c2 cells did not seem to be
reverted by incubating cells with FMA4, and FMA7, which appeared to only have a
slight protective effect, since apoptosis and necrosis still occurred. On the other
hand, in the presence of FMA762 and FMA796 only a few apoptotic cells were
identified and no necrotic cells could be vizualised, indicating the higher protective
action of these two compounds.

Mitochondria are recognised as the major sites of ROS production in the cell,
since about 2% of total oxygen escapes the electron transport chain, leading to the
formation of superoxide radicals and subsequently other reactive species, such as
hydrogen peroxide and hydroxyl radicals (Sharma and Morgan, 2001; Somayajulu et
al., 2005). As a result, mitochondria also become the primary targets for oxidative
stress-induced damage (Cadenas and Davies, 2000).

Mitochondrial membrane depolarization has been described as one of the
events that occurs as a response to oxidant stimuli (Orrenius et al., 2007). In
agreement with that, we observed a loss of mitochondrial Ay in the presence of t-
BHP, as indicated by a decrease in TMRM mean fluorescence inside mitochondria.
The evaluation of the fluorescence intensity standard deviation confirms this
observation. In fact, both mean fluorescence intensity and fluorescent intensity
standard deviation shows that FMA762 and FMA796 were able to prevent -BHP-
induced mitochondrial depolarization. These results assume great relevance given
the importance of mitochondria in the regulation of intracellular pathways leading to
cell death. In fact, the depolarization resulting from mitochondrial Ay disruption
leads to an increase in the permeability of the outer mitochondrial membrane, which
causes the release of several pro-apoptotic factors (e.g. cytochrome ¢, AlIF, among
others) from mitochondria (Haidara et al., 2002).

Apoptosis is an active cell death process that has been recognised as essential
to the pathogenesis of cardiovascular diseases (Reeve et al., 2005). It can be
initiated by two different signalling pathways: the mitochondria-mediated (intrinsic)
pathway and the death receptor (extrinsic) pathway (Dong et al., 2005; de Bruin and
Medema, 2008). Mitochondrial damage, including loss of mitochondrial Ay, results
in the activation of caspase-9. This and other initiator caspases then lead to the

activation of downstream effector caspases, such as caspase-3 (Isomoto et al.,
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2006). In this study, the tested nitrogen compounds, namely FMA762 and FMA796,
proved their effectiveness in preventing the activation of both caspases 3 and 9. The
results demonstrate the ability of the compounds to act on the intracellular signalling
cascade leading to apoptotic cell death, most likely by preventing mitochondrial
disruption.

It is generally accepted that the tumour suppressor protein p53 is activated by
DNA damage, leading to an increase in the expression of genes that prevent cell
division and cause apoptosis. This may result in the activation of pro-apoptotic Bcl-2
family members, such as Bax, causing the permeabilization of the outer
mitochondrial membrane and subsequent activation of the above mentioned
mitochondrial-mediated apoptotic pathway (Cui et al., 2002; L'Ecuyer et al., 2006).
The results presented show that FMA762 and FMA796 decreased t-BHP-induced
increase in p53 and Bax protein levels, indicating that their protective effects may
precede mitochondria depolarization and subsequent activation of caspases.

Additionally, we determined a possible action of the compounds on the caspase-
independent pathway, mediated by the apoptosis inducing factor (AIF). The AIF is a
mitochondrial flavoprotein oxidoreductase that is translocated to the cytosol and
then to the nucleus, where it interacts with nucleic acids, causing chromatin
condensation and DNA fragmentation (Bahi et al., 2006; Lorenzo and Susin, 2007).
Here, we observed an increased AIF expression in nuclear extracts from -BHP-
treated cells, which was reverted once again by FMA762 and FMA796. This allowed
us to conclude that, in addition to caspase-dependent apoptotic pathways, the
nitrogen compounds in study may also act on a mitochondria-mediated caspase-
independent cell death.

The protective role of the compounds on all these events may be mediated by
their ROS scavenging activity. In fact they were able to significantly protect H9c2
cells against intracellular oxidative stress induced by -BHP, as expected. We
obtained additional evidence for their ability to scavenge the superoxide anion (O, ")
in a cell-free system. Although this radical is not regarded as highly reactive in a
cellular context due to its inability to cross lipid membranes, it is formed during many
metabolic processes, such as during the electron transport in the mitochondria
respiratory chain or by the action of intracellular oxidases, lipoxygenases and
ciclooxygenases (Spiteller, 2001). In addition, two molecules of superoxide anion
can easily yield more reactive species, such as hydrogen peroxide and molecular
oxygen, by the action of superoxide dismutase (Nordberg and Arner, 2001; Valko et

al., 2006). Therefore, the significant superoxide scavenging activity demonstrated by
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the new compounds, namely FMA762 and FMA796 (indicated by their low ICsq
values), is of great relevance. The results confirm our previous data (Silva et al.,
2008a) on the ability of the compounds to scavenge the DPPH and the hydroxyl
radicals, at the same concentration range. In that particular study, these compounds
proved their ability to protect PC12 cells against the intracellular formation of both
reactive oxygen and nitrogen species (Silva et al., 2008a), which were correlated
with ROS-induced lipid peroxidation and oxidative DNA damage (Silva et al., 2006;
Silva et al., 2008a).

We conclude that the new nitrogen compounds in study clearly protect H9c2
cells against oxidative stress-induced damage. FMA762 and FMA796, which differ
from the other two (FMA4 and FMA7Y) by the presence of three hydroxyl groups
within the phenol ring, revealed a superior profile of protection, since they were able
to protect cells to a higher extent and at lower concentrations. In addition, FMA762
and FMA796 seem to be able to interfere in the regulation of intracellular signalling
mechanisms leading to apoptotic cell death, namely those mediated by
mitochondria. This was confirmed by their ability to overcome t-BHP-induced
morphological changes in the mitochondrial network, loss of mitochondrial
membrane potential, caspases activation and increased expression of pro-apoptotic
proteins leading to induction of both caspase-dependent and -independent
pathways. The results suggest that the biological effects of the test compounds
correlate well with their antioxidant effects in a cell free system.

The overall results obtained with these compounds are very promising in the
context of the development of novel antioxidant agents capable of protecting the
cardiovascular system against oxidative aggressions. The novel results in the
present cardiomyocyte model add up to the data collected in previous models for

neurodegenerative diseases, which increases their clinical relevance even further.
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6.1. General Discussion

The work herein presented, which is part of a larger project aiming the
development of drugs useful for the improvement of human health, intended to study
the protective role of four new nitrogen compounds, from organic synthesis, against
different oxidative stress conditions.

Oxidative stress, a condition commonly defined as an imbalance between
oxidants and the cells’ antioxidant defence systems in favour of the oxidants (Sies,
1997; Nordberg and Arner, 2001), is known to cause damage to all biomolecules,
such as lipids, proteins and nucleic acids (Kohen and Nyska, 2002). This oxidative
damage can ultimately lead to cell death, and is associated to several pathologies,
including neurodegenerative and cardiovascular diseases, among others (Halliwell,
2001; Valko et al., 2007). Therefore, antioxidants mainly derived from plants and
vegetables have been used in the treatment of those diseases (Masella et al.,
2005). However, mostly due to some drawbacks presented by natural compounds,
research on the development of new synthetic structures capable of acting beyond
and/or potentiate the cells’ natural defence mechanisms has dramatically increased
in the last few years.

The synthesis of novel nitrogenated structures, composed of an amidine unit
linked to a phenol ring, has been one of the main research interests of the Group of
Organic Synthesis of the Department of Chemistry of the University of Minho. The
association of the amidine and phenolic moieties in the same structure was
expected to yield molecules with high antioxidant capacities. The first study
demonstrating the biological relevance of those compounds was done in our lab with
two of them, FMA4 and FMA7, and gave strong indications relatively to their
potential as antioxidants (Silva et al., 2006). Moreover, the continuous efforts to
improve the antioxidant potential of these molecules resulted in the synthesis of
several other structures, from which two of them, FMA762 and FMA796, emerged
as promising regarding their antioxidant capacities (Areias, 2006).

So, in this work we continued our previous studies (Silva et al., 2006), trying to
elucidate the pharmacological potential of those novel nitrogenated structures,
namely FMA4, FMA7, FMA762 and FMA796, using different mammalian cell

models, in conditions where oxidative stress is involved.
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Our first objective was to demonstrate the real antioxidant properties of these
new nitrogen compounds (Chapter 2). Since oxidative stress is commonly
associated with neurodegenerative diseases, we used PC12 cells as a biological
model. These cells have been described to resemble precursors of adrenal
chromaffin cells and sympathetic neurons, and have been reported as a suitable
model for the study of neurodegenerative diseases (Pereira et al., 1999; Piga et al.,
2005; Jung et al., 2007).

Initial experiments in cell-free systems, namely by the use of DPPH
discolouration and 2-deoxy-D-ribose degradation assays, gave the first indication of
the compounds’ good antiradical activity, which revealed to be superior for FMA762
and FMA796. The free radical scavenging properties of the nitrogen compounds
were confirmed by observing their protective effects on intracellular ROS/RNS
formation. Indeed, these compounds, in particular FMA762 and FMA796, were able
to decrease the amount of reactive species induced either by ascorbate/iron or
sodium nitroprusside (a nitric oxide inducer) in PC12 cells. So, a relationship
between the compounds’ structure, their antiradical activity and their ability to
prevent intracellular ROS formation seems to exist. In fact, given that the number
and position of hydroxyl groups within a structure may influence the scavenging
activity of a compound (Yokozawa et al., 1998; Lebeau et al., 2000), the presence of
three hydroxyl groups within the phenol ring of FMA762 and FMA796, instead of just
one, as is the case of FMA4 and FMA7, may explain their higher free radical
scavenging activity.

The protection profile of the four compounds against intracellular ROS formation
also seems to correlate with their ability to prevent lipid peroxidation, which was
once again superior for FMA762 and FMA796. This protection was higher than the
one obtained for Trolox (the hydrosoluble form of vitamin E), and similar to a-
tocopherol (a membrane-bound, highly lipophilic antioxidant), two classical
antioxidants used as comparison. Taking into account that this kind of damage
occurs mainly because of free radicals formed intracellularly, we may assume that
their relative good liposolubility profiles may, at least partially, contribute to their
protective role, since enables them to cross the lipid bilayer and prevent those
radicals from inducing further damage.

However, none of the compounds was able to attenuate the {-BHP-induced
decreases in glutathione peroxidase and superoxide dismutase enzymatic activities.
These enzymes, which belong to a group of antioxidants regarded as the cells’ first

line of defence, act on specific ROS, following their formation, and degrade them to
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less harmful products, before they even cause damage to biomolecules. Moreover,
neither the decrease in GSH nor the increase in GSSG contents were reverted in
the presence of the compounds. Glutathione is a low molecular mass agent that is
ubiquitously present in all cells, where it displays several functions, ranging from
ROS scavenging to maintenance of the cells’ redox state.

The results obtained indicate that the nitrogen compounds were not able to
potentiate the cells’ natural antioxidant defence systems, which would be of
particular interest, given the importance of these mechanisms in preventing
oxidative damage. Therefore, in this work we demonstrated the ability of the new
nitrogen compounds to rescue PC12 against oxidative and nitrosative stress, which
seems to be most likely mediated by their ability to scavenge free radicals, rather

than to an involvement on the natural antioxidant defence systems.

Following the biochemical characterisation of the antioxidant potential of these
new molecules and given their ability to prevent oxidative injury, namely lipid
peroxidation and intracellular ROS formation induced to PC12 cells, we intended to
address their protective role against a more specific type of damage, like oxidative
DNA damage (Chapter 3). In fact, neuronal cells, due to their high rate of oxidative
metabolism and low levels of antioxidant enzymes, have been reported as being
quite susceptible to ROS (Rolseth et al., 2008). Probably related with that, oxidative
DNA damage is regarded as the type of damage most likely to occur in neuronal
cells, with severe implications in neurodegenerative diseases and in aging (Fishel et
al., 2007).

Through the Comet assay, a widely used technique to assess oxidative injury
inflicted to DNA (ESCODD, 2003), we observed a protective effect for all the four
compounds against t-BHP-induced strand-breaks formation, the most common form
of DNA damage. Once again, FMA762 and FMA796 proved to be the most effective
ones. Furthermore, not only did they prevent the formation of strand-breaks, but also
led to an increase of about 20% in the repair of this kind of damage.

Although none of the compounds was able to reduce the amount of oxidized
purines induced by the photosensitiser compound Ro 19-8022, at least FMA796 led
to an increase in the repair capacity of this type of lesion. The lack of a protective
effect against Ro-induced DNA damage suggests that the nitrogen compounds do
not act by scavenging the singlet oxygen produced by the photosensitiser
compound. Nevertheless, the effects on oxidised nucleotidic bases repair seemed to

be mediated by an increase in the activity of DNA repair enzymes, as assessed by
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the in vitro base excision repair assay, which uses a cell-free extract, obtained from
cells previously treated with the compounds, to incise DNA. However, this effect in
the repair enzymes’ activity was not due to a regulation at the gene expression level,
since no significant changes could be observed in the levels of OGG7 and APE1
mRNA. Thus, since repair enzymes’ activity may be suppressed by elevated levels
of ROS, the compounds ROS scavenging ability (demonstrated throughout Chapter
2) could be on the basis of the observed increase in DNA repair. Alternatively, taking
into account that additional factors, such as XPG, have been demonstrated to
enhance the activity of OGG17 (Le Page et al., 2000), a compounds’ involvement in
the regulation of DNA repair at the post-transcriptional level should be considered.
Moreover, the hypothesis that the compounds could lead to an increase in OGG1
protein stability or in the availability of an unknown factor, should not be ruled out.
Nevertheless, independently of the explanation, increased repair together with the
increased antioxidant capacity, demonstrated by these nitrogen compounds in
Chapter 2, can account for the significant decreases in endogenous oxidative DNA
damage.

So, results obtained in PC12 cells are indicative of the potential of the novel
nitrogen compounds as molecules to be used in the treatment of oxidative stress-
induced injury, which normally occurs in neurodegenerative diseases. However, it
should be noted that this study only represents the first step in the evaluation of the
nitrogen compounds’ protective effects against oxidative damage. Therefore, care
should be taken before extrapolating the results herein obtained in vitro, to in vivo
situations, as some questions still need clarification, namely regarding the ability of
these compounds to cross the blood brain barrier. Nevertheless, even if they are
unable to do so, a role for these compounds in neuroprotection should not be ruled
out, since the ability of a compound to cross the blood brain barrier can be
increased by, for example, combining it with some phospholipids, as described by

Dajas and colleagues in a study with flavonoids (Dajas et al., 2003).

At the same time, a parallel project ongoing in our lab focused on the properties
of compounds from natural origin against oxidative DNA damage. In this context, we
evaluated the protective effects of three polyphenolic compounds, with known
antioxidant properties - luteolin, quercetin and rosmarinic acid — against that kind of
damage (Chapter 4).

All the polyphenols tested were able to decrease t-BHP-induced strand breaks.

Among them, luteolin revealed to be the most efficient one, which is in accordance
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with its reported high antioxidant activity (Harris et al., 2006). We used different
incubation conditions to enable compounds to permeate the cell membrane.
Although luteolin and rosmarinic acid showed no differences in protection whether
added to cells simultaneously or three hours prior to the addition of t-BHP,
quercetin’s protective effect was reduced when cells were pre-incubated with this
polyphenol. This may be related with the metabolisation of quercetin to a less
protective compound, which can also be genotoxic, as previously reported in a
lymphocyte model (Duthie and Dobson, 1999). In this way, the results obtained with
our nitrogen compounds (Chapter 3), may indeed indicate that they possess some
advantages relatively to, at least some, of the polyphenols, since they show no
genotoxicity even for long incubation periods.

Regarding the ability of the polyphenols tested to increase the repair of strand
breaks, rosmarinic acid was the one that showed the strongest effects at this level.
This was even superior to the values obtained for the nitrogen compounds. On the
other hand, even though quercetin was able to enhance the repair of strand breaks
to an extent similar to the nitrogen compounds, luteolin’s capacity to do so was
diminished relatively to the synthetic structures tested.

The polyphenols were unable to decrease the amount of oxidised purines
induced by Ro 19-8022 (a photosensitiser compound that was used to induce
specifically purines oxidation), similarly to the observed for the nitrogen compounds
in Chapter 3. Nevertheless, rosmarinic acid led to an increase in the repair of this
kind damage, which was similar to the ones observed for the nitrogen compounds
(between 6 and 10%). In addition, results obtained with the BER assay indicated a
possible regulation of DNA repair enzymes by rosmarinic acid, as demonstrated by
an increase of about 7% in the presence of the rosmarinic acid-treated extract
(Chapter 4). This increase, although slightly superior, was also similar to the ones
observed for the nitrogen compounds, which varied between 2 and 6 % (Chapter 3).
On the other hand, extracts (containing the DNA repair enzymes) from cells treated
with either luteolin or quercetin were unable to increase the DNA repair capacity,
confirming that these compounds cannot act against the oxidation of nucleotidic
bases induced by Ro 19-8022. Moreover, the effect observed for rosmarinic acid on
the DNA repair enzymes, contrarily to FMA762 and FMA796, seemed to be
mediated through changes in genes expression, namely OGG17. Thus, these results
indicate that rosmarinic acid may regulate the intracellular pathways responsible for
DNA repair, while luteolin and quercetin (which showed no ability to repair oxidised

bases) may be acting through a (direct) free radical scavenging mechanism.
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Given the results obtained with both nitrogen and polyphenolic compounds on
oxidative DNA damage, it is possible to state that the nitrogen compounds possess
some advantages over some of the polyphenols studied. In fact, although luteolin
and quercetin protect PC12 cells against strand breaks formation to a high extent,
and even enhance the repair of this kind of damage, they fail to act at the base
oxidation repair level. Therefore, contrarily to the nitrogen compounds, their
protective action on oxidative DNA damage may be quite limited. Moreover, the
genotoxicity of quercetin (suggested by a reduced level of protection when cells are
pre-incubated for longer periods in the presence of this flavonoid) may impair its use
as a protector of oxidative DNA injury. In contrast, the beneficial effects of the
nitrogen compounds seem to be surpassed by rosmarinic acid, since results with
this phenolic acid suggest its involvement in the regulation of pathways responsible
for DNA repair, namely by enhancing the levels of expression of repair genes. By its
turn, a protective role mediated by their ROS scavenging ability may be attributed to
the nitrogen compounds.

Although the protective effects observed for both nitrogen compounds and
rosmarinic acid on the repair of base oxidation appear to be “low”, it should be noted
that they may in fact assume a great biological relevance. In fact, DNA repair
involves a complex and well coordinated network of events, which are in a close
association with other important mechanisms, such as cell cycle arrest and cell
proliferation. Therefore, a fine equilibrium is required for proper activation and
inactivation of DNA damage signalling and repair mechanisms, as great variations in
these mechanisms could result in severe anomalies to vital cell processes. In this
way, “small” increases in events like the expression of DNA repair genes and base

oxidation repair should not be underestimated.

In addition to neurodegenerative diseases, oxidative stress is known to be
involved in several cardiovascular diseases, including atherosclerosis,
ischemia/reperfusion injury, hypertension, congestive heart failure and other
cardiomyopathies (in Valko et al., 2007). So, with the perspective of broadening the
spectrum of action of the nitrogen compounds and finding them other physiological
applications, we investigated their protective role on oxidative injury and apoptosis
induced by t-BHP to H9c2 cells (Chapter 5). This cell line has been considered a
suitable cardiac cell model (L'Ecuyer et al., 2001).

The nitrogen compounds did not affect H9c2 cells’ proliferation and were able to

decrease t-BHP-induced toxicity, as evidenced by the sulforhodamine B assay and
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by counting the number of apoptotic cells (after Hoechst 33342 labelling). In
addition, the compounds (namely FMA762 and FMA796) prevented almost
completely both cellular and mitochondrial morphological changes that occurred
after cells incubation with t-BHP. These alterations included, additionally to
chromatin condensation, rounding up of the cells, membrane blebbing and
breakdown of the mitochondrial network. In all these events, FMA4 and FMA7 only
showed a slight protective effect. Moreover, FMA762 and FMA796 were able to
prevent {-BHP-induced mitochondria depolarization, which assumes great
relevance, given the importance of mitochondria in the regulation of intracellular
pathways leading to cell death (Haidara et al.,, 2002). Indeed, the nitrogen
compounds, namely FMA762 and FMA796, presented an effective action in the
regulation of apoptotic pathways, since they prevented the activation of both
caspases 3 and 9. This preventive effect of caspase-9 activation was also indicative
of a possible involvement of the compounds at the mitochondrial level.

The regulatory action of the compounds on the apoptotic cascade was further
confirmed by results showing a decrease in t-BHP-induced increased expression of
pro-apoptotic proteins like p53, Bax and AlF. These data allowed us to conclude that
the compounds may act prior to mitochondria permeabilisation, preventing the
releasing of some pro-apoptotic factors, which result in the induction of not only
caspase-dependent (as demonstrated by their effects on caspase-9 activity) but also
of caspase-independent (indicated by the decrease in AIF in nuclear extracts)
pathways of cell death. Furthermore, we found evidence that the ROS scavenging
activity of the nitrogen compounds may play a crucial role in their protective effects
on the events associated with -BHP-induced cell death. In this way, in addition to
the previously demonstrated protective role for the nitrogen compounds on a
neuronal cell model (Chapters 2 and 3), we also demonstrated their potential to act

on oxidative stress induced to a cardiomyocyte cell line.

In conclusion, the overall results presented in this work reveal novel synthetic
compounds with a strong ability to scavenge reactive oxygen and nitrogen species
and therefore act on oxidative stress-mediated injury associated to several
pathologies, including neurodegenerative and cardiovascular diseases. These
compounds prevent a series of events related to oxidative stress, detailed in
Chapters 2, 3 and 5, and, to some extent, seem to act on intracellular signalling

mechanisms resulting, for example, in an increase in oxidative DNA damage repair
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(Chapter 3) and in a regulation of the apoptotic cascade, specifically at the
mitochondrial level (Chapter 5). The events and pathways on which the nitrogen

compounds showed to act is summarised in Figure 6.1.

Pro-oxidants
(e. g. -BHP, Asc/Fe™, SNP)

Bl
Nitrogén
compounds (FMA)

~ ROS/RNS

__@ptd)
(’__Caspase%?_}

l | FMA’
('_?.a-ls.pases 3,6,-3)
‘/ ! E

DNA
Fragmentation

FMA COxidative
| modifications
to DNA

R

-> lDNA Repair

000

Figure 6.1 — Summary of the events and pathways on which the nitrogen compounds may be
acting. These compounds, due to their lipophilicity, cross the lipid membrane and scavenge
intracellular ROS and RNS derived from pro-oxidant stimuli and mitochondria (electron transport
chain). Thus, they are able to prevent the oxidation of lipids and DNA. In addition, they lead to an
increase in DNA repair. Moreover, the nitrogen-containing compounds act on the intracellular
pathways leading to apoptotic cell death. In the presence of the compounds, occurs a decrease in
the expression of p53 that results in a decreased activation of Bax and subsequently a reduction in
the release of pro-apoptotic factors, such as cytochrome ¢ and AlF, from the mitochondria. In this
way, the compounds prevent the activation of both caspase-dependent and —independent pathways

leading to apoptosis.

Moreover, these compounds showed some advantages over the use of some
commonly used polyphenols, namely their lack of genotoxicity and their ability to

increase the activity of DNA repair enzymes (Chapter 4).
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The data herein presented, which can be regarded as the first step in the
development of these new compounds as drugs useful for clinical practice, may
represent a major scientific breakthrough, given the importance of the discovery of
new molecules that may be capable of ameliorating several disorders in which

oxidative stress is involved.

6.2. Other perspectives

In this work we presented novel molecules with promising antioxidant properties
and showed diverse possible applications for their therapeutical use.

We have demonstrated that the novel nitrogen compounds are able to prevent
oxidative injury induced to both lipids and DNA (Chapters 2 and 3). Nevertheless,
their protective role against protein oxidation, which could be assessed by
measuring the protein carbonyl content, should complement the protection profile of
the compounds in study. An eventual role at this level would be of great relevance,
since the oxidation of proteins may result in conformational changes that may lead
to their full or partial inactivation, thus interfering with several cellular processes.

In Chapter 3 we demonstrated the potential of these nitrogen compounds to
enhance the repair of oxidative DNA damage. However, the exact mechanisms by
which they do so should be clarified, namely whether their ROS scavenging activity
is the main responsible for the increase in the activity of DNA repair enzymes, or if
their action on the repair of this kind of damage is rather a result of their involvement
in the regulation of the expression of known and/or unknown proteins. In this regard,
the effects of the compounds on the expression of proteins associated with the cells
response to oxidative DNA damage, such as p53 and NF-kB, should be analysed.
Furthermore, in order to evaluate their real influence on DNA repair, the nitrogen
compounds could be added after damage induction.

Although we have shown that the nitrogen compounds may easily cross the lipid
bilayer and act intracellularly, as indicated by their partition coefficients, it would also
be interesting to determine their exact concentration once inside the cells, which
could be attained by High-Performance Liquid Chromatography.

Regarding the polyphenols tested, the potential of rosmarinic acid to protect
neuronal cells against oxidative DNA damage, as well as to induce its repair, can be
further explored. In this way, the effect of this phenolic acid on other proteins and

genes responsible for the regulation of DNA repair should be clarified, as suggested
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for the nitrogen compounds. In addition, given its potential to act at this level, ways
of increasing its ability to cross the blood brain barrier should be developed.

Further exploring the nitrogen compounds’ involvement on the apoptotic
cascade of events leading to cell death (demonstrated in Chapter 5) would allow a
better understanding of their action. Calcium, an important pro-apoptotic second
messenger, is mainly stored in the endoplasmic reticulum, where some members of
the Bcl-2 family, like Bax and Bak are responsible for maintaining its homeostasis.
Calcium release from the ER can induce the activation of cytoplasmic calpains and
caspase-12, which can lead to the propagation of the apoptotic cascade of events.
Intracellular calcium can also be taken up by mitochondria, resulting in a calcium
overload, which triggers mitochondria-localised Bax and Bak to induce mitochondrial
membrane permeabilisation and subsequently further induce the activation of
downstream apoptotic pathways. In this way, the clarification of a possible effect of
the compounds on ER-mediated stress could be of particular interest.

Although throughout this work we tried to elucidate the mechanisms of action of
the nitrogen compounds, further studies can be performed in order to find other
targets for their action. Nevertheless, we are aware that care should be taken before
extrapolating the results herein obtained to in vivo conditions. In fact, it is known
that, after administration, compounds distribute differently through the different body
compartments and even undergo some structural modifications, as a consequence
of biotransformation. Therefore, other studies (including in vivo studies), which
involve the use of more complex experimental models, should be conducted, in
order to evaluate the role of gastrointestinal absorption, biotransformation and
blood-brain barrier permeability, in view of their future application as active

principles of drugs, with pharmacological potential.
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