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Abstract

Oxidative and nitrosative stress has been relat@adrtious pathological conditions in
humans including neurodegenerative diseases, Gacaeafiovascular diseases and
aging. The involvement of oxidative stress in déseeonditions has stimulated huge
interest in novel antioxidant strategies for thews treatment. In this work, the
protective effects of dietary coumarin compoundairag} oxidative stress-induced
neurotoxicity and hepatotoxicity were investigatesingin vitro andin vivo models.
Dietary coumarin compounds showed neuroprotectifexts in neuronal cell lines
against oxidative stress induced by hydrogen pdeoxand 1-methyl-4-phenyl-
pyridinium (MPP). In addition, dietary supplementation of coumaria C57BL/6J
mice reduced MPTP-induced dopaminergic neurotoxicithese neuroprotective
effects of coumarins appear to be through theilitgtbdo maintain intracellular GSH
levels, reduce ROS levels and peroxynitrite praduact which lowered JNK
activation and apoptosis. Treatment with coumarlosrered MPTP-induced
elevation of Bax levels, inhibited the consequegto€hrome-c release, decreased
caspase-3 induction in dopaminergic neurons andegplated expression of
NRF2/ARE-dependant protective enzymes. Moreover, culein  (6,7-
dihydroxycoumarin) showed a powerful protectiveeeffagainst hydrogen peroxide-
induced oxidative stress in human hepatoma HepQGBR tiees. Further, the
supplementation of coumarin compounds in diet ptetk Wistar rats against
NDEA-induced hepatotoxicity. Treatment with coumacompounds increased cell
survival, maintained redox status, reduced hepatry, decreased lipid
peroxidation, and maintained cell architecture dmstological characteristics of
hepatocytes in rats. Furthermore, the coumarin comgs enhanced the antioxidant
defence systems both vitro andin vivo in different tissues including liver, brain
and kidneys in mice and rats, by the induction 8H%/ARE-dependant antioxidant
genes such as NQO1, HO1 and GST. In conclusionptégent study shows that
coumarin compounds protect cells from oxidative dgej and this protective effect
may be due to their ability to maintain the celtuladox homeostasis and enhance
endogenous antioxidant defence systems, in addibotheir known free radical
scavenging properties.
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CHAPTER 1

INTRODUCTION



1. Introduction

The importance of free radicals in biology and medi was realised when two
major scientific advances were made: the discoe¢rguzZnSOD by McCord and
Fridovich in 1968 and the report by Bernie Babior 1973 that indicated that
activated neutrophils produce superoxide for mimidal action as a part of the
immune response. After these findings, researcfremradicals gained momentum
particularly in the last few decades, which has tleanany interesting discoveries
including the hypothesis that free radicals playaative dual role in both beneficial

and deleterious effects on the biological system.

It was found that reactive species (including fradicals and non-radicals) are
products of normal cellular metabolism and are @@ in various physiological
processes. At normal low cellular concentrations thactive species (RS) exert
beneficial effects to the biological system, whieltlude phagocytosis, enzyme
catalysis, electron transport, signal transducéind gene expression, and activation
of transcription factors. (Babior et al., 2002, fiha, 2003, Bernhagen, 2005),
(Eklund et al., 2001, Knappe and Wagner, 2001, ke, 2005, Dunford, 1995,
Sumimoto et al., 2005, Brandes and Kreuzer, 2008nE et al., 2001). In contrast,
overproduction of RS such as reactive oxygen spg&®©S) and reactive nitrogen
species (RNS), when not successfully compensatedhbyantioxidant defence
system, leads to cell injury and is related to aasi pathological conditions in
humans including cancer, neurodegenerative diseasmsliovascular diseases,
diabetes, rheumatoid arthritis and aging (Hallivigell 2007, Valko et al., 2007).

The following sections give a general backgroundf@e radicals in biological
systems and examine the role of oxidative stressamcer and neurodegenerative
diseases. The sections provide a mechanistic insigb various cellular and
molecular aspects of oxidative stress and diseasdittons. Endogenous antioxidant
defence systems and novel antioxidant strategrethéoapeutic treatment of diseases
with an underlying oxidative stress are also disedsn detail.



1.1 Free Radicals in Biology

Oxygen appeared in earth’s atmosphere about 2Ibrbijyears ago, under an
atmosphere containing mainly nitrogen and carbooxide. Living organisms
appeared much earlier to this period and they ves@erobes. It is believed that
oxygen was introduced to earth’s atmosphere by rabae bacteria called
cyanobacteria, as a by-product of its photosynsh&siproduce energy. From there
on, the oxygen content in the earth’s atmosphegeifgiantly increased that it
became toxic to living organisms, which forced themthe evolutionary path of
‘adapting’ to the high oxygen levels. Many orgarssmere killed by its toxicity,
some adapted by ‘restricting’ themselves to oxyfyee environments (anaerobes)
and the others instead began to evolve ‘antioxiadbleience systems’ to survive
(aerobes). In addition, the aerobes including cemphulti-cellular organisms such
as mammals used oxygen for beneficial purposes asichetabolic transformations
through enzymes and energy production by the eectransport chains and
oxidative phosphorylation. One question that anwas ‘what causes the toxicity of
oxygen’'? In 1954, Rebecca Gershmann and Daniel ilbefs (Gershman, 1954)
proposed that the toxic effect of oxygen is dudh® ‘free oxygen radicals’ that

impair key enzymes and biomolecules in the cells.

Halliwell and Gutteridge (Halliwell and Gutteridg2Q07) defined a free radical as
‘any species capable of independent existencecibiatiains one or more unpaired
electrons’. However, toxicity is not only due t@drradicals that are present in the
biological system but also non-radicals. Reactipecges (RS) is a collective term

used to denote free radicals and non-radical diere& The RS of interest in biology

and medicine are reactive oxygen species (ROS) raadtive nitrogen species

(RNS).

1.1.1 Reactive Oxygen Species (ROS)

ROS are free radicals derived from oxygen and amsidered to be the most

important class of free radicals generated in itfiad systems (Miller et al., 1990).



ROS includes free radicals such as superoxideahdigdroxyl radical, peroxyl and
alkoxyl radicals. Various forms of ROS and theimfiation pathways are outlined in
Fig 1.1.

1.1.1.1 Superoxide Radical

Superoxide anions are produced endogenously mestiyn the mitochondria of a
cell (Cadenas and Sies, 1998). Superoxide radaralgyenerated when there is an
electron leak during energy transduction in theonhbndrial electron transport
chain. The superoxide radicals evolved through phixess are known as ‘primary
ROS’, and can interact with other molecules to fdsacondary ROS, through

enzyme or metal mediated catalysis (Valko et &05).

1.1.1.2 Hydroxyl Radical

The hydroxyl radical is produced in the biologisgstem mainly by the breakdown
of hydrogen peroxide (#D.) by transition metals (& Cu" and others) through the
Fenton reaction. This radical has a short halfdifel is highly reactive which makes
it a dangerous radical (Pastor et al., 2000). Dugst high reactivity it reacts with

polyunsaturated fatty acids (PUFAS) to initiateidigperoxidation process, which

results in formation of toxic products that can dgen cellular components.

1.1.2 Reactive nitrogen Species (RNS)

Nitric oxide and peroxynitrite are the biologicalijmportant free radicals derived
from nitrogen known as reactive nitrogen speciedridNoxide is an important
radical, which is produced in the tissues by theyere nitric oxide synthase (NOS)
during the metabolic conversion of arginine toutline. Nitric oxide was acclaimed
to be ‘molecule of the year’ in 1992 Science magazKoshland, 1992) due to its



1

NAD(P)H oxidases "
NADP

g, =2 ien 50 50D

f"’.-___-‘-""‘*
hyxporﬁimh'"e xanthine 2 H.O
a 1o uric acid 272 e ‘\ (,/
Fed*
mitochondria Lo+ 02 sese
GPx DNA
13 Eaii/ damage
o vit C v <
o-Lipoic ascorbate

acid

NADPH+H:  , ALAy A#75° '-00"'
Ge'wd“} 9 :;E:I?cal
ascorbate
Asc
12 1M 2GsH] Fez
Dihydro- s ' Fed
lipoic acid VitE

NAD* DHLA GSSG T-OH LOO -q;___ﬂ./L
Lipid peroxidation process o LO » L|p|d peroxidation

Fig. 1.1 - Pathways of ROS formation, the lipid pewxidation process and the
role of glutathione (GSH) and other antioxidants (\tamin E, Vitamin C, lipoic
acid) in the management of oxidative stres@quations are not balanced) (Valko et
al., 2007).Reaction 1:Superoxide free radical is generated by reduaifanolecular
oxygen, by the enzymes xanthine oxidase and NAD(P}dases or non-
enzymatically by redox-reactive compounds of théoationdrial transport chain.
Reaction 2:Superoxide radical is dismutated by superoxidendiase (SOD) to
hydrogen peroxide (#D,). Reaction 3:H,O; is converted to water and oxygen by
glutathione peroxidase in the presence of redudetatbione (GSH) as electron
donor. Reaction 4:0Oxidised glutathione (GSSG) is converted back t®HGby
glutathione reductase using NADPH as electron ddReaction 5Transition metals
such as Fé and Cti can react with kD, (Fenton’s reaction) to form highly reactive
hydroxyl radical (OH). Reaction 6:Hydroxyl radical can abstract an electron from
polyunsaturated fatty acids (PUFA’s) to form lipiadical (L). Reaction 7:Lipid
radical can then interact with molecular oxygengemerate lipid peroxyl radical
(LOO ), which if not effectively scavenged by antioxitnleads to lipid
peroxidation processReaction 8: Lipid peroxyl radical is reduced within the
membrane by (reduced) vitamin E (T-OHReaction 9:Vitamin E is regenerated
from vitamin E radical (T-O by vitamin C (ascorbatelReaction 10Vitamin E is
regenerated from vitamin E radical (TJOby GSH. Reaction 11:GSSG and
ascorbyl radical (AsC) are reduced back to GSH and ascorbate (Asdi
dihydrolipoic acid (DHLA).Reaction 12:DHLA is regenerated from-lipoic acid
(ALA) using NADPH.



extraordinary properties of ‘oxidative biologicadsalling’. This radical is involved
in various physiological process-signalling inchgli neurotransmission, blood
pressure regulation, defence mechanisms, smootltlenuslaxation and immune
response (Bergendi et al., 1999). The combinatiosuperoxide radical and nitric
oxide generates peroxynitrite radical, which isatept oxidant. The production of
peroxynitrite radical occurs in the immune cellsidg the ‘oxidative burst’ triggered
during inflammation. High levels of peroxynitriteadical can cause DNA

fragmentation and lipid peroxidation in the biolcaisystems (Carr et al., 2000).

1.2 Oxidative stress

Oxidative stress is a condition in which more oxigaare produced than can be
scavenged and leads to an imbalance in the oxatgmdxidant equilibrium in the
biological system. Persistent oxidative stress esusarm to cellular structures
including nucleic acids, lipids and proteins resigjtin oxidative damage. Elevated
ROS causes cell injury mainly by damaging celludamponents such as DNA,
proteins and polyunsaturated lipids. ROS can funtbact with nitric oxide and other
radicals to initiate lipid peroxidation processessulting in production of toxic
compounds such as MDA (malondialdehyde) and 4-Hi&BRydroxynonenal), which
is discussed later in this chapter. The antioxidefiénce system is very essential for
protection from oxidative damage and comprises rdogenous substances and
dietary components which function in combinationowéver, unfortunately in
certain environmental, pathological, dietary arfdsliyle conditions the antioxidant
defence system fails and the resulting accumulaifdROS results in severe cellular
damageHence, oxidative stress has been related in vapatisological conditions
in humans including cancer, neurodegenerative skseacardiovascular diseases,
diabetes, rheumatoid arthritis and aging (Hallivigell 2007, Valko et al., 2007).



1.3 Cellular response to oxidants

The extent of oxidative damage to cellular comptsieepends on the severity of the
attack and the cell type. Therefore the cellulapomse to oxidants may also vary
accordingly (Fig. 1.2). According to Halliwell (Havell B., 2007), it may lead to

i. Increased proliferation:many cells respond to mild oxidative stress by
increased proliferation.

ii.  Adaptation:cells tolerate mild to moderate oxidative stregsup-regulation
of the defence systems, which may completely otiglr protect them
against the damage.

iii.  Cell injury: it involves damage to cellular targets such as DNpids,
protein and carbohydrate.

iv.  Senescencehe cells survive but no longer divide and grow.

v. Cell death: cell injury, especially to DNA, may trigger celledth by

apoptosis or necrosis or by any other intermediatechanisms.

1.4 Cellular consequences of oxidative damage

The biomolecular damage caused by the attack ctiveaspecies upon constituents

of the living organisms is known as oxidative damag

1.4.1 Damage to nucleic acids

Damage to the DNA usually leads to cell death wapdosis but otherwise increases
mutation rate (Evans et al., 2004, Neeley and Essnyp, 2006), misincorporation
(Henderson et al., 2001) and changes in gene esipregiydroxyl radical and LPO
products like MDA, HNE, isoprostanes and acroleix react with components of
the DNA molecule, damaging the purine and pyrinedibases, and also the
backbone of the DNA (Hu et al., 2002, Marnett, 199@rnett, 2000). Damage
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Fig. 1.2 — Cellular response to oxidantAdapted from (Halliwell B., 2007).

to DNA usually prevents DNA replication and cellvidion, by mechanisms
involving p53. High oxidative damage to DNA mayde® p53-mediated apoptosis
and/or NAD depletion via the nuclear enzyme poly (ADP-ribog@lymerase
(PARP) (Masutani et al., 2000, Matalon et al., 20@3}ternatively, genotoxicity can

occur, leading to increase in mutation rate of D{N&eley and Essigmann, 2006).

1.4.2 Damage to lipids: Lipid Peroxidation (LPO)

ROS and RNS may attack cellular components comigimpiolyunsaturated fatty
acids (PUFAs) such as membrane lipids, fat carrlipaproteins and dietary lipids,
leading to a chain of reactions known as lipid g&fation. Lipid peroxidation (LPO)

leads to membrane fluidity and enzyme/receptortieemnel inactivation. PUFAs are
extremely sensitive to oxidation and upon reacforgns lipid peroxidation products
such as lipid hydroperoxides, isoprostanes and eisdk hydrocarbons,
malondialdehyde (MDA), 4-hydroxy-2-trans-nonenal N@ and acrolein



(Esterbauer et al., 1991, Roberts and Fessel, 2d@4dnett, 2000, Uchida et al.,
1998). Although some of these compounds are repootexert certain physiological
functions, many of these compounds are reporteid toxthe cells, especially HNE
(Hu et al., 2002, Chung et al., 2000) and MDA (Mxtn1999, Marnett, 2002).

1.4.2.1 Lipid Peroxidation Process

Lipid peroxidation (LPO) is defined as the oxidatiglestruction of polyunsaturated
fatty acids (PUFAs). PUFAs are compounds that ¢ortt@o or more carbon-carbon
double bonds and are more susceptible to oxidafibe. LPO process is a chain
reaction and may occur in the biological systeme Tipid peroxidation process
occurs in three different steps: initiation, progtgn and termination (Fig. 3). The
process of ‘initiation’ can be triggered by the #idah of any reactive species. The
reactive species abstracts a firbm the methylene group of the PUFA, resulting in
the generation of unstable carbon free radical).(Rhe carbon unstable radical
undergoes molecular rearrangement and takes ineox(@) to form the peroxyl
radical (ROOQO). The ‘propagation’ of this process starts whea pieroxyl radical
further abstracts hydrogen from adjacent fatty aiik chains. This chain reaction
continues. Peroxyl radical (ROY after abstracting hydrogen forms lipid
hydroperoxide or lipid peroxide (ROOH Thus a single initiation can generate
numerous lipid peroxide molecules by chain reac{®ardner, 1989, Pinchuk et al.,
1998, Kohen and Nyska, 2002). The process of LPO k& accelerated by the
presence of singlet oxygen (Girotti and Kriska, 200

1.4.2.2 Targets of LPO

The main targets of LPO are membrane lipids andteprs, lipid carrying
lipoproteins and dietary lipids. The biological maene can be easily attacked by
lipid peroxidation products since these membranes eomposed of lipids
(containing PUFAS) and proteins. Lipoproteins iwaal in the transport of lipids
(e.g. low-density lipoprotein, LDL) are also vulable to the oxidationn vivo,



contributing to atherosclerosis. The fatty acidsthe circulating system are also
prone to oxidation. Moreover, the dietary lipidsoitidised already before getting
into the biological system can be a potential taoj@xidationin vivo.

1.4.2.3 Effects of LPO

The deleterious effects of lipid peroxidation arecrmbase in membrane fluidity,
damage to membrane proteins, inactivation of ensyara ion channels (Richter,
1987). Lipid peroxidation in the endoplasmic relicn or golgi apparatus can
decrease the ability to synthesise and export imstelhe peroxyl and alkoxyl
radicals, aldehydes and singlet oxygen can causegkato receptors, enzymes and
potassium channels. The damage to thelikannels can lead to irregularity in heart
beat and neuronal cell death (Duprat et al., 198&tpchondrial lipid peroxidation
can cause damage to matrix enzymes, ubiquinonenéodhondrial DNA (Bindoli,
1988).

1.4.2.4 Products of LPO

Lipid peroxide is the primary product of LPO prosesd once formed they can be
rearranged by cyclisation reactions, with the fipedduct being malondialdehyde
(MDA) (Marnett, 1999). Simultaneously, lipid perdei can undergo decomposition
by metal ions or by heating to produce epoxidedelaldes (4-hydroxy-2-trans-
nonenal (HNE), acrolein), ketones and hydrocarb{asterbauer et al., 1991,
Roberts and Fessel, 2004, Marnett, 2000, Uchidal.et1998). Meanwhile the
peroxidation of phospholipids generate compoundéedcaisoprostanes (IsoPs),
which can be derived from linolenic acid, arachidomcid (F-isoprostanes),
eicosapentaenoic acid fsoprostanes) and docosahexaenoic acids@prostanes
or neuroprostanes) (Roberts and Fessel, 2004).dtiti@n, the oxidation of
cholesterol in the membranes and lipoproteins duitte process of LPO generate a
mixture of products called cholesterol oxidationgurcts (COPSs) (Girotti and Kriska,
2004).
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1.4.3 Damage to proteins and carbohydrates

The oxidative attack of cellular proteins by ROSule in impaired function of
antibodies, enzymes, receptors, signal transdueti@htransport proteins. Reactive
species attack proteins either directly or prodseeondary damage involving
damage by lipid peroxidation products, like isoket®DA and HNE. Proteins can
also be damaged by glycation. The side chains lodraino acid residue in the
proteins, particularly cysteine and methioninedess are prone to oxidative damage
by the reactive species (Stadtman, 2004). Advagbgzhtion end products (AGES)
are a class of complex products that are formed thy reaction between
carbohydrates and free amino acid group of proteiigst of AGEs are very
unstable and very complex. AGEs so far reportethuman are pentosidine and

carboxymethyl lysine (Dalle-Donne et al., 2005).

1.5 Reactive Oxygen Species and Redox Regulation

As mentioned above ROS are produced in normallaellaetabolism and serve in
several physiological functions. These operati@ke tplace at low but measurable
concentrations within the cell. This ‘steady statencentration is determined by
their rate of production and rate of removal byimas antioxidants. Thus each cell
has its own concentration of electrons, storedairous cellular components. This is
called the ‘redox state’ of that cell and the éafictions according to the variation in
the redox state (Schafer and Buettner, 2001).

1.5.1 Glutathione and Thioredoxin

The redox environment of a cell is mainly maintaingy glutathione (GSH) and
thioredoxin (TRX), and both act as a redox buffathim the cell. Specifically,

glutathione (reduced and oxidised forms, 2GSH/GR8Gple) reflects the redox
environment of the cell (Droge, 2002, Schafer ancttBer, 2001). These redox

12



reactions are now believed to control intracelldgnalling (e.g. in communication
between nucleus and mitochondria, in responseeotétl to hormones and growth
factors), intercellular signalling (e.g. nitric obe, cytokines) and regulate the
response to oxidative stress. In addition to GSld @RX systems, other low
molecular mass compounds including amino acids,tigep and proteins also

contribute to significant ROS scavenging activMcEligot et al., 2005, Sies, 1993).

1.5.2 Redox signalling

When the cellular concentration of the reactivegety species raise, glutathione is
oxidised and GSSG (oxidised glutathione) contenteases. GSSG, a disulphide,
then reacts with cellular proteins to increasettii@ protein mixed disulphides in the
cell. Many signalling proteins (such as receptgosptein kinases and some
transcription factors) have critical thiol groupsd the formation of protein mixed
disulphides can alter their function. Thus GSSG ad a non-specific signalling
molecule. A regulatory process in which signal @iwkred through such redox
reactions are referred to as redox signalling. Resiignalling requires steady state of
‘redox balance’, which can be disturbed by ROS/Rid@8nation or reduction in
antioxidant defence systems. Regulated increaseQGB level can build the redox
state to be much oxidised and that explains thesiplogical basis of redox
regulation. The signalling mechanisms that resporittiol/disulphide concentration
involve (i) transcription factors AP-1 and NIB; (ii) protein tyrosine phosphatases;
(i) Src family kinases; (iv) JNK and p38 MAPK siglling pathways; (v) insulin
receptor kinase activity, and others (Droge, 2@B&lter et al., 1994, Hehner et al.,
2000, Kuge and Jones, 1994, Aslund et al., 1999deU different pathological
conditions, abnormally high concentrations of RO&yrtead to permanent alteration
in signal transduction and gene expression, wtiaharacterised in different disease
conditions. The redox environment of the cell soaleported to influence the onset
of apoptosis and necrosis. Apoptosis is inducedbygerate oxidising stimuli while
necrosis is induced by intense oxidising effecti (@& Jones, 1998, Evens, 2004,
Voehringer et al., 2000).
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1.6 Reactive Oxygen Species and Signal Transduction

Cells communicate with each other and respond ttereal stimuli through
biological mechanisms called ‘cell signalling’ aignal transduction’ (Poli et al.,
2004). Signal transduction enables information ¢ottansmitted from outside the
cell (by mediators such as hormones, growth factocytokines and
neurotransmitters) to the functional componentsdesthe cell. Signalling to
transcription machinery inside the cell for expressf certain genes is carried out
by proteins called transcription factors. Thes@&gcaiption factors bind to specific
DNA sequences and regulate the activity of RNA pwyase Il resulting in
transcription of the gene and production of specdesired protein. The signal
transduction process is the basic mechanism bgdtigdiological processes such as
cell growth, gene expression and neurotransmissjbhannickal and Fanburg,
2000).

Reactive oxygen species, apart from inflicting atide damage to cells, are also
responsible for many physiological processes oragatlular signalling and
regulation (Droge, 2002). Most cells are reportedj¢nerate low concentrations of
ROS through small oxidative burst when stimulatgdcitokines, growth factors,
hormones, e.g. interleukin-1(IL-1 ), interleukin 6 (IL-6), interleukin 3 (IL-3),
tumour necrosis factor-(TNF- ), angiotensin Il (ANGII), platelet derived growth
factor (PDGF), nerve growth factor (NGF), transforghgrowth factor- 1 (TGF-
1), granulocyte-macrophage colony-stimulating fadl@@M-CSF), and fibroblast
growth factor (FGF-2) (Thannickal and Fanburg, 200ROS can thus play an
important role in signal transduction as secondagssengers. The following are

some of the signalling pathways that are relateR@s.

I. Cytokines and growth factor signalling
ii. Non-receptor tyrosine kinases
iii. Protein tyrosine phosphatases

iv. Serine/theronine kinases

14



The most significant effect of ROS is observed agwbrted in mitogen-activated
protein kinase (MAPK) pathways (Sun and Oberleg6)9qFig. 1.4). While ROS is
predominantly related to cell damage, they alsg pfaimportant role in intracellular

signalling and regulation (Lowenstein et al., 1994)

1.6.1 ROS and MAPK pathway

Mitogen-activated protein kinases (MAPKS) relaynsily generated by exogenous
and endogenous stimuli to intracellular space visphorylation of proteins.
MAPKs interact with up-stream mediators such aswgnofactor receptors, G-
proteins, tyrosine kinases and down-stream mediaoch as nuclear transcription
factors (Lopez-llasaca et al., 1997). A numbertofles have reported that MAPKs
can be induced and regulated by ROS. The mammMiaRK families include:
extracellular regulated kinases (ERKS), c-jun-MNéfminal kinase (JNKs) and p38
MAPK. These MAPK families are reported to be invadvin cell proliferation,
differentiation, survival, apoptosis and transfotioa (Kyriakis and Avruch, 2001).
Activation of MAPKs phosphorylate various substratetein including transcription
factors such as EIk1, c-Jun, ATF2, and p53. The 3NH p38 signalling pathways
are activated by pro-inflammatory cytokines suchuasour necrosis factor (TNF-
and interleukin (IL-) in response to cellular stress including genaitxi hypoxia
or oxidative stress. In JNK and p38 pathways, aP@K, apoptosis signal regulating
kinase 1 (ASK1) is activated as a result of varietystressors including reactive

oxygen species (Nagai et al., 2007) leading to tgsip (Fig. 1.4).

1.7 Oxidative stress and human diseases

Oxidative stress has been implicated in varioubgagical and disease conditions
including cancer, neurodegenerative diseases,aastular diseases, diabetes, other
diseases and aging (Halliwell B., 2007, Valko et 2007). Oxidative stress-related

diseases can be classified into two groups:
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i. Diseases characterised by pro-oxidants shiftinghtwd/disulfide redox state
and impairing glucose tolerance, known commonly ragochondrial
oxidative stress. E.g. Cancer, diabetes mellitus

ii. Diseases characterised by inflammatory oxidativeditaons and enhanced
activity of NADPH oxidase (atherosclerosis and cicoinflammation) or

xanthine oxidase-induced generation of ROS (ischeamd reperfusion

injury).

In addition, aging also plays an important role tmehe damaging effects of ROS

considering the decline in antioxidant defenceaystHarman, 1956).

1.7.1 Oxidative stress and cancer

ROS are produced during normal metabolic processlyniaside mitochondria and
effectively countered by endogenous antioxidanteded systems. Despite the
presence of antioxidant defence systems, oxidalaraage accumulates during the
life period, and damages are inflicted on DNA, pnag and lipids, which are related
to age-related diseases including cancer. In #dsian, the evidence available for
the involvement of ROS in imposing damage to catlucomponents and

carcinogenesis are examined.

1.7.1.1 Metal induced oxidative stress and cancer

Several lines of evidence emphasise the implicatiometal-induced ROS and RNS
generation in biological systems to their toxiciiyd carcinogenicity. Free radicals
mediated by metals are involved in modificationsDMA bases, enhanced lipid
peroxidation, and changes in calcium and sulfhytorheostasis. The metals which
are believed to induce ROS resulting in canceruihel iron, copper, chromium,
cobalt, vanadium, cadmium, arsenic and nickel,esged by Valko and co-workers
(Valko et al., 2006).
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1.7.1.2 DNA damage and cancer

The hydroxyl radical has been reported to reach INA bases resulting in the
damage of both purine and pyrimidine bases, anal this deoxyribose backbone
(Dizdaroglu et al., 2002). This oxidative damagedeto permanent modifications in
the genetic material and represents the first stemwlved in mutagenesis,
carcinogenesis and aging. To date, more than 1@fupts resulting from oxidation
of DNA have been identified. Damage to DNA may fesither in arrest or

induction of transcription, signal transduction Ipaays, replication errors and
genomic instability (Marnett, 2000, Cooke et all02). An example of the formation
of 8-hydroxyguanine (8-OH-G) is illustrated in Flgs, a biomarker for oxidative

DNA damage that was first reported to be identifiedrine.

In addition to hydroxyl radical, peroxynitrite, foed by the combination of
superoxide radical and nitric oxide, has also baeplicated in DNA damage
(Brown and Borutaite, 2001). Peroxynitrite reactghwguanine base to form 8-
nitroguanine; however the relationship betweent&guanine and carcinogenesis is
not yet completely understood. Moreover, damagmitochondrial DNA has also
been reported to be involved in the carcinogenasisess in neoplasia (Inoue et al.,
2003). Hydrogen peroxide and other ROS have alsa bevolved in mitochondrial
DNA damage.

1.7.1.3 Lipid peroxidation and cancer

Oxidative stress induced imbalance in the redoxirenment of the cell is

considered to be related to the oncogenic stinarlatDxidative damage to DNA is
the primary step in mutagenesis and carcinogen@gart from oxidative DNA

damage, lipid peroxidation has also been obsemwvgialy its role in the mechanism
of carcinogenesis. The lipid peroxidation producisuding lipid hydroperoxides,
decomposition products such as aldehydes, and polymaterials exert cytotoxic
and genotoxic effects (Esterbauer, 1993). The ligdroxidation product
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malondialdehyde (MDA) can form adducts with DNA &€a$, A and C (MG, M;A
and MC respectively) (Marnett, 1999) (Fig 1.6). Tha®ladduct of MDA-DNA
was detected in human breast cells (Wang et a@6)1WG was reported to be
mutagenic irk. coli (Fink et al., 1997, Mao et al., 1999). The addpctsluced from
other lipid peroxidation products such as etheng-etAeno-dC and etheno-dG have
been reported to have high genotoxicity but are festagenic irE. coli (Fedtke et
al., 1990). Hydroxypropanodeoxyguanosines (HO-Pd@&s§ reported to be present
in human DNA that might be derived from the reactietween DNA and acrolein
or crotonaldehyde (Marnett, 2000). Deoxyguanosidduats of HNE-DNA were
detected in rat and human endogenous DNA from d@sqChung et al., 2000).
Recent studies conclude that HNE preferentiallyn®DNA adduct at codon 249 of
human p53 gene, which is the hot spot for mutatiomepatocellular carcinoma.
These results also suggest that HNE may be thigtial agent for human cancer

that has mutation at codon 249 of human p53 genes{Hl., 2002).

1.7.1.4 ROS, signalling pathways and cancer

Reactive oxygen species play a major role in iedifa@ar signalling and it has been
established that ROS can interfere with the expressf several genes and signal
transduction pathways (Thannickal and Fanburg, RO80low concentrations they
can act as secondary messengers but at high pbysiall concentrations they can
prove detrimental. The major pathway that is kndwrbe influenced by oxidative
stress is MAPK pathway. Several studies indicatd thxidants can regulate the
kinases of MAPK family including JNK and p38 (FigdL In addition, carcinogenic
materials have also been shown to activate MAPKways (Leonard et al., 2004).

1.7.1.5 Oxidative stress and mechanism of carcinogenesis

Carcinogenesis is a complex multi-step process feohrealthy to a precancerous
state and then to an early stage of cancer. Epalegical and animal studies show
that the process of carcinogenesis is charactepig@aulti-stage-mechanism known
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Fig. 1.7 — Initiation-Promotion-Progression model bcarcinogenesis and the role
of oxidative stress at different stages of diseaggogression (Inset A) (Valko,
2006).

Cancer development is a cumulative action of migtgvents on a single cell and
can be described in three stages. Stage 1: loitiafPersistent oxidative stress to
cells by ROS (e.g. hydroxyl radical) can induce Db#&mage or mutation. Initiation
process involves a non-lethal mutation in DNA thiatduces an altered cell followed
by at least one cycle of DNA synthesis to fix tleanége produced during initiation.
Stage 2: Promotion: This stage is characteriseddnal expansion of initiated cells
by the induction of cell proliferation and/or inftibn of programmed cell death
(apoptosis). This process results in the formatbmdentifiable focal lesion. This
stage requires continuous presence of tumour piomatimulus and therefore a
reversible process. Stage 3: Progression: Thidesfinal stage of carcinogenic
process and involves cellular and molecular changes occur from the
preneoplastic to the neoplastic state. This stagdharacterised by accumulation of
additional damage to genomic DNA, leading to tlamsition of the cell from benign
to malignant. This stage is irreversible and i® alsaracterised by genetic instability
and disruption of chromosome integritgset A: The level of oxidative stress alters
the carcinogenic process. Low level of oxidativest causes tumour promotion and
an increase to moderate stress leads to mutagehrigisoxidative stress results in
apoptosis or necrosis of the cell.
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as the initiation-promotion-progression model (Klmuy and Kamendulis, 2004,

Trueba et al., 2004). This process is summariséagm..7.

1.7.2 Oxidative stress and neurodegenerative diseases

Neurodegenerative diseases are heterogeneous gfaliporders characterised by
gradually progressive, selective loss of anatortyicar physiologically related
neuronal systems (Lin and Beal, 2006). The humambs extremely vulnerable to
oxidative damage because of their low glutathiomatent, high PUFAs in
membranes, high oxygen utilisation and presencedux-catalysing metals (Fe, Cu,
Zn) (Christen, 2000). As mentioned previously, ggoauses increase in oxidative
stress as a result of increase in accumulation O Rand decline in cellular
antioxidant defence system. Consequently agingaasdciated oxidative stress are
major risk factors of various neurodegenerativeeakges. Apparently, genetic
mutations and environmental exposure may also mdagidative stress and
neurodegeneration. A huge body of evidence sugglestsROS and RNS resulting
from mitochondrial dysfunction, neuroinflammatiom twxins are responsible for
oxidative stress-induced neuronal cell death thaedies various neurodegenerative
disorders including Alzheimer's disease (AD), Paskin's disease (PD),
amyotrophic lateral sclerosis (ALS) and many oth@&sal, 2007, Halliwell, 2006,
Hensley et al., 2006, Tansey et al., 2008, von Banat, 2007). This section provides
available evidence suggesting the role of oxidasivess in Alzheimer’s disease and

Parkinson’s disease.

1.7.2.1 Oxidative stress and Alzheimer’s disease (AD)

AD is characterised clinically by progressive cdiyei decline, and pathologically by
the presence of senile plagues composed primafignyloid- -peptide (A) and
neurofibrillary tangles made up of hyper-phosphated tau protein (Lin and Beal,
2006). Nearly, 5-10% cases of AD are familial dmeé proteins are associated with
these cases: amyloid precursor protein (APP), pigse 1 and 2 (PSEN1 and
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PSEN2). Many lines of evidence suggest that mitodhal dysfunction and
oxidative stress are involved in AD. It is reportedt A induced oxidative damage
is the cause for neurodegeneration in AD (Buttletfend Lauderback, 2002). The
toxic A peptide may induce direct intralysosomal oxidatteess resulting in the
release of proteolytic cathepsins into the cytaplasltimately causing toxic protein
aggregation (Pivtoraiko et al., 2009). AD brainge aeported to have experienced
oxidative damage much before the onset of plagukofmyy (Nunomura et al.,
2001). Hydrogen peroxide treatment in fetal guipganeurons has been shown to
increase intracellular A levels (Ohyagi et al., 2000). In APP-mutant tramsg
mice, deficiency of mitochondrial antioxidant enza/mvinSOD markedly elevated
brain A levels and plaque deposition. Oxidative stressiged pathways such as
JNK and p38 have also been involved in AD pathold@yidative stress increased
the expression of -secretase through activation of JNK and p38 payswend
increased aberrant tau phosphorylation (Tamagab,e2005, Lovell et al., 2004). In
addition, oxidant-induced destruction of criticablecules can also be detrimental.
For instance, prolyl isomerase PIN1 was found sutdde to oxidative damage and
which in turn affects APP and tau processing inrb¢&ultana et al., 2006, Pastorino
et al., 2006).

A induces lipid peroxidation products-mediated (HEBRd acrolein) damage to
cellular proteins by introducing carbonyl groupstointhem. A also causes
accumulation of hydrogen peroxide and lipid peresidn AD brains (Behl et al.,
1994). In AD the levels of oxidised lipoproteins r&dound to be elevated in the
cerebrospinal fluid (Schippling et al., 2000). Repo illustrate that the
neurodegenerative diseases are not only assoeitethe oxidation of proteins but
also the generation of lipid peroxidation produdfsrkesbery, 1997, Butterfield and
Lauderback, 2002, Poon et al., 2004, Pratico anidridg 2000). The amount of
LPO biomarkers MDA (Dib et al., 2002), conjugateenes (Schippling et al., 2000),
isoprostanes (Pratico et al., 2000, Quinn et #&0Q42, 4-HNE (Zarkovic, 2003),
degradation products of phospholipids (Pettegrewal.et2001), acrolein (Lovell et
al., 2001, Uchida et al., 1998), cholesterol oxatatproducts (COPs) (Nelson and
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Alkon, 2005) and advanced glycation end productSEA8) (Dei et al., 2002, Smith
et al., 1994, Vitek et al., 1994) were reportedecelevated in AD brains.

1.7.2.2 Oxidative stress and Parkinson’s disease (PD)

Parkinson’s disease is clinically characterised goggressive bradykinesia and
tremor, and pathologically by loss of pigmentedroas in the substantia nigra and
the presence of Lewy bodies (distinctive cytoplasnmclusions containing -
synuclein and ubiquitin) (Lin and Beal, 2006). Raskbn’'s disease (PD) is the
second most prevalent age-related neurodegenerdivpoeder affecting 0.3% of
entire population, and more than 1% of humans é@eyears of age (de Lau and
Breteler, 2006)

Evidence for the involvement of ROS in PD is dedivieom the post mortem
analysis of brain tissues from PD patients thaeaéy increased levels of oxidized
proteins, lipids and nucleic acids (Dexter et 4886, Spencer et al., 1994, Carney
and Carney, 1994). In addition, nitric oxide (NGynthesized by nitric oxide
synthase (NOS), and peroxynitrite, formed by theraction of NO with superoxide
anion, are known to be involved in neurodegenemafiebadi and Sharma, 2003).
Both ROS and reactive nitrogen species (RNS) amvknto inhibit mitochondrial
complex | (Chinta and Andersen, 2010). Evidencevshihat mitochondrial complex
| deficiency and glutathione depletion in substamigra was found in idiopathic PD
patients and patients with pre-symptomatic PD (Bichaet al.,, 1989). The
deficiencies in mitochondrial complex | observedidopathic PD patients may
result in ROS generation, and these defects maycedneurodegeneration
(Swerdlow et al., 1996, Schapira et al., 1998). R@S-induced damage to cell
organelles can further induce damage to mitochandsitimately triggering Bax-
dependent Cytochrome c release and apoptosis (EndtBossy-Wetzel, 2009) (Fig
1. 8).

Genes associated with PD have been related to moibaicia in disease pathogenesis.

Currently, at least nine nuclear genes have beemifted to cause PD or increase
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PD risk which include -synuclein, parkin, ubiquitin carboxy-terminal hgthse L1,
DJ-1, phosphatase and tensin homologue (PTEN)-edludnase 1 (PINK1),
leucine-rich-repeat kinase 2 (LRRK2), the nucleageptor NURR1, HTRA2 and
tau. Among these nuclear genesynuclein, parkin, DJ-1, PINK1, LRRK2 and
HTRAZ2 are reported to be directly involved in mhoadria (Lin and Beal, 2006).

In transgenic mice, -synuclein overexpression resulted in mitochondrial
dysfunction, elevation of oxidative stress and eéase of nigral pathology (Song et
al., 2004). A study overexpressing A53T mutargynuclein in mice showed the
presence of -synuclein inside degenerating mitochondria, sugggsthat -
synuclein mutation may directly affect mitochontraéysfunction (Martin et al.,
2006). Deficiency or mutations in parkin gene hasrbshown to lead to oxidative
stress and mitochondrial dysfunction. Parkin-nodsdphila (Pesah et al., 2004) and
mouse (Palacino et al.,, 2004) strains showed iseraa oxidative stress and
mitochondrial dysfunction, and patients with parkmutations also exhibited
selective impairment in complex-I activity (Muftuaget al., 2004). The function of
the gene DJ-1 seemed to be associated with prateatjainst cell death, especially
against oxidative stress-induced cell death (CAwdées et al., 2004). Other nuclear
genes associated with PD such as PINK1 (Silvessai.£2005), LRRK2 (West et al.,
2005) and HTRA2 (Martins et al., 2004) have alserbénked to mitochondrial

dysfunction leading to oxidative stress.
Thus mitochondrial dysfunction, generation of RO&d dree radical NO, and

peroxynitrite production have all been implicataddegenerative neuronal cell death
in PD (Fig 1.9) (Thomas, 2009, Chinta and Ander2€d0).
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Fig. 1.9 - Generation of ROS and RNS in dopaminerg neurons in Substantia
Nigra par compacta (SNpc) (Tsang and Chung, 2009).

Leakage of electrons from mitochondrial electromnsport chain, especially
complex I, leads to partial reduction of molecwdaygen to superoxide ©,) which

is dismutated by SOD into hydrogen peroxide@t). H.O, can be converted to
highly reactive hydroxyl radical OH) by the catalysis of E& through Fenton's
reaction. Excessive stimulation of N-methyl-D-asa@ receptor (NMDAR) leads to
activation of neuronal nitric oxide synthase (nN®@&ulting in production of nitric
oxide in excess (NO). NO can react with,” to form highly reactive peroxynitrite
(ONOQ). Dopamine (DA) catabolism by monoamine oxidasé&( can generate
H.O,. In addition, oxidation of DA also produces ROSJdDA quinone radical
( DAQ) that can modify protein directly. Glial cellare activated under
neuroinflammatory conditions and activated glidlscean generate ROS by NADPH
oxidase (NOX) and NO by inducible nitric oxide dyase (iINOS) which induce
oxidative and nitrosative stress to SNpc DA neurd@lNpc DA neurons express
cycloxygenase (COX), which produces prostaglan&@)(and generates,8, as
by-product.
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1.8 Antioxidant Defence System

The increasing levels of oxygen in earth’s atmosplaad exposure to various other
free radicals led the organisms to develop antemiddefence systems. An
antioxidant is any substance that delays, prev@ntemoves oxidative damage to a
target molecule. Antioxidants may be endogenousyethesiseth vivo or taken in
from the diet.

The antioxidant defence system comprises (1) snbsgathat catalytically remove
RS e.g. superoxide dismutase, catalase, peroxetasenes (2) agents that decrease
RS formation e.g. transferrins, albumin, heme orgges (3) proteins that protect
biomolecules by other mechanisms e.g. chaperonesyéhts that physically quench
RS e.g. quenching of singlet oxygen by carotendk)s molecules that replace
biomolecules sensitive to oxidative damage e.gafase C oE. coli (6) agents that
sacrifice themselves to prevent oxidative damagengfortant biomolecules e.g.
GSH, -tocopherol, ascorbate, bilirubin, urate and plagems. (Halliwell B., 2007).

1.8.1 Endogenous Antioxidant defence System

Agents that are produced within the biological egst which delay, prevent or
remove oxidative damage are referred to as endogenatioxidants. They are
usually enzymes, metal sequestering agents andmolecular mass compounds
producedin vivo. Enzymes catalytically remove reactive speciethensystem and

they include superoxide dismutase (SOD) (Fridovit®95), superoxide reductase
(SOR) (Niviere and Fontecave, 2004), catalase (Ghaat al., 1979), glutathione
peroxidise family (Chance et al., 1979, BrigelideHie, 1999), NAD(P)H:

oxidoreductases (Nioi and Hayes, 2004, JaiswalQR0@%me oxygenase 1 (HO1)
(Prestera et al., 1995), glutathione-S-transferd&sTs) (Rushmore and Pickett,
1990), aldo-keto reductases (AKRs) (Ellis et D03, -glutamylcysteine synthase
( -GCS) (Wild and Mulcahy, 1999) and other peroxidasach as Cytochrome C
peroxidase (CCP) and NADH oxidase. Antioxidant @ctibn is also rendered by
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low molecular mass compounds that are synthesisadvo such as bilirubin, -

ketoacids, melatonin, lipoic acid, coenzyme Q anclacid. (Halliwell B., 2007).

1.8.2 Induction of antioxidant defence system

The two families of enzymes that are involved ie thetabolism are phase 1 and
phase 2 enzymes. Phase 1 enzymes catalyse asyméaetions which functionalise
compounds through oxidation and reduction. PhasmZmes promote synthetic
conjugation of phase 1 products with endogenoustig such as glutathione (GSH),
glucuronic acid and amino acids, leading to watdmsde and excretable products.
Over the last few decades researchers have revélad¢dthese two groups of
enzymes can be induced by several synthetic andrahatompounds, and are
regulated by distinct and separate mechanisms.ctiwuof phase 2 enzymes and
their mechanisms seemed to have therapeutic impu&tand scope in the treatment

of pathological conditions. It has been reveahad Phase 2 enzymes can be

I. Co-ordinately induced by various synthetic and ratucompounds
(glutathione S-transferases (GSTs), NAD(P)H: quenooxidoreductases
(NQOs or QRs) and heme oxygenases (HOs) ) (TalaGB0).

li. Regulated by similar mechanisms and may involve mom promoter
elements (e.g. Antioxidant Responsive Element, ARHiswal, 1994,
Rushmore et al., 1991).

lii. Responsible for catalysis of a wide variety of teaxs that protect cells
against toxicity of electrophiles and reactive oaygspecies by converting
them to less toxic products (Kensler, 1997, Talalagl., 1995).

Induction of phase 2 enzymes can protect from mphile and reactive oxygen
species toxicities by a wide variety of mechanisifiBese mechanisms include
conjugation with endogenous ligands, modificatidnreactive molecules that can
damage cellular components and generation or augtiemof cellular antioxidants

(Talalay, 2000). Induction of phase 2 antioxidantyemes appears to be part of a
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generalised mechanism of protection against elgii@s and reactive oxygen
species, thereby ameliorating the risk of damageeliolar components. Antioxidant
responsive element (ARE) or electrophile responsieenent (EpRE) is involved in
triggering the transcription of a battery of germsoding phase 2 detoxification
enzymes (Rushmore et al., 1991, Rushmore and EBidi@90). The genes that are
driven by ARE and induced co-ordinately include N/RJH: oxidoreductases (Nioi
and Hayes, 2004, Jaiswal, 2000), heme oxygenas#O1)((Prestera et al., 1995),
glutathione-S-transferases (GSTs) (Rushmore andke®ic 1990), aldo-keto
reductases (AKRs) (Ellis et al., 2003) anglutamylcysteine synthetase-GCS)
(Wild and Mulcahy, 1999).

1.8.2.1 NQO1

NADPH: quinone oxidoreductase (NQOL1) is an enzyna¢ tatalyzes the reduction
of quinones to hydroquinones, thereby preventing dne electron reduction of
quinones that would otherwise produce reactive erygpecies within the cell

(Vasiliou et al., 2006). At least two different fos of NAD(P)H: oxidoreductases
have been identified including NQO1 and NQO2 (Walet1997, Zhao et al., 1997).
NQO1 is the most extensively studied and its maincfion is to catalyse two-

electron reduction and detoxification of quinoned &s derivatives (Radjendirane et
al., 1997, Ernster, 1987, Talalay et al., 1995eyRdnd Workman, 1992). It has been
shown that the two-electron reduction of quinonesngetes with one-electron

reduction catalysed by Cytochromes P450 and P4%ictase and produces
comparatively stable hydroquinone that is remoweddnjugation with glutathione,

and UDP-glucuronic acid (Joseph and Jaiswal, 198% et al., 1982). NQOL1 is

present ubiquitously in all the tissues (Lind et @B90). It is known that tumour

tissues and cells of hepatic and colon origin espreigher levels of NQO1 gene
compared to normal tissues and cells of similagior(Radjendirane et al., 1997,
Riley and Workman, 1992). The NQO1 gene expressdnduced in response to
oxidants, antioxidants, xenobiotics, heavy metald @V light (Radjendirane et al.,

1997).
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1.8.2.2 HO1

Heme oxygenase (HO) is a protective enzyme thatysas the conversion of heme
to biliverdin, which is enzymatically reduced tdifoibin. Heme is pro-oxidant and
bilirubin is a potent antioxidant, thus heme oxy@®sm may protect cells against
oxidative damage (Stocker et al., 1987a, Stockeal.et1987b). Heme oxygenase
exists in two forms HO1 and HO2. Although, bothnfigrare expressed in variety of
tissues, HOZ2 is constitutively expressed and HOigkly inducible Maines 1992).
HO1 is induced by various agents such as phenntioadants and isothiocyanates
(Lin et al., 2004, Soane et al., 2010).

1.8.2.3 GST

Glutathione S-transferases (GST) are enzymes tieatngolved in catalysing the
nucleophilic attack by reduced glutathione on notap compounds containing an
electrophile, thereby resulting in detoxificatidtu( et al., 2006, Nair et al., 2006). In
addition, GST camlso detoxify products of biological oxidation. GSieduce many
hydroperoxides by selenium-independent peroxidasmction and reduce
hydroperoxides of DNA bases and lipids (Berhanalgt1994). These transferases
effectively scavenge adenine and thymine propeoialBNA bases (Berhane et al.,
1994) and 4-hydroxyalkenals by combining with GFHirst et al., 1998, Hubatsch
et al, 1998). Moreover, GSTs also detoxify o-qu@o metabolites of
neurotransmitter catecholamines (dopamine, dopaegprine, and nor-epinephrine)
and consequently prevent their oxidative recyclargl ROS production (Segura-
Aguilar et al., 1997). This evidence implies thlaé tprimary function of GSTs is

preventing cells from oxidative stress.

1.8.2.4 NRF2-ARE signaling pathway

The induction of phase 2/cytoprotective enzymesra@sponse to oxidative or

chemical stress is regulated primarily at transial level. This transcriptional
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regulation is mediated by a cis-acting element kmas ARE, initially found in the
promoters of genes encoding glutathione S-transder® (GST A2) and NQO1
(Rushmore and Pickett, 1990, Friling et al., 19B0and Jaiswal, 1992). ARE is
reported to possess structural and biological featuhat characterise its unique
responsiveness to oxidative stress (Rushmore etl@91). The alteration of the
redox status of the cell due to elevated ROS oeduaed antioxidant capacity
appears to be a vital signal for the transcriptioneegulation of
antioxidant/cytoprotective genes by ARE. Due to ¢bastant attack on aerobes by
electrophiles and ROS, ARE plays a critical rolethe controlled transcription of

cytoprotective genes and maintaining the redox lustasis (Talalay, 2000).

Activation of the antioxidant responsive elemenR@ is mediated mainly by NRF2
(nuclear factor E2-related factor 2), a basic leaeczipper transcription factor that
belongs to cap’n’collar family. NRF2 can be acteaby at least two mechanisms (i)
stabilisation of NRF2 via Keapl cysteine thiol nfadition and (ii) phosphorylation
of NRF2 by upstream kinases. Cytoplasmic expresefoNRF2 is dependent on
Kelch-like ECH-associated protein 1 (Keapl) (Postal., 1994), which sequesters
NRF2 in the cytoplasm and controls its degradafrochaska and Talalay, 1988)
by Cullin 3 Cul3-dependent ubiquitin ligase compl&RE inducers such as pro-
oxidants, electrophiles and some phase 2 enzymecénsl can modify critical
cysteine residue(s) (e.g., Cys 151) of Keapl, wheshilts in conformational change
in Keap 1 and the inability of Cul3 to ubiquitinaRF2. Then modified Keapl
undergoes proteosomal degradation, thereby alloMRg2 to get stabilised and
accumulated in nucleus (Fig. 1.10). On the othexdhactivation of protein kinases
such as PKC, JNK and ERK induces phosphorylatiodRiF2, which may stimulate
dissociation of NRF2 from its repressor Keapl amossquent translocation into the
nucleus (Fig. 1.10) (Surh et al., 2008).

Initially, the involvement of NRF2 in expression BQO1 was identified in cell-
based transient transfection experiments (Faheyaladay, 1999). There on, similar
observations of the role of NRF2 and ARE in theregpion of other protective

genes were also established (Duffy et al., 1998yef& impairment in several ARE-
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Fig. 1.10 — Proposed mechanism of NRF2-ARE signaillj pathway (Surh et al.,
2008).

NRF2 can be activated by two mechanisms: (i) stattibn of NRF2 via Keapl
cysteine thiol (Cys-SH) modification and (ii) phbspylation of NRF2 by upstream
kinases. Keapl is an adaptor protein for CullirC818)-dependent ubiquitin ligase
complex; Maf: transcription factor Maf, ARE: antidant responsive element;
EpRE: electrophile responsive element.

33




dependent cytoprotective enzymes were observed RR2Nknock-out transgenic
mice (Henderson et al., 1998, Hubatsch et al., )3199%nd chromatin
Immunoprecipitation assays also demonstrated tdegamous interaction between
NRF2 and ARE in H4IIE cells (Hurst et al., 1998).

1.8.3 Dietary Antioxidants

The diet derived antioxidants include the compounds in fruits and vegetables
such as vitamins, carotenoids and polyphenols. abjetantioxidants act by

scavenging free radicals and inhibiting oxidatieendge to cellular components.

Foods derived from plants (fruits, vegetables ahdles grains), contain biologically

active phytochemicals, and may provide several theabvantages apart from
nutrition, such in minimising the risk of chronicisdases (Liu, 2003).

Phytochemicals are defined as non-nutrient plamhpounds present in fruits,

vegetables and other plant parts (Liu, 2004). Mbign 500 chemicals have been
identified and their role as bioactive compounds laeen studied. Numerous lines
evidence suggests that the therapeutic benefiygbchemicals may be even higher
than currently proposed because of the involvenwéntree radicals in various

chronic diseases (Block et al., 1992, Cantuti-CGeste et al., 2000, Reddy et al.,

2003, Mathew et al., 2004).

Dietary phytochemicals may be classified into camotds, phenolics, alkaloids,
nitrogen containing compounds and organo-sulphorpounds (Fig 1.11). Most of
the phytochemicals are secondary metabolites, warehstored in different plant
parts and perform several physiological functions plants. In addition, these
phytochemicals posses wide range of pharmacologioglerties, and can contribute
significantly to the promotion and maintenance aod health. Among these
phytochemicals carotenoids and phenolics are ntodtesl for their antioxidant and

protective properties.
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Phytochemicals

Carotenoids Phenolics Alkaloids Nitrogen-containing Organosulfur
compounds compounds
-carotene
-carotene Isothiocyanates
-cryptoxanthin Phenolic acids | | Flavonoids Stilbenes Coumarins Tannins Indoles
;Z‘;'(’;mhin . Allylic sulfur
IVCoDene Fraxetin compounds
ycop Esculetin
Scopoletin
Herniarin
Bergapten
Hydroxy- Hydroxy- Flavanols Flavones Flavanols Flavanones Anthocyanidins
benzoic acids cinnamic acids (catechins)
Gallic p-coumaric Quercetin Apigenin Catechin Eriodict_y_ol Cyanidin. .
Vannilic Caffeic Kaemferol Chrysin Epicatechin Hesperitin Pelargonidin
Syringic Ferulic Myricetin Luteolin Epigallocatechin Naringenin Delphinidin
Protocatechuic Sinapic Galangin Epicatecin Peonidin
Fisetin gallate Malvidin
Epigallocatechin
gallate

Fig. 1.11 — Classification of Phytochemicals (Lil2004)
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1.9 Novel antioxidant strategies for diseases with annderlying

oxidative stress

During the past few decades supplementation ofoddints has been intensely
studied in various animal models and clinical &iak a therapeutic possibility. The
effects of antioxidants such as vitamin E, vitan@) N-acetyl cysteine and

glutathione have been investigated in several adintrials for neuroprotection.

However, most of these clinical trials did not shamy potential beneficial effects on
patients (Casetta et al., 2005). Recently, resescihave focused on novel
antioxidant strategies to target particular orgi@sesuch as mitochondria that are
known to generate huge amounts of ROS. Studiesbaneg carried out on

mitochondria-targeting antioxidant peptides, vitanki and ubiquinone to enhance
the benefits of antioxidant therapies (Kelso et 2001, Smith et al., 1999, Zhao et
al., 2004). In this section, some of the novel @atiant strategies that are being

investigated are summarised.

1.9.1 Catalytic antioxidants

Compounds that mimic the actions of certain antlami enzymes such as
superoxide dismutase, catalase, peroxidases arg sudied in various vitro and

in vivo models (Golden and Patel, 2009). These compouads &n advantage over
classical antioxidants that they can directly sogeethe free radicals rather than

acting stoichiometrically to scavenge ROS.

1.9.2 Modulation of endogenous antioxidant transcriptiohaegulators

As discussed in the previous section, endogenotisxatant defence system seems
to be strictly regulated at transcriptional levéhe most important transcription
factors include NRF2 (nuclear factor E2-relatedda®) and PGC-1 (peroxisome

proliferator-activated receptoreo-activator-1).
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1.9.2.1 NRF2/ARE

NRF2 induces the expression of wide variety of aatiant, detoxifying and

cytoprotective genes including NAD(P)H: oxidoredassts (Nioi and Hayes, 2004,
Jaiswal, 2000), heme oxygenase 1 (HO1) (Presteral.etl995), glutathione-S-
transferases (GSTs) (Rushmore and Pickett, 19989;k&to reductases (AKRS)
(Ellis et al., 2003) and-glutamylcysteine synthase-GCS) (Wild and Mulcahy,

1999). Several novel approaches are being testsiihtalate the NRF2 activity such
as administration of small molecule activators &F®, overexpression of NRF2, or

disruption of the Keap1l activity: the endogenoysessor of NRF2.

1.9.2.2 PGC-1

PGC-1 is pleiotropic transcriptional co-activator whitiiggers few of the battery
of genes induced by NRF2. In addition, PGC+g&gulates some of the antioxidant
proteins within the mitochondria (specific peroxiogin isoforms) that are not
regulated by NRF2 (Clark and Simon, 2009). A samipproach, as mentioned
above for NRF2, to increase the activity of PGCrhhay result in an antioxidant

response that will be beneficial in various patlyatal conditions.

1.9.3 Natural products

Natural products derived from diet are gaining mamgortance as potential
therapeutic agents for oxidative stress relategadiss. Several lines of evidence
propose that an increased consumption of fruitsvaggtables is a rather simple but
realistic strategy for protection against oxidatidamage and to decrease the
occurrence of chronic diseases and age relatedddiso Many epidemiological
studies suggest a positive association betweeoadhgumption of a diet rich in fruits
and vegetables and a lower occurrence of chrorseades (Block et al., 1992,
Cantuti-Castelvetri et al., 2000, Reddy et al., 20Mathew et al., 2004). The

protective effects of fruits and vegetables areibaited to the presence of
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phytochemicals such as vitamins, polyphenols anoteaoids. The rationale behind
the protective effects of flavonoids and coumasdrstheir strong antioxidant effects
and it is also reported that polyphenols may alsosbthe endogenous antioxidant
defence systems. Natural compounds such as relertlforafane and quercetin
are reported to activate NRF2-dependent transeriptif endogenous antioxidant
genes (Linseman, 2009, Vincent et al., 2009, Tavegat al., 2007). In addition,
green tea polyphenols such as epigallocatechinl8gdEGCG) have been shown
to enter mitochondria and protect neurons from atwe stress and
neurodegeneration (Schroeder et al., 2009). Thiseaee shows that natural
products provide an abundant source of therapagents that could be used to
mitigate oxidative stress related diseases.

In the following section, details about the phemotiompounds present in diet
especially coumarin derivatives and their known rptecological properties are

summarised.

1.9.3.1 Plant Phenolics

The phenolic compounds can be further categorisegdhanolic acids, flavonoids,
coumarins, stilbenes and tannins. The fruits suctcranberry, apple, red grape,
strawberry, pineapple, banana, peach, lemon, orquege and grape fruit are rich in
phenolics (Sun et al., 2002). Among vegetablesdmigcspinach, yellow onion, red
pepper, carrot, cabbage potato, lettuce, celery amdimber have high phenolic
content (Chu et al., 2002). Flavonoids are the mapnstituents of phenolics
followed by phenolic acids and coumarins. Flavoeoahd coumarins are widely
distributed in natural plants and they have regeatiracted much attention due to

their manifold pharmacological activities.

1.9.3.2 Plant Coumarins

Coumarins are aromatic lactones of phenolic comgsuhat are distributed widely
in the plant kingdom. Coumarins comprise a benzengefused with -pyrone ring
and called benzopyrones. More than 1300 coumarave Ibeen identified mainly
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from plants and some from fungi and bacteria (Myrt®91, Murray, 1989, Murray
et al., 1982). Coumarins based on their structaaes be classified into simple
hydroxycoumarins  (Fig. 1.12A), furanocoumarins (Figl.12B) and

pyranocoumarins.

1.9.3.3 Pharmacological properties of plant coumarins

Coumarins are reported to possess various pharogcal and biochemical

properties, and their activity is dependent on pladétern of substitution in their

chemical structure (Hoult and Paya, 1996). The @um are reported to exhibit
antimicrobial (Dini et al., 1992, Kwon et al., 1993ardari et al., 1999), antiviral

(Fuller, 1994), antimalarial (Yang et al., 1992)tiaflammatory (Chen et al., 1995,
Okada et al., 1995, Hiermann and Schantl, 199&dHsi al., 1998, Garcia-Argaez et
al., 2000, Fylaktakidou et al., 2004), antioxidéMg et al., 2000, Chang et al., 1996,
Fylaktakidou et al., 2004) and antitumor promotprgperties (Khan et al., 2004,
Okuyama et al., 1990, Mizuno et al., 1994, Kofieaal., 1998, Fujioka et al., 1999).
The coumarin derivatives esculetin, fraxetin angdhoheetin inhibit enzymes such as
lipoxygenase, cycloxygenase (Hoult et al., 1994, éfi al., 1998, Resch et al., 1998,
Fylaktakidou et al., 2004) and monoamine oxidaseoftd et al., 1999). Coumarins

were also reported to inhibit protein kinagesitro (Yang et al., 1999).

Plant coumarins protect cells from oxidative sti@¥fang et al., 2005) and also act
as neuroprotective agents (Molina-Jimenez et &l042 The consumption of diet
rich in coumarin was reported to be chemopreverdiyainst aflotoxin Binduced
hepatocarcinogenesis in rats (Kelly et al., 2000 coumarin derivatives esculetin,
fraxetin and daphnetin were also observed to ihhh® generation of neutrophil-
dependent superoxide anion (lvanovska et al., 1984a et al.,, 1994, Chang and
Chiang, 1995, Chang et al., 1996, Fylaktakidoul.e2804). Simple coumarins such
as fraxetin and 4-methyl daphnetin inhibit lipid rgwadation and scavenge
superoxide radicals. Another coumarin derivative/-8lihydroxy-4-methylcoumarin
also inhibits lipid peroxidation and scavenges kl&yoxyl and superoxide radicals
without pro-oxidant effect (Hoult and Paya, 1998)new coumarin analogue from

Hibiscus syriacusvas observed to inhibit lipid peroxidation and #udivity was
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Fig. 1.12 — Structure of dietary coumarin derivati\es
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comparable to vitamin E. Some coumarin derivativese potent inhibitors of

microsomal lipid peroxidation (Paya et al., 199Raj et al., 1998).

1.9.3.4 Pharmacokinetics of coumarins

To my knowledge the pharmacokinetics of coumarinivdéves have not been
extensively investigated however numerous studieaveh reported the

pharmacokinetics of the parent compound ‘coumariollowing oral administration

coumarin is rapidly absorbed from the gastrointedtiract and is distributed through
out the body (Pelkonen O. et al., 1997, FentemFagd1993). Coumarin appears to
be extensively metabolised in all species witheliinchanged coumarin being
excreted. In humans, coumarin is completely absbfbem gastrointestinal tract
after oral administration and extensively metaleali®y the liver in the first pass,
with 2-6 % reaching the systemic circulation intéieitschel et al., 1976, Ritschel
and Hoffmann, 1981, Hardt and Ritschel, 1983). Caimis reported to be

metabolised by hydroxylation at all six possiblesigions (i.e. at carbon atoms 3, 4,
5, 6, 7 and 8) and by opening of the lactone rimgyield various products. In

majority of human subjects studied coumarin is esiteely metabolised to 7-

hydroxy coumarin (umbelliferone). In addition, 6dihydroxy coumarin (esculetin)

is also reported to be one of the metabolites oh@rin. Generally, the half-life of

coumarin is around 1-2 hours in humans and betwleénhours in other species
including rodents (Lake, 1999).

1.9.3.5 Pharmacological properties of umbelliferone and esdetin

Umbelliferone (7-hydroxycoumarin; Umb) and esculefb,7-dihydroxycoumarin;
Esc) (Fig 1.13) are phenolic compounds classifed¢@marin derivatives that are
found in plants with proven antioxidant and fredical scavenging properties (Paya
et al., 1992b)Umb is present in plants includingegle marmeloggolden apple)
(Parmar and Kaushal, 1982) afutrus aurantium(bitter orange) (Wu and Sheu,
1992). It is a promising antioxidant compound (Harld Paya, 1996, Thuong et al.,
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2010), and reported to maintain redox status arelgmt diabetic rats from

erythrocyte lipid peroxidation (Ramesh and Pugalez@D5).

Esculetin is present in several plants such Aatemesia scoparia(Redstem
Wormwood) Artemesia capillaris (Capillary Wormwood), Ceratostigma
willmottianum (Chinese Plumbago) and in the leavesCatrus limonia (Chinese
lemon) (Chang et al., 1996, Yue and Xu, 1997). Eticuis a proven antioxidant
(Paya et al., 1992a, Lin et al., 2000) that hasls®wn to protect hamster lung
fibroblasts (V79-4) from lipid peroxidation, protecarbonylation, and DNA damage
induced by hydrogen peroxide (Kim et al., 2008hds also been shown to suppress
lipid hydroperoxide-induced oxidative damage toludat DNA in human diploid
fibroblasts (TIG-7) cells (Kaneko et al., 2003). addition, esculetin can inhibit
oxidative DNA damage and the formation of tumounsduced by 1,2-
dimethylhydrazine in rat colon (Kaneko et al., 2D08,7-di-O-glucopyranosyl-
esculetin has been shown to protect SH-SY5Y neastddna cells against
dopamine-induced toxicity (Zhao et al., 2008).
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1.10Aims of the project

Plant coumarins are present in a wide range ofsfand vegetables, have a low toxic
profile and are available in variety of daily foolvidence shows that coumarin
derivatives can effectively scavenge free radicaisl inhibit lipid peroxidation,
which make them potential candidates as therapaggats against oxidative stress-
induced diseases. Despite these observationg, igtknown about the protective
effects and mechanism of protection elicited bytadye coumarin derivatives on

oxidative stress-induced damage.

Therefore, the aims of this project were:

To study the protective effects of esculetin in B8phepatoma cells against
hydrogen peroxide-induced oxidative stress andsinyate the mechanism of

protection

To determine the chemopreventive effects of esculebhd umbelliferone

against NDEA-induced oxidative stress and hepatotgxn rat liver

To investigate the protective effect of umbellifieeoand esculetin against
hydrogen peroxide and neurotoxin (Mhduced oxidative stress in SH-

SY5Y neuronal cells

To determine the neuroprotective effects of estulend umbelliferone
against MPTP-induced dopaminergic toxicity in mossestantia nigra and

striatum, and elucidate the molecular mechanismlved
To study the effects of dietary coumarin derivagiven up-regulation of

NRF2-ARE dependant antioxidant, detoxification agtbprotective genes in

vital organs of rats and mice
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CHAPTER 2

MATERIALS AND METHODS
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2. Materials and Methods

2.1 Materials

2.1.1 Mammalian Cells

2.1.1.1 HepG2 Cells

Human hepatoma HepG2 cells (HB-8065) (Knowdeal, 1980) were obtained from
American Type Culture Collection (ATCC) and maintd in Dulbecco’s modified
Eagle’s medium supplemented with 10% (v/v) heattivated fetal bovine serum,
1% non-essential amino acids, 1% sodium pyruva®, @/ml penicillin and 100
ng/ml streptomycin in a humidified incubator witB65CQ, at 37C. Cells were

grown to 70% confluence before pre-treatment.

2.1.1.2 SH-SY5Y Cells

Human neuroblastoma SH-SY5Y cells were a gift frbm Eve Lutz and were
maintained in 1:1 mixture consisting of Ham’s FI#2l &©ulbecco’s Modified Eagle
Medium (DMEM) supplemented with 5% (v/v) heat-iraated fetal bovine serum,
1% non-essential amino acids, 1% sodium pyruva¥#,Liglutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin in a humiddi incubator with 5% Cfat

37°C. Cells were grown to 70% confluence before peattnent. All cells in the

study where used at low passage numbers (< 20).

2.1.2 Cell Culture Media and Equipment

Cell culture media and reagents were obtained f&agma (Poole, UK), Invitrogen
(Renfrewshire, UK). The tissue culture hood wasawmigd from ICN Gelaire
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(England) and the incubator from Heraeus (GermaHRy. cells were maintained at
37°C at 5% carbon dioxide and 95% humidity.

2.1.2.1 Cell Culture Plasticware

Tissue culture flasksEasyFlask 75 cf 6-well, 12-well and 24-well plates were
obtained from Fisher Scientific (UK). The 96-wellafgs were purchased from

Greiner Bio-One (UK) and cell scrapers were obt@inem BD biosciences (UK).

2.1.3 Animals

The use of animals in scientific procedures fos thiesis work was approved by the
Home Office (Science and Research), UK (PPL No4®DB). All the methods and
procedures in the project licence were strictlyofekd.

2.1.3.1 C57BL/6J Mice
Male C57BL/6J 6-week old mice (Harlan, UK) were ked in cages in groups of six

under controlled environmental conditions (1923 40-60% humidity; 12h
light/dark cycle) at the Biological Procedures U@PU), University of Strathclyde.

2.1.3.2 Wistar Strain Rats

Male Wistar 10-week old rats (Charles River, UKyghoused in cages in groups of
three under controlled environmental conditions2B8%; 40-60% humidity; 12h

light/dark cycle) at the Biological Procedures UEPU), University of Strathclyde.

2.1.4 Chemicals and Reagents

Cofactors (NAD, FAD, NADPH), TEMED, ampicillin, cooaric acid, luminol,
BHA, NAC, MPTP, MPP, NDEA, quercetin, umbelliferone, esculetin, framet
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scopoletin, MTT, DCF-DA were supplied by Sigma ¢fo UK). Bio-Rad Protein

Assay Reagents and pre-stained sodium dodecylgalpt&DS) standards were
supplied by Bio-Rad Laboratories (Hertfordshire, )JUKcrylamide was supplied by
Kramel (Cramlington, UK). All other laboratory amhalytical grade chemicals and

reagents were purchased from Sigma (Poole, UK)igplgers mentioned.

2.1.5 Antibodies

The antibodies used for Western blotting and imnhistochemistry are listed in
table 2.1.

2.1.6 Oligonucleotides

The oligonucleotide primers used for PolymeraseiCiReaction (PCR) listed in

table 2.2 were supplied by Eurofins MWG Operon (8berg, Germany).

2.2 Cell Culture Methods

2.2.1 Treatment of Mammalian Cells

To study the toxicity of compounds and protectiffeats of plant coumarins, cells
were plated in 96-well plates at a density of 20% dells per well (HepG2) and 5 x
10* per well (SH-SY5Y), or in 6-well plates at a depsif 2 x 16 cells per well
(HepG2) and 5 x per well (SH-SY5Y), or in 24-well plates at a dignsf 1 x 10
cells per well (HepG2) and 3 x A@er well (SH-SY5Y), and cultured for 24h in
growth medium. Then cells were pretreated with/authcoumarins in serum free
medium for a specific time period (4 h or 8 h),itlveashed with PBS and exposed to

toxic compounds in serum free medium for 24 h oh48
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Table 2.1 - Antibodies

Antibody Suppliers | Cat. No Source | Reactivity MW (kDa)
NQO1 JH - Rabbit 30
SOD1 SCBT sc11407 Rabbit h, m, r 18
GAPDH SCBT sSc25778 Rabbit h,m, r 37
NRF2 SCBT sc13032 Rabbit h,m, r 68
LAMIN-B SCBT Sc6216 Goat h,m, r 71
HO1 SCBT SC7695 Goat h, m,r 35
GSTP1 JH - Rabbit h,m, r 27
BAX SCBT sc493 Rabbit h, m, r 20
TH Abcam ab49640 Mouse| h,m,r 56
3-NT Abcam ab61392 Mouse| h,m,r 1
CASPASE-3 SCBT sc98785 Rabbit h,m, r 17,19
CYTOCHROME-C | SCBT sc7159 Rabbit h, m, r 11
pJINK CST 4671S Rabbit h,m, r 46,54
JNK CST 9252S Rabbit h,m, r 46,54
AKR1A3 JH - Rabbit h,m, r 37
AKR7A1 JH - Rabbit h, r 37
AKR7A4 JH - Rabbit h, r 37
GSTY’8c/GSTA3 JH - Rabbit | h,r 26
Anti-rabbit IgG-HRP| BRL 166- Goat - -
secondary Ab 2408EDU

Anti-goat IgG-HRP | SCBT sc2033 Donkey| - -
secondary Ab

Anti-mouse IgG- Abcam ab6788 Goat - -
Biotin secondary Ab

MW: molecular weight; SCBT: Santa Cruz Biotechngiotnc., Germany; JH: Gift
from Professor John Hayes, University of Dundee¢akh: Abcam, UK; BRL: Bio-
Rad Laboratories (Hertfordshire, UK); CST: Cell agng Technology, UK; h:

human; m: mouse; r: rat

48




Table 2.2 — Oligonucleotide Primers

Primer Sequence Suppliers
SOD1Q forward| 5-AGG GCATCATCAATT TCG AGC -3 MW
SOD1Q reverse| 5-GCC CACCGTGTTTTC TGG A-3 MWG
NQO1_forward 5-ATG TAT GAC AAA GGA CCCTTC C-Z M\
NQO1_reverse 5-TCC CTT GCA GAG AGT ACA TGG-3’ MWG
HO1_forward 5-TGA TAG AAG AGG CCA AGA-3 MWG
HO1_reverse 5-TTT CCA GAG AGA GGG ACA-Z MWG

-actin_forward

5-AGA GAG GCA TCC TCA CCC TGA AGT|
ACC-3

MWG

-actin_reverse

5-GAC GTA GCA CAG CTT CTC CTT AAT
GTC-3

MWG

GAPDH_ forward

5-GGA GTC AACGGATTT GGT-3’

MWG

GAPDH_reverse

5-GTG ATG GGATTT CCATTG-3'

MWG

MWG: Eurofins MWG Operon (Ebersberg, Germany)
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2.3 Cell Viability Assay

2.3.1 MTT assay

Cell viability was evaluated as mitochondrial aityivby the modified MTT dye

uptake method (Mosmann, 1983). This tetrazolium ahlerimetric assay is used to
monitor cell growth indirectly as indicated by tbenversion of the tetrazolium salt
to the coloured product, formazan, the concentmatb which can be measured
spectrophotometrically. In brief, cells were inctdzhin a 96-well plate in triplicate
for 24h. Cells were then treated with coumaringanixic compounds for specified
time period. At the end of the incubation 20ul ot M(1.2 mg/ml) was added to the
cells and further incubated for 2h. Then MTT comtagy medium was removed and
the intracellular formazan product was dissolvedMSO, and the optical density
(OD) at 540 nm was measured by means of a 96-vadlystems IEMS plate-reader.
Vehicle-treated cultures were used as controls. fbllewing formula was used:

Percentage cell viability = (OD of the experimestnples/OD of the control) x 100.

2.3.2 LDH leakage assay

The cytotoxicity of test compounds was determingedaatate dehydrogenase (LDH)
leakage by commercial assay kit (Sigma, Cat. NoX7T)O(Decker and Lohmann-
Matthes, 1988). This kit measures cytoplasmic L2BEkhge as an indicator of the
cell membrane integrity. In this assay, LDH redubisD*, which is then used to

convert a tetrazolium dye to a soluble colourednfazan derivative.

Cells were plated in 24-well plates and culturedZé h. The cells were treated with
coumarins and/or toxic compounds in serum free omedbr a specific time period.
After incubation, one aliquot of medium (0.2ml) waken out for extracellular LDH
activity analysis. The total LDH activity was detened after the cells were
disrupted thoroughly by sonication. The percentafieLDH leakage was then
calculated from the ratio between the LDH activityculture medium and that of the

whole cell content to reflect the cytotoxicity.
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2.4 Measurement of Reactive Oxygen Species (ROS)

Cellular reactive oxygen species was quantified dighlorofluorescin diacetate

(DCF-DA) assay using microplate reader (Wang anskeglo, 1999). After being

oxidised by intracellular oxidants, DCF-DA will beonverted to a fluorescence
emitting compound, dichlorofluorescein which candontified. In brief, cells were

incubated in a 96-well plate in triplicate for 24bells were then treated with test
compounds for 8h. After the treatments, cells weashed with PBS and incubated
with 100uM DCF-DA for 30 min. Then the cells werashed twice with PBS to

remove excessive probe. After washing out, 0.9mMDOHwas added and the
fluorescence was measured at 485 and 530 nm esittd emission, respectively,
for 30 min in a CytoFluor Series 4000 multi-welludrescence plate reader
(PerSeptive Biosystems Inc., Framingham, MA, USAhwemperature maintained
at 37C. The percentage increase in fluorescence waslat#d by the formula [(&s

— Fi)/ F1*100], where Fiy = fluorescence at time 30 min an@ Etfluorescence at

time 0 min.

2.5 Measurement of Total Cellular Glutathione

2.5.1 Preparation of cell extracts for total glutathionassay

Cells were plated in 6-well plates and treated withvithout test compounds for 8h
and/or with oxidants/lipid peroxidation products #4h. After treatments, the cells
were washed and scraped into PBS and centrifugd@Gf rpm for 5 min at°C.

The pellet was re-suspended in PBS and proteinectrations of the samples were

measured by Bradford’s assay and normalised in S% S
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2.5.2 Preparation of tissue homogenates for total glutaihe assay

The snap-frozen tissues were homogenised in 30foROmM sodium phosphate
buffer pH 7.0, containing 1mM DTT and protease ltior cocktail using Teflon
pestle. The homogenate was centrifuged at 10,0000x§0 min at 4C and the
supernatant was retained. Protein concentratiortheobamples were measured by

Bradford’'s assay and normalised in 5% SSA.

2.5.3 Total Glutathione assay

Total intracellular GSH was measured by an enzyamatycling procedure (Eady et
al., 1995). The sulthydryl group of GSH reacts WIIITNB (5,5’-dithiobis-2-
nitrobenzoic acid, Ellman’s reagent) and producegelow coloured 5-thio-2-
nitrobenzoic acid (TNB). The disulfide that is pooed is reduced by NADPH in the
presence of GSH reductase. The rate of formatiohNB is measured at 412 nm,
and GSH is quantified by reference to a standardecu’ he specificity of this GSH
assay is controlled by the very high specificity ghfitathione reductase. A stock
buffer of 200mM sodium phosphate and 1mM EDTA (pH) Wvas used to prepare
solutions of 0.4mM NADPH, 4.5mM DTNB, 1.9 units/MdSH reductase (from
Bakers Yeast, Sigma) and 5% sulfosalicylic acidA5S he standards of reduced
GSH were prepared in 5% SSA. The samples (prepasetientioned above) and
standards were centrifuged at 10,000 rpm for 10. feam each measurement, three
wells on the 96-well plate contained 170ul reactioixture (GSH reductase and
NADPH), 20ul sample or GSH standard and 10ul DTNBie mixture was
incubated for 10 min at 8¢ and the absorbance was read at 412 nm. The
concentration of total GSH in the samples was datexd against the GSH standard

calibration curve.
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2.6 Protein Gel Electrophoresis

2.6.1 Preparation of Protein Extract from cell lines

Mammalian cells were grown in 6-well plates or 100mishes and treated with the
test compounds for specific time period. The cellsre washed with Phosphate
Buffer Saline (PBS - 137 mM NaCl, 10mM sodium pHose, 2.7mM KCI, pH 7.4),
then detached by using 1x trypsin or 1x SSC (150N&I|, 15mM sodium citrate)
and centrifuged for 5 min at 1000 rpm. Finally, redlets were suspended in PBS,
protein concentrations were determined, normaliged mg/ml in 2x LSB and
denatured by boiling for 10 min.

2.6.2 Preparation of protein extract from animal tissue

The harvested tissue was homogenised in 5 volurh@®mM sodium phosphate
buffer containing 1mM DTT and protease inhibitorckwil using Teflon pestle.
Finally, protein concentrations of the homogenatese determined, normalised with

2x LSB to yield 1 mg/ml solution and denatured bylibg for 10 min.

2.6.3 Sub-cellular fractionation of cell extracts and ssie homogenates

Sub-cellular fractionation of cell lines and tissu@mogenates were carried out by
differential centrifugation. Cells in 3 x 175 &rflasks were rinsed with PBS once,
scraped and centrifuged at 1,000 xg for 3 min°&t €ell pellet or animal tissue (29
wet weight) were suspended in 1ml of homogenisatisedia (0.25M sucrose,
neutralised to pH 7, 10mM HEPES, pH 7.5) and hommgel using a Teflon pestle.
The homogenate was made up to 2 ml with homogénmmsatedia and centrifuged at
2000 xg for 10 min at °€. The pellet was retained as nuclear fraction. The
supernatant was removed and centrifuged at 9, @10 min at AC, and the
pellet was retained as mitochondrial fraction. Tésulting supernatant was removed
and centrifuged at 34, 000 xg for 30 min &€ 4and the pellet was retained as the
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fraction enriched for Golgi. The supernatant wasaeed and centrifuged at 80, 000
xg for 1h at 4C to pellet the endoplasmic reticulum enrichedtfoac The remaining
supernatant was retained as cytosolic fractionteRroconcentration of the sub-
cellular fractions was determined by Bradford’sagsand normalised with 2x LSB
(at least 2 vol. of fraction to 1 vol. of 2x LSB) tyield 1 mg/ml solution and

denatured by boiling for 10 min.

2.6.4 Equipment and Buffers

Equipment: Electrophoresis was performed using the Atto ngei system from
Genetic Research Instrumentation Ltd., Dunmow, Xs&&K. One dimensional
electrophoresis on SDS-acrylamide gels was usesparate proteins according to
their molecular weight, using the buffer systemcdégd by Laemmli (Laemmli,
1970) (Appendix B).

2.6.5 Sample Loading and Electrophoresis

Samples were boiled in 2x LSB for 10 min to derathe proteins and 1@ protein
was loaded in the well. The electrophoresis wasezhput for 90 min at 125 volts to

separate the proteins.

2.7 Western Blotting

2.7.1 Transfer and Detection

The resolved proteins were transferred to nitrotefle membrane using a Bio-Rad
minigel apparatus for 1.5h at 300 mA. Protein bigdsites were blocked with 5%
skimmed milk in TBST (20mM Tris-HCI, 150mM NaCl, 02% Tween-20)
(Appendix B) for 1h. Then nitrocellulose membramesre incubated with primary
antibodies (at 1:3000 dilution in TBST-skimmed nhilavernight at 2C. After

54



hybridisation with primary antibodies the membramvesre washed thrice with
TBST, incubated with horseradish peroxidase-congdy@econdary antibody (goat
anti-rabbit at 1:3000 dilution in TBST-skimmed njillor 2h and washed thrice with
TBST. Finally antibodies were detected using enednthemiluminescence (ECL,
Amersham). Images were taken using a LAS-3000 lastuent image analyzer
(Fujifilm). Quantification of band intensities wgerformed using ImageJ analysis

software.

2.8 Determining Protein Concentrations — Bio-Rad Protem Assay

The Bio-Rad Protein assay is based on the methddradford (Bradfordet al.,
1976). Dilutions of Bovine Serum Albumin (BSA) peat standard, ranging from O
to 20 g/ml were made in distilled water. 200of Bio-Rad reagent was added to
800 | of each of the protein standards, and the absosganeasured at 595 nm. A
standard curve of Ofgs versusconcentration of protein standard was plotted.
Unknown protein concentrations were calculated frima standard curve. The
sample reaction mixture routinely included 0.2 nfil Blo-Rad reagent, 10 of

sample and 790 of distilled water.

2.9 Enzyme Assays

2.9.1 Preparation of cell extracts for enzyme assays

Protein extracts from cell lines for enzyme assagse prepared by ‘freeze-thaw’
lysis method to preserve enzyme activity. The cedse washed with PBS once,
detached in 1x SSC (150mM NaCl, 15mM sodium cijraie 1x trypsin and
centrifuged at 1000 rpm for 5 min &iG4 The resulting cell pellet was re-suspended
in 250 mM Tris-Cl, pH 7.5. The cell suspension r@zen in liquid nitrogen for 5
min and transferred to 3Z for 5 min. The freeze-thaw procedure was repemii

again. Then the cell suspension was centrifugetD@0 rpm for 5 min at°€, and
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the supernatant was used for enzyme assays. Pootetentrations were determined

by using Bradford’s method against BSA standardeur

2.9.2 Preparation of tissue homogenates for enzyme assays

Frozen tissue was homogenised in 3 vol. of ice-@0ilthM sodium phosphate buffer
pH 7.0, containing 1mM DTT and protease inhibitocktail using a Teflon pestle.
The homogenate was centrifuged at 10,000 xg fomBOat 4C. The supernatant
was used for enzyme assays. Protein concentratiarse determined by using

Bradford’s method against BSA standard curve.

2.9.3 NAD(P)H: quinoneoxidoreductase (NQO1, QR) activity

The cell extract or tissue homogenate (R@vas added to mixture containing 4mM
NADPH, 1mM FAD, 160mM DCPIP (2,6-dichlorophenolimgtenol), 4.6 mg/ml
BSA, 0.2% Tween-20 in 25mM Tris-HCI buffer pH 78he reduction of DCPIP
was measured at 590 nm and NQO1 activity was eg@dess nanomoles per minute

per milligram of protein.

2.9.4 Glutathione-S-Transferase (GST) activity

The cell extract or tissue homogenate (20vas added to mixture containing 1mM
reduced glutathione, 1ImM CDNB (1-chloro-2,4-dintemzene) and 3 mg/ml BSA
in 10mM sodium phosphate buffer pH 6.5. The CDNB-G®njugate formed was
measured at 340 nm and glutathione S-transferafigitacwas expressed as

nanomoles per minute per milligram of protein.
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2.9.5 Aldoketo Reductase (AKR) activity

The cell extract or tissue homogenate (L@as added to mixture containing 25 mM
p-Nitrobenzaldehyde (p-NBA), 5mM NADPH in 100mM &ach phosphate buffer.
The consumption of NADPH was measured at 340 nm AKR activity was

expressed as hanomoles per minute per milligrapraiéin.

2.9.6 Superoxide Dismutase (SOD) activity

The total superoxide dismutase activity was deteeshiby manufacturer’s protocol
using SOD assay kit (cat. no. 19160) from Sigmariahd Ltd. In this method,

Dojindo’s highly water soluble tetrazolium salt tharoduces a water soluble
formazan dye upon reduction with superoxide anias wsed. SOD linearly inhibits
the formation of this coloured formazan dye. TheDSaxtivity was quantified as
inhibition activity by measuring the decrease itooo development of the formazan
dye at 440 nm.

2.9.7 Glutathione Reductase activity

The cell extract or tissue homogenate (20was added to reaction mixture
containing 20mM GSSG in 50mM sodium phosphate bysté 7.0. The mixture

was incubated at 3% for 3 min and 1.5mM NADPH (prepared in 0.1% sadliu
bicarbonate) was added. The consumption of NADPH maasured at 340 nm and
glutathione reductase activity was expressed asmales per minute per milligram

of protein.

2.9.8 Glutathione peroxidise activity

The cell extract or tissue homogenate (20was added to reaction mixture

containing 10mM reduced glutathione, 2.4 U/ml dhi@ne reductase, 1.5mM
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NADPH (prepared in 0.1% sodium bicarbonate) 1ImM BDZmM sodium azide in
50mM sodium phosphate buffer. The mixture was iated at 37C for 3 min and
2mM H,O, was added. The consumption of NADPH was measur&d@nm and
glutathione peroxidase activity was expressed asomales per minute per

milligram of protein.

2.9.9 Caspase 3 activity

The cell extracts or tissue homogenates were pedpas mentioned above and the
assay for Caspase 3 activity was performed acagrtinmanufacturer’s protocol
(Caspase-3/CPP32 colorimetric assay kit, BioVisld8A, Cat. No. K106-100). This
kit assays the activity of caspases that recoghisesequence DEVD. The assay is
based on the spectrophotometric detection of thenabphore p-nitroaniline (pNA)
after cleavage from the labelled substrate DEVD-pNAe pNA light emission was
guantified using a micro-plate reader at 405 nnsp@ae 3 activity was calculated by
comparing the absorbance of pNA from an apoptetoge with uninduced control.

2.10Lipid peroxidation assay

The assay for lipid hydroperoxide was performedoatiog to manufacturer’'s
protocol (Lipid hydroperoxide assay kit, Cayman @@l Company, USA, Cat.
N0.705002). This kit measures the hydroperoxide®gctly utilizing the redox

reactions with ferrous ions. Hydroperoxides arehlyigunstable and react readily
with ferrous ions to produce ferric ions. The résgl ferric ions were measured
using thiocyanate ion as the chromogen. A standambe of ORyo versus

concentration of lipid hydroperoxide standard wastted and sample lipid

hydroperoxide concentrations were calculated froenstandard curve.
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2.11Fluorescence imaging for apoptosis and necrosis

After treatment with test compounds and toxinsscelére analyzed for apoptosis or
necrosis according to manufacturer’s protocol (Ammé/-Cy3 Apoptosis Kit Plus,
Cat. No. K202-25, BioVision, UK). The assay is lthea the observation that soon
after initiating apoptosis, cells translocate theemmrane phospholipid
phosphatidylserine (PS) from the inner face of plesma membrane to the cell
surface. Once on the cell surface, PS can easilgdiected by staining with a
fluorescent conjugate of Annexin V, a protein thas a strong natural affinity for
PS. The SYTOX green dye, in the kit, is impermeariive cells and apoptotic cells,
but stains necrotic cells with intense green flsoemce by binding to cellular nucleic
acids. After staining with annexin V-Cy3 and SYTQxeen dye, apoptotic cells
show red fluorescence, dead cells show green ftgereee and live cells show little
or no fluorescence. These populations were disishga by Fluorescence
microscopy using FITC and rhodamine filters.

2.12 RNA Methods

2.12.1RNA Isolation from Mammalian Cells

Total RNA was isolated from HepG2 and SH-SY5Y céitsn 100mm dishes using

the Total RNA isolation kit (Promega) accordinghe manufacturer’s instructions.

2.12.2RNA Quantification

Purified RNA was diluted 1:100 in 10mM Tris, pH 7Abd the OD measured at 260
nm and 280 nm to determine its concentration andtypuWhen calculating
concentration, the conversion factor for RNA of4D0y/ | per ODyso unit was used.
The ratio of the 260 nm measurement to the 280 reasorement was used as an
indicator of purity, and only samples with ratiof b8 to 2.1 were used for

subsequent experiments.
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2.12.3Quantitative Reverse Transcription

2.12.3.1Synthesis of First Strand cDNA using Reverse Transiptase

1pg of random primer and § of total RNA were mixed in a total volume of 11pl
nuclease free water in a sterile RNase-free micitoiféege tube. The mixture was
heated to 70°C for 5 min followed by incubation iocg for 2 min. The tube was
briefly centrifuged and the following componentsded: 51 of M-MLV RT 5X
buffer, 1.25 | of PCR nucleotide mix (10mM}.75 | of nuclease free water andl1
of M-MLV reverse transcriptase (200U). The contents were gently mixed by
pipetting, and the tube was incubated at 25°C @omin, followed by incubation at
42°C for 50 min. Following incubation the reactiasas inactivated by heating at
70°C for 15 min.

2.12.3.2Quantitative PCR

The relative quantitation of expression levels weagied out with the LightCycler
instrument (Roche Diagnostics) using a set of oligbeotide primers to suit
amplification under the specific cycling conditiof the LightCycler. Reactions
were set up in 20 volumes with 11 of first strand cDNA, 1l of each primer
(5pmol/ 1, final concentration of 0.25M), 3 | of nuclease free PCR-grade water and
15 | of PerfeCta SYBR Green Fastmix (Quanta Bioscishaes detailed in the
manual. The relative amount of cDNA synthesize@ach RT-PCR was compared
with GAPDH or -actin mRNA levels detected using specific prim@diable 2.1)

2.13 Animal treatment and tissue isolation methods

2.13.1General Diet and Drug Treatment

Animals were allowed to acclimatize for 2 weeksdoefbeing fed either a normal

diet (powdered RM1 diet, Special Diet Services, $Kpplemented with 2% arachis
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oil or diet containing test compounds with 2% aradahl. Arachis oil was used as a
vehicle for the uniform distribution of test compmis. The test compounds in animal
diet were provided in the diet for 7 days in thdofeing amounts: BHA, 0.75%
(w/w); Umbelliferone, 0.5% (w/w); Esculetin, 0.5%v/(v); Fraxetin, 0.5% (w/w);
and Scopoletin, 0.5% (w/w). During the experimdrg animals were provided free

access to food and water.

2.13.2General Tissue Harvesting

After the treatment period the animals were saifiby cervical dislocation and
organs such as brain, liver and kidneys were rechawenediately, snap-frozen in
liguid nitrogen and stored at -&D until analysis. Tissue slices were rinsed in
physiological saline and immediately fixed in 4%rgfarmaldehyde in 0.1M

phosphate buffer, pH 7.4, for histological and inmmiistochemical studies.

2.13.3Histology

2.13.3.1Tissue fixation and Processing
Tissue samples were rinsed in physiological saiind immediately fixed in 4%
paraformaldehyde in 0.1M phosphate buffer, pH @r448 hrs. Fixed samples were

then subsequently processed through a series obations in graded alcohol and
HistoClear (xylene substitute; Fisher Scientifié&)las described in Table 2.2.

2.13.3.2Tissue Embedding and Sectioning

Fixed and processed tissue samples were embeddddciks of paraffin wax and
section of 10m were cut using a rotary microtonfeeica, Wetzlar, Germany).
Paraffin ribbons were placed in water bath at 4%44nd the sections were mounted
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onto glass slides. The sections were allowed tadairfor 30 min and oven-dried

overnight at 45-5TC.

For mouse brain MPTP-toxicity studies, serial d@Bthick coronal sections
containing the mid-striatum (+1.2 through -0.1 mnthwespect to bregma) and
midbrain (+3.4 through -3.64 mm with respect togon@) were cut into paraffin
ribbons using a microtome. Then sections were neslioh to the slides, air-dried
for 30 min and baked overnight in an oven at 4%50

2.13.3.3Immunohistochemistry

The sections were deparaffinised, hydrated (1000% @nd 70% ethanol, distilled
water) and antigen unmasking was carried out usbmgM citrate buffer, pH 6.0.
The sections were then incubated with 3% hydrogmoxpde, washed with TBST
(20mM Tris-HCI, 150mM NaCl, 0.01% Tween-20) and ded with 5% horse
serum in TBST for 1h. Then the sections were intatavith antibodies against
tyrosine hydroxylase (1:100) and 3-nitrotyrosinel(D) overnight at %. The

sections were washed with TBST and incubated withtinylated secondary
antibody (1:1000) for 1h. Subsequently, sectionsewwashed with TBST and
incubated with avidin-biotin peroxidise complex fdh at room temperature.
Visualisation was performed using DAB solution @ning 0.05%

diaminobenzidine and 0.015% hydrogen peroxide mKiOTris buffer, pH 7.2. The
sections were dehydrated as mentioned before ad c¢bver-slipped using DPX
mounting medium. Immunostaining images of the &trma and midbrain were
collected and densitometric analysis was perfortnedsing NIH ImageJ software.
The mean threshold area of the brown-stained THhiipesor 3-NT-positive cells

from 3 images of each animal was calculated andesspd as percentage density by

comparing with vehicle treated control group.
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Table 2.3 - Tissue fixation and processing

Solvent Duration (Hours)

70% Ethanol 1

70% Ethanol

80% Ethanol

80% Ethanol

95% Ethanol

95% Ethanol

100% Ethanol

100% Ethanol

© ® N o o A W N

100% Ethanol

[EEN
o

. HistoClear

[EEN
=

. HistoClear

[EEN
N

. HistoClear

[EEN
w

. Paraffin wax

=
~

. Paraffin wax

Ll Il Il I el el el B N T ) T ) e e Lt Rl L

[EEN
62

. Paraffin wax
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2.13.3.4Haematoxylin and Eosin (H&E) Staining

Mounted sections of tissues were subjected to H&khisg, which involved a series
of stain and solvent incubatioress described in Table 2.3. Then sections were
dehydrated and mounted using DPX. The H&E staimedges of the liver were
collected and observed for cell morphology (loss athitecture and acute

inflammatory cells with vacuolated cytoplasm).

2.13.3.5Nissl Staining

Brain tissue sections were deparaffinised and hgdras mentioned in table 2.4.
Then the sections were stained with 0.1% crystaktisolution in water (containing
0.3% glacial acetic acid) for 10 min then washedtkjy in distilled water. The

sections were dehydrated and mounted using DPXI¢TaHl). The Nissl's stained
images of the striatum and midbrain were colle@ed densitometric analysis was
performed by using NIH ImageJ software. The mearstiold area of the blue-
stained Nissl positive nuclei from 3 images of eachimal was calculated and

expressed as percentage density by comparing eftithe treated control group.

2.14 Statistical Analysis

Experimental data were expressed as the mean H&iDstatistically analysed by
suitable statistical test, two-tailed Student'sestt or two-way ANOVA with
Bonferroni'spost hoctest using GraphPad Instat software. A value af(05 was

considered as statistically significant.
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Table 2.4 - Haematoxylin and Eosin Staining

Solvent Duration (min)

HistoClear

HistoClear

5

S

HistoClear 5
100% Ethanol 5
5

5

5

100% Ethanol
95% Ethanol
80% Ethanol
Distilled Water 10

© ® N o g &~ W N

Haematoxylin 3

-
o©

Distilled Water rinse
. Tap Water 5
. 1% acid ethanol Dip 10x (fast)

[ —
[

=
N

=
w

. Tap Water

[ —
B

1

Tap Water 1
Distilled Water 2
2% Eosin 5
95% Ethanol 5
95% Ethanol 5
5

5

5

5

[ —
o

-
o

[ —
~

[ —
©

-
©

95% Ethanol

100% Ethanol
100% Ethanol
100% Ethanol
HistoClear 15
HistoClear 15
HistoClear 15

N
o

N
=

N
N

N
w

N
B

N
o

Following H&E staining, Tissue samples were mountedDPX mounting fluid
(VWR International).
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Table 2.5 - Nissl Staining

Solvent Duration (min)
1. HistoClear 10

2. HistoClear 10

3. HistoClear 10

4. 100% Ethanol 5

5. 100% Ethanol 5

6. 95% Ethanol 3

7. 70% Ethanol 3

8. Tap water rinse

9. Distilled Water rinse

10. 0.1% cresyl violet (containing 0.392-10

glacial acetic acid)

11. Distilled Water rinse
12. 95% Ethanol 2-30
13. 100% Ethanol 5

14. 100% Ethanol
15. HistoClear
16. HistoClear

g O o;

Following Nissl staining, Tissue samples were mednin DPX mounting fluid
(VWR International).
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CHAPTER 3

ESCULETIN PROTECTS HEPG2 CELLS AGAINST
H,O,-INDUCED OXIDATIVE STRESS BY NRF2-
MEDIATED INDUCTION OF NQO1 GENE
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3. Esculetin-induced protection of human hepatoma Hep@ cells
against hydrogen peroxide is associated with the NR-
dependent induction of the NAD(P)H: quinone oxidorductase 1

gene

3.1 Introduction

Several coumarin compounds as summarised in Chaptbave been shown to
protect cells against oxidative damage (Kim et &008) and can act as
neuroprotective agents (Molina-Jimenez et al., 2G35well as protecting against
hepatotoxicity (Murat Bilgin et al., 2010). Counmegitherefore have the potential to
protect against diseases in which reactive oxygecies (ROS) are elevated such as

Alzheimer’s, Parkinson’s and cardiovascular disé&seeiro et al., 2010).

Despite the promising pharmacological propertiessmgiuletin mentioned in Chapter
1, little is known about its protective effect atite mechanism of protection. Its
protective effects may be entirely due to its difeee radical scavenging activity,
given that it can scavenge for the 1,1-diphenyi€ythydrazyl (DPPH) radical, the
hydroxyl radical and other intracellular ROS (Kima&, 2008, Lin et al., 2000, Paya
et al., 1992a). However, esculetin has also begorted to modulate the redox state
of the cell, and can enhance reduced glutathioredden the liver of C57BL/6J mice
(Martin-Aragon et al., 1998), although it is uncldsow this is achieved. Other
mechanisms known to be initiated following esculetreatment include the
inhibition of signalling pathways (Pan et al., 2p0&nd the induction of apoptotic
pathways (Chu et al., 2001, Yang et al., 2006)addition, esculetin is known to
inhibit lipoxygenase activity within platelets (Sgk et al., 1982). Whether any of
these mechanisms or pathways contributes to thexafdnt properties of esculetin

is not known.
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3.2 Aim of the chapter

The objective of the work described in this chaptas to characterize the protective
effects elicited by esculetin against hydrogen piele toxicity in a well established
cell line and to provide evidence for the mechanisrprotection. The effect of
esculetin on indicators of toxicity and markers foxidative stress, and on the
expression of the protective enzyme NADPH: quinor&loreductase 1 (quinone
reductase, NQO1) and the role of NRF2 in medigpiradection was investigated. In
addition, the levels of antioxidant enzyme supeatexiismutase 1 (SOD1) was also
determined. The protective effects of esculetineveompared with quercetin, an
antioxidant compound which is known to protect £dlom oxidative stress by
NRF2-mediated induction of NQO1 (Tanigawa et alD0?). The presence of
esculetin in a range of medicinal plants and herimerscores the significance of this
work, and it has the potential to lead to the usesouletin as a therapeutic against
chronic diseases where there is an imbalance oxrsitus.

3.3 Materials and Methods

Human Hepatoma HepG2 cells were used for this stisdyis a reliable model, well
characterised and widely used to study the bioct&miariation in antioxidant
defence systems (Alia et al.,, 2005). In additiame steady-state functioning of
antioxidant defence system in HepG2 cells is higisenpared to normal hepatocytes
and other non-transformed cells. Therefore, hunmepatoma HepG2 was used as a
model to study the antioxidant and protective proge of esculetin against

hydrogen peroxide induced oxidative stress.

All other materials and methods used in this Chagate described in Chapter 2.
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Fig. 3.1 — Structure of esculetin (6,7-dihydroxycamarin)

3.4 Results

3.4.1 Determination of the sub-toxic concentration of adetin

To determine the sub-toxic concentration of esauléiepG2 cells were plated and
incubated for 24 hrs in 96-well plates followed dxposure to coumarins for further
24 hrs. HepG2 cells were exposed to different coinagons of esculetin ranging
from 1 M to 2mM and the cell viability was measured usihg MTT assay.
Esculetin (IG=1.14mM) showed mild toxicity on HepG2 cells (Fi§2), which
may induce adaptive response and stimulate thegemdos antioxidant system.

Based on results and the nature of the toxicityeuthe sub-toxic concentration of
esculetin was determined as 1-50 puM, and this cdratgon was used in subsequent
experiments to study the protective effect of estoul

3.4.2 Toxic Effect of Hydrogen Peroxide on HepG2 cells

To study the toxic effects of hydrogen peroxide,p88 cells were plated and
incubated for 24h in 96-well plates followed by egpre to the toxic compound at
different concentrations for further 24h. Cell vilaip was calculated using the MTT
assay, which showed hydrogen peroxide with af ¢€ 0.89+0.06mM was toxic in

the range of 0.1mM to 1.2mM (Fig. 3.3).
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Fig. 3.2 — Determination of sub-toxic concentratiorof esculetin in HepG2 cells.
Cells were treated with increasing concentratiohssculetin (0.01-2 mM) for 24
hrs and the level of toxicity was measured by MB$ay. Samples represent a mean
+ SD of samples in triplicate (n=3) and cell viggiwas calculated as % untreated
cells.
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Fig. 3.3 - Cytotoxicity of H,O, on HepG2 cells.Cells were treated with increasing
concentrations of D, (0.01-1.2 mM) for 24 hrs and the level of toxiciyas
measured by MTT assay. Samples represent a medh a¢f Samples in triplicate
(n=3) and cell viability was calculated as % unteeecells.
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3.4.3 Esculetin increases cell viability and maintains Iténtegrity during

oxidative stress

In order to study the effects of esculetin in petiteg cells against oxidants, HepG2
cells were pre-treated with esculetin (1-100 uMJ arpositive control quercetin (40
pHM), a potent antioxidant, for 8h and then expasetydrogen peroxide (0.9 mM)
for further 24h. The effect on cells was assayetth MITT assay and LDH leakage

assay.

The MTT assay results showed that esculetin pagrtrent increased cell viability by
up to 40% in HepG2 cells and protected them fromrdigen peroxide induced cell
damage. The dihydroxycoumarin enhanced cell vigblly 10% more than the
positive control, quercetin (40 uM). The protecteffect of esculetin was found to
be dose dependent and a linear increase in céllityavas observed in the range of
1-50 uM, which on further increase in concentrasabsided (Fig. 3.4 and 3.5).

In addition, the LDH leakage assay revealed thetilesn treatment decreased LDH
leakage by 20% and assisted the HepG2 cells totamainell integrity following

hydrogen peroxide treatment. The reduction in LDddkhge by esculetin was
virtually equal to the decrease shown by quercgtihpM). The decrease in LDH
leakage was dose dependent and appeared to be ilinds range of 10-50 uM

esculetin pre-treatment (Fig. 3.6).

These results show that esculetin protects Hep®2 frem hydrogen peroxide-

induced toxicity in a dose dependant manner.
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Fig. 3.4 -Esculetin protects cells against bD,-induced cell damage Cells were
pre-treated with esculetin or quercetin for 8 md &urther exposed to 0.9 mME,

for 24 hrs. The level of toxicity was measured by Massay. Samples represent a
mean + SD of samples in triplicate (n=3) and cddlbility was calculated as %
untreated cells. P < 0.05 compared to untreatettaqia), 0.9 mM HO; treated (b)
and quercetin (c).

3 1004 == B0,
£ =8== Quercertin (40uM) + H,0,
S 75. B Esculetin (25uM) + H,0,
X
2 50-
— ab
2
3]
'S 254
— a
Q
(&)
0= } T T T T
0.7 0.8 09 1.0 1.1 1.2
H202 (mM)

Fig. 3.5 - Esculetin protects cells against #,-induced cell damage Cells were
pre-treated with esculetin or quercetin for 8 hmsl durther exposed to increasing
concentrations of 50, (0.1-1.2 mM) for 24 hrs. The level of toxicity waseasured
by MTT assay. Samples represent a mean + SD oflesammptriplicate (n=3) and
cell viability was calculated as % untreated cdfs< 0.05 compared to,B; treated
(a) and quercetin (b).
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Fig. 3.6 - Esculetin protects cells against #,-induced cell damage Cells were
pre-treated with esculetin or quercetin for 8 hnd &urther exposed to 0.9,6, for
24 hrs. The level of LDH leakage was measured byl Tassay kit (Sigma). Samples
represent a mean + SD of samples in triplicate%andH leakage was calculated as
ratio between LDH activity in culture medium anatlof the whole cell content. P <
0.05 compared to untreated control (a) and 0.9miHreated (b).
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3.4.4 Esculetin-induced protection of HepG2 cells is matid by

antioxidant enzymes

To determine the role of antioxidant enzymes ingraective effect of esculetin on
HepG2 cell lines, the cells were incubated withicadant enzyme inhibitors
(15mM sodium diethyldithiocarbamate trihydrate d®inM 3-amino-1,2,4-triazole)
for 2 hrs prior to treatment with esculetin angDrisubsequently.

Results reveal that inhibition of the antioxidamzgmes reduced the protective
effects of esculetin completely compared to contir@atment with esculetin.
Similarly, the inhibition showed an absolute deseedn the protective effects of

quercetin (Fig. 3.7).

These results show that the protective effect etddlby esculetin on HepG2 cells is
partially dependent on antioxidant enzymes.

3.4.5 Esculetin Decreases Intracellular ROS Production

To evaluate the ability to scavenge ROS, HepG2 eafire pre-treated with esculetin
for 8h and exposed to 0.9mM,®, for 30 min to measure the production of

intracellular ROS.

The results showed a significant increase in ROBeiggion over time in the
presence of 0.9 mM 4, as compared to unstressed control. Pre-treatnierdlls
with esculetin (10-25 uM) for 8 hrs greatly deceshgproduction of intracellular
ROS revealing the antioxidant properties of theydibxycoumarin. Moreover,
esculetin (50 uM) decreased slightly more intradatl ROS generation compared to
quercetin (40 uM), a proven antioxidant, which wasd as a positive control (Fig.
3.8).

The results suggest that esculetin treatment deese®OS levels in a superior

manner compared to quercetin after exposure toolgyir peroxide in HepG2 cells.
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Fig. 3.7 - Esculetin-induced protection is mediatefly antioxidant enzymesCells
were incubated with antioxidant enzyme inhibitorsl5 ( mM  sodium
diethyldithiocarbamate trihydrate and 13 mM 3-amind,4-triazole) for 2 hrs
followed by pre-treatment with esculetin (261) or quercetin (40 M) for 8 hrs and
further exposed to 0.9.8, for 24 hrs. The level of toxicity was measured\byT
assay. Samples represent a mean = SD of samptieglicate and cell viability was
calculated as % untreated cells. P < 0.05* compiaréfO, treatment.

Fig. 3.8 - Esculetin decreases ROS generatioiCells were pre-treated with
esculetin or quercetin for 8 hrs and incubated Wb uM DCFH for 30 min. The
cells were washed and then exposed to 0:O,Hor 30 min and the level ROS
generation was measured as fluorescence in arpkder. Samples represent a mean
+ SD of samples in triplicate and fluorescence easulated as % of untreated cells.
P < 0.05 compared to untreated control (a) anard/BH,O, treated (b).
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3.4.6 Esculetin increases intracellular GSH levels in H&2 cells

Total intracellular glutathione levels were meaduss an index of intracellular non-
enzymatic antioxidant defence systems in HepG2.cdiepG2 cells were exposed to
0.9 mM HO, for 24 hrs with or without pre-treatment with elstin or n-acetyl
cysteine (NAC, 250 mM), a potent inducer of glutaitie.

Results revealed that exposure teOkl markedly decreased the intracellular
glutathione levels. Pre-treatment with 25 uM estuland 250 mM NAC for 8 hrs
showed a significant 2-fold and 4-fold increase twtal glutathione levels,
respectively. In addition, the esculetin pre-treainprevented the decrease in total
glutathione levels after #, exposure and an increase of total glutathione was
observed (Fig 3.9).

These results indicate that esculetin treatmeneases GSH levels in HepG2 cells
and prevents from GSH depletion after hydrogenpdeoexposure.

3.4.7 Esculetin inhibits H,O,-induced apoptosis and necrosis

The apoptotic and necrotic effects of exposureytirdgen peroxide on HepG2 cells

were determined by methods mentioned in materradlsnaethods section.

Results show that exposure to 0.9 mMOL induces apoptosis and necrosis in
HepG2 cell lines. Pre-treatment with esculetin (28) for 8 hrs prevented HepG2
cells from BO,-induced apoptosis completely and necrosis partidieatment with
guercetin (40 pM) significantly reduced cell dedtbwever failed to inhibit
completely (Fig 3.10).

The results reveal that treatment with esculetevents HepG2 cells from hydrogen
peroxide-induced apoptosis and necrosis.
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Fig. 3.9 - Esculetin increases total glutathione ah inhibits decrease in
glutathione levels during oxidative stressCells were pre-treated with esculetin (25
HM) or NAC (250 mM) for 8 hrs. Then cells were wadhand exposed to 0.96h
for 24 hrs and glutathione levels were measuredbs®rbance by a colorimetric
reaction with DTNB by spectrophotometer. Samplgsragent a mean + SD of
samples in triplicate and total glutathione wagualated per milligram of protein. P
< 0.05 compared to untreated control (a) and 0.9, treated (b).
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Fig. 3.10 - Esculetin inhibits HO,-induced apoptosis and necrosiHepG2 cells
were pre-treated with quercetin (40 uM) or escolé®5 uM) or umbelliferone (25
puM) for 8 hrs (20x). Cells were washed and expased.9 HO, for 24 hrs and
analysed for apoptotic (Annexin-V positive, redoflescence) and necrotic cells
(Sytotox-green positive, green fluorescence) astioeed in chapter 2 by using
Annexin V-Cy3 Apoptosis Kit Plus (Cat. No. K202-2Bjovision, UK). Images
represent at least 3 individual experiments.
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3.4.8 Effect of esculetin on antioxidant enzyme activity

To study the effects of esculetin on the activityaatioxidant enzymes NADPH:
guinone oxidoreductase (NQO1) and superoxide daseut (Cu/Zn SOD or SOD1),
HepG2 cells were treated with esculetin and quercatd the cell lysates were

analysed for enzyme specific activity by kinetisags.

Results reveal that esculetin significantly ince=allQO1 activity by 2-fold at 10uM
and 25uM concentrations (Fig 3.11A). In contrasy, significant increase was
observed in total SOD activity after esculetin tneant (Fig 3.11B).

3.4.9 Induction of expression of antioxidant enzymes bycaletin in

HepG2 cells

Induction of the antioxidant enzymes NADPH: quinaxédoreductase (NQO1) and
superoxide dismutase 1 (Cu/Zn SOD or SOD1) wereergwhed as protein

expression by Western blotting. HepG2 cultures wexated for 8 hrs with esculetin
(10-50 pM) and quercetin (40 uM) and the cell lgsatvere analysed for the protein

expression.

The results showed that the expression of NQO1l &@D1 proteins were

significantly up-regulated by 25 uM esculetin treanht with a 12-fold and 20-fold

increase respectively. The expression at 25 pMletsicuwas the maximum and no
linear increase in expression was observed ondurtitrease in concentration (Fig.
3.12A). Esculetin (25 uM) showed a 3-fold increas®&QO1 and SOD1 expression
compared to the positive control, quercetin (40 {M{. 3.12B).
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Fig. 3.11 - Effect of esculetin on NQO1 and total SOD activity Cells were pre-
treated with esculetin (180 uM) or quercetin (40 puM) for 8 hrs. Cells lys
were analysed for NQO1 (A) and total SOD (B) specific gty by kinetic
assays. Samples represent a mean + SD of samplaglinate. P < 0.0
compared to untreated control (a).
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Fig. 3.11 - Induction of antioxidant enzymes NQO1 and SOD1 by esletin. Cells
were pre-treated with esculetin (50-uM) or quercetin (40 uM) for 8 hrs and
cell lysates were analysed by immunoblotting usipgcific antibodies or GAPDH
loading control. The blotsepresent experiments performed in triplicate

Histograms show the densitometric analysis of pmoexpression normalised
GAPDH by NIH ImageJ softwar@). P < 0.05 compared to untreated control (a
quercetin treated (b).
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3.4.10Esculetin induces NQO1 and SOD1 gene expression

To confirm the expression of NQO1 and SOD1 at tiRNA level HepG2 cells were
treated with esculetin and quercetin, and analysedRT-PCR. Total RNA was
isolated after the drug treatments and cDNA wapametl according to the methods

in chapter 2.

The results of RT-PCR with the NQO1 primers showet esculetin significantly
induced NQO1 by 15-fold at 25 pM treatment. Treattnwith 10 M esculetin
showed no significant increase in MRNA levels of Q) Fig 3.13A).

Esculetin treatment at 10 puM showed a marked iseréa SOD1 mRNA levels by
15-fold compared to the untreated control levelgalment at higher dose (25 puM)
also showed an increase in SOD1 mRNA expressitiowgh the increase was less
than that observed at 10 uM (Fig 3.13B).

3.4.11Effect of esculetin on Nuclear NRF2 accumulation

The expression of NQOL1 is transcriptionally coré&wl by a cis-acting element
known as antioxidant/electrophile response elenRIE/EpRE) (Nioi and Hayes,
2004, Jaiswal, 2000). Activation of ARE is mediatedinly by NRF2 (nuclear factor
E2-related factor 2), a basic leucine zipper trapson factor (Fahey and Talalay,
1999).

To investigate the involvement of NRF2 in NQO1 eegwmion, HepG2 cells were
treated with esculetin (10-50 pM) or quercetin (4d) for 8 hrs and the nuclear
accumulation of NRF2 was studied by Western blgttiusing specific antibodies.
Treatment with esculetin significantly increased thvels of NRF2 in the nuclear
fraction at 10 uM, 25 pM (7-fold) and 50 puM (8-fpld his compares with a 19-fold
increase in nuclear NRF2 observed following quancé0 pM) treatment (Fig.
3.14).
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Fig. 3.12 - Induction of NQO1 and SOD1 mRNA levels by esculeti Cells wer:
pre-treated with esculetin (X5 puM) or quercetin (40 uM) for 8 hrs and the mF
levels were determined by RAER using specific primers for NQO1 (A) or SC
(B) or GAPDH as loading ctrol. Values represent mean = SD of experin
performed in triplicates. Histograms show the faldrease in mMRNA expressi
normalised to GAPDH. P < 0.05 compared to untreatedrol (a).
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Fig. 3.13 - Effect of esculetin on nuclear NRF2 aagmulation in HepG2 cells.(A)
After treatment with esculetin (10-50 uM) or quéntcg40 uM) for 8 hrs, nuclear
fractions of cell extracts were prepared as deedrib materials and methods. Equal
amounts of the nuclear fractions were analysed$-BAGE and Western blotting
using antibodies to NRF2 or to Lamin B as loadimmntool. Blots represent
experiments performed in triplicate (n=3). (B) ligtam to show the densitometric
analysis of NRF2 expression normalised to Lamiruéing ImageJ software. P <
0.05 compared to untreated control (a).
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3.5 Discussion

In this chapter, oxidative stress was induced witdepG2 cells through treatment
with hydrogen peroxide. This oxidant is known tousa significant molecular
damage within cells, leading in particular to thergxidation of lipids, which
subsequently gives rise to the production of aeanigROS causing further damage
to DNA, proteins and lipids (Esterbauer, 1993).

In the current study, esculetin pre-treatment for @otected HepG2 cells from
hydrogen peroxide-induced toxicity and the cellbilisy was restored up to 90%,
which was measured by using MTT assay. Esculetatn@atment also played an
important role in increasing the cell integrity ohgy oxidative stress, which was
determined by LDH leakage assay. These resultgatwlithat esculetin protected
human hepatoma HepG2 cells from oxidative insuduged by hydrogen peroxide.
Esculetin showed a protective effect equivalentqtercetin, a well-known free
radical scavenger and protective compound (Tanigawaal., 2007). These
observations suggest that the increase in cellilijakand cell integrity after

esculetin pre-treatment may be attributed partlythe free radical scavenging

property of esculetin (Lin et al., 2000, Paya et E#)92a).

Non-enzymatic antioxidant defence system dependsauox state of the cell and the
redox environment is maintained by glutathione dhredoxin (Droge, 2002,
Schafer and Buettner, 2001). Reduced glutathiotieeisnain defence in this system
which reduces different peroxides, hydroperoxides adical within the cell (Vina,
1990). It is usually assumed that a reduction muced glutathione levels is an
indication of oxidative stress. On the contrarg tell is expected to prepare against
oxidative insult by an increase in glutathione eortcation (Rodgers and Grant,
1998, Myhrstad et al., 2002, Scharf et al.,, 2008)number of physiological
functions are also controlled by redox-responsigeailing pathways, which include
redox regulated production of NO, ROS production fidyagocytic NAD(P)H
oxidase, ROS production by NAD(P)H oxidases in pbagocytic cells, redox
regulation of immune response and cell adhesiorSHR@uced apoptosis and other
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mechanisms (Droge, 2002). In this Chapter, stuslhesv that a marked decrease in
total glutathione was restored completely by esoul25 uM treatment for 8 hrs.

Increase in intracellular glutathione by esculdies been previously reported in
C57BL/6J mice (Martin-Aragon et al., 1998) whergeli supernatants of mice
showed a decrease in GSSG/GSH ratio, which wavamieto an increase in

glutathione reductase activity after esculetin tiresnt. Studies also report that an
increase in glutathione level was preceded by datmn of -glutamylcysteine

synthetase (GCS), the enzyme involved in glutathisynthesis (Rodgers and Grant,
1998, Myhrstad et al., 2002, Scharf et al., 20@3¢vated total glutathione levels
indicate enhanced expression and/or activity of éexymes involved in glutathione
biosynthesis, such as the catalytic subunit of aghate-cysteine ligase and
glutathione synthase (Lu, 2009). The observed asmein total intracellular

glutathione levels in the present study indicate aidditional glutathione is being
synthesized within the cell following esculetin {tfreatment. The experimental
results clearly show that esculetin treatment iases total glutathione levels, which
maintains the redox state of the cell thereby prémg human hepatoma HepG2

cells from oxidative damage.

Free radicals and non-radicals derived from oxygresent the most imperative
reactive species generated in the biological sygtditler et al., 1990). The major
reactive oxygen species (ROS) produced includesstimeroxide and hydroxyl
radical. Superoxide radical, produced by a smalhimer of electron leakage to
oxygen prematurely during the energy transductiorthe mitochondria, has been
reported to be involved in the pathophysiology afieus diseases (Kovacic et al.,
2005, Valko et al., 2004). The evaluation of getienaof ROS is a good indication
of oxidative stress inside the living cells. Dictdfiuorescin diacetate (DCFH) is a
non-fluorescent probe that can cross the cell mangiand can get oxidised to a
fluorescent compound, dichlorofluorescein. Thigaoéllular fluorescence can be
quantified and used as an index to represent tleathvoxidative stress in cells
(Wang and Joseph, 1999). Previously esculetin bas beported to scavenge DPPH
radical, hydroxyl radical and intracellular ROS,dathis property of free radical

scavenging of esculetin helps in preventing ceaitsnf lipid peroxidation, protein
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carbonyl and DNA damage induced by hydrogen pemiichamster lung fibroblast
cells (Kim et al., 2008). Another study states tthet protective effect of esculetin
against dopamine-induced toxicity was ascribedy#otthe free radical scavenging
property of esculetin (Zhao et al., 2008). In thesent study, esculetin treatment
decreased the generation of ROS in HepG2 cellsaglintydrogen peroxide-induced
oxidative stress, however, the generation of fiemicals could not be completely
prevented. These observations show that the prateetfect of esculetin in HepG2
cells may be due their capacity to inhibit ROS gatien and thus can delay or

prevent cells from hydrogen peroxide induced oxwdatlamage.

Cellular antioxidant defence system plays an ingyrtole in protecting cells from
oxidative damage to the cells. The enhancememveld antioxidant and detoxifying
enzymes can provide protection against carcinoges reactive oxygen species
such as superoxide anions, hydrogen peroxide adobkyl radicals. The induction
of protective enzyme defence systems is known &y @n important role in
protecting cells from oxidative damage (Hayes et 4P99). The enhanced
expression of enzymes such as NQO1, glutathionersferases and aldo-keto
reductases can provide protection against chersiceds as well as reactive oxygen
species as part of an adaptive response (MaclLeal.,efaiswal, 2000). Thus,
inducers of antioxidant enzymes are considered atenpal candidates for

prevention from oxidative stress related diseases.

NQOL is a good marker for the induction of an aWaptesponse, and is known to be
induced by a variety of chemicals (Nioi and Hay#304), including the polyphenol
quercetin, a compound that has been reported teguylate NQO1 expression at
both protein and mRNA levels in HepG2 cells (Tamigaet al., 2007). External
chemical signals induce NQO1 by the dissociationN&F2 from Keapl in the
cytosol, followed by its translocation and bindilogthe antioxidant response element
located in the nucleus (Chen and Kong, 2005). Mamyious studies have shown
that NQO1 can be induced via a mechanism that wegothe transcription factor
NRF2, via its binding to an antioxidant responsarent (ARE) located upstream of
the NQO1 basal promoter (Nioi and Hayes, 2004w#dj2000). NRF2 is associated
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with Keapl in the cytoplasm, and the ability of NRf#e regulate the expression of
protective genes is associated with its accumulatiothe nucleus (Nguyen et al.,
2009). Our data supports this hypothesis, and is study it has been shown that
NRF2 accumulates in the nucleus in HepG2 cellsofalg esculetin treatment,

suggesting that esculetin acts to regulate the esgpn of NQO1 through a
mechanism that depends upon NRF2. In this studig, $hown that esculetin up-
regulates expression of NQO1 at the mRNA and protevel, leading to the

increased expression of enzyme activity. Althoughuketin has been investigated
previously for its chemoprotective potential (Sharet al., 1994), this is the first
time it has been shown that esculetin can indupeotective response in any cell

line.

Superoxide dismutase (SOD) catalyses the dismutaticuperoxide radical and is
present in three different forms in mammals: CuZBSSOD1: mainly in cytosol),
MnSOD (SOD2: located in mitochondria) and extradall SOD (SOD3: localised in
extracellular fluid) (Rohrdanz et al., 2002). Thérave been no scientific studies
carried out previously on the effect of esculetim iaduction of SOD1. In our
experiments, esculetin treatment for 8 hrs showesigaificant increase in the
expression of both SOD1 at protein and mRNA levdtsnvever, no marked increase
in the total SOD activity was seen after esculgatment and this might be due to
the interference caused by the different forms @DS Nevertheless, in the
experiments, the lack of relationship between th@nges in expression at protein,
MRNA levels and the specific enzyme activity intlésathat the antioxidant enzymes
are perhaps post-transcriptionally regulated. THieskéngs show that the expression
of SOD1 can be induced in human hepatoma HepG8 bgllesculetin, which can

effectively prevent cells from further oxidativerdage.

It is worth noting that previous work has shownttesculetin can induce apoptosis
in cell lines (Chu et al., 2001, Yang et al., 2Q0&l}hough requiring much higher
concentrations (16&M to 200 M) than those needed to induce the protective
response used in this study (281). This effect is in concordance with other stgdie

that have shown that many agents that induce piodeaesponses at low
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concentrations can also give rise to apoptoticang/totoxic effects at much higher
concentrations (Davies, 1999, Chen et al., 2006es& apparently contradictory
effects are typical of an adaptive response, wisaeitelethal concentrations of a
cytotoxic compound are able to induce a benefipraitective response (Davies,
1999, Chen et al., 2006).

3.6 Conclusions

In conclusion, it is shown that esculetin a commbymesent in a range of fruit,
vegetables and herbs is able to protect HepG2 egj#nst hydrogen peroxide
toxicity through a mechanism that includes the oidun of protective enzymes.
These results indicate that a relatively low and-taxic concentration of esculetin
has powerful protective effects that do not appedre dependent on its free radical
scavenging activity alone. Esculetin used at low-taxic concentrations therefore
has the potential to provide protection againstdatiwve stress-related chronic

diseases.
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CHAPTER 4

PROTECTIVE EFFECTS OF COUMARINS ON NDEA-
INDUCED HEPATOTOXICITY IN RATS
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4. Protective Effects of Dietary Coumarins, Umbellifeone and
Esculetin, on NDEA-induced Hepatotoxicity in Rats

4.1 Introduction

Reactive oxygen species (ROS) have been implicatedarious pathological
conditions including cancer, neurodegenerativeasdiss, cardiovascular diseases and
aging (Dalle-Donne et al., 2005, Dhalla et al.,@0enner, 2003, Sayre et al., 2001).
ROS are produced in the cells as a by-product ohabmetabolism. They can also
be produced by environmental hazards such as idkeavight or toxic compounds,
as well as by the inflammatory process. As mentidmefore, elevated levels of ROS
can cause potential biological damage to cell camepts including proteins, lipids
and nucleic acids, inhibiting their normal functidROS-induced damage to DNA
causes permanent modification of the genetic nateeading to mutation,
carcinogenesis and aging. DNA mutation is a crustage in carcinogenesis and
oxidative DNA lesions have been reported in varibwsours, robustly supporting
the implications of ROS in cancer initiation. Thetf that more than 100 oxidative
products of DNA have been identified in cancerscélrther underscores the role of
oxidative damage in carcinogenesis (Marnett, 2000ko et al., 2006). ROS and
RNS can combine chemically to form peroxynitritdhieh has also been associated
with DNA damage (Hehner et al.,, 2000) causing tidra of the guanine base.
Moreover, the role of ROS in interfering with exgs®n of various genes and signal
transduction pathways has been well establishetlisathought to be instrumental in

carcinogenesis (Poli et al., 2004, Valko et alQ&0

The involvement of ROS in cancer initiation has kedinvestigations into the
potential for using antioxidant molecules as thetdio treatment (Halliwell, 2001,
Zhou et al., 2008). Several antioxidants have besported previously to be
beneficial against carcinogenesis in sevaralitro andin vivo models (Bishayee et
al., 2010, Khan et al., 2008, Stoner et al., 2008ny of these compounds are
thought to act through their radical scavengingpprty, which requires relatively
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high doses of antioxidant, but few have been affedn clinical trials (Weber and
Ernst, 2006).

The aim of the work described in this chapter wasxamine the protective effects
of Umb and Esc against NDEA-induced oxidative daentg liver in rats, and to
investigate the mechanism by which these compowmoik. Liver injury was
studied by measuring lipid peroxidation and glutaik levels in the liver as well as
serum biomarkers. In addition, the effect of digtewnsumption of Umb and Esc on

the up-regulation antioxidant enzymes was alsostigated.

4.2 Materials and Methods

4.2.1 NDEA

N-nitrosodiethylamine (NDEA) was procured from SagifiPoole, UK). NDEA is a
hepatocarcinogenic agent and has been shown te taeislevelopment of tumours
in several animal models (Verna et al., 1996). NOit&& been reported to cause the
generation of ROS resulting in oxidative damage aelll injury (Bartsch et al.,
1989). Liver is the main site of NDEA metabolisndahe production of ROS may
be responsible for its carcinogenic effects. Althioliver has an efficient antioxidant
defence system, it may be overwhelmed by the isegdevels of ROS induced by
NDEA. Hence, NDEA-induced liver injury model is eoficient method to study the

protective effects of compounds against ROS-indwuizedage in liver.

4.2.2 Animals and Drug Treatment

Male Wistar 10-week old rats were used for thisdgtuRats were allowed to

acclimatize for 2 weeks before being fed eithepamal diet supplemented with 2%
arachis oil or diet containing test compounds in&%chis oil. Arachis oil was used
as a vehicle for the uniform distribution of tesihgpounds. The test compounds in

animal diet were provided in the diet for 7 daysthe following amounts: BHA,
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0.75% (w/w); Umbelliferone, 0.5% (w/w) and Escuteti0.5% (w/w). BHA
(butylated hydroxyanisole); a known antioxidant wased as a positive control.
During the experiment the animals were providee fagcess to food and water.
Each rat on average consumed 30 g of the diet pgr(dith or without test

compounds).

4.2.3 Induction of liver damage with NDEA

Following the diet and drug treatment aforementibh#&, 12 weeks old male Wistar
rats were administered with 200 mg/kg NDEA, P doef48h of sacrifice, to initiate
oxidative damage and induce toxicity in liver. Aftee treatment period the animals
were sacrificed by cervical dislocation and theeliwas removed immediately,
sliced into two portions and one portion was smageén in liquid nitrogen and
stored at -88C until analysis. The other portion was rinsed rysiological saline
and immediately fixed in 4% paraformaldehyde inM).phosphate buffer, pH 7.4,
for histological and immunohistochemical studies.

No obvious visual phenotypes in the rat groups walserved after the drug

treatment or NDEA intoxication.

4.2.3.1 Determination of serum alanine transaminase activit

Rats were sacrificed at the end of the treatmedtldood samples were collected.
Serum was then separated by spinning at 3000 rpré foin at 4C and stored at

-80°C for further analysis. The assay for alanine tmanisase activity was performed
according to manufacturer’s protocol (Alanine t@m@ase activity assay Kkit,
Cayman Chemical Company, USA, Cat. No. 700260).

All other materials and methods for this chapterdescribed in Chapter 2.
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4.3 Results

4.3.1 Effect of dietary administration of Umb and Esc orserum

biomarkers of liver function in NDEA-induced hepatoxicity

Alanine transaminase is found in abundance in log@gnpared to other organs such
as kidney, heart and brain. The major function &fTAN liver is conversion of
alanine to glucose. Serum ALT levels are generaly, but may be elevated in
disease conditions or following liver injury (Prathd Kaplan, 2000). Hence, serum

ALT levels are routinely used as indicators of d&s® particularly liver disease.

Rats injected with NDEA showed a severe increasiLin levels by almost 2-fold
compared to untreated control (Fig. 4.1A). Dietsupplementation of Umb and Esc
inhibited the elevation of serum ALT levels by 8@¥d 87%, respectively compared
to rats treated with NDEA alone. Diet administratiof BHA, a known antioxidant,

also decreased serum ALT levels by 57%.

Serum albumin levels are known to be reduced irorgbrliver disease due to
impaired protein synthesis in liver. NDEA-admington reduced the serum albumin
levels by 22% compared to vehicle treated groum.(Fi.1B). Umb treatment
completely reversed NDEA-induced serum albumin elemh whereas Esc and BHA

were only able to partially reverse the depletion.

These results show that Esc and Umb are able toceetNDEA-induced liver

damage.
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Fig. 4.1 - Umb and Esc inhibit NDEA-induced changes serum biomarkers of
hepatic injury in rat liver. Blood samples were collected after treatment;rsemas
isolated and stored at -&D. (A) Serum alanine transaminase levels were ahried
by using commercial kit as described in materiald methods. (B) Serum albumin
levels were measured against albumin standard dynalorimetric assay. Results
are expressed as the mean = SD of 3-6 rats. P<di®pared to vehicle without
NDEA treatment group (a) and vehicle with NDEA traant group (b).
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4.3.2 Effect of dietary administration of Umb and Esc oNDEA-induced

histological changes in rat liver

Histological examination of liver sections aftereh@atoxylin and eosin (H&E)
staining under light microscope was done to exarthieesffect of NDEA on the cell

architecture and integrity.

Vehicle, BHA, Umb and Esc treated group (Fig 4.2, E, G) showed normal
appearance and histological characters of hepatis. cThe liver tissue of NDEA
treated group (Fig 4.2B) showed loss of architegtacute inflammatory cells with
vacuolated cytoplasm indicating necrosis. In anantedated with BHA, Umb and
Esc (Fig 4.2D, F, H), NDEA injection caused onlyldmiecrosis and a regeneration

of hepatocytes was observed.

These results indicate that animals treated wittABid the coumarins recovered

from NDEA-induced toxicity compared to vehicle tieéanimals.

4.3.3 Effect of Umb and Esc on NDEA-induced lipid peroxaton in rat

liver

Lipid peroxidation (LPO) is a consequence of oxidatlamage to cell structures and
measurement of lipid peroxidation can define theelleof oxidative damage to

tissues.

NDEA administration showed a marked increase in LI@els (101 nmol/mg

protein) compared to vehicle administered group rig@l/mg protein) (Fig. 4.3).

LPO levels of rats supplemented with Umb and Essveld up to a 44% and 40%
decrease respectively, compared to rats receivemicle alone. Treatment with the
positive control BHA decreased the LPO levels b%637
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These results show that Umb and Esc are able teqirbver against LPO, to a

similar extent as BHA.

4.3.4 Effect of Umb and Esc on NDEA-induced GSH depletionrat liver

Glutathione (GSH) is essential for the protectidreadls from increased ROS levels
and xenobiotics, in addition to maintaining theothiedox status. NDEA, which
induces ROS generation, is known to cause deplefiantracellular GSH. The level
of intracellular glutathione was measured by anyeredependent colorimetric

assay.

As expected, administration of NDEA to rats shamghgreased GSH levels in liver
up to 50% compared to vehicle treated control gr@tig. 4.4). However, Umb and
Esc supplementation to rats completely prevente@AHihduced GSH depletion in

rat liver. A similar preventive effect was obserredats consuming BHA diet.

These results suggest that Umb and Esc supplenoentain protect against GSH

depletion caused by NDEA in rat liver.
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Fig. 4.2 - Histopathology of rat liver supplementedvith vehicle or BHA or Umb

or Esc and administered with vehicle or NDEARepresentative photomicrographs
of H&E staining from 3-6 rats for each group witbhicle (A, C, E, G) or NDEA (B,
D, F, H) administration. Grey arrows: normal hepgtes; black arrows: loss of cell
architecture; blue arrows: vacuolated cytoplasm.
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Fig. 4.3 - Umb and Esc decreased NDEA-induced hepatipid peroxidation in
rats. Rats were sacrificed after treatment; liver wasdai®d, snap frozen in liquid
nitrogen and stored at -8D. Hepatic lipid peroxidation was measured as lipid
hydroperoxide levels in liver homogenates by ustogimercially available kit as
mentioned in materials and methods. Results greesged as the mean + SD of 3-6
rats. P<0.05 compared to vehicle without NDEA tmeait group (a) and vehicle
with NDEA treatment group (b).

Fig. 4.4 - Umb and Esc prevent NDEA-induced glutatione depletion in rat
liver. Rats were sacrificed after treatment; liver waated, snap frozen in liquid
nitrogen and stored at -8D. Total glutathione levels were determined by ematyc
colorimetric assay as mentioned in materials anthoas. Results are expressed as
the mean + SD of 3-6 rats. P<0.05 compared to ieelthout NDEA treatment
group (a) and vehicle with NDEA treatment group (b)
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4.3.5 Effect of Umb and Esc on expression of antioxidaahzymes in rat

liver

NDEA provokes generation of ROS, which is one ef tiiain mechanisms by which
it induces hepatotoxicity in rats. Antioxidant dedes play a vital role in scavenging
ROS and hence up-regulation of the endogenous xasiat system may help
hepatocytes to counter NDEA-mediated toxicity. T@ehanced expression of
enzymes such as NAD(P)H: quinoneoxidoreductase QQN, heme oxygenase 1
(HO1), glutathione S-transferases (GST) and aldo-keductases (AKR) are
reported to protect against ROS as part of an adaptsponse (MaclLeod et al.,
Jaiswal, 2000) (Lin et al., 2004, Soane et al.020Therefore the effect of Umb and
Esc on the expression of antioxidant protectiveysres NQO1, HO1 and GSTP1 in

the liver was studied.

The results in figure 4.5 show that Umb and Esc iadtnation up-regulates the
expression of several antioxidant protective enzynmeluding NQO1, HO1 and
GSTP1. NQO1 expression was increased up to 3.6afwdd2.7-fold respectively by
Umb and Esc treatment. Umb and Esc increased H@Ession to 2.7-fold and 3.2-
fold respectively, and GSTP1 levels were up byf@l8-and 3.2-fold respectively in
rats treated with Umb and Esc. The positive conB&lA also increased the
expression of NQO1 (6.2-fold), HO1 (3.3-fold) an&T1 (3.2-fold) significantly

compared to vehicle treated control.

These results show that Umb and Esc are able liweimfe the cellular antioxidant

defences in the liver.

101



NQOT | D —— -

30 kDa

GAPDH | ad caans s

37 kDa

-y
[l ]

N oW A Ao
_|

-
'l

fold change in NQO1 induction
(OD compared to vehicle)

o

veh BHA Umb Esc

GST pi R st W | 27 kDa

GAPDH

E-
1]

w
1

[
L

-
L

fold change in GSTpi expression
(OD compared to vehicle)

o

veh BHA umb esc

37 kDa

HO1

GAPDH

fold change in HO1

expression
(OD compared to vehicle)
N
']

£
]

w
1

-—
L

| 35kDa

S G- S S 37 KDa

o

veh BHA Umb

Esc

Fig. 4.5 - Effect of Umb and Esc administration orexpression of (A) NQO1, (B)

HO1 and (C) GSTP1 in rat liver. After drug treatments rats were euthanized, livers
were individually isolated and homogenized. Liventogenates were analyzed for
NQO1, HOl1l and GSTP1 levels by Western blotting. tdfjsams show the
densitometric analysis of protein expression noisedlto GAPDH by NIH ImageJ
software. Results are expressed as the mean + SB6ohts. P<0.05 compared to

vehicle with vehicle treatment group (a).
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4.4 Discussion

Oxidant-induced damage within cells is mediatedelgvated levels of ROS, lipid
peroxidation products and other free radicals, thace reported to be involved in
initiation and progression of several pathologmahditions including cancer (Valko
et al., 2004, Valko et al., 2006, Valko et al., 2D@nd other diseases. The ability of
NDEA to generate ROS has been characterised pdyiamd is known to disturb
the antioxidant status of the cell and eventuabding to elevated ROS and cancer
(Bartsch et al., 1989). It is therefore a good nhadenpound to use to investigate the

protective effects of antioxidants in liver.

Alanine transaminase (ALT) is widely distributed nmany tissues but is found in
great abundance in liver. Serum ALT levels are radymlow, but may increase

during a disease state or liver injury (Pratt araplkin, 2000). Serum albumin levels
are high in normal conditions and are known todsuced in chronic liver diseases
due to impaired protein synthesis in liver. Heneeusn ALT and albumin levels

were used as biomarkers to detect hepatic liverynjin this study, we have shown
that administration of NDEA to male Wistar rats sed significant increase in serum
ALT levels and a decline in serum albumin level&jcli supports previous studies
(Bansal et al., 2005). These effects of NDEA maytebuted to the release of ALT
from the ruptured hepatocytes into the blood anphined protein synthesis in liver,
respectively. Dietary supplementation of Umb and Es rats for 7 days prior to

administration of NDEA significantly reduced thevéés of serum ALT and

increased the serum albumin levels. These coun@mpounds are potent free
radical scavengers (Paya et al., 1992b) and theredd protective effect may be due

to their ability to reduce free radical-induceddative damage in the liver.

Lipid peroxidation, the process of oxidative destian of polyunsaturated fatty
acids (PUFAs) by ROS and other reactive speciesyspbn important role in
carcinogenesis (Banakar et al., 2004). Lipid petatton may lead to formation of
toxic compounds such as malondialdehyde (MDA), laarcand 4-hydroxynonenal
(4-HNE), which are reported to attack DNA and causmitagenesis and
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carcinogenesis (Marnett, 1999) (Marnett, 2000) (@het al., 2000, Hu et al., 2002).
The studies performed in this chapter show that NCdministration markedly
increased lipid peroxidation, measured as lipidrogdroxide levels, in rat liver.
Lipid peroxidation levels were significantly reddcen rats on Umb and Esc diet
compared to rats administered with NDEA alone. Umlgddition to its free radical
scavenging properties, has been reported to mainedox status and prevent
diabetic rats from erythrocyte lipid peroxidatioRamesh and Pugalendi, 2005).
Esc, a potent antioxidant, has been shown to pgrbtsuster lung fibroblasts (V79-4)
from lipid peroxidation, protein carbonylation arldNA damage induced by
hydrogen peroxidgKim et al., 2008). These results suggest that dbemarin
compounds effectively scavenge ROS and other fagicals, preventing hepatic
lipid peroxidation and thus prevent formation oftagenic and carcinogenic lipid

peroxidation products.

The steady state concentrations of ROS and othetive species are determined by
the balance between their rates of generation mihation by antioxidant defence
system. Thus the concentration of electrons (rediate) and its variation in each cell
determines its functions (Schafer and Buettner, 1200 he intracellular redox status
Is maintained by glutathione (GSH) and thioredgXiRX). GSH plays an important
role in cellular redox mechanisms and is thereforepresentative of the redox status
of the cell (Droge, 2002, Schafer and Buettner,120GSH acts as antioxidant,
enzyme cofactor and cysteine storage form its @efay has been implicated in
several disease states (Maher, 2005). Studies atedithat the knowledge of
mechanisms of redox buffering by GSH, TRX and otherall molecular weight
compounds can be used in the development of tatrgesmcer-preventive and
therapeutic drugs (Evens, 2004). The present wbdws that injection of the
hepatotoxin NDEA causes severe decrease in intunsnelGSH levels in rat liver.
Treatment with Umb and Esc completely prevented Gigdletion in rat liver
compared to rats injected with NDEA alone. We hageently shown that Esc
prevents GSH depletion and protects HepG2 cellw fngdrogen peroxide-induced
toxicity (Subramaniam and Ellis, 2011). In additidtsc has also been reported to

modulate redox status of the cell and enhance esbigtutathione levels in mouse
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liver (Martin-Aragon et al., 1998). This evidenaedaour finding that consumption of
Umb and Esc prevent GSH depletion indicate thatpiwtective effect of these
coumarin compounds involves maintenance of redatustof hepatocytes to shield

them against NDEA-induced hepatotoxicity.

Enhancement of the antioxidant defence systempigrted to play a important role
in protecting against oxidative damage (Hayes et 4099). The essential
components of the endogenous antioxidant defencermsy include phase 2
detoxifying and antioxidant enzymes. Induction leéde enzymes appears to be part
of a generalised mechanism triggered by the amtairesponsive element (ARE),
which include key enzymes such as NAD(P)H: oxidactdses (Nioi and Hayes,
2004, Jaiswal, 2000), heme oxygenase 1 (HO1l) @@eeset al., 1995) and
glutathione-S-transferases (GSTs) (Rushmore arke®icl990). The present study
shows that consumption of diet enriched with Umld d&bsc up-regulates the
expression of NRF2/ARE-regulated antioxidant enzyrsech as NQO1, HO1 and
GSTP1 in rat liver. Previous studies show thatttneat with antioxidants such as
curcumin, anthocyanins and melatonin increased NRE&iated NQO1, HO1 and
GST expression and protected rats from dimethylnitmasa-induced liver injury
(Farombi et al., 2008, Hwang et al., Jung et &Q9Y. Earlier studies also show that
administration of antioxidants BHA and ethoxyquincrieased the expression of
GSTs in mice (Hayes et al., 2000) and rats adneirgdt with coumarin prevented
them from aflotoxin B1-induced hepatocarcinogen@sdaly et al., 2000)Recently,
we have also shown that Esc protects HepG2 celis frydrogen peroxide-induced
damage via NRF2-dependent up-regulation of NQOZ g&ubramaniam and Ellis,
2011). These observations suggest that Umb angiesect rat liver from NDEA-
induced hepatotoxicity through a mechanism thablwves the up-regulation of
NRF2/ARE-dependent antioxidant enzymes.
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4.5 Conclusions

In conclusion, the results from this chapter shbat tumbelliferone and esculetin,
compounds present in wide variety of fruits andetagles, protects from NDEA-
induced hepatotoxicity in rats. The protective efffef these compounds appears to
be through several mechanisms that includes intwbibf lipid peroxidation,
maintenance of intracellular redox status of celisl induction of NRF2/ARE-
dependent antioxidant protective enzymes. Thesealtsesupport the protective
effects of esculetin previously obseniedvitro in HepG2 cells and do not appear to
be solely dependent on its free radical scavenggtyity. Ourin vitro studies in
Chapter 3 on HepG2 cells together with theseivo studies in rats clearly suggest
that these coumarins at low non-toxic concentratibave the potential to protect

against oxidant-dependant liver damage.
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CHAPTER 5

NEUROPROTECTIVE EFFECTS OF COUMARINS
AGAINST H ,0, AND MPP"-INDUCED TOXICITY IN
SH-SY5Y CELL LINES AND MOUSE BRAIN
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5. Neuroprotective Effects of Coumarins against kD, and MPP*-
Induced Toxicity in SH-SY5Y cell lines and Mouse Baiin

5.1 Introduction

The production of reactive oxygen species (ROSultieg from mitochondrial

dysfunction, inflammation and toxicants has beersoaated with various

neurodegenerative diseases including Parkinsorseade, Alzheimer's disease,
Huntington’s disease and amyotrophic lateral ssier@Beal, 2007, Halliwell, 2006,
Hensley et al., 2006, Tansey et al., 2008, von Bandti, 2007). Increased production
of ROS causes damage to cell membranes and resultsccumulation of

dysfunctional proteins, lipid peroxidation producend damaged nuclear or
mitochondrial DNA (mtDNA). The mutations in mtDNAnkance normal aging,
leading to further oxidative damage, causing enéadyre and increased production
of ROS, in a vicious cycle of events. Oxidative @& to proteins is a major
mechanism underlying neurodegeneration and ocguse¥eral pathways including
carbonylation, oxidisation of critical sulfhydryl r@ups, nitrosylation and

nitrotyrosination.

5.1.1 Parkinson’s Disease (PD)

Parkinson’s disease (PD) is the second most pretvatge-related neurodegenerative
disorder affecting 0.3% of entire population, andrenthan 1% of humans over 60
years of age (de Lau and Breteler, 2008 is a multisystem disease which is
pathologically characterized by a progressive degdion of dopaminergic neurons
in the substantia nigra pars compacta (SNpc) iegutt the deficiency of dopamine
in striatum that plays an important role in normedtor functions. In addition, PD is
identified by the presence of cytoplasmic inclusiaontaining -synuclein and
ubiquitin called Lewy bodies in surviving dopamigier neurons (Lang and Lozano,

1998, Forno, 1996). Parkinson’s disease is cliljicdlaracterized by resting tremor,
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slowness of movements, rigidity and postural ingitgl{Ziemssen and Reichmann,
2007). Although the mechanisms behind the neuradsgéon in PD is largely
unknown, there is a large body of evidence sugugsthat oxidative stress,
mitochondrial dysfunction, excitotoxicity and abnm@l proteolytic degradation may

be significant to the pathogenesis (Dawson and Danz003).

5.1.2 Role of oxidative stress, mitochondrial dysfuncti@md nitric oxide in
PD

Reactive Oxygen Species (ROS) have been implidgatedrious neurodegenerative
and age-related diseases including PD and Alzh&nusease. Evidence for the
involvement of oxidative stress in PD is derivednirthe post morteranalysis of
brain tissues from PD patients that reveal incrééseels of oxidized proteins, lipids
and nucleic acids (Alam et al., 1997a, Alam et B997b, Castellani et al., 2002,
Dexter et al., 1986, Dexter et al., 1989, Dextealet1994). Besides, mitochondrial
complex 1, which is highly susceptible to oxidanBQS and reactive nitrogen
species, had been reported to play an important ol PD pathogenesis.
Mitochondrial dysfunction in PD is supported bydias suggesting that post mortem
brains of idiopathic PD patients showed a defectmitochondrial respiratory
complex | with 25-30% inhibition (Hattori et al..991, Schapira et al., 1990,
Schapira, 2006). Moreover, nitric oxide (NO) haseeged as a major endogenous
modulator of neuronal function and acts as an éetlalar messenger in mediating
cell-to-cell interactions in brain. NO, synthesizbg nitric oxide synthase, and
peroxynitrite, formed by NO interaction with supeigte are known to be involved in
neurodegeneration. Studies reveal that NO inhiit®chondrial complex | by S-
nitrosylation and Fe-nitrosation, and on the othand peroxynitrite irreversibly
inhibits brain mitochondrial complex | (Brown andmtaite, 2004, Riobo et al.,
2001) Thus, generation of ROS, free radical NO followey peroxynitrite
production, and mitochondrial dysfunction may beplicated in degenerative

neuronal cell death in PD.
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5.1.3 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPT#)duced PD

model

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTPFig. 5.1) is a potent
neurotoxin that causes degeneration of nigrostridi@aminergic neurons in
primates and rodents and, therefore, induces seitabdels of Parkinson’s disease
(Sedelis et al., 2001, Dauer and Przedborski, 20@8)TP is highly lipophilic and
readily crosses the blood brain barrier where @asverted into 1-methyl-4-phenyl-
pyridinium (MPP; Fig. 5.1) by monoamine oxidase B (MAO-B) in glalls. MPP
released in extracellular space is transporteddofmaminergic neurons by dopamine
transporter (DAT) (Fig 5.2). MPPaccumulated in dopaminergic neurons enters
mitochondria and disrupts oxidative phosphorylatigninhibiting the mitochondrial
complex | of the electron transport chain. The itesyl ATP deficiency causes loss
of plasma and mitochondrial membrane potentiakdsfice leading to neuronal cell
death. Another consequence of mitochondrial complekibition is the generation
of reactive oxygen species (ROS), especially supdeo(Rossetti et al., 1988,
Hasegawa et al., 1990, Cleeter et al., 1992). 8tuduggest that such complex |
inhibition of MPP can generate excessive mitochondrial superoxidiehwban
destroy the macromolecules in close proximity (Bage al., 1994, Cleeter et al.,
1992).

Severaln vivo andin vitro studies suggest that induction of oxidative stessene of
the important machinery for MPTP-induced neuror@tidity. MPF has been
reported to increase the production of reactive gexy species (ROS) in
neuroblastoma cells (Cassarino et al., 1997), sgmtrhent with antioxidants were
found to protect against MPRoxicity in neuronal cell lines (Lai et al., 1998hd
dopaminergic neurons in primary cells (Akaneyal etl®95). In animaldyIPTP was
reported to induce hydroxyl radical (Chiueh et 4892) and increase peroxynitrite
expression through nitric-oxide synthase in mousént(Schulz et al., 1995). MPP
has been reported to induce superoxide radicalsmigchondrial complex |

inhibition (Hasegawa et al., 1997) and over exposssf superoxide dismutase in
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Fig. 5.1 - Structure of MPTP and its metabolites MPP*, MPP"

Fig. 5.2 - Schematic diagram of MPTP metabolism andptake into
dopaminergic neurons in brain(Przedborski and Vila, 2003).
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mice has been found to ameliorate MPTP-inducedatexicity (Przedborski et al.,
1992).

On the other hand, activation of microglia alsotabates to the neurotoxicity of
MPTP (Wu et al., 2002, Wang et al., 2005). Thevation of microglia leads to the
increase in production of reactive oxygen specigsac oxide and pro-inflammatory
cytokines, all of which can individually lead tourenal toxicity (Kreutzberg, 1996).
It has also been reported that MPTP causes upattgulof nitric-oxide synthase
and the mice lacking in inducible nitric-oxide dyase (INOS) were more resistant to
MPTP-induced toxicity than the wild type (Liberagaet al., 1999).

All these findings suggest that mitochondrial dysfiion, reactive oxygen species
and nitric oxide are involved in MPTP-induced Paskin’'s model. Several
antioxidants have been reported to protect agauBTP-induced neurotoxicity
including edaravone (Kawasaki et al.,, 2007), cytesiFerger et al., 1998),
bromocriptine (Muralikrishnan and Mohanakumar, 19%fnsenoside (Chen et al.,
2005), deprenyl (Ebadi et al., 2002) and salicgted (Mohanakumar et al., 2000).

Umbelliferone (7-hydroxycoumarin; Umb) and esculefb,7-dihydroxycoumarin;
Esc), as mentioned previously, are coumarin devestfound in plants with proven
antioxidant and free radical scavenging prope(tag/a et al., 1992b). Umb has been
reported to maintain redox status in diabetic (Rtsmesh and Pugalendi, 2005) and
Esc has been shown to protect cells and animaits R®S and other reactive agents
(Kim et al., 2008) (Kaneko et al., 2003) (Kanekalet 2007).

The involvement of ROS in PD has led to investmadiinto the potential for using

antioxidant molecules as therapeutic treatmentlifizl, 2001, Zhou et al., 2008).

Several antioxidants have been reported previdosbyotect against MPTP-induced
neurotoxicity in animal models. Many of these dreuight to act through a radical
scavenging activity, which requires relatively higises of antioxidant, but few have
been effective in clinical trials (Weber and Er2Q06).
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The aim of the work carried out in this chapter wagsxamine the protective effects
of Umb and Esc against oxidative stress-mediatedtitp induced by hydrogen
peroxide and MPP in SH-SY5Y neuroblastoma cells, and MPTP-induced
dopaminergic neurotoxicity in the striatum and $abga nigra in C57BL/6J mouse
brain. In addition, the mechanism by which thesenmpounds work was also
investigated. SH-SY5Y cell line is considered asuitable model to study the
cellular and molecular mechanisms of neurodegepera¢specially in Parkinson’s
disease. This cell line is reported to possess nthiayacteristics of dopaminergic
neurons. SH-SY5Y cells express biomarkers of P sisctyrosine hydroxylase and
dopamine-beta-hydroxylase, as well as the dopatmamsporter (Lopes et al., 2010,
Xie et al., 2010).

5.2 Materials and Methods

5.2.1 In vitro studies

SH-SY5Y cells were cultured for 48h and pre-treatgth umbelliferone or esculetin
or BHA or quercetin for 8h. Then cells were expogetydrogen peroxide or MPP

for 24h or 48h, respectively. Cells were then asedlyfor different parameters to
study the neuroprotective effects of coumarins astianed in Chapter 2.

5.2.2 Animals and drug treatment

Male C57BL/6J 6-week old mice were used for thisdgt Mice were allowed to
acclimatize for 2 weeks before being fed eithepamal diet supplemented with 2%
arachis oil or diet containing test compounds in &%chis oil. Arachis oil was used
as a vehicle for the uniform distribution of teetpounds. The test compounds were
provided in the animal diet for 7 days in the fallog amounts: BHA, 0.75% (w/w);
Umbelliferone, 0.5% (w/w) and Esculetin, 0.5% (w/Mduring the experiment the
animals were provided free access to food and wd&ach mouse on average

consumed 5 g of the diet per day (with or with@st tompounds).
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5.2.3 Induction of MPTP-mediated dopaminergic neurotoxigi

Following the diet and drug treatment, seven- ghieweek old male C57BL/6J mice
were administered with 30 mg/kg MPTP, IP, once @& five consecutive days to
induce dopaminergic neurotoxicity in brain. Mice rereeuthanized by cervical
dislocation and the brains were quickly removed disdected on an ice-cold glass
plate. The striatum and midbrain of three-six miteach group were individually
isolated, frozen on dry ice and stored at’@Qntil further analysis. Similarly brains
of three-six mice in each group after the treatmemére rinsed in physiological

saline and immediately fixed in PFA for immunoh@temical studies.

Mouse groups intoxicated with MPTP showed restrigtetor activity compared to
their respective control groups. However, no téstsnotor activity were performed

due to the Home Office project license restrictions

All other methods in this chapter were performedescribed in chapter 2.

5.3 Results

5.3.1 Cytotoxic effect of hydrogen peroxide and MPPn SH-SY5Y cell

lines

The cytotoxic effects of hydrogen peroxide and MBR SH-SY5Y cell lines were
determined using the MTT assay, which measuresieddllity. SH-SY5Y cells were
plated and incubated for 48 hrs in 96-well pla@®ived by exposure to hydrogen
peroxide (0.1 - 1.2mM) for 24 hrs or MPR5 - 10 M) for 48 hrs. As shown in
figure 5.1, hydrogen peroxide exhibited a dose-ddpat toxicity on SH-SY5Y cells
with an 1G, value of 0.79+0.19mM (Fig. 5.3A). The concentrasioof the
neurotoxin MPP used showed severe toxicity on SH-SY5Y cells, withiG, value
of approximately 25M (Fig. 5.3B).
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Fig. 5.3 - Cytotoxic effect of HO, and MPP" on SH-SY5Y cells.Cells were
treated with increasing concentrations of (A)0x(0.1 — 1.2 mM) for 24 hrs and (B)
MPP" (25 - 100 M) for 48 hrs. The level of toxicity was measuredMTT assay.
Samples represent a mean + SD of samples in &ipli;®=3) and cell viability was
calculated as % untreated control cells. P < Oddbpared to untreated control (a).
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5.3.2 Neuroprotective effect of coumarins on hydrogen pgide and

MPP*-induced neurotoxicity in SH-SY5Y cell lines

The neuroprotective effect of esculetin (10-3@) and umbelliferone (25M) were
determined as cell viability using the MTT assawe€zetin (40 M) and BHA (50

M) are known for their protective effects againstdant-induced toxicity and were
used as positive controls. SH-SY5Y cells were peated with the coumarins for 8
hrs followed by exposure to the oxidant (0.75 mMOk and neurotoxin (50 M
MPP") for 24 hrs and 48 hrs respectively.

Pre-treatment with esculetin (25-50M) significantly increased cell viability
compared to untreated control after exposure 40,Hh a dose-dependent manner.
Esculetin (50 M) showed an equivalent protective effect compat@doositive
control quercetin (40M) (Fig 5.4A).

Umbelliferone (25 M) and esculetin (25M) pre-treatment showed no increase in
cell viability on MPP-induced toxicity on SH-SY5Y cell lines. Similarlthe
positive control BHA (50 M) could not elevate the cell viability in MPfhduced
neurotoxicity (Fig 5.4B).

These results suggest that Umb and Esc protect Y@¥-Sells from hydrogen

peroxide induced decrease in cell viability, howethe coumarins did not prevent
from MPP-induced cell death.
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Fig. 5.4 - Effect of coumarins on HO, and MPP'-induced neurotoxicity in SH-
SY5Y cells.Cells were pre-treated with esculetin or umbettifee or quercetin or
BHA for 8 hrs and further exposed to (A) 0.75 mM4 for 24 hrs or (B) 50 M
MPP" for 48 hrs. The level of toxicity was measured MyT assay. Samples
represent a mean = SD of samples in triplicatecatidviability was calculated as %
untreated control cells. P < 0.05 compared to atede control (a) and 4@.-treated
control (b).
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5.3.3 Effect of coumarins on glutathione depletion duringhydrogen

peroxide and MPP-induced neurotoxicity in SH-SY5Y cell lines

Total intracellular glutathione level is an indigatof the redox status of the cell
(Droge, 2002, Schafer and Buettner, 2001). GSHIdegtaring hydrogen peroxide
and MPP-induced neurotoxicity were measured by an enzyspeddent
spectrophotometric assay. NAC has been shown tease glutathione levels (Dodd
et al., 2008) and BHA is a potent antioxidant; hesmpounds were used as positive

controls for this experiment.

Treatment of cells with 0.9mM hydrogen peroxideitay for 24 hrs decreased total
GSH levels up to 60% (Fig 5.5A). However pre-treatinof cells with esculetin
(25 M) completely prevented GSH depletion and mainthitiee levels of GSH

during HO,-induced toxicity. Esculetin had an equivalent effeompared to NAC

(100 M), a well-documented antioxidant (Dodd et al., 200

The treatment of SH-SY5Y cells with the neurotoMPP" (50 M) depleted total
intracellular GSH levels by 85% after 48 hrs expesuPre-treatment with
umbelliferone (25 M) and esculetin (25 M) for 8 hrs totally prevented GSH
depletion. The positive control BHA (50M) also showed a similar effect (Fig
5.5B).

These results indicate that Umb and Esc preventS8blY cells from hydrogen
peroxide and MPRinduced depletion in total intracellular glutathélevels.
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Fig. 5.5 - Coumarins prevent GSH depletion during HO, and MPP'-induced
toxicity. Cells were pre-treated with umbelliferone (25 pdfi)esculetin (25 uM) or
NAC (100 puM) or BHA (50 uM) for 8 hrs. Then celleve exposed to (A) 0.9.8,

for 24 hrs or (B) 50 uM MPPfor 48 hrs and the glutathione levels were measure
by a colorimetric reaction with DTNB. Samples reganet a mean = SD of samples in
triplicate and total glutathione was calculated pelligram of protein. P < 0.05
compared to untreated control (a) and 0.9 m}4treated or MPRtreated (b).
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5.3.4 Effect of coumarins on ROS generation during hydreg peroxide

and MPP'-induced neurotoxicity in SH-SY5Y cell lines

Generation of ROS in excess of the antioxidant lodipas of the cell can lead to

damage to cellular components including proteingid$é and nucleic acids. To

examine the ability of hydrogen peroxide and MR® generate ROS, ROS levels
were determined by using a fluorescent probe, diofilorescein diacetate (Wang
and Joseph, 1999).

Exposure of the neuroblastoma cells to 0.9mMOH drastically increased
intracellular ROS by 1.8-fold. Pre-treatment of SHDY cells with esculetin (25-
50 M) significantly decreased the elevated ROS levbis 50% and 58%
respectively, compared to vehicle treated cont®imilarly, the positive control
guercetin (40M), a potent scavenger of ROS (Tanigawa et al.,7p08howed a
marked reduction (70%) inJ,-induced ROS levels (Fig. 5.6A).

The neurotoxin MPPmarkedly increased the ROS levels by 1.7-fold krSY5Y
cells compared to control treatment. The elevaitioROS was significantly reduced
by pre-treatment with umbelliferone (29) as well as the positive control BHA
(50 M) by 55% and 45% respectively. However, esculé&is M) did not provide
any decrease in ROS levels during Mfluced neurotoxicity in SHSY-5Y cells
(Fig. 5.6B).

Overall these results show that Umb and Esc retheamount of ROS induced by
hydrogen peroxide and MPh SH-SY5Y cells.
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Fig. 5.6 - Coumarins decrease ROS generation during,0, and MPP*-induced
oxidative stress.Cells were pre-treated with esculetin or quercetiBHA for 8 hrs
and incubated with 100uM DCFH for 30 min. The cellsre washed and then
exposed to (A) 0.9 ¥, or (B) 50 M MPP" for 30 min and the level ROS
generation was measured as fluorescence in arpkder. Samples represent a mean
+ SD of samples in triplicate and fluorescence walsulated as% of untreated cells.
P < 0.05 compared to untreated control (a) and BL3#a0, or 50 M MPP" treated

control (b).
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5.3.5 Coumarins inhibit MPP-induced increase in pro-apoptotic Bax

expression in SH-SY5Y cell lines

The members of B-cell lymphoma 2 protein (Bcl-2nfly including pro-apoptotic
Bax (Vila et al., 2001) and anti-apoptotic Bcl-XDiétz et al., 2008) are reported to
be involved in MPTP induced neuronal apoptosis.€elaluate the link between
elevated ROS and apoptosis, the effect of Umb awdoB MPP-induced apoptosis

was measured.

SH-SY5Y cells were treated with coumarins followiegd MPP (50 M) and Bax
expression levels were measured by Western blotigigg specific antibodies to
Bax. Treatment with MPP (50 M) markedly increased expression of Bax by
approximately 3-fold. Umbelliferone (28) and esculetin (25M) pre-treatment for

8 hrs completely inhibited MPRNnduced elevation in pro-apoptotic Bax expression.
BHA (50 M), the positive control, also inhibited the newsah-induced expression
of Bax (Fig 5.7).

These results suggest that Umb and Esc reduce itBBced increase in Bax levels
in SH-SY5Y cells.
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Fig. 5.7 - Coumarins inhibit MPP"-induced increase in Bax expressionCells
were pre-treated with umbelliferone (25 uM) or dstin (25 uM) or BHA (50 uM)
for 8 hrs and cells lysates were analysed by imralatiing using specific antibodies
for Bax or GAPDH as loading control. The blots esgant experiments performed in
triplicate. Histograms show the densitometric asialpf Bax expression normalised
to GAPDH (B) by NIH ImageJ software. P < 0.05 conggiato vehicle treated
control (a) and MPPRtreated control (b).
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5.3.6 Coumarins induce antioxidant protective enzyme SOID1SH-SY5Y

cell lines

Studies suggest that mitochondrial complex | irtfobi of MPP can generate
excessive mitochondrial superoxide which can dgdtne macromolecules in close
proximity (Bates et al., 1994, Cleeter et al., 9%Ruperoxide dismutase (SOD)
catalyses the dismutation of superoxide radicaliaquesent in three different forms
in mammals: CuZnSOD (SOD1: mainly in cytosol), MAS@SOD2: located in
mitochondria) and extracellular SOD (SODS3: localisen extracellular fluid)
(Rohrdanz et al., 2002). In this study we deterwhithes levels of SOD1 in SH-SY5Y
cell lines by Western blotting.

Results show that esculetin up-regulates the egjoresof SOD1 by 1.8-fold

compared to the vehicle treated control. The pasitontrol quercetin also increased
SOD1 levels but to a lesser extent (1.3-fold) @:&).
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Fig. 5.8 - Induction of antioxidant enzyme SOD1 bysculetin in SH-SY5Y cells.
Cells were pre-treated with esculetin (10-25 uMyuoercetin (40 uM) for 8 hrs and
the cell lysates were analysed by immunoblottinggu§OD1 or GAPDH as loading
control. The blots represent experiments performmetfiplicate. Histogram shows
the densitometric analysis of SOD1 expression nbssdh to GAPDH by NIH
ImageJ software. P < 0.05 compared to untreatetiaida).
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5.3.7 Effect of Umbelliferone and Esculetin on MPTP-indedl decrease in

tyrosine hydroxylase and neurotoxicity in mouse bra

MPP" has a high affinity for plasma membrane dopamiaesporter (DAT) and
enters the dopaminergic neurons by active transpbhie enzyme tyrosine
hydroxylase (TH) mediates the catalytic conversabnyrosine to DOPA, which is
the precursor for dopamine. Once inside dopaminergiurons, MPP causes
neurotoxicity by multiple mechanisms leading toréese in dopamine and tyrosine

hydroxylase levels.

To evaluate the dopaminergic neurotoxicity causgdMPTP in mouse brain, the
levels of tyrosine hydroxylase (TH) were monitol®dimmunohistochemistry. Mice
treated with MPTP for five days showed a severeradese in TH levels in the
striatum (97%) (Fig. 5.9) and substantia nigra (Y%Ptg. 5.10). Treatment with the
coumarins failed to alleviate MPTP-induced reductio TH levels in the striatum.
In contrast, BHA increased the TH levels to 37%sinatum (Fig. 5.9). In SNpc,
Umb and Esc equally attenuated MPTP-induced deereasiH levels by 25%,
superior to that of the known antioxidant BHA (550kig. 5.10).

MPTP-induced neurotoxicity was further evaluated dgtermining Nissl-positive
neurons by staining the mouse brain with Nisslisstal violet stain. Treatment with
MPTP markedly reduced the number of Nissl-positiearons in the striatum (10%)
and SNpc (22%). Dietary administration of Umb arst Bignificantly ameliorated
MPTP-induced neuronal cell loss up to 60 % and 7&8pectively in the striatum. A
similar neuroprotective effect (Umb 62%, Esc 72%svobserved in SNpc. These
effects were comparable to that of BHA in the stimia (65%) and SNpc (67%) (Fig.
5.11, 5.12).
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Fig. 5.9 - Effect of Umb and Esc on MPTP-induced deease in
immunoreactivity for tyrosine hydroxylase (TH) in striatum. (A) Representative
photomicrographs of TH staining from 3-6 mice fack group with vehicle (A, C, E, G) or
MPTP (B, D, F, H) administration. Scale bar 2BD (B) Densitometric analysis using NIH
ImageJ software by measuring the mean thresholfHofmmunostaining from 3 images.
Results are expressed as the mean + SD of 3-6 @05 compared to vehicle with
vehicle treatment group (a) and vehicle with MPiidatment group (b).
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Fig. 5.10 - Effect of Umb and Esc on MPTP-induced eatrease in
immunoreactivity for tyrosine hydroxylase (TH) in SNpc. (A) Representative
photomicrographs of TH staining from 3-6 mice fack group with vehicle (A, C, E, G) or
MPTP (B, D, F, H) administration. Scale bar 2BD (B) Densitometric analysis using NIH
ImageJ software by measuring the mean thresholfHofmmunostaining from 3 images.
Results are expressed as the mean + SD of 3-6 @05 compared to vehicle with
vehicle treatment group (a) and vehicle with MPiidatment group (b).

128



Fig. 5.11 - Effect of Umb and Esc on MPTP-inducedeatrease in Nissl-positive
neurons in striatum. (A) Representative photomicrographs of Nissl'srétaj from 3-6
mice for each group with vehicle (A, C, E, G) or MP(B, D, F, H) administration (20x).
(B) Densitometric analysis using NIH ImageJ sofevay measuring the mean threshold of
Nissl's staining from 3 images. Results are exggdsas the mean + SD of 3-6 mice. P<0.05
compared to vehicle with vehicle treatment group gad vehicle with MPTP treatment

group (b).
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Fig. 5.12 - Effect of Umb and Esc on MPTP-inducedeatrease in Nissl-positive
neurons in SNpc.(A) Representative photomicrographs of Nissl'srstaj from 3-6 mice
for each group with vehicle (A, C, E, G) or MPTP, (B, F, H) administration (20x). (B)
Densitometric analysis using NIH ImageJ softwarenbyasuring the mean threshold of
Nissl's staining from 3 images. Results are exgeéss the mean £ SD of 3-6 mice. P<0.05
compared to vehicle with vehicle treatment group gad vehicle with MPTP treatment

group (b).
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5.3.8 Effect of Umbelliferone and Esculetin on MPTP-indec

peroxynitrite production

Nitric oxide produced by nitric oxide synthase th@gn implicated to play a major
role in altering neuronal functions leading totigicity. Nitric oxide combines with

superoxide and forms peroxynitrite, which is deemntal to neuronal cells.

The levels of 3-nitrotyrosine (3-NT) was measuredaa index of peroxynitrite
production in mouse brain by immunohistochemisM TP treated mice showed
higher concentrations of 3-NT in both striatum &ijc compared to vehicle treated
control group. Umb and Esc treatment showed a fgignt reduction in MPTP
induced elevated levels of 3-NT by 42% and 35%timatsim, 58% and 80% in
SNpc, respectively. However, BHA failed to decreb#eTP-induced increase in 3-
NT in striatum and showed 20% reduction in SNpg.(bil3, 5.14).

These results suggest that Umb and Esc reduce NWRIUieed elevation of

peroxynitrite production in mouse SNpc and striatum
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Fig. 5.13 - Effect of Umb and Esc on MPTP-inducedgyoxynitrite production in
striatum. (A) Representative photomicrographs of 3-nitrotimeg3-NT) staining from 3-6
mice for each group without (A, C, E, G) or with,([B, F, H) MPTP administration. Scale
bar 200 M. (B) Densitometric analysis using NIH ImageJ s@iite by measuring the mean
threshold of 3-NT immunostaining from 3 images. lissare expressed as the mean + SD
of 3-6 mice. P<0.05 compared to vehicle without N#Pffeatment group (a), vehicle with

MPTP treatment group (b) and BHA with MPTP group (c
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Fig. 5.14 - Effect of Umb and Esc on MPTP-inducedgyoxynitrite production in
SNpc. (A) Representative photomicrographs of 3-nitrotymes(3-NT) staining from 3-6
mice for each group without (A, C, E, G) or with,([B, F, H) MPTP administration. Scale
bar 200 M. (B) Densitometric analysis using NIH ImageJ s@ite by measuring the mean
threshold of 3-NT immunostaining from 3 images. lissare expressed as the mean + SD
of 3-6 mice. P<0.05 compared to vehicle without N#Pffeatment group (a), vehicle with
MPTP treatment group (b) and BHA with MPTP group (c

133



5.3.9 Effect of Umbelliferone and Esculetin on MPTP-indedl decrease in

glutathione in brain

Glutathione (GSH) is essential for the protectidreells from oxidative stress and
xenobiotics, in addition to maintaining the thiedox status. MPTP, which induces
mitochondrial dysfunction leading to increase indaxive stress, causes depletion of
intracellular GSH. The aim of this experiment wastést whether Umb and Esc

could prevent GSH depletion following MPTP treatmen

To examine the concentrations of total GSH in tigrastriatal regions of mice,
enzymatic GSH assay was carried out. Mice injecteth MPTP showed a
significant decrease in GSH levels by approximad96 in striatum and 50% in
midbrain compared to the vehicle treated animaig $FL5). Treatment of mice with
Umb and Esc completely prevented MPTP-induced tatri&éSH depletion. In
addition, in the midbrain Umb totally prevented G8ebletion while Esc reduced
the loss by 50%. However, BHA failed to prevent @8H decrease slump in both

striatum and midbrain.

These results show that Umb and Esc act to redlRERMnduced GSH depletion in

mouse striatum and midbrain.
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Fig. 5.15 - Effect of Umb and Esc on MPTP-induced etrease in glutathione
levels in striatum (A) and midbrain (B). Mice were fed with normal diet or diet
containing BHA (0.75% w/w) or Umb (0.5% w/w) or E€:5%) for 7 days. Vehicle
or MPTP (30 mg/kg), IP, was administered for fivensecutive days to induce
dopaminergic neurotoxicity. Mice were sacrificedddmrains were isolated after the
treatments and total glutathione was determinecemgymatic assay. Results are
expressed as the mean £ SD of 3-6 mice. P<0.05a@upo vehicle without MPTP
treatment group (a), vehicle with MPTP treatmemugr (b) and BHA with MPTP

treatment group (c).
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5.3.10Effect of Umbelliferone and Esculetin on MPTP-inded apoptosis in

the brain

MPTP has been reported to induce apoptosis in stigatal neurons (Vila et al.,
2001). The ability of Umb and Esc to prevent MPTRBticed neuronal apoptosis was
investigated by determining the induction of Casp&sand Bax, and release of

Cytochrome C from mitochondria into the cytosol.

MPTP treatment of mice showed up-regulation of @asp3 expression in striatum
(2.9 fold) and midbrain (2.4 fold) (Fig. 5.16A, 3)1 An increase in Caspase 3
activity (1.3 fold) was observed in the striatumg(F5.16B). Esc administration
completely alleviated the elevated levels of Caspgasxpression in striatum and
midbrain. Umb showed significant decrease in Caspadevels in the midbrain,
however failed to attenuate MPTP-induced elevatedp@se 3 levels in striatum.
BHA markedly reduced Caspase 3 levels in bothtatmaand midbrain. Treatment
with Umb and Esc showed reduced Caspase 3 adivitistriatum but no significant
difference was observed in midbrain. The antioxiddHA administration showed

no significant decrease in Caspase 3 activity.

Mice administered with MPTP showed marked increaggo-apoptotic Bax protein
in both striatum (2.4 fold) and midbrain (7.1 fol@ig. 5.18). MPTP induced
expression of Bax protein was completely attenudgdlietary administration of
Umb and Esc in both striatum and midbrain. BHA tireent was 50% less effective
than the coumarins in reducing Bax levels in thetsim, besides BHA failed to
decrease Bax levels in midbrain. MPTP treated simeved significantly high levels
of Cytochrome C in the cytosolic fractions of s (19-fold) (Fig. 5.19). The
release of Cytochrome C into cytosol from mitochiaevas completely inhibited by
dietary administration Umb, Esc and BHA. In contrasidbrain cytosolic fractions

did not show Cytochrome C release after MPTP treatr(data not shown).
These results show that the administration of Uméb Bsc reduce MPTP-induced

increase in pro-apoptotic Bax and Caspase 3 expressmouse SNpc and striatum.
The coumarins also completely reduced cytosolio€lytome C in the striatum.
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19 kDa

37 kDa

Fig. 5.16 - Effect of Umb and Esc on MPTP-inducedhtrease in Caspase 3 levels
(A) and caspase activity (B) in striatum.Mice were fed with normal diet or diet
containing BHA (0.75% w/w) or Umb (0.5% w/w) or E€:5%) for 7 days. Vehicle
or MPTP (30 mg/kg), IP, was administered for fivensecutive days to induce
dopaminergic neurotoxicity. Mice were sacrificedldmrains were isolated after the
treatments. Brain homogenates were analyzed fopaSas3 expression by Western
blotting and activity was measured as describeduReare expressed as the mean +
SD of 3-6 mice. P<0.05 compared to vehicle withdBxTP treatment group (a) and
vehicle with MPTP treatment group (b).
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19 kDa

37 kDa

Fig. 5.17 - Effect of Umb and Esc on MPTP-inducedhcrease in Caspase 3 levels
in midbrain. Mice were fed with normal diet or diet containiB§lA (0.75% wi/w)

or Umb (0.5% w/w) or Esc (0.5%) for 7 days. VehioleMPTP (30 mg/kg), IP, was
administered for five consecutive days to inducpameinergic neurotoxicity. Mice
were sacrificed and brains were isolated afterttbatments. Brain homogenates
were analyzed for Caspase 3 expression by Weslettm. Histogram shows the
densitometric analysis of Caspase 3 expression alm@ed to GAPDH by NIH
ImageJ software. Results are expressed as the mé&d of 3-6 mice. P<0.05
compared to vehicle without MPTP treatment group alad vehicle with MPTP
treatment group (b).
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Fig. 5.18 - Effect of Umb and Esc on MPTP-inducedhtrease in Bax levels in
striatum (A) and midbrain (B). Mice were fed with normal diet or diet containing
BHA (0.75% wi/w) or Umb (0.5% w/w) or Esc (0.5%) férdays. Vehicle or MPTP
(30 mg/kg), IP, was administered for five conse@utilays to induce dopaminergic
neurotoxicity. Mice were sacrificed and brains weelated after the treatments.
Brain homogenates were analyzed for Bax expres&ignWestern blotting.
Histograms show the densitometric analysis of Bapression normalised to
GAPDH by NIH ImageJ software. Results are expressethe mean = SD of 3-6
mice. P<0.05 compared to vehicle without MPTP tremit group (a) and vehicle
with MPTP treatment group (b).
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Fig. 5.19 - Effect of Umb and Esc on MPTP-inducedelease of Cytochrome C
into cytosol in striatum. Mice were fed with normal diet or diet containiBgA
(0.75% wiw) or Umb (0.5% w/w) or Esc (0.5%) for @yd. Vehicle or MPTP (30
mg/kg), IP, was administered for five consecutiveysdto induce dopaminergic
neurotoxicity. Mice were sacrificed and brains weselated after the treatments.
Cytosolic fractions of brain homogenates were amealyfor Cytochrome C by
Western blotting. No significant release was obseémn midbrain (data not shown).
Histogram shows the densitometric analysis of Qytome C expression normalised
to GAPDH by NIH ImageJ software. Results are exggdsas the mean £ SD of 3-6
mice. P<0.05 compared to vehicle without MPTP tresait group (a) and vehicle
with MPTP treatment group (b).
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5.3.11Effect of Umbelliferone and Esculetin on MPTP-inded
phosphorylation of c-Jun NH terminal kinase (JNK)

The JNK signalling cascade has been implicated iIRTRtinduced apoptotic
neuronal cell death (Saporito et al., 2000). Iis $tudy, we examined the activation

of JINK pathway by measuring phospho-JNK (p-JNKglswn mouse brain.

Mice administered with MPTP increased phosphomyfatf JNK in midbrain (2.5-

fold) and striatum (21-fold) (Fig. 5.20). Dietargrainistration of Umb and Esc
significantly inhibited the phosphorylation of JNIK striatum by 49% and 56%
respectively, compared to MPTP treated control grdwwever BHA showed no
decrease in the p-JNK levels. Further, in the naoibtUmb treatment reduced p-JNK
levels up to 55%. In contrast, Esc and BHA admiatgin to mice failed to decrease
the elevated MPTP-mediated p-JNK levels.

These results indicate MPTP-induced activationNK Js inhibited by Umb and Esc

in SNpc, and Umb in midbrain of mice.
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Fig. 5.20 - Effect of Umb and Esc on MPTP-inducedhmsphorylation of JNK in
striatum (A) and midbrain (B). Mice were fed with normal diet or diet containingl®
(0.75% w/w) or Umb (0.5% w/w) or Esc (0.5%) for &yd. Vehicle or MPTP (30 mg/kg),
IP, was administered for five consecutive daysntuce dopaminergic neurotoxicity. Mice
were sacrificed and brains were isolated after tteatments. Brain homogenates were
analyzed for pJNK and total JNK by Western blottirtistograms show the densitometric
analysis of pJNK normalised to total JNK by NIH Igped software. Results are expressed as
the mean £ SD of 3-6 mice. P<0.05 compared to leithout MPTP treatment group (a),
vehicle with MPTP treatment group (b) and BHA will? TP treatment group (c).
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5.3.12Effect of Umbelliferone and Esculetin on inductiomnd activity of

antioxidant and protective enzymes

MPTP induces mitochondrial dysfunction leadingriorease in generation of ROS.
Phase Il detoxifying and antioxidant enzymes magypan important role in
countering elevated ROS by boosting the endogemantioxidant system. In the
present study, the potential of the coumarins, &mib Esc, to induce the expression
and activity of antioxidant enzymes NAD(P)H: quieoaxidoreductase 1 (NQO1)

and glutathione S-transferase 3 (GSTP1) in mousie laras investigated.

Dietary administration of Umb and Esc markedly ioeld the expression of NQO1
up to 2.2-fold and 2.7-fold, respectively, in midior but not in striatum (Fig. 5.21A,
5.22A). BHA increased NQO1 expression by 1.5-foild midbrain but not in
striatum. Similarly, mice consuming Umb (1.5-fol)d Esc (1.7-fold) diet showed a
significant increase in GSTP1 expression in midhralthough no such induction
was observed in the striatum. BHA showed 1.4-faltbiction of GSTP1 in midbrain
but not in striatum (Fig. 5.21B, 5.23A).

Mice administered with MPTP showed an increasexpression of NQO1 (3.2-fold)
and GSTP1 (1.4-fold) expression in the midbrain aatin striatum, compared to
vehicle treated controls. Further, Umb and Esdéceanice maintained the elevated
NQO1 and GSTP1 levels in midbrain after MPTP adstiation (Fig. 5.22A,
5.23A).

However, no significant changes in the enzymatiwdies of NQO1 and GST were
observed after Umb, Esc or BHA treatments (Fig2B,5.23B).
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Fig. 5.21 - Effect of Umb and Esc on NQO1 (A) and &IP1 (B) expression in
striatum. Mice were fed with normal diet or diet containingd® (0.75% w/w) or Umb
(0.5% wi/w) or Esc (0.5%) for 7 days. Vehicle or MPTB0 mg/kg), IP, was administered for
five consecutive days to induce dopaminergic nexioity. Mice were sacrificed and brains
were isolated after the treatments. Brain homogsnatre analyzed for NQO1 and GSTP1
expression by Western blottinglistograms show the densitometric analysis of pmote
expression normalised to GAPDH by NIH ImageJ soféwResults are expressed as
the mean + SD of 3-6 mice. P<0.05 compared to leithout MPTP treatment group (a)
and vehicle with MPTP treatment group (b).
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30 kDa

37 kDa

Fig. 5.22 - Effect of Umb and Esc on NQO1 expressiqA) and activity (B) in
midbrain. Mice were fed with normal diet or diet containingd® (0.75% w/w) or Umb
(0.5% wiw) or Esc (0.5%) for 7 days. Vehicle or MP{B0 mg/kg), IP, was administered for
five consecutive days to induce dopaminergic newioity. Mice were sacrificed and brains
were isolated after the treatments. Brain homogsnaere analyzed for NQO1 expression
by Western blotting and activity by assay descrithdidtogram (A) shows the densitometric
analysis of NQO1 expression normalised to GAPDHNi ImageJ software. Results are
expressed as the mean = SD of 3-6 mice. P<0.05 a@upto vehicle without MPTP

treatment group (a) and vehicle with MPTP treatnggatip (b).
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27 kDa

37 kDa

Fig. 5.23 - Effect of Umb and Esc on GSTP1 expreesi (A) and GST activity (B)

in midbrain. Mice were fed with normal diet or diet containiB&§lA (0.75% wi/w)

or Umb (0.5% w/w) or Esc (0.5%) for 7 days. VehioleMPTP (30 mg/kg), IP, was
administered for five consecutive days to inducpameinergic neurotoxicity. Mice
were sacrificed and brains were isolated afterttbatments. Brain homogenates
were analyzed for GSTP1 expression by Westernitdp&nd GST activity by assay
described. Histogram (A) shows the densitometrialysmis of GSTP1 expression
normalised to GAPDH by NIH ImageJ software. Resattsexpressed as the mean £
SD of 3-6 mice. P<0.05 compared to vehicle withd&TP treatment group (a).
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5.4 Discussion

Oxidative stress has been implicated in initiatimgaggravating various age-related
disease conditions. In aging, oxidative stresseia®es due to steady depletion of the
antioxidant defence mechanisms in the cell and emunently, aging and associated
oxidative stress are major risk factors in sevaelrodegenerative diseases. Several
studies suggest that mitochondrial dysfunction egslilting ROS/RNS generation,
inflammation or toxic substances are the majordiigcin the oxidative stress-induced
neuronal cell death that underlies various neuredeative disorders, including
neurodegenerative diseases such as Parkinson'ssdjséAlzheimer’s disease,
Huntington’s disease and amyotrophic lateral ssisrdBeal, 2007, Halliwell, 2006,
Hensley et al.,, 2006, Tansey et al., 2008, von B, 2007). In particular,
previous studies show that mitochondrial dysfunctamd the resulting ROS/RNS
generation are major factors in the neuronal cedtld that underlies Parkinson’s
disease (Thomas, 2009, Halliwell, 200Blence the strategies to mitigate oxidative
stress are the principal focus of current therapeptograms to alleviate the

symptoms or postpone the progress of the disease.

In the work described in this chapter, the effedtesculetin on hydrogen peroxide-
induced oxidative stress on SH-SY5Y neuroblastosis evere studied. Hydrogen
peroxide is known to cause damage to cell compsnépids in particular leading to
lipid peroxidation, which subsequently produces RE#sising further damage to
DNA, proteins and lipids (Esterbauer, 1993). Thetguative effects of umbelliferone
and esculetin on MPRnduced neurotoxicity on SHSY-5Y cells were also
investigated. MPPR the active metabolite of MPTP, is reported toseaimcrease in
ROS (Rossetti et al., 1988) resulting in the neegameration of dopaminergic
neurons, reproducing many of the pathological dirdcal features of Parkinson’s
disease (Bove et al., 2005).

In this chapter, results show that the coumarioulesin, has the potential to protect

against hydrogen peroxide-induced oxidative stiesSH-SY5Y cell lines, and
maintains cell viability as determined by MTT ass&gculetin and umbelliferone
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have been previously reported to scavenge a witlgeraf free radicals and possess
potent antioxidant property (Lin et al., 2000, Payaal., 1992a). The free radical
scavenging activity of esculetin resulted in pratetof the hamster lung fibroblasts
(V79-4) from lipid peroxidation, protein carbonynd DNA damage induced by
hydrogen peroxide (Kim et al., 2008). Esculetin BlE® been shown to protect SH-
SY5Y neuroblastoma cells against dopamine-indugridity (Zhao et al., 2008). In
contrast, the coumarins, umbelliferone and eseyldid not prevent cell death when
exposed to the neurotoxin MPA hese observations indicate that esculetin predec
SH-SY5Y neuroblastoma cells from oxidative insualduced by hydrogen peroxide
but failed to alleviate MPRinduced neurotoxicity in SH-SY5Y cells. It is whrt
noting that MPP-mediated toxicity to neuronal cells is not onlyedo elevated ROS
levels but also through various mechanisms inclydiepletion of ATP levels
leading to the loss of plasma and mitochondrial twrame potential difference,
resulting in neuronal cell death (Przedborski ani&,\2003). Hence, the failure of
Umb and Esc to protect SH-SY5Y against MR@&Xicity may be attributed to their
inability to prevent neuronal cell death mediatbdotgh mechanisms other that

increase in ROS levels.

In addition, dopaminergic neurotoxicity in mice wasluced through MPTP; a
neurotoxin which incites symptoms identical to Pibe study showed that MPTP
treatment significantly decreased tyrosine hydrasgl levels in striatum and
substantia nigra (SNpc) indicating that the newiot@auses dopaminergic neuronal
cell death in mouse brain. MPTP reduced tyrosindrdwylase levels to higher
extent in striatum than SNpc suggesting that MPaises superior degenerative loss
of striatal dopaminergic neurons compared to SNipmidentally, Kurosaki and co-
workers reported that MPTP induces degeneratiordagaminergic neurons in
striatum faster than SNpc (Kurosaki et al., 2004)ese results suggest that MPTP
causes loss of nigrostriatal dopaminergic neurdms, the progression of striatal

damage worsens by time in comparison to nigraloreur

Dietary supplementation of umbelliferone and edaulattenuated MPTP-induced

decrease in tyrosine hydroxylase levels in SNpcrimitstriatum implying that the
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coumarins prevented the loss of nigral neuronddletd to inhibit the loss of striatal
neurons. These findings indicate that MPTP-indudathage in the striatum was
progressive and relatively higher compared to thépcS and eventually the
coumarins were unable to prevent neuronal cellndeathe striatum. The ability of
Umb and Esc to scavenge MPTP-mediated generatidRG8 (Hoult and Paya,
1996, Lin et al., 2000), besides their capacitgrmss the blood brain barrier (Sundt
and Anderson, 1980, Barber et al., 2009) may doutei to the neuroprotective effect

of these coumarins against dopaminergic neurodeggor in mouse brain.

Glutathione (GSH) plays an important role in prateg against oxidative stress and
maintaining the cellular thiol redox state in cahtnervous system (Dringen, 2000).
GSH acts as antioxidant, enzyme cofactor, cystsim@age form and neuromodulator
in CNS and its deficiency has been implicated inradegenerative diseases. Aging
is a critical factor in GSH homeostasis and sevéireds of evidence suggests
depletion of GSH with aging in brain (Maher, 2008BD is characterised by decrease
in concentrations of GSH in substantia nigra (Saml., 1994) and the severity of
GSH depletion is parallel to that of its clinicalverity (Sechi et al., 1996). The redox
environment of the cell is maintained by glutatl@cand thioredoxin (Droge, 2002,
Schafer and Buettner, 2001). A number of physia@algiunctions are controlled by
redox-responsive signalling pathways which incluB®S-induced apoptosis,
production of NO, regulation of immune response aetl adhesion, and other
mechanisms (Droge, 2002). In this chapter, resslisw that the coumarins
prevented glutathione depletion during hydrogenoxide and MPRinduced
oxidative stress in SH-SY5Y cell lines. In additiaghe study on mice MPTP-model
also reveals that MPTP causes marked decrease hhl&@ls in the striatum and
midbrain including SNpc. Dietary administration ©fmb and Esc completely
attenuated GSH depletion in striatum. Similarly, Jitneatment totally inhibited
GSH reduction in midbrain though Esc significantbduced the deficit. Previous
studies show that elevated total intracellular aghibne levels indicate enhanced
expression and/or activity of key enzymes involuwedlutathione biosynthesis, such
as the catalytic subunit of glutamate-cysteinesiggand glutathione synthase (Lu,

2009). These results suggest that the increasetat glutathione levels by the
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coumarins in SH-SY5Y cells and mouse brain maistaite redox state of the cell
thereby preventing them from further oxidative dgmaln addition, it appears that
Umb and Esc increase GSH biosynthesis throughadidivof key enzymes and thus

enhance the endogenous antioxidant defence system.

Reactive oxygen species represent the most imperagactive species generated in
the biological system (Miller et al., 1990). Supede radical, one of the major ROS,
is produced by electron leakage to oxygen premigtudkiring the energy
transduction in the mitochondria and has been tegoto be involved in the
pathophysiology of various diseases (Kovacic et 2005, Valko et al., 2004).
Evaluation of generation of ROS is a good indicatod the intensity of oxidative
stress inside the living cells. Previous evidenag $uggested that umbelliferone and
esculetin scavenge ROS, and thus help in prevecitlg from oxidative damage
such as lipid peroxidation, protein carbonyl andDf8iamage (Kim et al., 2008). In
the present study, umbelliferone and esculetirtrtreat decreased the generation of
ROS in SH-SY5Y cells during hydrogen peroxide an®R4induced oxidative
stress. These results indicate that these coumeaimsdelay or prevent cells from

oxidative injury by lowering ROS in SH-SY5Y cells.

Nitric oxide (NO), produced by nitric oxide syntlea@NOS), is involved in variety of
physiological and pathological mechanisms includoagdiovascular and nervous
systems, as well as cellular toxicity (Dawson et D91, Dawson and Snyder,
1994).NO can combine with superoxide to form peroxyretrivhich in the presence
of hydroxyl radicals can lead to nitration of pihag primarily tyrosine residues
(Beckman and Koppenol, 1996). Studies show thatigtidn of iINOS (inducible
NOS) in glial cell contributes to the toxicity ofopaminergic neurons in MPTP
models of PD (Liberatore et al., 1999) and thathiion of nNOS (neuronal NOS)
prevents Parkinsonism in animal models (Hantrayd. 1996, Dehmer et al., 2000).
In the present study it was observed that MPTRrtreat increased 3-nitrotyrosine, a
marker for peroxynitrite production, in striatum darSNpc significantly. This
increase in 3-nitrotyrosine was attenuated by UnmibEsc administration suggesting

that these coumarins inhibit peroxynitrite prodocti hence protect nigrostriatal
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dopaminergic neurons from peroxynitrite-inducedidix. Our studies also reveal
that Umb and Esc induce antioxidant enzymes suchNA®(P)H: quinone
oxidoreductase 1 (NQO1) and glutathione S-transéefa(GSTP1) in mouse brain.
The reported antioxidant properties of these couredHoult and Paya, 1996, Lin et
al., 2000) and their ability to induce antioxidagmzymes might contribute to
scavenge mitochondrial superoxide and thus, requdiRTP-mediated peroxynitrite
production.

Mounting evidence suggests that cell death-assmtiatolecular mechanisms may
participate in neuronal cell death in degeneratliseases (Rudin and Thompson,
1997, Pettmann and Henderson, 1998). MRPreported to inhibit mitochondrial
respiratory pathway resulting in ATP depletion &@S generation, which trigger
cell death pathways within the intoxicated neurddackson-Lewis et al., 1995,
Tatton and Kish, 1997). The members of B-cell lympla 2 protein (Bcl-2) family
including pro-apoptotic Bax (Vila et al., 2001) aadti-apoptotic Bcl-XL (Dietz et
al., 2008) are reported to be involved in MPTP pwtlineuronal apoptosis. The core
function of the Bcl-2 family seems to be the retea$ pro-apoptotic Cytochrome-c
from mitochondria (Hengartner, 2000), increasingpese-3 like activity in the
cytosol resulting in apoptotic cell death (Du et &B97, Dodel et al., 1998). In the
present work, treatment of SHSY-5Y cells with MARcreased the expression of
pro-apoptotic Bax and pre-treatment with umbeléifee and esculetin attenuated the
elevation in Bax levels. In addition, the studywkdhat in mouse brain MPTP up-
regulates the expression of pro-apoptotic Bax,eases cytosolic Cytochrome-c
release and induces caspase-3 expression. Inbgigstreatment with Umb and Esc
alleviated the elevation of Bax levels; inhibitegit@hrome-c release and decreased
caspase-3 induction in mouse brain. Previouslyjorigant properties such as
puerarin and (-)-deprenyl have been shown to ptermenrotoxicity by inhibiting
apoptosis in neuronal cell lines and animals mobglslecreasing Bax expression
(Zhu et al., 2010, Magyar and Szende, 2004). Thbservations indicate that these
coumarins may be involved in inhibiting MPRediated increase in pro-apoptotic
Bax expression and thus prevent apoptosis in SHYSXH lines and mouse brain.
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Another pathway of apoptotic cell death in neuraaegation involves the activation
of c-Jun n-terminal kinase (JNK), a component oéss-activated protein kinase
(SAPK) pathway (Ham et al., 1995, Xia et al., 19B88ers et al., 1998). MPTP is
reported to be involved in phosphorylation of JNKnnice leading to dopaminergic
degeneration (Saporito et al., 1999, Maroney et1&99, Saporito et al., 2000).
Downstream targets for JNK that have been identifielude death domain proteins
p53, Bcl-2/Bcl-XL, Bax, Fas-ligand, Tau and caspas€Seimiya et al., 1997,
Herdegen et al., 1998, Zhang et al., 1998). Irptiesent study it is shown that MPTP
increases phosphorylation of INK and the treatmeitts Umb and Esc reduced the
p-JNK levels in mouse brain. In previous studi@silar reduction in the activation
of JNK was observed in mice administered with amtiant compounds including
NAC and ginsenoside (Chen et al., 2005). Thesereatens indicate that Umb and
Esc protect dopaminergic cell death by inhibitirgpgphorylation of INK in MPTP
mice models. It is possible that the regulationBaf-2 family members by these
coumarins might be linked to the inhibition of JNKosphorylation due to fact that

JNK downstream targets include Bcl-2/Bcl-XL and Bax

Previous studies suggest that MRRN generate excessive mitochondrial superoxide
by mitochondrial complex | inhibition which can dey the cellular
macromolecules in close proximity (Bates et al.94l9Cleeter et al., 1992).
Superoxide dismutase (SOD) catalyses the dismutaticuperoxide radical and is
present in three different forms in mammals: CuZBSSOD1: mainly in cytosol),
MnSOD (SOD2: located in mitochondria) and extradall SOD (SOD3: localised in
extracellular fluid) (Rohrdanz et al., 2002). Instichapter, it is shown that esculetin
enhanced the expression of superoxide dismutas8ODI) in SH-SY5Y cells.
These results suggest that esculetin induces tipeession of the antioxidant
protective enzyme SOD1, which can effectively prégveell components from
further oxidative damage. Although esculetin haasnbi@vestigated previously for its
chemoprotective potential (Sharma et al., 1994} ik the first time it has been

shown that esculetin can induce expression of Stdalneuronal cell line.
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The induction of antioxidant enzyme defence systenk®mown to play an important
role in protecting cells from oxidative damage (Esyet al., 1999). The enhanced
expression of enzymes such as NQOL, glutathionersferases and aldo-keto
reductases can provide protection against cheraioeds as well as reactive oxygen
species as part of an adaptive response (MacLeodl. etJaiswal, 2000). As
mentioned before, NQO1 is an enzyme that cataltzeseduction of quinones to
hydroquinones, thereby preventing the one eleatdaction of quinones that would
otherwise produce reactive oxygen species withen déll (Vasiliou et al., 2006).
Recently, we have shown that Esc protects HepG2 freim hydrogen peroxide-
induced oxidative stress by NRF2-dependent up-atigmi of NQO1l gene
(Subramaniam and Ellis, 2011). Alternatively, GSTi®an isoenzyme belonging to
the GST family, which catalyzes the nucleophilitack by reduced glutathione on
non-polar compounds that contain an electrophdicaon, nitrogen or sulphur atom
resulting in detoxification. In this study, it is@vn that Umb and Esc administration
up-regulates expression of NQOl1 and GSTP1. Theseltseindicate that the
induction of these protective enzymes by the coumeareduce oxidative stress
caused by the MPTP-induced mitochondrial dysfumctia addition, up-regulation
of NQO1 and GSTP1 by coumarins might also decréaselevated peroxynitrite
production and maintain cellular redox homeostasMPTP mouse model.

5.5 Conclusions

In conclusion, it is shown that the coumarin comutg) umbelliferone and esculetin,
present in a range of fruit, vegetables and hedosreduce hydrogen peroxide and
neurotoxin MPP-induced toxicity in SH-SY5Y cells and C57BL/6J nseustriatum
and SNpc. The neuroprotective effects of Umb and twere through several
mechanisms including inhibition of ROS generatisaduction of peroxynitrite
production and glutathione depletion, reduction agoptotis biomarkers and
induction of the protective antioxidant enzymes NQ&nd GSTP1 (Fig 7.2). In
addition, the coumarins decrease MPTP-induced apiptby regulating Bcl-2

family members and blocking activation of JNK in use brain. These results also
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indicate that these coumarin derivatives posseasopeotective properties that do
not appear to be solely dependent on its free ahdscavenging activity.

Umbelliferone and Esculetin at low non-toxic corications therefore have the
potential to provide protection against oxidativeess-related neurodegenerative

diseases.
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CHAPTER 6

UP-REGULATION OF NRF2/ARE-DEPENDANT
PROTECTIVE ENZYMES BY DIETARY
SUPPLEMENTATION OF COUMARINS IN MOUSE
AND RAT
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6. Up-regulation of NRF2/ARE-dependant Protective Enzgnes by
Dietary Supplementation of Coumarin Compounds in Maise and
Rat: Possible Role in Protection against Chronic Beases with an

Underlying Oxidative Stress

6.1 Introduction

Agents that are produced within the biological egyst which delay, prevent or
remove oxidative damage are referred to as endogeatioxidants. They include
usually enzymes, metal sequestering agents andmolecular mass compounds
producedin vivo. Enzymes catalytically remove xenobiotics, oxidaamd toxins in
the biological system. These include superoxidmdiase (SOD) (Fridovich, 1995),
catalase (Chance et al., 1979), glutathione peisithmily (Chance et al., 1979,
Brigelius-Flohe, 1999), NAD(P)H: oxidoreductasesofNind Hayes, 2004, Jaiswal,
2000), heme oxygenases (HOs) (Prestera et al.,)1988athione S-transferases
(GSTs) (Rushmore and Pickett, 1990), aldo-keto ceche family (AKRS) (Ellis et
al., 2003), -glutamylcysteine synthase-GCS) (Wild and Mulcahy, 1999), other
peroxidases such as Cytochrome C peroxidase (Q@PNADH oxidase (Halliwell
B., 2007).

Although some of these enzymes are constitutive, é¢hhanced expression of
inducible enzymes such as NQO1, glutathione S{eamses and aldo-keto

reductases can provide protection against chersiceds as well as reactive oxygen
species as part of an adaptive response. NAD(R)iHoge oxidoreductase (NQO1)
leads to detoxification of quinones and its derxed leading to protection of cells

against oxidative stress and redox cycling. NQOrdegexpression is induced along
with other detoxifying enzyme genes in responsarttioxidants and other agents,
and prevents against oxidative damage (Nioi andebla®004, Jaiswal, 2000). Heme
oxygenase (HO) mediates the catalytic conversiohemhe to biliverdin, which is

enzymatically reduced to bilirubin (Prestera et 4895). The aldo-keto reductase

(AKR) superfamily consists of enzymes that are ot by antioxidants and is
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implicated in detoxification or bioactivation of e variety of carbonyl-bearing
compounds (MacLeod et al., Jaiswal, 2000). Altewedt, glutathione S-transferase
family catalyzes the nucleophilic attack by reducgldtathione on non-polar
compounds that contain an electrophilic carbompgén or sulphur atom resulting in
detoxification (Hu et al., 2006, Nair et al., 2006geveral members of GST-family
are reported to be induced by antioxidants for gmtdn against oxidative injury
(Hayes et al., 2000).

6.2 Aim of the chapter

The work described in previous chapters has shbatcbumarin compounds induce
the expression of antioxidant and detoxifying enegmiia the NRF2-ARE pathway.

The aim of the work describe in this chapter isnwestigate the effect of dietary
consumption of the simple coumarins on the up-@gui and activity of these

antioxidant protective enzymes in key organs sigchivar, brain and kidnein vivo

in mouse and rat.

6.3 Materials and Methods

6.3.1 Animals and Drug Treatment

Male Wistar 10-week old rats and male C57BL/6J @&kveld mice were used for
this study. Animals were allowed to acclimatize 20weeks before being fed either a
normal diet (powdered RM1 diet, Special Diet SegjdJK) supplemented with 2%
arachis oil or diet containing test compounds vid# arachis oil. Arachis oil was
used as a vehicle for the uniform distributionesdttcompounds. The test compounds
were provided in the diet for 7 days in the follaggiamounts: BHA, 0.75% (w/w);
Umbelliferone, 0.5% (w/w); Esculetin, 0.5% (w/w)raiketin, 0.5% (w/w); and
Scopoletin, 0.5% (w/w). During the experiment th@nsls were provided free
access to food and water.
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6.3.2 Tissue Harvesting

After the treatment period the animals were saadiby cervical dislocation and
organs such as brain, liver and kidney were remoredediately, snap-frozen in

liquid nitrogen and stored at -&D until analysis.

All other materials and methods for this chapterdescribed in chapter 2.

6.4 Results

6.4.1 Coumarins induce antioxidant protective enzymegat liver

The induction of antioxidant protective enzymeselsvin rat and mouse by
coumarins was investigated by immunoblotting usspgecific antibodies. After

dietary administration of coumarins compounds fatays, the liver was removed,
homogenised and extracts separated by SDS-PAGHEebkelatting to nitrocellulose

membranes as described in Chapter 2. Results umnefi§.1A show that in rats the
expression of NQOL is significantly up-regulatediver compared to vehicle treated
control. All the compounds tested, Umb (3.7-foB3¥c (2.8-fold), Fra (3.9-fold) and
Sco (5-fold), induced NQOL1 to a similar extentite known chemopreventive agent,
BHA (6.2-fold).

In addition, rats consuming a diet supplementedhwibumarin compounds,
increased hemeoxygenase 1 expression by 2.8-fattbjU3.2-fold (Esc), 3.5-fold
(Fra) and 2.4-fold (Sco). This level of inductiaras similar to that observed for
BHA (3.4-fold) in rat liver (Fig. 6.1B).

In addition, the dietary consumption of coumarinduced expression of protective
enzymes of the AKR family including AKR1A3, AKR7Adnd AKR7A4. AKR1A3
was induced by 1.6-fold (Umb), 1.3-fold (Esc) anfl-fbld (Fra) in the liver of rats.
Sco failed to induce AKR1A3 whereas BHA treatmembvged a higher induction
(3.2-fold) (Fig. 6.1C). Only Sco (1.6-fold) showadignificant increase in AKR7A1
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expression while BHA exhibited a 2-fold inductiohRid. 6.1D). AKR7A4 levels
were significantly increased by Umb (3-fold), Est3(fold) and Sco (3.1-fold)
slightly to a lesser extent compared to BHA (5-jdléig. 6.1E).

6.4.2 Effect of coumarin compounds on NQO1, GST, AKR ar@Red

enzyme activity in rat liver

The effect of dietary intake of coumarins compouials activity of antioxidant
protective enzymes in rat liver was also investidausing enzyme assays as
described in chapter 2. Generally consumption eftarins compounds Umb, Fra
and Sco increased the activity of NQO1 to 39, 48 4fh pmol/min/mg protein,
respectively compared to vehicle treated contro? (@mol/min/mg protein).
However, BHA treatment (83 pumol/min/mg protein) wleol a much higher activity
(Fig 6.2A).

Moreover, the GST activity in the liver of rats eedng Esc, Fra and Sco increased
to 220, 230 and 320 nmol/min/mg protein, respebtiveompared to vehicle
treatment group (100 nmol/min/mg protein). BHA treant group showed an
increase up to 300 nmol/min/mg protein, althoughbUraceiving rats showed no
significant difference in GST activity over 7 dgy3g 6.2B).

AKR activity in the liver of rats treated with coamn compounds, Umb (42
nmol/min/mg protein), Esc (31 nmol/min/mg proteiRja (23 nmol/min/mg protein)
and Sco (29 nmol/min/mg protein) increased sigaiftty compared to vehicle

treatment group (6 nmol/min/mg protein) (Fig 6.2C).

Further, GRed activity in the liver of rats treatedth the test compounds
significantly increased compared to vehicle treatedtrol group. The coumarins
Umb, Esc, Fra and Sco showed an activity of 3.@, 3.8 and 6.0 mol/min/mg

protein respectively with the control group exhigt 1.1 mol/min/mg protein
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activity. In contrast, GRed activity was markedfcteased after BHA treatment (Fig
6.2D).

6.4.3 Coumarins increase GSH levels in rat liver

To investigate the effect of coumarins in modulat®SH levels, total GSH levels in
rat liver were determined by enzymatic recyclingagsusing DTNB as described in

the methods chapter.

Dietary administration of Umb and Sco significanthgreased glutathione levels in
rat liver by 1.5-fold and 1.6-fold to 36 and 40 rilng protein, respectively
compared to vehicle treated control (24 nmgl/protein). BHA, a known
chemoprotective agent, also showed elevated lefeGSH (42 nmol/g protein).

Surprisingly, Esc and Fra showed no increase in &8éls (Fig. 6.3)
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Fig. 6.1 - Coumarin compounds up-regulate the expssion of antioxidant
protective enzymes in rat liver.Rats were fed with vehicle (2% v/w arachis oil) or
BHA (0.75%) or Umb (0.5%) or Esc (0.5%) or Fra @@)sor Sco (0.5%) in vehicle
for 7 days. Animals were euthanized and livers wenaediately frozen on dry ice
and stored at -8C. Liver homogenates were analysed for NQO1 (A),1H8),
AKR1A3 (C), AKR7Al1 (D) and AKR7A4 (D) by Western diting. Histograms
show the densitometric analysis of protein expsabrmalised to GAPDH by NIH
ImageJ software. Results are expressed as the medD of 3-6 rats. P<0.05
compared to vehicle treatment group (a).
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Fig. 6.2 - Coumarin compounds increase the activitpf antioxidant protective
enzymes in rat liver. Rats were fed with vehicle (2% v/w arachis oil) BIHA
(0.75%) or Umb (0.5%) or Esc (0.5%) or Fra (0.5%500 (0.5%) in vehicle for 7
days. Animals were euthanized and livers were imately frozen on dry ice and
stored at -8%C. Liver homogenates were analysed for enzymeigctf NQO1 (A),
GST (B), AKR (C) and GRed (D) by methods mentionmeadhapter 2. Results are
expressed as the mean = SD of 3-6 mice. P<0.05 a@udo vehicle treatment
group (a) and BHA treatment group (b).
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Fig. 6.3 - Coumarin compounds increase GSH levels rat liver. Rats were fed
with vehicle (2% v/w arachis oil) or BHA (0.75%) imb (0.5%) or Esc (0.5%) or
Fra (0.5%) or Sco (0.5%) in vehicle for 7 days. rAals were euthanized and livers
were immediately frozen on dry ice and stored &°G8 Liver homogenates were
analysed for GSH levels as described in chaptBe2ults are expressed as the mean
+ SD of 3-6 rats. P<0.05 compared to vehicle treatngroup (a).
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6.4.4 Coumarins induce antioxidant protective enzymesat brain

The induction of antioxidant protective enzymes thetary administration of

coumarin compounds in rat brain was examined byumoblotting. The coumarins
enhanced the levels of NQOL1 in rat brain signifitarCompared to vehicle treated
control group the rats administered with Umb, Bsd Bra showed 2.4-fold, 3.6-fold,
and 3.7-fold increase in NQO1 expression respdgtivéhe chemoprotective

compound BHA showed a 2.7-fold induction, but Saitetl to show any significant
increase in NQO1 levels in rat brain (Fig. 6.4A).

The levels of HO1 in rat brain was significantlgieased by consumption of Umb,
Esc, Fra and Sco for 7-days by 5-fold, 7-fold, [dHf@nd 5-fold respectively,
compared to vehicle treated control rats. HoweuwgABailed to increase HO1 levels
in rat brain (Fig. 6.4B).

Similarly, GSTY'8c/GSTAS3 expression in rat brainsaenhanced by Umb, Esc, Fra
and Sco consumption for 7-days by 2.4-fold, 2.8kfoR.3-fold and 2-fold
respectively. This is in contrast to BHA which ditbt show an increase in
GSTY'8c/GSTAS levels in rat brain (Fig. 6.4C).

In addition, the induction of enzymes belonginghe AKR family in rat brain was
investigated. Umb (1.5-fold), Esc (1.7-fold) an@ Ft.6) treatment of rats showed an
increase in AKR1A3 levels compared to vehicle w&datcontrol group. BHA
exhibited a 1.3-fold induction. AKR7A1 expressioasmncreased by Esc (1.4-fold),
Sco (1.5-fold) and BHA (1.7-fold) administrationurther the levels of AKR7A4,
another member of the AKR family, were increasaphisicantly only by Esc (1.3-
fold). In comparison, BHA showed 1.7-fold elevationAKR7A4 levels in rat brain
(Fig. 6.4D, 6.4E, 6.4F).
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6.4.5 Effect of coumarin compounds on GST activity in ratain

Consumption of coumarin compounds Umb, Esc and¥rats for 7-days showed a
significant increase brain GST activity to 1.3, ,2@87 mol/min/mg protein
respectively compared to vehicle treated contrtg (8.4 mol/min/mg protein).
However, BHA administration to rats did not showy aglevation in brain GST
activity (Fig. 6.5).

6.4.6 Coumarins induce antioxidant protective enzymesat kidneys

The kidney is another organ that is involved inodatation and maintenance of
homeostasis. The levels of NQO1, GST and AKR ensymere measured in rat
kidney after dietary consumption of coumarin commsifor 7 days.

NQO1 expression in rat kidney was significantlyreased by dietary administration
of Umb (2.5-fold), Esc (3.7-fold), Fra (3.8-foldné Sco (3.2-fold) compared to
vehicle treated control group. All the tested coumaompounds elevated NQOL1
levels to a greater extent than the known chemeptive compound BHA (1.5-fold)

(Fig. 6.6A).

In addition, Esc and Fra treatment of rats slighdievated the levels of
GSTY'8c/GSTA3 enzyme to 1.3-fold and 1.2-fold retpely. BHA showed an
increase of GSTY'8c/GSTAS3 expression to 1.4 foid.(6.6B).

Further, AKR7A4 expression in rat kidneys were @ased by Umb (1.5-fold), Esc
(1.7-fold) and Sco (2.1-fold) treatment in companigo vehicle treated control. The
coumarins showed a similar capacity as BHA (1.8hfoto induce AKR7A4

expression in rat kidneys (Fig. 6.6C).
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Fig. 6.4 - Coumarin compounds up-regulate the expssion of antioxidant

protective enzymes in rat brain.Rats were fed with vehicle (2% v/w arachis oil) RiHA
(0.75%) or Umb (0.5%) or Esc (0.5%) or Fra (0.5%)Sco (0.5%) in vehicle for 7 days. Animals
were euthanized and brains were immediately frompendry ice and stored at -®D. Brain
homogenates were analysed for NQO1 (A), HO1 (B),TG8C/GSTA3 (C), AKR1A3 (D),
AKR7A1 (E) and AKR7A4 (F) by Western blotting. Higirams show the densitometric analysis of
protein expression normalised to GAPDH by NIH Imhgeftware. Results are expressed as the mean
+ SD of 3-6 rats. P<0.05 compared to vehicle treatrgroup (a) and BHA treatment group (b).
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Fig. 6.5 - Coumarin compounds increase the activitpf antioxidant protective
enzymes in rat brain. Rats were fed with vehicle (2% v/w arachis oil) BiHA
(0.75%) or Umb (0.5%) or Esc (0.5%) or Fra (0.5%500 (0.5%) in vehicle for 7
days. Animals were euthanized and brains were imatedgl frozen on dry ice and
stored at -8%C. Brain homogenates were analysed for GST actastynentioned in
chapter 2. Results are expressed as the mean £ $B mice. P<0.05 compared to
vehicle treatment group (a) and BHA treatment gr@i)p
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Fig. 6.6 - Coumarin compounds up-regulate the expssion of antioxidant
protective enzymes in rat kidneysRats were fed with vehicle (2% v/w arachis oil)
or BHA (0.75%) or Umb (0.5%) or Esc (0.5%) or F@a5@6) or Sco (0.5%) in
vehicle for 7 days. Animals were euthanized anaéys were immediately frozen
on dry ice and stored at -&D Kidney homogenates were analysed for NQO1 (A),
GSTY'8C/IGSTAS (B), and AKR7A4 (C) by Western bloij. Histograms show the
densitometric analysis of protein expression noisedlto GAPDH by NIH ImageJ
software. Results are expressed as the mean + SB6ohts. P<0.05 compared to
vehicle treatment group (a).
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6.4.7 Coumarins induce antioxidant protective enzymesmouse midbrain

The level of the antioxidant protective enzymes NQ#Dd GSTP1 was determined
in mouse midbrain by Western blotting.

Dietary consumption of Umb and Esc for 7 days dicgutly increased the
expression of NQO1 in mouse midbrain compared tocle treated control group.
Umb and Esc treatment elevated NQO1 levels by d@dnd 2.7-fold respectively,
superior to BHA (1.7-fold) (Fig. 6.7A).

Similarly, mice consuming Umb and Esc supplementést enhanced GSTP1
expression to 1.3-fold and 1.3 fold respectivetynpared to vehicle treated control.
However, BHA administration failed to increase G3TPBvels in mouse midbrain
(Fig. 6.7B).

6.4.8 Effect of coumarin compounds on NQO1 and GST adiyvin mouse

midbrain

The activity of NQO1 and GST enzymes in mouse naiofbrvas measured after

treatment with Umb and Esc for 7 days.

The results show that Umb and Esc consumption asect the activity of NQO1 to
195 and 180 mol/min/mg protein, respectively compared to vehitrkated control
(130 mol/min/mg protein). Both the coumarin compound®vedd a relatively
similar effect to BHA (200 mol/min/mg protein) (Fig. 6.8A).

In addition, GST activity in mouse midbrain wasrsigantly enhanced by Umb and
Esc to 640 and 650 nmol/min/mg protein, respectivel comparison to vehicle
control (410 nmol/min/mg protein). BHA showed siamileffects to that of the

coumarins (595 nmol/min/mg protein) (Fig. 6.8B).
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6.4.9 Effect of coumarin compounds on GSH levels in mousélbrain

GSH levels in mouse midbrain were measured agatriient with Umb and Esc for
7 days. However, no significant difference in GSHédls was observed after the
coumarin consumption. BHA treatment also showed inorease in GSH

concentration compared to vehicle treated contralig (Fig. 6.9).
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Fig. 6.7 - Coumarin compounds up-regulate the expssion of antioxidant
protective enzymes in mouse midbrain.Mice were fed with vehicle (2% v/w
arachis oil) or BHA (0.75%) or Umb (0.5%) or Esc5@) in vehicle for 7 days.
Animals were euthanized; midbrains isolated ancevimmediately frozen on dry ice
and stored at -8C. Midbrain homogenates were analysed for NQO1af#) GSTP1
(B) by Western blotting. Histograms show the demsgtric analysis of protein
expression normalised to GAPDH by NIH ImageJ soféew&esults are expressed as
the mean + SD of 3-6 rats. P<0.05 compared to ieetrieatment group (a).
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Fig. 6.8 - Coumarin compounds increase the activitpf antioxidant protective
enzymes in mouse midbrainMice were fed with vehicle (2% v/w arachis oil) or
BHA (0.75%) or Umb (0.5%) or Esc (0.5%) in vehidét 7 days. Animals were
euthanized; midbrains isolated and were immedidtelzen on dry ice and stored at
-80°C. Midbrain homogenates were analysed for enzyrtigitgcof NQO1 (A) and
GST (B) by methods mentioned in chapter 2. Resuéiexpressed as the mean £ SD
of 3-6 mice. P<0.05 compared to vehicle treatmeotg (a) and BHA treatment

group (b).
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Fig. 6.9 - Effect of coumarin compounds on GSH lel&in mouse midbrain.Mice
were fed with vehicle (2% v/w arachis oil) or BHA.75%) or Umb (0.5%) or Esc
(0.5%) in vehicle for 7 days. Animals were euthadizmidbrains isolated and were
immediately frozen on dry ice and stored at’@80Homogenates were analysed for
GSH levels by enzymatic assay. Results are exgressthe mean = SD of 3-6 rats.
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6.5 Discussion

The focus of the current study was to evaluateetfects of dietary consumption of
coumarin compounds on the antioxidant defence systeorgans and tissues of rats
and mice. The results presented in this chapteodstirate that dietary consumption
of coumarin compounds can modulate antioxidanteggtote enzyme expression and
activities in several vital tissues including liverain and kidneys. These results also
confirmed that dietary consumption of coumarin compls elevated the

intracellular GSH levels, thus enhancing the antiant defences.

Induction of antioxidant enzymes can protect frdectophile and reactive oxygen
species toxicities by wide variety of mechanism&ede mechanisms include
conjugation with endogenous ligands, modificatidnreactive molecules that can
damage cellular components and generation or augtienof cellular antioxidants
(Talalay, 2000). Induction of antioxidant enzymegears to be part of a generalised
mechanism of protection against electrophiles aattive oxygen species, thereby
ameliorating the risk of damage to cellular compugse Antioxidant responsive
element (ARE) or electrophile responsive elememR[E) is involved in triggering
the transcription of a battery of genes encodirtgxdfcation enzymes (Rushmore et
al., 1991, Rushmore and Pickett, 1990). The gehat dre driven by ARE and
induced co-ordinately include NAD(P)H: oxidoredsgta (Nioi and Hayes, 2004,
Jaiswal, 2000), heme oxygenase 1 (HO1) (Presteral.etl995), glutathione-S-
transferases (GSTs) (Rushmore and Pickett, 19909;keto reductases (AKRS)
(Ellis et al., 2003), -glutamylcysteine synthase-GCS) (Wild and Mulcahy, 1999).

NQO1 gene is a part of cellular defence mechanisat is responsible for the
induction of several other protective genes in oesp to electrophilic and/or
oxidative stress. As mentioned before, NQO1 catslyisvo-electron reduction of
quinones, which do not result in the formation i&ef radicals and highly reactive
oxygen species, thus involved in chemoprotecticevg@nting cells from oxidative
damage and xenobiotics (Joseph and Jaiswal, 199d et al., 1982). Studies show
that NQO1 (-/-) mice exhibit increased toxicity whexposed to the oxidant,

174



menadione compared to the wild type NQO1 (+/+) miceng Il and Jaiswal,
unpublished). Our studies revealed that administrtabf coumarin compounds in
diet for seven days significantly increased thereggion and activity of NAD(P)H:
oxidoreductase 1 (NQO1) in various tissues inclgdiiver, brain and kidneys.
Previous studies show that treatment with anthaogammelatonin, increased the
expression of NRF2 and NQO1, and protected fromethginitrosamine-induced
liver injury in rats (Hwang et al., Jung et al.,08). Studies also reveal that NRF2-
mediated expression of NQO1 can protect rats froxdabive stress-induced
traumatic brain injury (Hong et al.). These resudtgygest that dietary intake of
coumarin compounds induce NQOL1 expression in skwssaies and hence may

protect cells from oxidative stress and xenobiotics

Heme oxygenase (HO) is a protective enzyme thaedponsible for the catalytic
conversion of heme to biliverdin, which is enzyroally reduced to bilirubin. The
present study shows that the dietary consumptionooimarin compounds induce
HO1 in rat liver and brain. Previous studies showat ttreatment with curcumin,
anthocyanins and melatonin increased NRF2-meidat€dl expression and
protected rats from dimethylnitrosamine-inducecktivnjury (Farombi et al., 2008,
Hwang et al., Jung et al., 2009). The NRF2-mediatgaression of HO1 has been
also previously shown to protect rats from oxidatstress-induced traumatic brain
injury (Hong et al.). These observations indicdtat tthe coumarin compounds
induce the expression of HO1 and might act as cpeotective agents preventing

tissues from oxidants and other toxic substances.

Glutathione S-transferases are enzymes that aoévet/ the catalysis of nucleophilic
attack by reduced glutathione on non-polar compsuahtaining an electrophile
resulting in detoxification (Hu et al., 2006, Nairal., 2006). In addition, GSEdso
detoxify products of biological oxidation. In theurcent study it is shown that
coumarin compounds up-regulate the expression nbuws enzymes of the GST
family in various tissues such as brain, liver &mheys. Previously, treatment of
rats with anthocyanins protected from dimethylrsgnmine-induced liver injury by
the up-regulation of NRF2 and GSTHwang et al.). Earlier studies also show that
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administration of BHA and ethoxyquin increased &xpression of GSTs in mice
(Hayes et al.,, 2000) and rats administered withnwmn prevented them from
aflotoxin B1-induced hepatocarcinogenesis (Kellyakt 2000).These observations
indicate that consumption of coumarin rich diet migenerally prevent these tissues

against oxidative damage and related pathologmadlitions.

Aldo-keto reductases (AKRs) are enzymes that cagatpmpounds via NAD(P)(H)-
dependent reduction or oxidation reactions (Jin dPehning, 2007). AKR
metabolism of xenobiotics often prepares substfatephase 2 conjugation by
sulfotransferases or UDP-glucuronosyl transferasgksnately leading to excretion
of the product. In the present study, the dietarysamption of coumarin compounds
induced the expression of AKR1A3, AKR7A1l and AKR7Ad various rodent
tissues including liver, brain and kidney. Previ@evidence reveals the role of aldo-
keto reductases in protecting cells from aldehytebketones. The human AKR1A1l
has been shown to be involved in the reduction ref teactive dicarbonyl,
methylglyoxal (Vander Jagt et al., 1992). In aduifi overexpression of AKR1A3
increased protection from deoxyglucosone and mehyykal induced cytotoxicity
(Suzuki et al., 1998). AKR1A enzymes are also kndwrplay a vital role in the
detoxification of reactive aldehydes generatedugholipid peroxidation reactions.
AKR1A1 is capable of reducing highly reactive carbocompounds including
acrolein and 4-hydroxynonenal (4-HNE) (O'Connorakt 1999) and hence could
prevent cells from these lipid peroxidation produdnother member of the AKR
family, AKR7A1 was shown capable of reducing afloto dialdehyde and other
aldehydes and ketones (Ellis et al., 1993, Elligl dhayes, 1995). AKR7Al
overexpression in V79 cells was shown to offer getibn against acrolein induced
toxicity (Gardner et al., 2004). This evidence sglg that AKRs may play an
important role in the reduction of toxic aldehy@da®l ketones, and resulting reactive
oxygen species in the biological system. Hencdadiesupplementation of the tested
coumarin compounds may offer protection againsticityx induced by lipid

peroxidation products such as acrolein and 4-HNE.
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6.6 Conclusions

In conclusion, the results suggest that dietarypkumpentation of coumarin
compounds, umbelliferone, esculetin, fraxetin amdpsletin, present in fruits,
vegetables and herbs induces the expression afxatdnt and protective enzymes
such as NQO1, HO1, GSTs and AKRs in several tissgdiests and mice. The
induction of antioxidant enzymes is consideredrasféective and sufficient strategy
in protection against deleterious effects of etguiiles and reactive oxygen species.
Hence, dietary supplementation of these coumarimpoands at non-toxic
concentrations has the potential to protect agamst effects of electrophiles and

reactive oxygen species.
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CHAPTER 7

SUMMARY AND GENERAL DISCUSSION
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7. Summary and General Discussion

Oxidative stress has been implicated in variousrafged diseases such as cancer,
neurodegenerative diseases, cardiovascular disaasesthers (Halliwell B., 2007,
Valko et al., 2007). Several epidemiological stachave suggested that consumption
of fruits and vegetables rich in phytochemicals&isimple but realistic strategy to
prevent these diseases (Block et al., 1992, CaGastelvetri et al., 2000, Reddy et
al.,, 2003, Mathew et al., 2004). However, earlidinical studies involving
antioxidants such as vitamin E, vitamin C, N-acefydteine and glutathione did not
show any significant beneficial effects on patief@asetta et al., 2005). Recently,
researchers have focused on novel antioxidantegiest to target particular
organelles such as mitochondria that are knownretegte huge amounts of ROS.
Studies are being carried out on mitochondria-targeantioxidant peptides, vitamin
E and ubiquinone to enhance the benefits of amtanitherapies (Kelso et al., 2001,
Smith et al., 1999, Zhao et al., 2004). In additiorihat newer compounds with the
potential to enhance the endogenous antioxidanendef systems including
antioxidant transcriptional regulators to stimul&li@F2 and PGC-1are also being
investigated (Calkins et al., 2009, Clark and Sim2009). The huge resources of
natural products and diet-derived plant chemicedsbe&ing explored for compounds
primarily with the capacity to enhance endogenauszgidant defences in addition
to their intrinsic antioxidant properties (Linsema2009, Vincent et al., 2009,
Tanigawa et al., 2007). The interest to explore lbge resources of diet derived
compounds has gained importance as many age-reletegases are constantly being
associated with cellular damage caused by reactygen species and other free

radicals.

Plant-derived coumarin compounds are present inige wange of fruits and
vegetables, with a low toxicity profile and readsadability in variety of daily food.
Umbelliferone (7-hydroxycoumarin; Umb) and escule{6,7-dihydroxycoumarin;
Esc) are coumarin derivatives found in plants wtloven antioxidant and free

radical scavenging properties. Previous studiesribesl in Chapter 1 show that
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these coumarin derivatives can effectively scaveinge radicals and inhibit lipid
peroxidation, which make them potential candidasstherapeutic agents against
oxidative stress-induced diseases. Despite thesengdions, little is known about
the protective effects and mechanism of proteciticited by these coumarin
derivatives on oxidative stress-induced damagerefbee in the present study the
chemopreventive properties of dietary coumarin coumgls against oxidant-induced
hepatotoxicity and neurodegeneration have beersiigated usingn vitro andin

vivo biological models.

7.1 Summary

7.1.1 Coumarins protect against ROS-induced hepatotoxicit

In Chapter 3, the protective effects of esculetinrhuman hepatoma HepG2 cells
against ROS induced by hydrogen peroxide and thehamésm of protection were
investigated. Cell survival, cell integrity, intedtular glutathione levels, generation
of reactive oxygen species and expression of ad@aokx enzymes were used as
markers to measure cellular oxidative stress asgorese to ROS. The protective
effect was compared to a well-characterised cheategtive compound quercetin.
Pre-treatment of HepG2 cells with sub-lethal (10u450) esculetin for 8h prevented
cell death and maintained cell integrity followiggh hydrogen peroxide exposure.
An increase in the generation of ROS following logkn peroxide treatment was
significantly attenuated by 8h pre-treatment wiitwdetin. In addition, esculetin
ameliorated the decrease in intracellular glutatbicaused by hydrogen peroxide
exposure.Moreover, treatment with esculetin for 8h increased expression of
NAD(P)H: quinone oxidoreductase (NQO1) and supelexismutase 1 (SOD1) at
both protein and mRNA levels significantly. Esciretreatment also increased
nuclear accumulation of NRF2 by 8-fold indicatitgt increased NQO1 expression
is NRF2-mediatedThese results indicate that esculetin protects hnuhepatoma
HepG2 cells from hydrogen peroxide induced oxidaiinjury and this protective is
provided through a combination of the ROS scavengifect, maintenance of redox
status and NRF2-mediated induction of NQO1 gene.
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To further widen the understanding of this protexteffect of esculetin against
oxidative damage, the aim of the study in Chapterad to investigate the effect of
esculetin on ROS-induced hepatotoxicity usingiravivo rat model. Male Wistar
strain rats were fed with the coumarins, umbelifer (0.5% w/w) and esculetin
(0.5% wiw), in diet for 7 days. Following the coumnatreatment the rats were
administered with NDEA to induce oxidative damage liver. The rats were
sacrificed after 48h of NDEA administration and trepatic injury was analysed by
measuring lipid peroxidation and glutathione levalshe liver, serum biomarkers as
well as histopathological studies. The protectiffeats of coumarins were compared
with a positive control BHA, a potent antioxidamidaan antioxidant enzyme inducer
(Kelly et al., 2000). Results showed that NDEA anistration caused severe liver
damage with elevated lipid peroxidation levels,ldtga glutathione levels, variation
in serum biomarkers and changes in histologicatagdtars of hepatocytes. NDEA
administration showed a marked increase in LPOIdey®01 nmol/mg protein)
compared to vehicle administered control group (@6ol/mg protein) but rats
supplemented with Umb and Esc showed up to a 44% 40P decrease,
respectively in LPO levels. Rats administered WWBEA showed a sharp 50%
decrease in hepatic GSH levels however the counsamplementation completely
prevented NDEA-induced GSH depletion in rat livAr.severe increase in ALT
levels to 97% after NDEA administration was inhgioit by Umb and Esc
supplementation by 80% and 87%, respectively. @ityil NDEA-induced reduction
in serum albumin levels was inhibited by Umb andc By 2% and 11%,
respectively. In the histopathological studies, MDiEeated mouse liver showed loss
of cell architecture and characters of necrosis,poe-treatment with Umb and Esc
showed mild necrosis and a regeneration of heptasayas observed. In addition,
the consumption of coumarins by rats showed afstgnit increase in the expression
of antioxidant enzymes NQO1, HO1 and GSTP1 inivatr.l| These results suggest
that dietary supplementation of these coumaringepted rats against NDEA-
induced oxidative damage and hepatotoxicity viaaeekbment of the endogenous
antioxidant defences and scavenging NDEA-induced® Ré&duction. The findings
on the hepatoprotective effects of coumarins is #tudy are summarised in Table
7.1.
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Table 7.1 - Hepatoprotective effects of coumarins

Assay/Parameter

Hepatoprotective effects of coumarins on oxidative

stress-induced toxicity in HepG2 cells and rat live

In vitro (HepG2)

In vivo (Rat liver)

Esculetin Esculetin Umbelliferone
Increase in cell +++ ++ ++
viability (H,0, toxicity) (NDEA toxicity) (NDEA toxicity)
Reduction of ROS ++
_ NA NA
generation (H,0; toxicity)
Reduction of GSH ++ + +
depletion (H20; toxicity) (NDEA toxicity) (NDEA toxicity)
Reduction of
+
apoptosis/necrosis NA NA
] (H,0, toxicity)
biomarkers
Up-regulation of + (NQO1 + (NQO1
p' g +++ (NQO1) ( ) ( )
antioxidant enzymes + (HO1) + (HO1)
++ (SOD1)
+ (GSTP1) + (GSTP1)
Reduction of liver NA ++ ++
damage biomarkers (NDEA toxicity) (NDEA toxicity)
Reduction of ++ ++
. . NA
histological changes (NDEA toxicity) (NDEA toxicity)
Reduction of lipid NA ++ ++
peroxidation (NDEA toxicity) (NDEA toxicity)

NA: Not applicable
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7.1.2 Coumarins protect against ROS-induced neurodegeriiena

In view of the potent protective effects of esauletnd umbelliferone against ROS-
induced hepatotoxicity, their effect on ROS-inducee@urodegeneration was
investigated. As described in chapter 5, the ptoeceffects of esculetin against
hydrogen peroxide and MPfhduced oxidative stress was investigated in SH8Y
neuroblastoma cell lines. The effect of hydrogeroxide and MPPon cell growth
was determined by MTT assay and thgyl®@ere found to be approximately 0.38 +
0.02mM and 0.025mM respectively. To evaluate thero@otective effect of
esculetin, the cells were pre-treated with subetogoncentrations of esculetin
(25uM), umbelliferone (25uM) and quercetin (40uM)y Bh and various biological
markers of cellular oxidative stress were deterchirihe MTT assay showed that
hydrogen peroxide and MPRexposure is toxic to SH-SY5Y cells and the pre-
treatment with esculetin (25-50uM) increased aaf/val during hydrogen peroxide
toxicity in a dose-dependent manner. However, esicupre-treatment did not show
any increase in cell viability in MPPtoxicity. To determine the antioxidant
properties of esculetin, generation of reactivegexy species (ROS) was measured
using a fluorescent probe and the results showadBth pre-treatment with esculetin
and umbelliferone effectively scavenged the fororatf intracellular ROS induced
by hydrogen peroxide and MPPMoreover, the redox status of the cell was
measured by estimating the total glutathione lewaisl esculetin pre-treatment
prevented GSH depletion in,8.-induced stress in SH-SY5Y cells. Umb and Esc
showed a similar preventive effect on GSH decréa$édPP-induced toxicity. Pre-
treatment with Umb and Esc also inhibited increiasBax expression after MPP
exposure in SH-SY5Y cells. Furthermore, esculetid ambelliferone induced an
increase in the expression of the antioxidant emzywopper/zinc superoxide
dismutase (SOD1), in SH-SY5Y cells. These resultggest that esculetin and
umbelliferone protect neuronal cells from hydrogseroxide and MPRinduced
oxidative damage by mechanisms including scavend@fS, regulation of the
cellular redox status, inhibition of apoptosis amduction of the antioxidant enzyme
SODL1.
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The neuroprotective effects of Umb and Esc in neairaells and their known

capacity to cross the blood brain barrier led tothier investigation on these
compounds usin vivo neurodegeneration models. The study describetiapter

5 examines the neuroprotective effects of umbetiifie and esculetin against
oxidative stress-induced neurotoxicity by 1-methyphenyl-1,2,3,6-

tetrahydropyridine (MPTP) in C57BL/6J mice. MPTP uses nigrostriatal

dopaminergic neurotoxicity and behavioural impaintsein primates and rodents,
and has been used as a model of Parkinson’s dif@aassessing neuroprotective
agents. Previous studies suggest that reactiveeoxggecies and nitric oxide are
involved in MPTP-induced neurotoxicity (Rossetti at, 1988), (Przedborski and
Vila, 2003). Dietary administration of umbellifer®nand esculetin significantly
attenuated MPTP-induced neurotoxicity in the SuligaNigra but not striatum, as
measured by tyrosine hydroxylase immunostaininge Thumarins prevented the
MPTP-induced increase in 3-nitrotyrosine immunotiedy, and MPTP-dependent
GSH depletion. Umbelliferone and esculetin alsoibitéd the MPTP-dependent
elevation in biomarkers of apoptosis and activatddrdJNK. These results suggest
that umbelliferone and esculetin protect againstTRHhduced neurotoxicity in

mouse brain by inhibiting ROS and peroxynitrite quction, which leads to a
reduction in JNK activation and apoptosis. It wéabserved that the coumarins
enhanced the antioxidant defence system by upaggulof the protective enzyme
NQO1 and GSTP1 in SNpc. These results show thatively low doses of these
compounds can lead to molecular and cellular crangéhin SNpc, enhancing

oxidant defences and thereby protecting againgtonal cell death. The findings on

the neuroprotective effects of coumarins in thislgtare summarised in Table 7.2.

7.1.3 Coumarins and the induction of NRF2-ARE-dependenntaoxidant

protective enzymes

The study in Chapter 3 indicates that esculetiattnent induced the expression of
NQO1 in HepG2 by the activation of NRF2-ARE pathwiyline with these results,
the capacity of the coumarin compounds includirauksin, umbelliferone, fraxetin
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Table 7.2 - Neuroprotective effects of coumarins

Neuroprotective effects of coumarins on oxidativetsess-induced

toxicity in SH-SY5Y cells and mouse brain

Assay/Parameter

In vitro (SH- ) ) o
In vivo (Mouse brain; MPTP toxicity)
SY5Y cells)
Esculetin Striatum SNpc/midbrain

Increase in cell

viability

++ (H202 tOXlClty)

- (MPP" toxicity)

- (Esc,Umb:TH staining)

+ (Esc,Umb:TH staining)

+ (Esc,Umb:Nissl staining)

+ (Esc, Umb:Nissl staining

Reduction of ROS

+ (H202 tOXlClty)

_ NA NA
generation - (MPP" toxicity)
Reduction of GSH| + (H,0, toxicity) ++ (Esc, Umb) + (Esc)
depletion + (MPF' toxicity) ++ (Umb)

Reduction of
apoptosis/necrosis

biomarkers

++ (Bax levels)

++ (Esc: Caspase 3)

- (Umb: Caspase 3)

++ (Esc, Umb: Caspase 3

++ (Esc, Umb: Bax)

++ (Esc, Umb: Bax)

+++ (Esc, Umb: cytosolic

Cytochrome C)

NA

Up-regulation of

++ (Umb: NQO1)

+ (Esc, Umb: NQO1)

antioxidant + (SOD1)
- (Esc, Umb: GSTP1)| + (Esc, Umb: GSTP1)
enzymes
Reduction of
o ++ (Esc, Umb) +++ (Esc, Umb)
peroxynitrite NA
production
Activation of JNK ++ (Umb)
NA ++ (Esc, Umb)
pathway - (Esc)

NA: Not applicable
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and scopoletin to induce various antioxidant enzymeediated by NRF2-ARE
pathway was investigated in vital organs such aspliver and kidney, in mice and
rats. The expression and activities of the antiaxidenzymes were measured by
immunoblotting and enzyme assays, respectively. akidition, intracellular
glutathione levels were also measured to estaltisteffect of these coumarins on
the redox status of the celietary supplementation of above mentioned coursarin
(0.5% w/w) to the rats for 7 days significantly neased the expression of NQO1,
HO1, AKR1A3, AKR7A1 and AKR7A4 enzymes in liver. Bddition, a significant
increase in enzyme activities of NQO1, GST, AKR &Rled, and total glutathione
levels were observed in the rat liver after treathwveith coumarinsParallel to these
changes, consumption of coumarins also increased ettpression of NQOL,
GSTY'8c/GSTA3, HO1 AKR1A3, AKR7Al and AKR7A4 in ratain. Moreover, in
rat kidney, coumarins elevated the expression ofONQGSTY'8c/GSTA3 and
AKR7A4 enzymes. In mice, consumption of coumarmgeased the expression and
enzyme activities of NQO1 and GSTP1 in midbrain.wideer, no significant
increase in total glutathione levels was observedmiouse midbrain after the
coumarin diet. These results suggest that Umb auadtieatment generally lead to
enhancement of the endogenous antioxidant defamzkthese coumarin compounds
possess potential therapeutic value against oxeldamage-induced liver, brain and

kidney diseases.

7.2 Discussion

In the present study, the coumarin compounds estaied umbelliferone decreased
ROS levels in cells after exposure to oxidants B@b-inducing toxins. In human
hepatoma HepG2 cells, esculetin showed a decreaBR®OS levels equivalent to a
known antioxidant quercetin (Tanigawa et al., 20®&imilarly, in neuronal cells

subjected to oxidant and neurotoxin-induced oxidatistress, esculetin and
umbelliferone exhibited ROS scavenging propertiesculetin has been previously
reported to exhibit strong quenching capacitiesragj@PPH and hydroxyl radicals,
whereas umbelliferone has been shown to scavermgeude radicals (Paya et al.,

1992a, Lin et al., 2000). This ROS scavenging éféé@sculetin and umbelliferone
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appears to be due the phenolic hydroxyl group(sthese coumarins and their
trapping capacities of unpaired electrons by mexdiris/drogen atom donation from
free hydroxyl radicals (Halliwell B., 2007).

Lipid peroxidation (LPO) products such as MDA, HNEgprostanes and acrolein
are associated with cancer and neurodegeneratseasis such as Alzheimer’s
disease and Parkinson’s disease (Neeley and Essigr2@06) (Dib et al., 2002),
(Zarkovic, 2003), (Lovell et al., 2001, Uchida &t 4998). In the present study, the
dietary administration of umbelliferone and esduoleteduced lipid peroxidation
levels induced by NDEA in rat liver. Previous sesli have reported that
umbelliferone (Paya et al., 1992a, Lin et al., 2088d esculetin (Paya et al., 1992a,
Lin et al., 2000) inhibit lipid peroxidation in digrent tissues. This lipid peroxidation
inhibition property of umbelliferone and esculetimay be attributed to their metal
sequestering ability, which prevents the initiatmhLPO process. In addition, the
presence ob-dihydroxyl (catechol) group in esculetin may irase its anti-lipid
peroxidation capacity (Paya et al., 1992a, Linl e22800).

The redox environment of the cell which regulatee tredox homeostasis is
represented specifically by their glutathione levéDroge, 2002, Schafer and
Buettner, 2001). The present study shows that thenarins umbelliferone and
esculetin maintain intracellular glutathione leyedthough their effect was slightly
inferior compared to the known antioxidants suclBHE# and quercetin. Previously,
an increase in intracellular glutathione by esaulbfis been reported in C57BL/6J
mice (Martin-Aragon et al., 1998). Elevated totdutgthione levels indicate
enhanced expression and/or activity of key enzynm®lved in glutathione
biosynthesis, such as the catalytic subunit ofaghste-cysteine ligase, glutathione
synthase and-glutamylcysteine synthetase GCS) (Lu, 2009) (Rodgers and Grant,
1998, Myhrstad et al., 2002, Scharf et al., 2003)addition, earlier studies have
shown that compounds such as isothiocyanate, Hisilliphide, quercetin and a
fraction of Ginkgo biloba extract increase -GCS activity and glutathione
concentration in cell lines (Scharf et al., 2008nBach et al., 2001). In line with

this, the observed increase in GSH levels aftemeaoin treatment indicates that
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additional glutathione is being synthesized withire cell following their pre-
treatment, which might be mediated through the eoéd expression of enzymes

involved in glutathione biosynthesis.

The mitochondrial pathway of apoptosis processgulated by proteins of B-cell
lymphoma 2 protein (Bcl-2) family, which containsogapoptotic and anti-apoptotic
factors. The stoichiometry between these pro-apigp@nd anti-apoptotic Bcl-2
family members regulates the cellular commitmenapoptosis (Oltvai et al., 1993,
Yang et al., 1995). Apoptosis can be detected byirtbreased expression of pro-
apoptotic Bax, cytosolic Cytochrome-c and caspasas3 well as decreased
expression of anti-apoptotic Bcl-XL (Galan et &001, Dietz et al., 2008, Tatton
and Kish, 1997). Mounting evidence suggest thalt @ehth-associated molecular
mechanisms may participate in neuronal cell deattieigenerative diseases (Rudin
and Thompson, 1997, Pettmann and Henderson, 11898)s study, the treatment of
mice with Umb and Esc lowers the MPTP-induced dlemaof Bax levels, inhibits
the consequent Cytochrome-c release and decreaagsase-3 induction in
dopaminergic neurons in mice. Previous studies shbat compounds with
antioxidant properties such as puerarin and (-yatgp prevent neurotoxicity by
inhibiting apoptosis in neuronal cell lines andmaais models by decreasing Bax
expression (Zhu et al.,, 2010, Magyar and Szend®4)20These observations
demonstrate that Umb and Esc can prevent neurgoaptatic cell death by

inhibiting the expression of pro-apoptotic Bax ot

Numerous studies have reported that MAPKs can dheced and regulated by ROS,
reviewed by Bubici and co-workers (Bubici et alQ08). One pathway that
contributes to the initiation of apoptotic cell tie@n neurodegeneration involves the
activation of c-Jun n-terminal kinase (JNK), a cam@nt of the stress-activated
protein kinase (SAPK) pathway (Levy et al., 200@@rtinent to this study, JNK has
been shown to be activated by ROS in neuronal ¢elisoney et al., 1999, Luo et
al., 1998). Moreover, JNK can then activate pratenvolved in cell death such as
p53, Bcl-2/Bcl-xL, Bax, and caspase-1 (Seimiyaletl®97, Levy et al., 2009), thus
providing a link between elevated ROS, JNK actomatnd apoptotic cell death. The
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present study reveals that treatment of mice withbland Esc reduces the MPTP-
induced activation of JNK in mouse brain. A simitaduction in the activation of
JNK was observed in mice administered with antiartdcompounds including NAC
and ginsenoside (Chen et al., 2005). This evidémdieates that this inhibition of
JNK activation by Umb and Esc may be due to thbilitg to attenuate MPTP-
induced increase in ROS levels.

The capability of Umb and Esc to cross the bloadrbbarrier (Sundt and Anderson,
1980, Barber et al., 2009) in addition to theirkmaability to directly scavenge ROS
(Paya et al.,, 1992b) may be one of mechanisms bighwthey contribute to

neuroprotection. Similar protective effects agaiWl®TP neurotoxicity have been
observed following treatment of mice with a rangd&mown antioxidant compounds
including edaravone (Kawasaki et al., 2007), cytesi(Ferger et al.,, 1998),
bromocriptine (Muralikrishnan and Mohanakumar, 19%fnsenoside (Chen et al.,
2005), deprenyl (Ebadi et al., 2002), and salicgliecd (Mohanakumar et al., 2000).
The proposed mechanism of neuroprotection by umfdrelhe and esculetin is

illustrated in Fig 7.1.

Induction of endogenous antioxidant enzymes appeaise part of a generalised
mechanism of protection against electrophiles aattive oxygen species, thereby
ameliorating the risk of damage to cellular compuséKensler, 1997, Talalay et al.,
1995). Antioxidant responsive element (ARE) or #&lgzhile responsive element
(EpRE) is involved in triggering the transcriptioh a battery of genes encoding
antioxidant and detoxification enzymes (Rushmorealet 1991, Rushmore and
Pickett, 1990). NRF2 is associated with Keapl m ¢ltoplasm, and the ability of
NRF2 to regulate the expression of protective gerseesassociated with its
accumulation in the nucleus (Nguyen et al., 2008Bhe current study in Chapter 3
shows that treatment of HepG2 cells with esculetereased the accumulation of
NRF2 in the nucleus and simultaneously elevatedettpgession of NQOL1 at both
protein and mRNA levels. Previously, the polyphema¢rcetin, a compound that has
been reported to up-regulate NQO1 expression & jattein and mRNA levels in

HepG2 cells was shown to accumulate nuclear NREJrastease NQO1 expression
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(Tanigawa et al., 2007). This evidence suggestse$euletin-induced protection of
HepG2 cells against oxidant-stress may be medlagddRF2-dependant expression
of NQO1l gene. The proposed mechanism of protectign esculetin and

umbelliferone is illustrated in Fig 7.1.

In addition, the present study also highlights¢hpacity of the coumarins including
umbelliferone, esculetin, fraxetin and scopolebtnirtduce various antioxidant and
detoxifying enzymes mediated by NRF2-ARE pathwayyital organs including

brain, liver and kidneys in mice and rats. The emey up-regulated by these
coumarins include NAD(P)H: quinone oxidoreductag®l®@O1), heme oxygenase 1
(HO1), glutathione-S-transferases (GSTP1 and GST®8TA3), and aldoketo

reductases (AKR1A3, AKR7Al1 and AKR7A4). From thesgservations it can be
speculated that the induction of these variety okyemes by the coumarin
compounds can protect against oxidative damagéfareht tissues. This protective
effect of these coumarin compounds may be attribtdetheir capacity to enhance
antioxidant defences by up-regulation of NRF2-AREpehdant antioxidant

enzymes.

Currently, several clinical trials are in progreasesinvestigate the chemopreventive
effects of resveratrol (trans-3,4’,5-trinydroxylls¢ine), a phytoalexin derived from
skin of grapes and other fruits. Evidence from niousin vitro andin vivo studies
has confirmed the potential of resveratrol as dicancer and neuroprotective agent,
which modulates various targets and signalling wais (Athar et al., 2007, Albani
et al.,, 2010). Similar to some flavonoids and othatioxidant enzyme inducers
resveratrol is also reported to induce endogenntisxadant system via activation of
the antioxidant transcription factor NRF2. Studsésw that resveratrol up-regulates
the expression of NRF2 target genes including N@@Q1 and -GCS (Ungvari et
al., 2010). However, resveratrol is also reportedatt through several other
mechanisms including modulation of inflammatoryp@asses (Zhang et al., 2010)
and activation of the sirtuin family member SIRTUmb and Esc, which also act
through similar antioxidant enzyme up-regulationchnism, are hence potential

candidates for further investigation as chemoprévemgents.
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Umbelliferone

1.Scavenge
ROS
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activation,
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3. Increase nuclear
accumulation of Nif2

nucleus

Gene
expression

4. Increase GSH Glutathione > Protection against
biosynthesis biosynthesis oxidative damage

Fig. 7.1 - Proposed mechanism of protection by edetin and umbelliferone

against oxidative damageThe proposed mechanisms are noted in grey boxes.
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In conclusion, the present study shows that the@adiecoumarin compounds,
umbelliferone and esculetin, have the potentigirttect or delay oxidative damage
and related hepatotoxicity or neurotoxicity in hummzell lines and rodent models.
The study also provides a mechanistic insight theomolecular mechanisms of the
protective effects of these coumarins, which appéarbe through enhancement of
the endogenous antioxidant defence systems iniaaddad their known antioxidant
properties. Interestingly, due to their capacitgitoss the blood brain barrier and low
toxic profile, these coumarins can be used as peotective agents, which should
benefit patients from chronic side effects, if aMoreover, owing to their simple
and stable chemical structures, the therapeutatnrent with these compounds can
be cost effective.

Future studies would be aimed at exploring thegqmtote effects of these coumarins
in NRF2 knockout transgenic mice to confirm theatieinship between their
protective effect and expression of NRF2-ARE dependintioxidant enzymes. In
addition, work can be done to target these comp®uatdvital sources of ROS

production such as mitochondria to study their fieia effects.
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Appendix B

Preparation of Buffers and solutions for SDS-PAGHd Western blotting:

SDS-PAGE

2x LSB (Laemmli’'s Sample BuffertM Tris-Cl pH 6.8, 3.13 ml; SDS 2g; Glycerol
9 ml; 2-Mercaptoethanol 5 ml; 2% Bromophenol blLeyl; dHO, 32 ml.

4% Resolving Buffer (Bottom Gel)Tris base, 90.8 g; SDS, 2 g. 450 ml of,@hvas
added and the pH adjusted to 8.8 with concentrdteld The solution was made up
to 500 ml with dHO and then filter sterilized.

4x Stacking Buffer (Top Gel)fris base, 15.14 g; SDS, 1 g. 200 mhL@kvas added
and the pH adjusted to 6.8 with concentrated HGé Jolution was made up to 250
ml with dH,0 and then filter sterilised.

1x Running BufferTris base, 3 g; Glycine, 14.4 g; SDS, 1 g; madéoublitre with
dH.0.

Generally, 10% acrylamide gels were used. The caitipo of gels was as follows:

Resolving Gel (10% Gel):

30% Acrylamide/bisacrylamide solution . 6.6ml,
4% Resolving Buffer :5.0 mi
Ammonium persulphate (APS, 100mg/ml) :100
TEMED 101
dH,O : 8.2ml.

Stacking Gel (5%Gel)

30% Acrylamide/bisacrylamide solution :1.64ml
4 x Stacking Buffer : 2.5ml
dH,O : 5.86ml
Ammonium persulphate (100 mg/ml) : 60
TEMED 101
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WESTERN BLOTTING

1 x Transfer BufferGlycine, 14.4 g; Tris base, 3 g; 800 mlHand made up to 1

litre with methanol.

10 x TBS (Tris-buffered Saline]l M Tris.Cl pH7.5, 100 ml; 4M NaCl, 375 ml.

1 x TBSTween (0.2% Tween)10 x TBS, 100 ml; Tween 20, 2 ml; made up to 1
litre with dH,0.

Blocking Solution (10%)5 g dried skimmed milk powder (Marvel) or boviserum
albumin (BSA); made up to 50 ml with 1 x TBSTween.
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