NOTE TO USERS

This reproduction is the best copy available.

k. ]






UNCOVERING THE MECHANISMS OF TRANS-ARACHIDONIC ACIDS:
FUNCTION AND IMPLICATIONS FOR CEREBRAL ISCHEMIA AND
BEYOND

by
Amna Kooli

Department of Pharmacology and Therapeutics
McGill University
Montréal, Québec, Canada

A thesis submitted to the faculty of Graduate Studies and Research, McGill
University in partial fulfilment of the requirements of the degree of Doctor of
Philosophy

August 2008

© 2008 Amna Kooli



Library and Archives Bibliothéque et

* Canada Archives Canada
Published Heritage Direction du
Branch Patrimoine de I'édition

395 Wellington Street 395, rue Wellington

Ottawa ON K1A ON4 Ottawa ON K1A ON4
Canada Canada
Your file Votre référence
ISBN: 978-0-494-66575-6
Our file Notre référence
ISBN: 978-0-494-66575-6
NOTICE: AVIS:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author’s permission.

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par l'internet, préter,
distribuer et vendre des théses partout dans le
monde, a des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats.

L’auteur conserve la propriété du droit d’auteur
et des droits moraux qui protége cette these. Ni
la thése ni des extraits substantiels de celle-ci
ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Canada

Conformément a la loi canadienne sur la
protection de la vie privée, quelques
formulaires secondaires ont été enlevés de
cette thése.

Bien que ces formulaires aient inclus dans
la pagination, il n’y aura aucun contenu
manquant.



I dedicate this thesis to my
parents, Slah and Najoua, my
sisters Zeineb and Yosr, my
late grandmother bibi Jnina,
my beloved grandmother bibi
Nefissa, to my extended
family who always showed
support and last but not least,
to Kais for always being there.

Mamma, Papa, jespére que
cet aboutissement est digne de
votre fierté et qu’il comble les
réves et les projets que vous
aviez pour moi. Cette theése,
du début jusqu’a la fin,
n’aurait pas ét€ possible sans
votre présence continue, vos
encouragements incessants et
votre amour inconditionnel.
Cette thése est faite en partie
pour vous et surtout grice a
vous. Merci de m’avoir donné
des bases d’éducation solides
surlesquelles j’ai pu grandir et
m’améliorer, d’étre présents
dans ma vie aussi bien dans
les moments difficiles de ce
parcours que les moments de
reconnaissance et surtout de
m’avoir appris tout ce que je
sais.

gpronnen,

il

Sl



TABLE OF CONTENTS

TABLE OF CONTENTS ]
ABSTRACT v
RESUME Vil
ACKNOWLEDGEMENTS 1X
LIST OF TABLES Xl
LIST OF FIGURES Xl
LIST OF ABBREVIATIONS AND SYMBOLS XV
CLAIMS OF ORIGINALITY XX
PUBLICATIONS AND CONTRIBUTION OF AUTHORS XX
CHAPTER 1: INTRODUCTION 1
RATIONALE AND OBJECTIVES OF RESEARCH 2
CHAPTER 2: LITERATURE REVIEW 8
2.1 CEREBRAL ISCHEMIA AND HYPOXIC-ISCHEMIC BRAIN INJURIES 9
2.1.1 ACCEPTED MOLECULAR MECHANISMS OF HYPOXIC-ISCHEMIC INJURY 13
2.1.2 CELLULAR VULNERABILITY IN CEREBRAL ISCHEMIC INJURIES. 20
2.1.3 CURRENT THERAPIES 25
2.2 NEUROMICROVASCULAR INJURY 28
2.2.1 ANATOMY OF THE CEREBRAL CIRCULATION 28
2.2.2 CEREBRAL AUTOREGULATION 31
2.2.3 MICROVASCULAR RESPONSE UPON INJURY 33
2.3 FREE RADICALS, REACTIVE SPECIES AND LIPID PEROXIDATION 40
2.3.1 REACTIVE OXYGEN AND NITROGEN SPECIES 41
2.3.2 SOURCES OF ROS/RNS 43
2.3.3 LIPID PEROXIDATION 48
2.3.4 DELETERIOUS EFFECTS OF ROS/RNS 56
2.3.5 MAIJOR DEFENCES AGAINST OXIDATIVE AND NITRATIVE DAMAGE 62
2.3.6 POTENTIAL ANTIOXIDANT THERAPIES IN THE ISCHEMIC BRAIN 66
2.4 TRANS-ARACHIDONIC ACIDS 72
2.4.1 BIOSYNTHESIS AND SOURCES OF TAA 72
2.4.2 METABOLISM OF TAA ISOMERS 76
2.4.3 BIOLOGICAL ACTIONS OF TAA 77
2.4.4 PUTATIVE RECEPTORS FOR TAA 78
CHAPTER 3: TRANS-ARACHIDONIC ACIDS INDUCE A HEME OXYGENASE-DEPENDENT
VASORELAXATION OF CEREBRAL MICROVASCULATURE 83 -

iil

gy,
L—



3.1 PREAMBULE 84

3.2 ABSTRACT 86
3.3 INTRODUCTION 87
3.4 MATERIALS AND METHODS 89
3.5 RESULTS 98
3.6 DISCUSSION 103
3.7 ACKNOWLEGMENTS 107
3.8 LIST OF ABBREVIATIONS 108
3.9 REFERENCES 109
3.10 TABLES 119
3.11 FIGURES 120

CHAPTER 4: TRANS-ARACHIDONIC ACIDS AND CEREBRAL MICROVASCULAR

DEGENERATION: IMPLICATIONS OF GPRAORECEPTOR =~~~ 131
4.1 PREAMBULE 132
4.2 ABSTRACT 134
4.3 ACKNOWLEDGMENTS 135
4.4 INTRODUCTION 135
4.5 MATERIALS AND METHODS 137
4.6 RESULTS 147
4.7 DISCUSSION 153
4.8 REFERENCES 158
4.9 FIGURES 167
CHAPTER 5: DISCUSSION, CONCLUSION AND PERSPECTIVES = 177
5.1 DISCUSSION 178
5.1.1 TREATMENT LIMITATIONS IN H1 INJURY 180
5.1.2 ROLE OF NITRATIVE STRESS IN HI INJURIES. 182
5.1.3 PIVOTAL ROLE OF TAA. 183
5.1.4 GPR40, A RECEPTOR FOR TAA., 186
5.2 CONCLUSION 189
5.3 PERSPECTIVES 191
CHAPTER 6: REFERENCES 193

APPENDIX A: CERTIFICATE ON THE USE OF ANIMALS AND RADIOACTIVE MATERIAL 269
APPENDIX B: PERMISSION TO REPRINT FROM PUBLISHERS AND COPYWRITE WAIVERS
274

iv

g,
—



ABSTRACT

Cerebral ischemia is the principal cause of morbidity and mortality worldwide. In
addition to neuronal loss associated with hypoxic-ischemic damage, cerebral
ischemia is characterized by a neuromicrovascular injury. Nitrative stress and
lipid peroxidation increase in hypoxic-ischemic damages and play an essential
role in neuromicrovascular injury leading to cerebral ischemia. We hypothesized
that newly described lipid peroxidation products, termed frans-arachidonic acids
(TAA), could be implicated in the pathogenesis of hypoxia-ischemia by affecting

the cerebral vasomotricity and microvascular integrity.

The effects of TAA on neuromicrovascular tone were tested ex vivo by monitoring
the changes in vascular diameter of rat cerebral pial microvessels. Four isomers of
TAA, namely 5E-AA, 8E-AA, 11E-AA and 14E-AA induced an endothelium-
dependent vasorelaxation. Possible mechanisms involved in TAA-induced
vasorelaxation were thoroughly investigated. Collectively, data enclosed revealed
that TAA induce cerebral vasorelaxation through the interactive activation of
BKc, channels with heme oxygenase-2. This interaction leads to generation of
carbon monoxide which in turn activates soluble guanylate cyclase and triggers

vasorelaxation.

Chronic effects of TAA on microvascular integrity were examined by generating a
unilateral hypoxic-ischemic (HI) model of cerebral ischemia on newborn rat pups.
Our HI model showed microvascular degeneration as early as 24h post-HI,
preceded by an increase in cerebral TAA levels. HI-induced microvascular lesions
were dependent on nitric oxide synthase activation and ensued TAA formation.
Although the molecular mechanisms leading to TAA-induced microvascular
degeneration were, in part uncovered for the retina, the primary site of action of
TAA remains unknown. We demonstrated that TAA binds and activates GPR40
receptor, a newly described free fatty acid receptor. Importantly, GPR40 receptor
knock-out prevents TAA-induced reduction in cerebral microvascular density and

limits HI-induced brain infarct.




These novel data depict a new biological role for TAA, reveal for the first time the
primary target of non-enzymatically produced lipid peroxidation products (TAA)
and identify a novel function for GPR40 receptor in the brain. These data impart
several interesting avenues for future therapeutic research involving TAA and

GPRA40 antagonism to limit the extent of ischemic brain injuries.
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RESUME

Les ischémies cérébrales constituent la principale cause de morbi-mortalité dans
le monde. En plus de la mort neuronale associée aux dommages hypoxiques-
ischémiques, les ischémies cérébrales sont caractérisées par une lésion
neuromicrovasculaire. Les stress nitratif et peroxydation lipidique augmentent
dans les dommages hypoxiques-ischémiques en jouant un rble essentiel dans
I’induction des Iésions neuromicrovasculaires conduisant & une ischémie
cérébrale. Nous avons donc émis ’hypothese, que les produits de peroxidation
lipidiques nouvellement décrits, appelés acides trans-arachidoniques (TAA)
pourraient étre impliqués dans la pathogénése des hypoxies-ischémies, en

affectant la vasomotricité cérébrale et I’intégrité microvasculaire.

Les effets des TAA sur le tonus neuromicrovasculaire ont été testés ex vivo, en
contrdlant les changements du diametre artériel des microvaisseaux piaux
cérébraux, chez le rat. Les quatre isoméres des TAA nommés SE-AA, 8E-AA,
11E-AA et 14 E-AA exercent une vasodilatation dépendante de 1’endothélium.
Les mécanismes possibles impliqués dans cette vasorelaxation induite par les
TAA ont été investigués de maniere approfondie. Les données incluses révelent
que les TAA induisent une vasorelaxation a travers une activation interactive des
canaux BKc, avec ’héme oxygénase-2. Cette interaction génére du monoxyde de
carbone qui, a2 son tour active la guanylate cyclase responsable de la

vasorelaxation cérébrale.

Les effets chroniques des TAA sur l'intégrité neuromicrovasculaire ont été
examinés en générant un modele animal d’hypoxie-ischémie (HI) unilatérale sur
des ratons nouveaux nés. Notre modéle d’HI a montré une dégénérescence
microvasculaire aussi t6t que 24h aprés 1’induction du mod¢le, précédée par une
augmentation des niveaux cérébraux des TAA. Les lésions microvasculaires
induites par le modele de HI sont dépendantes de 1’activation de 1’oxyde nitrique
synthase et par conséquent de la formation-des TAA. Alors que les mécanismes

moléculaires amenant a la dégénérescence microvasculaire induite par les TAA




ont déja été démontré au niveau de la rétine, la cible primaire des TAA demeure
inconnue. Nous avons démontré que les TAA lient et activent le récepteur GPR40,
nouvellement décrit comme récepteur des acides gras libres. De plus, 1’ablation
génique de GPR40 prévient la réduction de la densité vasculaire cérébrale induite

par les TAA et limite I’infarctus cérébral induit par I'HI.

Ces nouvelles données illustrent un nouveau rble biologique des TAA, révélent
pour la premiére fois une cible primaire pour des produits non enzymatiques de
peroxydation lipidique (les TAA) et identifient une nouvelle fonction pour le
récepteur GPR40 au niveau du cerveau. Ces données conferent plusieurs axes
intéressants pour la recherche thérapeutique impliquant les TAA et I’antagonisme

de GPRA40 afin de limiter les dommages ischémiques cérébraux.
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CHAPTER 1: Introduction



Rationale and objectives of research

Cerebral ischemia is the most common cause of acute stroke worldwide.
Considered as the third leading cause of death in the United States, cerebral
ischemia is the number one cause of permanent disabilities. In recent years,
advances in medical and therapeutic interventions have significantly improved
ischemic patients’ survival rate in developed countries. It is estimated that
approximately 700,000 Americans suffer brain ischemic episodes every year and
75% of them survive beyond 5 years (Sarti et al. 2000; Thom et al. 2006). More
than half of those survivors must cope with complications and long-term
disabilities: 62% will exhibit motor impairments (Bonita et al. 1988) and 43% will
exhibit moderate to severe neurological deficits (Kelly-Hayes et al. 2003). Thus,
yearly, around 300,000 Americans live with irreversible deficits due to brain

damage.

Cerebral ischemia greatly affects premature infants as well. From 90% of
premature newboms who survive in the United States (Hoyert et al. 2001), 5-15%
will manifest major spastic motor deficits and an additional 25-50% will reveal
developmental cognitive and behavioural impairments resulting from brain injury
(Volpe 1997). Hence, approximately 25,000 prematures will show, at different
degree and age, permanent deficits due to brain injury. Understanding the
fundamental mechanisms underlying a cerebral ischemic-induced brain injury is

of foremost importance.




Two major forms of cerebral ischemia exist, namely global ischemia which
involves the entire brain (Martin et al. 1998) and focal ischemia which affects
restricted brain regions and occurs in a wide variety of clinical settings affecting
both adults and premature infants (Volpe 2001; Phillips 2008). Over the past
three decades, substantial progress has been made in elucidating the mechanisms
by which cerebral ischemia leads to brain injury. However, prevention of brain
damage has not similarly advanced due to an incomplete comprehension of the
pathogenesis and to increased survival rates over the years (Volpe 1997; Caplan

2004). Hence, cerebral ischemia remains the principal cause of morbidity.

A cerebral ischemic condition is associated with a shortage of oxygen supply and
blood flow to the brain caused by blockage or obstruction of the supplying blood
vessels (Inder et al. 2000; Durukan et al. 2007). The ensued reduction in cerebral
blood flow will initiate a cascade of distinct and complex pathophysiological
events including energy depletion, severe metabolic failure, generation of reactive
oxygen species (ROS) and cell death (Choi et al. 1990; Lo et al. 2003). These
events occur within minutes (Siesjo et al. 1998) and are responsible for multiple
hemodynamic, metabolic and ionic changes resulting in the disruption of the
blood brain barrier, dysregulation of vascular tonus and irreversible neuronal and
endothelial cell death. If prolonged, cerebral oedema and hemorrhagic
transformation will ensue (Dirnagl et al. 1999; Fagan et al. 2004). Thus, the
pathogenesis of cerebral ischemia presents both a vascular and neurological

component.




Upon ischemia and along with the subsequent reperfusion of the brain tissue,
there is an increased production of free radicals (FR) and reactive oxygen and
nitrogen species (ROS/RNS) (Kontos et al. 1992; Cuzzocrea et al. 2001; Kontos
2001). The excessive generation of FR can exceed the antioxidant capacity of the
brain and hence lead to brain injury (Dorrepaal et al. 1996; Fellman et al. 1997;
Chan 2001). This oxidative and nitrative stress is even more important in the
immature brain where the antioxidant defences are not fully developed (Braughler
et al. 1989; Hall et al. 1989; Ferriero 2001; Warner et al. 2004). The brain tissue
constitutes a reservoir of poly-unsaturated fatty acids (PUFA) which content
increases during cerebral ischemia (Bazan et al. 1970; Siesjo et al. 1983). This
latter renders the brain tissue very susceptible to FR attack and generation of
ensued lipid peroxidation products (Imaizumi et al. 1986). Whereas the
fundamental contribution of FR and ROS/RNS formation is widely accepted in
cerebral ischemia-induced injury, the specific role of lipid peroxidation products

and possible mediators in the pathogenesis remains unclear and poorly defined.

Trans-arachidonic acids are newly described lipid peroxidation products formed
via the cis-trans-isomerization of arachidonic acid by the free radical NO,*
(Balazy 2000). This non-enzymatic reaction produces four stable isomers of
trans-arachidonic acids (TAA), namely 5E-AA, 8E-AA, 11E-AA and 14E-AA
where S5E-AA and 8E-AA are endogenous (Balazy 2000) and not found in diet
(Ferreri et al. 2002). Levels of TAA were found increased during nitrooxidative
stress, in the retina of both newborn and adult rodents (Kermorvant-Duchemin,

Sennlaub et al. 2005; Xu et al. 2008). TAA lead to selective retinal endothelial




cell death and microvascular degeneration via the overexpression of the anti-
angiogenic factor thrombospondin-1 (TSP-1) (Kermorvant-Duchemin, Sennlaub
et al. 2005) in an endothelial nitric oxide synthase (eNOS)-dependent manner.
Despite these few advances in identifying a biological role for TAA, a full
understanding of their mode of action, as possible mediators of nitrative stress, is

yet to be investigated.

Based on these considerations, we hypothesized that trans-arachidonic acids,
produced upon nitrative stress, are major players in the genesis of a cerebral
ischemic condition by affecting the vasomotor tone and survival of cerebral

microvasculature.

In order to address this hypothesis, the following objectives were established:

1) Determine the acute effect of cis-arachidonic acid and trans-arachidonic
acids isomers on cerebral vasomotor tone in a concentration-dependent
manner. Vasomotor studies were performed on adult rat brain pial
microvessels. The vascular diameter was measured before and after each

topical application of increasing concentrations of cis-/trans-AA.

2) Identify plausible mechanisms involved in TAA-induced vasomotor
changes of cerebral microvessels using several pharmacological inhibitors
and performing various biochemical assays and measuring levels of

vasodilator second messengers (NO, CO, cGMP, cAMP, EDHF).

3) Examine the involvement of nitric oxide synthase (NOS), lipid

peroxidation and nitrative stress in the hypoxic-ischemic animal model of




4)

5)

6)

cerebral ischemia by determining their effect on the brain vasculature and

infarct size following injury.

Examine the direct role of TAA in the hypoxia-ischemia model. Brain
TAA levels were measured ir vivo in a time dependent manner by tandem
MS/MS. The effect of TAA on brain vasculature was assessed in vivo by
intracerebral ventricular (ICV) injections and ex vivo by treatment of brain
explants. Vascular density was measured using a microvascular specific

marker staining (lectin).

Study the involvement of free fatty acid receptor 1 (FFAR1/GPR40), a G,
coupled receptor, as a possible target for TAA by performing binding
assays. Assessing the functionality of this receptor was done by measuring
the release of calcium by FURA-2AM and evaluating the role of MAPK

by western blot.

Finally, the role of GPR40 in the hypoxic-ischemic model was looked at
using gpr40 knockout mice. Vascular density and infarct size were

assessed using lectin and TTC staining, respectively.

The literature review included in the following chapter describes the current

concepts of a cerebral ischemic pathogenesis, the cellular and molecular

mechanisms implicated in hypoxic-ischemic brain injuries, the importance of

free radicals, ROS and RNS in cellular responses, as well as, the synthesis,

metabolism and biological role of TAA. Data showing the role of TAA in the

cerebral vasomotor response by a mechanism involving heme oxygenase 2




and carbon monoxide is presented in Chapter 3 (Kooli et al., 2008). Evidences
that TAA exert a chronic severe effect on cerebral vasculature in HI injury via
the activation of GPR40 (Kooli et al., 2008) are presented in Chapter 4. A
global discussion of the data obtained, a conclusion and perspectives can be

found in Chapter 5.




CHAPTER 2: Literature review




2.1 Cerebral ischemia and Hypoxic-ischemic brain injuries

Cerebral ischemia refers to neurological symptoms that result from the
obstruction of one of the major cerebral arteries, leading to a severe reduction
in cerebral blood flow (CBF) (Figurel). Ischemic brain injuries, also referred
to as hypoxic-ischemic injuries, occur in several clinical settings. The most
common is focal brain ischemia characterized by a localized disruption to one
part of the brain. Less commonly, cerebral ischemia results from the absence
of CBF to the entire brain as occurs during cardiac arrest (global ischemia). In
premature infants, however, a different form of brain injury occurs, named
periventricular leukomalacia (PVL) sharing some pathophysiological

similarities with the latter clinical settings.

A,

Figure 11 Angiography (A-B) shows an occluded right carotid artery (arrow)
in A. (B) After treatment, carotid artery shows complete clot lysis and restored
blood flow. Adapted from Furlan A, 1999 (Furlan et al. 1999).

In adults, normal CBF is about 50 to 55 mL/100g/min. If the CBF drops

below 16 to 18 mL/100mg/min, electrical activity ceases (Sharbrough et al.




1973; Heiss et al. 1976) and if it dips below 12 to 10 mL/100mg/min,
neuronal metabolism stops (Harris et al. 1981; Mies et al. 1991). The brain
vulnerability following cerebral ischemia depends on both, the severity of the
ischemic insult (reduction of blood flow) and the duration of blood flow loss.
In global ischemia, the CA1l sector and dentate hilus of the hippocampus,
cortical projection neurons in layer 3, dorsolateral striatum and Purkinje
neurons in the cerebellum are most vulnerable. In contrast, focal ischemia
forms a core of severe hypoperfusion when flow is reduced to 18-10
mL/100g/min (Mies, Ishimaru et al. 1991). Adjacent to the core is the
penumbra, a peripheral zone of moderate to mild ischemia where residual
blood flow may be only mildly depressed and transiently sustain tissue
viability (Hossmann 1994) (Figure 2). If not perfused early, the ischemic core
evolves into an ischemic infarct where all cellular components are necrotic

and salvage of rapidly dying brain cells become unfeasible.

Figure 2| The ischemic
penumbra. Note that from
the onset of ischemia-
reperfusion, the core and
penumbra are very dynamic
in space and time. Taken
from (Hossmann 1994)

Focal ischemia is characterized by lesions in the gray matter as well as the
white matter (Bramlett et al. 2004). More specifically, the gray matter regions

affected by hypoxia-ischemia consist of the cerebral cortex, thalamus,
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hippocampus and cerebellum (Vite et al. 2008). These structures suffer
atrophy where their respective volume is prominently reduced (Stebbins et al.
2008). A necrotic lesion occurring in these sites could have a great effect on
cognitive functions and depending on the precise localization of the injury, it
may influence the type of cognitive deficit observed. Among the cognitive
domains affected, the most vulnerable are: orientation, attention, language,
visuospatial skills and
psychomotor speed (Stebbins, e
Nyenhuis et al. 2008). In
addition to damage to gray
matter structures, white

matter vulnerability is also

observed in hypoxic-ischemic

conditions. Because the white

Figure 3| Arterial supply to an adult
human brain demonstrated from a
than in gray matter due to cross section of the cerebrum. Taken

from Oechmichen M, 2006 (Oechmichen
little collateral blood supply et al. 2006).

matter blood flow is lower

in white matter deep regions (Nonaka et al. 2003) (Figure 3), structures are
more susceptible to hypoxia-ischemia and suffer rapid cell swelling and
severe tissue oedema (Lo, Dalkara et al. 2003). Due to the extraordinarily
richness of the white matter in fibres that ensure connectivity within, and to all
brain regions, damages to its structures result in myelin damage/loss and could
lead to severe consequences on behavioural neurology (Filley 2005) (Figure

4). In the perinatal period, Hl-induced damage to subcortical fiber tracts and




oligodendrocytes progenitor cells result in long term demyelination which is a
major etiology of cerebral palsy (Volpe 2001). The diffuse component of
hypoxic-ischemic insults are not easily detected by current imaging techniques
(Kohrmann et al. 2006), although, recently developed techniques named
diffusion weighted magnetic resonance imaging and voxel-based
morphometry seem to greatly facilitate the diagnosis (Barth et al. 2000;

Stebbins, Nyenhuis et al. 2008).

The most dramatic outcome of cerebral ischemia is neuromicrovascular injury
which affects the integrity of the cerebral microvasculature resulting in the
disruption of the blood brain barrier (BBB) and dysregulation of the vascular
tonus (Fagan, Hess et al. 2004). These events will eventually lead to cerebral
oedema and hemorrhagic
transformation.  Progressive
brain oedema results in
neurological deterioration
caused by tissue shifts
compressing  the  midline

structures and leading to

i i

Figure 4| Schematic diagram of herniation  (Qureshi et al

corticospinal tracts. Fibers are 2003). While cerebral oedema
descending from the motor cortex, past

the periventricular region (Square- could only be triggered by the
shaped areas), to the spinal cord. Taken
from (Filley 2005) disintegration of BBB or

malfunctioning of ion pumps,




hemorrhagic transformation may occur spontaneously due to the increase of
use of thrombolytic stroke therapy (Passero et al. 2001; Vahedi et al. 2002).
These severe complications have a fatal outcome with a high mortality rate of

up to 80% (Hacke et al. 1996; Dzialowski et al. 2007).

Incidence of cerebral ischemia is greatest in people over the age of 55 and in
the most premature infants (younger than 32 weeks gestation at birth). The
major determinant factor in perinatal period, for the development of PVL, is
prematurity (Volpe 1997; Back et al. 2004). In adults, several factors could
intervene such as an elevated arterial blood pressure, arteriosclerosis, diabetes
and atrial fibrillation (Manchev et al. 2001). Two common characteristics
predispose, either premature infants or adults, to brain injury: failure in blood

flow autoregulation and intrinsic vulnerability of brain cells.

Failure of cerebral blood flow autoregulation is associated, in part, to
vascular immaturity in premature infants (Kuban et al. 1985; Nelson et al.
1991) and high blood pressure in adults (Paulson et al. 1990). Failure of
cerebral autoregulation results in a fall of both systemic blood pressure and
CBEF reflecting an exhausted vasodilatation leading to ischemia. Finally, brain
cells in general are very susceptible to brain ischemia and die irreversibly. In
the developing brain, oligodendrocytes are the most vulnerable due to their

immaturity and hence, their lack of anti-oxidative defences.

2.1.1 Accepted molecular mechanisms of hypoxic-ischemic injury




In order to understand the molecular mechanisms involved in the pathogenesis
of cerebral ischemia, it is particularly key to appreciate the normal function of

the brain.

The human brain consists of only 2% of the total body mass but, it consumes
over 15% of the total energy generated in the body (Drubach 2000). Most of
this energy is used by the extensive and continuous ion pumping to maintain
ion gradients necessary for electrical and synaptic functions in neurons
(Erecinska et al. 1994). The rest of the energy is used to support catabolic
activity in neurons and glial cells (Attwell et al. 2001). Thus, more than 80%

of the energy is devoted to neuronal excitatory signalling.

Because the brain has no energy stores of its own, most neuronal activity
depends on second-by-second delivery of glucose and oxygen from the blood
(Guyton AC 2000). Thus, glucose is an obligatory energy substrate of the
brain (Pellerin et al. 2002). Oxidative phosphorylation of glucose {glycolysis)
forms adenosine triphosphate (ATP) which is essential to fuel active ion
pumps. Hydrolysis of ATP is critical to maintain mainly (1) the
sodium/potassium-ATPase; the most important transporter for keeping high
intracellular concentrations of K* (about 155 mmol/L) and low intracellular
concentrations of Na® (about 12 mmol/L) (Keynes 1979) (2) the ATP-
dependent Ca®* pumps which exports calcium outside the cell in a 1:10,000
ratio (Carafoli et al. 1978) (3) Na*-Ca* exchange pump and (4) sequestration

of intracellular calcium at the endoplasmic reticulum level (Blaustein et al.
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1978). A schema summarizing the pathological events of cerebral ischemia is

displayed in figure 5.
HYPOXEMIA | ==  SYSTEMIC HYPOTENSION
- o »
— REGIONAL HYPOXIAHSCHEMIA
d - -
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f v Reuptoke Lipid Peroxidation
| - -
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Deloyed Newronal Death
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Figure 5| Pathophysiology of Hypoxia-Ischemia. PCr =
phosphocreatinine. FFA = free fatty acids. Taken from Siesjo BK
1981.

a) Energy depletion and ionic pump failure

Focal impairment of CBF restricts the delivery of both glucose and
oxygen within 10 seconds (Martin et al. 1994). In absence of glucose,
oxidative phosphorylation ceases and anaerobic glycolysis becomes
the only source of ATP producing less than 10% of the ATP needed

(Yamane et al. 2000). Moreover, without incoming blood supply,




b)

neurons and glial cells rely on pre-existing stores of glucose and
glycogen which are to be depleted within 3 minutes during ischemia
(Nestler et al. 2001). Consequently to these events, ion pumps fail. The
cessation of the Na'-K*-ATPase pump activity creates cellular
depolarization and action potential firing; thus activating voltage-
dependent Ca®* channels; responsible for the release of excitatory
amino acids (Katsura et al. 1994). At the same time, the energy
dependent processes, such as reuptake of excitatory amino acids, are
impeded, which further increases the accumulation of glutamate in the

extracellular space (Dirnagl, Iadecola et al. 1999).
Glutamate excitotoxicity

Glutamate excessive release is considered as the major excitatory
transmitter in the brain and trigger of enzymatic cascades in hypoxic-
ischemic brain injuries (Paschen 1996). Subsequently, binding of
glutamate to ionotropic NMDA (N-methyl-D-aspartate) and AMPA
(o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors
promote excessive influx of Ca®* (Park et al. 1989). Calcium overload
initiates an array of downstream phospholipases and proteases that
degrade membranes and proteins essential for cellular integrity (Chen
et al. 1997; Furukawa et al. 1997). In addition, ionotropic glutamate
receptors promote an excessive influx of sodium and chloride with

concomitant cell swelling and oedema (Bringmann et al. 2005). More
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recently, metabotropic glutamate receptors have been implicated in

ischemic cell death (Bruno et ai. 2001 ).

Oxidative and nitrative stresses

Activation of phospholipases and cyclooxygenases by calcium
engenders prostanoid formation and increase in oxygen radicals,
especially upon reperfusion. This phenomenon is particularly harmful
to the injured brain because levels of endogenous antioxidant enzymes
(i.e. superoxide dismutase, catalase and glutathione) and antioxidant
vitamins (for example; a-tocopherol and ascorbic acid) are normally
not high enough to match excess radical formation (Makar et al. 1994).
A hypoxic-ischemic episode is followed by a reperfusion phase (return
to normal blood flow and oxygen concentration) named ischemia-
reperfusion which contributes to more tissue damage (Pachori et al.
2004). During this phase, production of free radicals including
superoxide and hydroxyl radicals overwhelms endogenous scavenging
mechanisms and directly damage DNA, proteins, lipids and
carbohydrates. Moreover, activation of nitric oxide synthase (NOS),
during ischemia, leads to nitric oxide increase which combines with
superoxide to form a strong oxidant, peroxynitrite (Beckman et al.
1990) that promotes tissue damage (Beckman et al. 1996; Iadecola
1997). FR, ROS and RNS are known mediators of brain injury and
fundamental contributors to tissue damage (Beckman 1990; Makar,

Nedergaard et al. 1994; Kondo et al. 1997; Kroemer et al. 2000; Chan




d)

2001). Importantly, FR facilitate the disruption of the inner
mitochondrial membrane and the oxidation of proteins that mediate
electron transport and ATP production (Dugan et al. 1994; Kroemer
and Reed 2000). Subsequently, the mitochondrial membrane becomes
leaky due to the formation of the mitochondrial transition pore which
promotes mitochondrial swelling and a secondary oxygen radical burst
(Kristian et al. 1998). Due to the brain richness in polyunsaturated
fatty acids (Sastry 1985), presence of an excess in FR will facilitate
their attack on lipid membranes resulting in a significant formation of
lipid peroxidation products. These products influence the cellular
membrane fluidity, cell signalling and survival (Halliwell et al. 1993;
Acworth et al. 1997). In addition, FR can also serve as important

signalling molecules triggering inflammation.

Inflammation and cytokine production

Inflammation, a host defence mechanism that is initiated by injury or
infection, is a process through which blood/leukocytes and circulatory
factors attempt to restore tissue homeostasis (Bethea et al. 2002).
Following HI and endothelial damage, activated platelets interact with
the endothelium leading to a pro-inflammatory response (del Zoppo et
al. 2001). There is increasing evidence that inflammatory cytokines are
involved in the pathogenesis of cerebral ischemia (Feuerstein et al.
1994) ((Stoll et al. 1998). Most cells in the ischemic brain, including

endothelial cells, perivascular macrophages, microglia and astrocytes




e)

are able to produce the three major pro-inflammatory cytokines:
interleukin-1$ (IL-1 B), tumor necrosis factor-la (TNF- o) and
interleukin-6 (IL-6). These cytokines are found to be highly elevated
early after ischemic onset (Pringle et al. 2001; Hu et al. 2005; Aly et
al. 2006) and may lead to brain injury (Hagberg et al. 1996; Martin-
Ancel et al. 1997) and cell death (Lipton 1999). Among the proposed
mechanisms for the cytotoxic action, the most attractive ones being:
disturbance in glutamate transport (Liao et al. 2001) and nuclear factor
k B (NFxB) activation (Hu, Nesic-Taylor et al. 2005). In addition to
their effect on BBB permeability, these cytokines also exert vasomotor

and vaso-occlusive effects (Vila et al. 2005).

Cortical spreading depression

As previously mentioned, reduction in CBF resulting in metabolic
distress can lead to a variety of ionic imbalance and cellular
depolarization. Experimentally, spreading depression waves will
spontaneously radiate concentrically out of an area of massive
depolarization. These ionic events contribute to neuronal damage in
vulnerable brain regions such as the penumbra (Mies et al. 1993; Back
et al. 1996; Busch et al. 1996). Although documented massively in
various injury models until recently, limited clinical evidence was
available to support the presence of these deleterious events
(McLachlan et al. 1994; Mayevsky et al. 1996; Back et al. 2003). In

this regard, the first evidence of this slow moving depression of




electrical activity has been demonstrated in the human neocortex

following HI (Strong et al. 2002).

2.1.2 Cellular vulnerability in cerebral ischemic injuries.

Most studies have focused primarily on neurons and to a lesser extent,

oligodendrocytes with little emphasis on endothelial cells and astrocytes.

a) Oligodendrocytes

Oligodendroglia cells are abundant in both gray and white matter of
the brain. Because they are the only cells in the central nervous system
(CNS) capable of forming myelin, oligodendrocyte (OL) damage has
most profound consequences for function in the CNS myelinated tracts
(Dewar et al. 2003). In the perinatal period, damage to the immature
OLs, particularly susceptible to HI, will cease the initiation of the
myelination process, necessary for acquisition of skilled motor
behaviour during development (Rivkin et al. 1995; Volpe 2001). The
differentiation of OLs proceeds through several stages by their
antigenic and morphologic characteristics (Raff 1989). Cerebral
oligodendrocytes arise from progenitor OLs that originate in the
subventricular zone and migrate into gray and white matter to
differentiate into mature OLs (Goldman 1995; Miller 1996). After
induction of ischemia, OLs display a swollen appearance with
pyknosis features as early as 3h post injury (Dewar, Underhill et al.

2003). Their acute vulnerability to ischemia is accompanied with a




b)

variety of structural abnormalities, including alteration in the Golgi
apparatus and endoplasmic reticulum and increases in perikaryal size
(Petito 1986; Migheli et al. 1988; LoPresti et al. 1995; Richter-
Landsberg 2000). Several pathogenic mechanisms have been shown to
initiate OLs injury including a decreased ability to cope with a
concomitant increase in ROS due to their high lipid and iron content
and low antioxidant defences (Kim et al. 1991; Oka et al. 1993; Husain
et al. 1995; Thorburne et al. 1996; Juurlink et al. 1998) and an
overactivation of glutamate receptors (Liu et al. 1995; Yoshioka et al.
1995; Matute et al. 1997; McDonald et al. 1998). In the developing
brain, OL survival requires sequential activation of trophic factors and
sustained contact with axons and astrocytes (Noble et al. 1984; Barres

et al. 1993; Barres et al. 1994).

Microvascular endothelial cells

Microvascular endothelial cells are part of the cerebral vascular
endothelium, which has classically been considered to be resistant to
cerebral ischemia (Garcia et al. 1971; Petito et al. 1982). However, a
series of strong evidence reported recently in the literature,
demonstrate the importance and vulnerability of microvascular
endothelial cells in HI injury (Petito et al. 1987; Cipolla et al. 1997;
Morris et al. 2003; Foroutan et al. 2005; Bastide et al. 2007). During
focal ischemia, cerebral endothelial cell damage occurs early and in a

progressive fashion (Cipolla, McCall et al. 1997). Accompanied with




endothelial cell death, damage to the vasculature contributes to post-
ischemic injury, exacerbating the initial brain damage (Pesonen et al.
1981; Yang et al. 1994; Legos et al. 2002). Mechanisms of endothelial
cell dysfunction and death implicate essentially increased ROS/RNS
formation as endothelial cell are an important source of FR (El Kossi
et al. 2000; Alexandrova et al. 2005; Bazan et al. 2005). Despite their
heterogeneity, cerebral microvascular endothelial cells form a tight
monolayer separating the blood from the parenchyma and protecting
the CNS (Pasqualini et al. 2002; Trepel et al. 2002). At this blood-
vascular-parenchymal interface, endothelial cells exert several
important functions: they regulate the blood flow through liberation of
vasoactive compounds, supply a non-fibrinergic surface and control
inflammation via the expression of adhesion molecules (Owman et al.
1988; Frijns et al. 2002; Atwood et al. 2003; Andresen et al. 2006).
Being in an anatomic relationship with the foot processes of astrocytes,
they form together the BBB (Goldstein 1988; Faraci et al. 1998;
Utsumi et al. 2000; Abbott 2002) which constitutes the primary barrier
to permeability (Risau et al. 1990). Thus, upon a HI insult, alterations
in the fine structure of microvascular endothelial cell would have a
severe impact on brain injury by disrupting the extracellular matrix,
activating coagulation factors, provoking leakage and breakdown of
the BBB and increasing the adhesiveness of inflammatory cells (Petty
et al. 2001; del Zoppo et al. 2003). These events result in brain oedema

and haemorrhagic complications by causing microvascular
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degeneration, regional ischemia and compromising cerebral
hemodynamic regulation (del Zoppo et al. 1993; de Vries et al. 1997;

Barone et al. 1999; Morris, Yeich et al. 2003).

Neurons

The neuropathology of neuronal cell death in HI injuries has been
extensively studied and intensely looked at. In fact, neurons are
considered to be the most vulnerable cells to ischemia even if it occurs
for a short period (Wieloch 1985; Ogawa et al. 2007). Neuron
susceptibility and resistance to HI varies depending on their location in
the brain. For example, hippocampal and Purkinje neurons show
enhanced vulnerability following global ischemia, due to latent
deficiency in blood flow, lapping of cerebral blood vessels and
metabolic disparity (Matsumoto et al. 1987). Neuronal damage occurs
shortly after onset of ischemia with potentially reversible changes
accompanied by distinct morphological alterations to post-synaptic
structures (Garcia et al. 1993; Garcia et al. 1995) determined by
electron microscopy (Bonnekoh et al. 1990). Neuronal cell death,
however, precedes 1 to 3 days after insult, a process referred to as
delayed neuronal death characterized by cell shrinkage and nuclear
fragmentation; hallmarks of apoptosis (Kirino 1982; Kirino et al. 1984;
Wang et al. 2002). The pathophysiological mechanisms leading to
neuronal injury and degeneration are complex and multifactorial.

There are substantial experimental evidences that excitotoxicity,
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calcium-mediated events, free radical generation, mitochondrial
damage and inflammation, all lead to neuronal cell death (Chauhan et

al. 2003; Rodrigo et al. 2005).

Glia cells

Astrocytes exert many functions in the brain such as the modulation of
neuronal excitability, pH homeostasis and stabilization of synaptic
connections (Koehler et al. 2006). Thus, they are essential for neuronal
survival and synapse function, as well as for neurogenesis and neural
repair (Aschner et al. 2002; Swanson et al. 2004). Few studies have
focused on the fate of astrocytes in cerebral ischemia. Although, many
researchers have thought astrocytes to be resistant to ischemia in vitro,
recent studies in vivo, showed they are more susceptible than neurons
to ischemic insults (Martin et al. 1997; Lukaszevicz et al. 2002). In
fact, astrocytes exhibit cell swelling and fragmentation of processes
consisting with rapid cell necrosis, rapidly after insult (Penfield 1928;
Hulse et al. 2001; Lukaszevicz, Sampaio et al. 2002). Interestingly,
these ultrastructural changes preceded alterations observed in
neighbouring neurons (Giffard et al. 2005). Moreover, astrocyte death
was shown to be apoptotic as early as 10 minutes after ischemic onset

(Petito et al. 1998; Sugawara et al. 2002).

Microglial cells, unlike astrocytes, derive from stem cells and have a

ramified morphology with multiple processes, in the normal brain




(Giulian et al. 1996). Following cerebral ischemia, these cells retract
their processes and display an amoeboid appearance typical of
activated microglia (Morioka et al. 1993; Giulian, Corpuz et al. 1996).

However, their role in HI is not understood yet.

2.1.3 Current therapies

Several experimental therapies exist for cerebral ischemic insults. The only
effective therapy for acute stroke, approved by the United States Food and Drug
Administration (FDA), is thrombolysis which consists of administration of
recombinant tPA in a 3 hour-period following vascular occlusion (Hacke et al.
1999). tPA is the abbreviation for tissue plasminogen activator: protease normally
present on the surface of endothelial cells and secreted after vascular injury. tPA
converts the pro-enzyme plasminogen into plasmin, known for its fibrinolytic
properties (1995; Frankel 1997; Demchuk et al. 1999). Therefore, administration
of recombinant tPA helps blood clot lysis and treatment is currently limited to 3h
period. Beyond this time limit, it presents a risk of intracerebral haemorrhage and

brain oedema (Hacke, Brott et al. 1999).

A large number of preclinical observations indicate a synergistic effect when
combining neuroprotective drugs with tPA. This combination reduces the
reperfusion injury, post-ischemic damage and inhibits downstream targets in cell
death cascades. Synergistic or additive effects were reported when thrombolysis
was used in conjuncture with neuroprotectants such as oxygen radical scavengers

(Asahi et al. 2000), AMPA (Meden et al. 1993) and NMDA receptor antagonists
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(Zivin et al. 1991), citicoline (Andersen et al. 1999), topiramate (Yang et al. 2000)
and anti-leukotic adhesion antibodies (Bowes et al. 1995). Citicoline is an
intermediate in the biosynthesis of phosphatidylcholine, shown to have several
beneficial effects in various CNS injury models (Adibhatla et al. 2002; Adibhatla
et(al. 2002). Topiramate is a GABA agonist which acts as an anticonvulsant drug
used to prevent epilepsy seizures shown to have therapeutic effects in HI injuries
(Edmonds et al. 2001). The advantage of combinational therapy would be to
decrease dosages for each agent, thereby reducing the occurrence of adverse
effects. Two recent clinical trials reported feasibility and safety of treatments with
intravenous tPA followed by neuroprotectants, clomethiazole which is a GABA
agonist acting as a sedative (Wahlgren et al. 2000; Lyden et al. 2001) or
lubeluzole; blocker of the voltage-activated Ca**-channels (Diener et al. 2000;

Marrannes et al. 2000; Grotta 2001; Grotta 2001).

Another effective therapy is hypothermia. Prolonged submersion in icy water
showed surprisingly favourable outcome, particularly in children. Hypothermia
was first used in 1940s to treat head trauma (Lo, Dalkara et al. 2003). Several non
randomized trials followed, but were hindered by serious complications owing to
low core temperatures (24-33°C), thereby making this treatment lethal (Inamasu et
al. 2002). In the past decade, however, it was recognized that a small drop in
temperature, from 37°C to 33-35°C, was sufficient to reduced neuronal death, in
experimental models of HI injury (Busto et al. 1987; 2002; Bemard et al. 2002).

Moreover, neuroprotective effects of certain drugs such as MK-801 (glutamate




receptor antagonist), partially correspond to lowering brain temperature (Minard

et al. 1982).




2.2 Neuromicrovascular injury

Despite an immense interest in neurons and neuronal cell death in cerebral
ischemia, a few studies have focused on the capital importance of the cerebral

microvasculature and endothelial cell dysfunction.

The cerebral vascular endothelium is a complex and metabolically active organ.
The microvasculature is defined as vascular elements less than 100 ym diameter,
which include the capillaries and their afferent/efferent networks (del Zoppo and
Mabuchi 2003). The endothelium was regarded, for decades, as inert and inactive
conduit for blood transport (George 2003). Today, these early views have evolved

and the endothelium has become a major focus in many research disciplines.

2.2.1 Anatomy of the cerebral circulation

The microvascular structure of CNS is remarkably well preserved among
species (Edvinsson 1993). About 18% of the total blood volume of the body
circulates in the brain and is driven by two internal carotids and two vertebral
arteries (Edvinsson 2002). Only a small amount of blood is brought by the
anterior spinal artery to brainstem. In their final tract, vertebral arteries
converge to form the basilar artery. The conjunction of the basilar artery and
internal carotids, form the Circle of Willis (Figure 6); which represents the
great vessels that perfuse the cerebral cortex. This organization allows reversal
of flow and cross filling of deep brain structures and provides protection

against occlusion of one of these arteries. Below the Circle of Willis, the right




and left carotid arteries do not have communicating branches (anastosomes)
while the vertebral arteries have more developed ones. Among cerebral
arterioles, small anastosomes are present but blood flow is normally
inadequate to maintain perfusion if cerebral occlusion occurs. Pial arteries,

connected by anastomotic branches, penetrate the cortex perpendicularly to its

Anterior communicating antery

Anterior cerebral artery

Middle cerchral arlery
Internal carotid artery (3

CIRCLE
OF
WILLIS

Posterior communicating artery

Posterior cerebral artery

Basilar artery

vertebral artery

Figure 6l Circle of Willis. The Circle of Willis
represents the most important communication system

among the main arteries directed to the brain. Taken
from Folino AF, 2007 (Franco Folino 2007).

surface and divide into microvascular arterioles and capillaries, serving
columns of cortical gray matter (Bar 1978; Bar 1983). At the gray matter-
white matter junction, these connections are less abundant (Bar 1980) and the
microvascular density is significantly decreased. In contrast, microvascular
networks of the striatum and thalamus have not yet been formally mapped

(Fenstermacher et al. 1991 ; Peters 1991).




The most unique feature of cerebral microvessels corresponds to its
remarkable limited permeability. This is represented by tight junctions, or
zonulae occiudentes, between two adjoining endothelial cells or of an
endothelial cell upon itself, as in capillaries (Risau and Wolburg 1990; Ge et
al. 2005). At the brain capillaries, the endothelial layer is intimately associated
with different cells. Thus, pericytes form a meshwork of the outer surface
sharing basal lamina with endothelial cells (Allt et al. 2001) and the end-feet
of perivascular astrocytes form a further covering of fine processes and
lameilae punctuated by gaps (Kacem et al. 1998). The interaction between
these different cell types constitutes the blood brain barrier (Abbott 2005). In
addition, a second permeability barrier is formed with basal lamina, which
includes elements of the extracellular matrix (ECM) such as laminin,
fibronectin and collagen IV, limiting the movement between blood and
parenchyma (Hamann et al. 1995; del Zoppo and Mabuchi 2003). It is now
widely accepted that the permeability of both the BBB and the basal lamina
derive from a concerted interaction between endothelial cells and astrocytes
(Bernstein et al. 1985; Kusaka et al. 1985; Janzer et al. 1987; Tagami et al.

1992; Webersinke et al. 1992; Nagano et al. 1993).

Cellular proximity within the BBB emphasizes the dynamic interactions
between endothelial cells, astrocytes and microglia, neurons, vascular smooth
muscle cells and components of the ECM in both the gray and white matter;
forming together the neurovascular unit (Lo, Dalkara et al. 2003). This

interface provides a key element to understand injury as an integrated




response where all cellular components are players in the evolution of tissue
damage. Thus, disturbances in one of these cell types will eventually cause

perturbations among the neurovascular unit.

The endothelium alone performs a number of highly specialized biological
functions: it provides a compatible interface to facilitate blood circulation, it
inhibits platelet aggregation and leukocyte adhesion where it acts as a
gatekeeper and it produces a balance of vasorelaxant and vasoconstrictive

molecules that regulate the vascular tone (Abraham et al. 2007).

2.2.2 Cerebral autoregulation

Regulation of the cerebral circulation has to be considered as an integrated
mechanism where intracranial volume should be maintained constant. This
complex mechanism induces modifications of cerebral vascular resistance by
changing arteriole diameter, in response to systemic blood pressure.
Preservation of an adequate CBF during changes in the systemic blood
pressure requires an autoregulation system aimed to protect the brain from
drastic changes in arterial pressure. Therefore, within 60 and 140 mm Hg
(lower and higher limits of blood pressure), CBF remains somewhat constant
(Figure 7). The main arterioles involved in cerebral autoregulation are the

ones less than 100 ym diameter, namely cerebral microvessels.
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Cerebral blood flow

60 140
Arterial blocd pressure

Figure 7| Typical cerebral autoregulation curve. Note that a drop in arterial
blood pressure corresponds to decreased blood flow. Taken from Folino AF,
2007.

An efficient autoregulation system necessitates coordinated vasoactive
processes in pial arteries and intracerebral arterioles. In fact, an increase in
the resistance of the pial arteries prevents an effective vasodilation of the
downstream vascular beds. Cerebral regulation is maintained by three
different control pathways: myogenic, metabolic and neurogenic. The
myogenic process involves the intrinsic ability of smooth muscle cells to
induce vasoconstriction in response to a direct increase in blood pressure
(Bayliss 1902; Folkow 1964; MacKenzie et al. 1979). Among the proposed
mechanisms, the most plausible and accepted one is a change in membrane
polarization via an alteration in the activation state of K™ and Ca®™ channels
(Harder 1984). The metabolic mechanism is based on modification of arterial
resistance, induced by release of elements such as adenosine and oxygen

(Paulson, Strandgaard et al. 1990) or carbon dioxide (CO;) concentration




(Ursino et al. 1998). An elevated concentration of (CO,) leads to vasodilation
and constant rise in blood flow, supposedly via prostaglandin production
(Markus et al. 1994). Finally, the neurogenic mechanism is based on the rich
innervations of cerebral microvessels by both sympathetic and
parasympathetic nerves (Goadsby et al. 2000). The latter do not play a
significant role in cerebral autoregulation despite its potential vasodilatory
effect (Hamel 2006). On the contrary, the sympathetic system is believed to
elicit a vasoconstriction mediated by norepinephrine and neuropeptide Y
(Gulbenkian et al. 2001), causing a shift of the autoregulation curve towards
high limits, thus protecting the brain from systemic high blood pressure
(Umeyama et al. 1995; Visocchi et al. 1996; Zhang et al. 2002). Hence, it is
clear that the basal cerebrovascular tonus favors a partial vasoconstriction and

plays a major role in the regulation of CBF.

2.2.3 Microvascular response upon injury

As stated above, cerebral microvessels and more specifically microvascular
endothelial cells play a significant role in cerebral autoregulation. During
cerebral ischemia, microvascular endothelial cells are not only easily
damageable but once injured; they greatly contribute to tissue damage during
the reperfusion period. Thus, many studies have tried to identify an

interesting target in order to develop vascular protection.
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Microvascular injury occurs in three separate phases: acute (hours), subacute

(hours to days) and chronic (days to month), as depicted in Figure §.

ACUTE SUBAGUTE CHRONIC
Mediators | 027, ETq MMP-8, (L-1, TNFo, (MMP-2?){ Caspase, Bax, Trp53
Proteciors | ND, Angiopoietin 1, (VEGF), ] VEGF, Angiopoietin 2, bFGF, Beiy, lap, 80Ds, VEGF
* Atherosclerosis
* Apoptosis

Na*+ H20

ISCHEMIA

¢ Neutrophils adhere | » Edema
* BBB leak * Bleeding (HT) * Angiogenesis

L recovery

Figure 8| Time course of microvascular injury following cerebral ischemia
and reperfusion. MMP-9 = metalloprotease 9, MMP-2 = metalloprotease 2,
bFGF = basic fibroblast growth factor, HT = haemorrhage transformation, SOD =
superoxide dismutase. Caspase, bax and Trp53 are pro-apoptotic proteins which
predominate on the anti-apoptotic Bcl2, and Iap. PMN indicates
polymorphonuclear leukocytes and RBC are red blood cells. Taken from Fagan
SC,2004.

a) Acute phase

The acute phase usually lasts several hours. During this phase, numerous
hemodynamic and metabolic changes occur resulting in BBB leakage and
dysregulation of the vascular tonus. The latter is regulated by many
different factors such as oxygen radicals as well as vasoactive factors

including nitric oxide (NO) and endothelin-1 (ET-1) (Dirnagl, ladecola et
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al. 1999; Lipton 1999). It has been reported that vasodilation occurs during
the early phases and parallels the production of ROS/RNS (Nelson et al.
1992). In fact, endothelium-dependent vasorelaxation of cerebral
microvessels could occur through a number of mechanisms. Nitric oxide
(NO) (Toda et al. 1996), carbon monoxide (CO) (Leffler et al. 2006),
prostaglandin E, (PGE») (Davis et al. 2004), Prostacyclin (PGI;) (Faraci
1993) and endothelium-derived hyperpolarizing factors (EDHF) including
hydroxyeicosotetraenoic acids (HETEs) (Alonso-Galicia et al. 1999) and
eicosotrienoic acids (EETs) (Kotlikoff 2005) have all been described to
mediate cerebral relaxation. The interaction between oxygen radicals and
NO form peroxynitrite, (Beckman, Beckman et al. 1990; Huie et al. 1993)
which acts as a vasorelaxant of cerebral microvasculature (Wei et al.
1996). Ensued lipid peroxidation is also responsible for the generation of
vasorelaxant products such as 4-hydroxynonenal (4-HNE) (Martinez et al.

1994) and acrolein (Tsakadze et al. 2003).

Following cerebral vasorelaxation, a number of other vasoactive factors
are synthesized or released, including ET-1 which acts as a potent
vasoconstrictor. Several studies have demonstrated increased levels of ET-
1 in stroke patient and animal models of hypoxic-ischemic injuries (Tsang
et al. 2001; Lo et al. 2005). In addition to its effect on vascular tone, ET-1
increases BBB permeability and neuronal damage (Macrae et al. 1993;
Stanimirovic et al. 1994; Matsuo et al. 2001). BBB integrity could be also

altered by other important factors such as vascular endothelial growth




b)

factor (VEGF) and angiopoietin-1, generally essential for angiogenesis
(Yancopoulos et al. 2000; Zhang et al. 2002). In fact, VEGF-induced NO
production increases peroxynitrite formation causing further tissue damage
(Gursoy-Ozdemir et al. 2000) while decreased levels of angiopoietin-1
coincide with advanced instability of BBB (Thurston et al. 2000; Zhang et
al. 2002). More specifically, BBB permeability is due to disrupted tight
junctions attacked by metalloproteases and reactive oxygen species,
released upon a hypoxic-ischemic insult (Rosenberg et al. 2007; Schreibelt

et al. 2007).
Subacute phase

The subacute phase lasts hours to several days and, in continuing with the
chronic phase of neuromicrovascular injury, is characterized by gene
activation. In fact, a number of pro-inflammatory genes including, IL-1
and TNF-a (Rothwell et al. 1995, Vila et al. 2000; Sairanen et al. 2001) as
well transcription factors such as NFxB, hypoxia-inducible factor-1 (HIF-
la) are activated in response to hypoxia, FR formation and intracellular
Ca”™ influx that occur earlier in the pathogenesis (Forsythe et al. 1996).
These pro-inflammatory mediators influence the expression of adhesion
molecules on endothelial cells. First, decreased o4f3; integrin reactivity is
observable in response to HI. These subunits play an important role in
maintaining cell viability and are responsible for endothelial cell-matrix
interactions (Strater et al. 1996). Their downregulation is due in part to a

shut-down in their gene expression (Tagaya et al. 2001) caused by IL-1B




and TNF-a which ultimately leads to endothelial cell detachment and
oedema formation (Defilippi et al. 1992; Defilippi et al. 1992; Reed et al.
1992; Yamasaki et al. 1992; Rodt et al. 1994). Second, along with TGF-§,
IL-1p and TNF-q, are associated with the differential upregulation of
multiple proteases which degrade ECM components and thus contribute to
vascular and parenchymal matrix proteolysis (Schleef et al. 1988; van
Hinsbergh et al. 1990; Docagne et al. 1999). Third, an increase in
leukocyte adhesion receptors on endothelial cells occurs in response to HI
and corresponds to the secondary injury process. The expression of P-
selectin, intercellular adhesion molecule-1 (ICAM-1), and E-selectin on
microvessel endothelium, together with their counter-receptors on
polymorphonuclear (PMN) leukocytes results in adherence of activated
PMN leukocytes to capillaries and their transmigration to the neuropil
(Okada et al. 1994; Haring et al. 1996; Abumiya et al. 1999). The
accumulation of activated platelets and fibrin also due to cellular
interactions promotes capillary occlusion, microvascular obstruction and
increased filtration of large molecules (albumin, IgG) (Nordborg et al.
1991; Okada et al. 1994; Mabuchi et al. 2000). Interestingly, the described
alterations in microvascular-matrix interactions are confined to the regions
of documented neuronal damage (Wagner et al. 1997). In addition to
increased pro-inflammatory genes as stated above, inducible nitric oxide
synthase (iNOS) is upregulated causing production of toxic amounts of

NO (Iadecola 1997; Lerouet et al. 2002; Zhu et al. 2002). Overall, these




<)

changes confirm the relevance of the microvascular wall in the

pathogenesis of HI.

Chronic phase

The mechanisms involved in the chronic phase implicate induction of
genes that participate in the regulation of apoptosis, as well as stimulation
of angiogenic factors in endothelial cells. Programmed cell death is
triggered by apoptogenic factors including activation of cell surface
receptors via IL-1B, TNF-a (Martin-Villalba et al. 1999; Nicotera et al.
1999), excessive oxygen radical formation (Budd et al. 2000), DNA
damage (Chopp et al. 1996) and possibly lysosomal protease activation
(Salvesen 2001) (Stoka et al. 2001). In response to these stimuli a cascade
of proteolytic enzymes known as caspases and other pro-apoptotic proteins
such as Bax and Bad are activated (Chen et al. 1996; Hara et al. 1996;
Sairanen et al. 1997). Losses of membrane integrity and organelle failure
are the most prominent mechanisms of cell death in ischemic conditions.
In the arena of cell death, the mitochondria and the nucleus occupy the
centre stage. The mitochondria, with their complement of pro-apoptotic
proteins (such as cytochrome c), transition pore formation and their role in
oxidative phosphorylation, are uniquely positioned to detect and amplify
cell death signalling processes (Fiskum 2000). Until recently, the nucleus
was viewed as a target of pro-death cytosolic proteins. Recent data
indicate that the nucleus also release molecules that recruit organelles in

cell death processes, especially in caspase-independent apoptosis (Leist et
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al. 2001). It is also known that angiogenesis takes place a month after
ischemia-reperfusion (Wei et al. 2001), particularly in the penumbral
region (Plate 1999). It is often considered as a compensatory
neovascularisation to meet the metabolic demand in consequence to the
severe reduction in cerebral blood flow. Interestingly, the extent of
angiogenesis has been correlated with survival in stroke patients
(Krupinski et al. 1994; Plate 1999). The identification of key angiogenic
molecules that positively regulate the vascular growth has captivated all
the attention on this neovascularisation phase. Angiogenic activity reflects
a balance between angiogenic and angiostatic drives (Folkman 1995;
Pepper 1996; Rosenberg et al. 1996; O'Reilly et al. 1997; Risau 1997;
Detmar 2000), thus, it is expected that the expression of angiostatic factors
would contribute to the resolution of post-ischemic damage. However,
only a couple of recent studies have set interest in understanding the fate
of endothelial cell death upon hypoxia-ischemia and the possible
relationship with anti-angiogenic factors. Among major angiostatic
factors, thrombospondins have gained increasing importance in recent
studies. Both, thrombospondin-1 and -2 (TSP-1, TSP-2) have been shown
to increase in the ischemic brain, notably in the endothelial cells
(Manoonkitiwongsa et al. 2001; Lin et al. 2003). Despite a regression in
vascular sprouting after HI, thrombospondins are thought to inhibit
vascular growth without mediating endothelial cell apoptosis

(Manoonkitiwongsa, Jackson-Friedman et al. 2001; Lin, Kim et al. 2003).




2.3 Free radicals, reactive species and lipid peroxidation

A free radical is an atom or group of atoms with one or more impaired electrons,
usually symbolized with a dot (*). This chemical configuration renders the
molecule very unstable, therefore highly reactive and short-lived (Simic et al.
1988). There is a continuous production of free radicals (FR) and reactive species
providing a balance between pro-oxidants and anti-oxidant defence systems, also
termed redox state. Transient instabilities in the redox state via limited formation
of superoxide anion (O:""), nitric oxide and ensued reactive oxygen and nitrogen
species (ROS/RNS), can transduce cellular signals involved in several
physiological functions (Droge 2002). These include immunological host defence,
hormone action and secretion, iron transport, gene transcription, apoptosis,
vasomotor tone regulation, and neuromodulation (Lander 1997). FR, ROS and
RNS are typically generated in a tightly regulated mechanism via the activation of
nitric oxide synthase and NADPH oxidase isoforms (Droge 2002). In hypoxic-
ischemic conditions however, a perturbation occurs affecting the production
and/or metabolism of these molecules and disrupting the balance between
oxidants and anti-oxidants, in favour of the formers (Alexandrova and Bochev
2005). As a result of oxidative stress, nitrative stress and accumulated FR, lipids,
proteins and nucleic acids are damaged and cellular injury occurs. An excessive
and/or sustained increase in ROS/RNS is believed to be a critical causative factor
in the development of endothelial dysfunction, ischemia/reperfusion injury,
diabetes mellitus, neurodegenerative diseases and cancer (Wolff 1993; Simic

1994; Love 1999; Giasson et al. 2002; Warner, Sheng et al. 2004).




2.3.1 Reactive oxygen and nitrogen species

Free radicals result from the breakdown of a covalent bond, between two
atoms, leaving them each with an unpaired electron. Because of their high
instability, FR tend to react quickly with the nearest molecule, donating
(reduction) or extracting (oxidation) electrons, in order to pair their lone
electron and gain stability. The neighbour molecule becomes a FR itself and
will begin a chain reaction, leading to a cascade of events resulting in cell
disruption (Sies 1991). Reactive oxygen species are derived from an oxygen
free radical and include superoxide (O:°"), oxide (O*), singlet oxygen (0
excited form of oxygen), hydroxyl radical (HO®), hydrogen peroxide (H20,),
hydrogen dioxide (HO;") and alkylperoxyl radicals (ROO®; where R could be
a long carbon chain or lipids). Reactive nitrogen species derive from nitric
oxide and include nitric oxide itself (NO®), peroxynitrite (ONOO-), nitrogen
dioxide (NO,") and dinitrogen trioxide (N;QO3). The chemical reactions that

lead to the formation of these reactive species are presented in Figure 9.
a) Reactive oxygen species

Most of the ROS named in the previous section are formed in
biological systems. Superoxide (0;*) and hydrogen peroxide
(H,0;) are the two most contributors ROS in the genesis of
hypoxic-ischemic damage (Love 1999). Superoxide anion is
formed by a number of oxidases including NADPH oxidase

(Figure 9, Reaction 1), xanthine oxidase, lipoxygenases,




b)

cytochrome P450 and uncoupling of the mitochondrial respiratory
chain, via electron leakage (Miller et al. 2006) (Piantadosi et al.
1996). Superoxide is a long-lived free radical which does not
cause much cellular damage by itself (Magder 2006). However,
when generated in great amounts, superoxide is converted rather
quickly to hydrogen peroxide (H»O»), either in a spontaneous
reaction called dismutation or by superoxide dismutase (Figure 9,
Reaction 2) (Fridovich 1995). (H20) is not a radical but is
considered ROS that is more stable than superoxide and capable of
diffusing across cellular membranes. In presence of ferrous iron,
(H,O;) can be reduced to the highly reactive hydroxyl radical
(OH®) via the Fenton reaction (Figure 9, Reaction 3) or the iron-
catalyzed Haber-Weiss reaction (Figure 9, Reaction 4 and 5)
(Kehrer 2000). The reactivity of (OH®) is so high and non specific
that it reacts with any molecular target nearby. Thus, toxicity is

limited by this radical’s diffusion rate (Magder 2006).

Reactive nitrogen species

The radical (NO®) is an important pleiotropic gas produced in
higher organisms by the oxidation of L-arginine; catalyzed by nitric
oxide synthase (NOS) (Bruckdorfer 2005). Due to its short half-
life, (NO®) is rapidly oxidized to nitrates (NOs5") and nitrites (NO5)
which were thought to be inert and stable but recently shown to be

recycled, in vivo, to form (NO®) (Lundberg et al. 2008). In




pathological settings, (NO®) easily reacts with (O,*") to form stable
and highly reactive compounds namely peroxynitrite (ONOQO") and
its peroxynitrious acid (ONOOH) (Figure 9, Reaction 6). This
protonated form of peroxynitrite readily decays, at physiological
pH, into nitrogen dioxide (NO,*) and hydroxyl radical (OH®), two
potent oxidants (Beckman, Beckman et al. 1990) (Figure 9,
Reaction 6). Peroxynitrite is also able to react with (NO®) to form
nitrogen dioxide (NO,") (Figure 9, Reaction 7). The latter is able to
react with (NO®) to form (N,03), which can also be formed when
(NO®) reacts with oxygen (Figure 9, Reaction 8). These species are

exceedingly dominant cytotoxic RNS (Pryor et al. 2006).

(1) O2 + electron O2e- (catalyzed by oxidases)

(2) 2 O2e-+ 2H+ H202 + Q2 (catalyzed by SOD)

(3) H202 + Fe2+ Fe3+ + OHe +OH- (Fenton’s reaction)
(4) O2e- + Fes+ Fe2+ + O2 (Haber-Weiss reaction)

(5) H202 + O2e¢- O2+ OHe +OH- (Haber-Weiss reaction)
(6) O2e- + NOs ONOO-ONOOH OHs + NO2e

(7) ONOO-+ NOs NO2e

(8) NOe + 02N203
Figure 91 Chemical reactions involved in the formation of ROS
and RNS. SOD = superoxide dismutase

2.3.2 Sources of ROS/RNS

The cumulative production of ROS and RNS in living organisms is initiated from
various exogenous and endogenous sources. Some of these reactive species are

generated as undesired secondary reactions between biomolecules or alternatively




in the detoxification of xenobiotics. Other species, however, are generated in vivo

in a controlled and continuous manner (Frei 1994).

a)

b)

Exogenous sources of ROS and RNS

Exogenous sources of ROS and RNS are varied and include majorly
environmental pollutants. Such pollutants include inhaled toxic gaseous
such as ozone, nitrogen dioxide (NO,") and cigarette smoke. Other sources
include ionizing and UV irradiation as well as exposure to a hyperoxic
environment. A large variety of xenobiotics, chemicals (e.g. quinines,
nitroaromatics, ferritin) and food (quinoid-derived lipids) also promote the
generation of reactive species as by-products of their metabolism in vivo
(Mantell 2006). However, in disease states, most of the ROS/RNS

production is endogenous.

Endogenous sources of ROS and RNS

There are several sources of endogenous free radicals that are worth
mentioning. These sources involve different enzymes and processes which
contribute to form reactive oxygen and nitrogen species, especially in

pathological settings such as cerebral ischemia.

e Mitochondrial electron transport chain

In aerobic organisms, O, is reduced into H,O at the end of the
mitochondrial respiratory chain. However, further upstream in this

chain (Complex I, II and/or III), there is ‘’leakage’ of single




electrons, mainly from non ferrous proteins, that will lead to partial
reduction of oxygen into superoxide (O,") (Kehrer 2000). It is
estimated that 1-2% of the oxygen consumed is converted to
superoxide (0O,"). During hypoxia-ischemia, the components of
electron-transport chain are reduced, increasing electron

‘‘leakage’’, thus enhancing ROS production (Love 1999).

Enzymatic production of ROS/RNS

Enzymatic production of ROS/RNS could be cytoplasmic or
microsomal, depending on their intracellular location. Cytoplasmic
enzymes include xanthine oxidase (XO) and nitric oxide synthases
(NOS). XO is an iron sulfur flavoprotein with multiple functions
comprising induction of superoxide generation (McCord 1985).
During ischemic conditions, the enzyme xanthine dehydrogenase is
converted to XO. The latter, by using oxygen, catalyzes the
conversion of xanthine and hypoxanthine to uric acid, delivering
superoxide (O,") and hydrogen peroxide (H,O,) which contribute
to brain injury (Beetsch et al. 1998; Mink et al. 2007). On the other
hand, nitric oxide synthases generate nitric oxide from the amino
acid L-arginine. The overall reaction requires a multitude of co-
factors for which there are specific binding sites on NOS enzymes
(Palmer et al. 1988). The NOS are complex enzymes, composed of
at least three different isoforms; the neuronal NOS or nNOS (NOS

I), the endothelial NOS or eNOS (NOS III) which are constitutive
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and the inducible NOS or iNOS (NOS II) (Papapetropoulos et al.
1999). Between 51% and 57% of homology exists between these
enzymes at the amino acid level (Bruckdorfer 2005). nNOS and
eNOS constitutively form (NO®) in response to a stimulus and in
some cases, they are activated by calcium, liberating (NO®) in
small quantity for signal transduction (Love 1999). iNOS isoform
however, is expressed after induction by external stimuli and
produces (NO®) in large amounts (20 times or more the levels of
nNOS and eNOS) (Berdeaux 1993; Bonmann et al. 1997). These
isoforms could be found in different cell types and the amounts of
NO are able to dictate their effects whether it has beneficial or
deleterious influences on the cellular system. Although it was hard
to believe when discovered (Ignarro et al. 1987; Ignarro et al.
1987; Palmer et al. 1987; Radomski et al. 1987), it is now widely
accepted that (NO®) plays various physiological functions where
itmodulates synaptic plasticity and neurotransmission, regulates
blood flow and inhibits platelet aggregation (Ignarro 1989;
Calabrese et al. 2007). In hypoxia-ischemia, following iNOS
induction, massive amounts of (NO®) are found to be harmful
indirectly via the production of RNS and hydrogen peroxide
(H20,) (Figure 8, reaction 6) (Moro et al. 2004). Though, NOS
enzymes are known to form predominantly (NO®), they are also
able to produce other ROS. In fact, in order to produce (NO®) from

L-arginine, NOS needs to be fully coupled with tetrahydrobiopterin
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(BH;). During hypoxia, a deficiency in BH; will lead to the
formation of superoxide (O,°") and hydrogen peroxide (H,O,) by

the reductase domain of NOS isoforms (Bruckdorfer 2005).

Neutrophils

Neutrophils play a key role in host defence and inflammation by
releasing a large amount of superoxide (O2"") and other ROS in a
phenomenon known as respiratory burst (Babior 1984). ROS
production is dependent on the activation of NADPH oxidase;
which catalyzes the reduction of oxygen to superoxide (O;")
(Figure 8, reaction 1) (Quinn et al. 2004). NADPH oxidase is also
found in brain cells, notably glia and microvascular endothelial
cells (Vallet et al. 2005; Miller et al. 2006). The cerebral NADPH
oxidase promotes ROS generation which participate in BBB
disruption and brain oedema formation (Tang et al. 2005; Kahles et

al. 2007).

Other sources of ROS/RNS

Although their contribution to reactive species generation is
considered minor; cytochrome P450 (CYP4s0)-, cyclooxygenases
(COX)- and lipoxygenases (LOX)-derived ROS are essential in the
cerebrovascular regulation (Puntarulo et al. 1998; Kang et al. 2001;
Bazan et al. 2002). The catalytic activation of CYPssp is

responsible for superoxide (O,"), hydroxyl radical (OH®) and




hydrogen peroxide (H;O;) production (Porter et al. 1991;

Terashvili et al. 2006).

Cyclooxygenases and lipoxygenases mediate the oxidative
metabolism of arachidonic acid (AA) and liberate reactive oxygen
species. Production of ROS and RNS during brain ischemia
reperfusion was inhibited by administration of COX or LOX
specific inhibitors (Pourcyrous et al. 1993; Faraci et al. 2001).
COX exists in two isoforms namely COX-1 (constitutive) and
COX-2 (inducible), which convert AA into endoperoxide (PGH,);
precursor of prostanoids. Though inducible, COX-2 is found in a
constitutive manner in cerebral endothelial cells (Parfenova et al.
2001; LaManna et al. 2006). In cerebral ischemic animal models,
ROS production was decreased when blocking COX-2 activation
(Wang et al. 2006). LOX enzymes are also found in various
isoforms producing leukotrienes and hydroperoxides. These
products are highly increased in cerebral ischemic conditions

taking part in brain injury (van Leyen et al. 2006).

2.3.3 Lipid peroxidation

Lipid peroxidation can be defined as the oxidative degradation and deterioration

of membrane lipids containing any carbon-carbon double bonds (Farooqui et al.

1998). These lipids are referred to as unsaturated fatty acids and when containing

more than one double bond, they are named polyunsaturated fatty acids (PUFA)
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such as linoleic acid (LA; C18:2n-6), arachidonic acid (AA; C20:4n-6) and
docosahexaenoic acid (DHA; C22:6n-3). The phospholipids of the brain are
uniquely rich in PUFA (Farooqui and Horrocks 1998). Not only they are essential
to maintain cellular function integrity conferring membrane fluidity and selective
permeability of cellular membranes, but these lipids are also a target of choice of
oxidative stress (Choe et al. 1995; Simopoulos et al. 1999). On the contrary,
monounsaturated (one double bond) and saturated fatty acids (no double bonds)
are much less reactive and do not usually participate in lipid peroxidation. When
oxidized, membrane lipids can disrupt the organization of the cellular membrane,
causing rigidity, inhibition of metabolic processes, increased ion permeability
(Nigam et al. 2000), covalent cross-linking between lipids and proteins and
inactivation of membrane proteins and receptors (Burns et al. 2002). Lipid
peroxidation gives rise to lipid hydroperoxides which formation occurs through

two distinctive mechanisms, either enzymatic or non enzymatic.

Enzymatic production of oxidized lipids occurs via the activation of
lipoxygenases (LOX), cyclooxygenases (COX) and cytochrome P450 enzymes
(CYP4so) (Figure 10). These enzymes generate distinctively stereo- and regio-
specific products (O'Donnell 2003). During cerebral ischemia, the calcium influx
will activate the enzyme phospholipase A2 (PLA;) which cleaves fatty acids from
the membrane (Muralikrishna Adibhatla et al. 2006). In fact, the most abundant
fatty acid in the brain is arachidonic acid which levels are found to be highly
increased in ischemic conditions (Bazan and Rakowski 1970). Once released, AA

is oxidatively metabolized by LOX, COX or CYPsso (Figure 10). Three major




isoforms of LOX exist, with respect to the position preference of arachidonic acid
oxygenation: 5-LOX, 12-LOX and 15-LOX (Catala 2006). The most
characterized lipoxygenases in the brain are the 5-LOX and 12-LOX where the 5-
LOX generates leukotrienes and the 12-LOX produces hydroxy-peroxy-
eicosatetraenoic acids (HpETEs). These latter metabolites are the most abundant
eicosanoids found in neurons, glia and cerebral endothelial cells (Rossi et al.
2007). Cyclooxygenase catalyze the stepwise conversion of AA into
prostaglandin G (PGG>) and then prostaglandin H (PGH»); which is in tum
metabolized into various prostaglandins (PGs); prostacyclin (PGI,), prostaglandin
E (PGE,), prostaglandin D (PGDy), prostaglandin F (PGF,,) and thromboxane
(TXA;). All of these PGs exert distinctive functions via the activation of their
specific receptors; essentially involved in the regulation of vasomotor tone and
inflammation (Kadowitz et al. 1988; Murray et al. 1988). The microsomal
cytochrome P450 complex may also act on free endogenous AA, catalyzing its
conversion into epoxyeicosatrienoic acids (EETs) and hydroxyeicosatetraenoic

acids (HETEs).

Non enzymatic lipid peroxidation is a free radical-driven chain reaction
(Imaizumi, Tominaga et al. 1986). A critically important aspect of lipid
peroxidation is that it is self-propagating and will proceed until substrate is
consumed or termination occurs (Montine et al. 2004) (Figure 11A). Such a chain
reaction is initiated by the abstraction of a hydrogen atom from a cis methylen

group of PUFA by hydroxyl radical (OH®). This reaction induces the formation of




a lipid alkyl radical (L*) (Figure 11B, Reaction 1) that combines rapidly with

oxygen to generate lipid peroxyl radical (LOO®) (Figure 11B, Reaction 2).
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Lipid peroxides can in turn, abstract a hydrogen from another PUFA, and so set in

motion a propagating chain reaction (Porter et al. 1995) (Figure 11B, Reaction 3).

Under conditions where lipid peroxidation is continuously initiated, a termination

reaction limits the process yielding non radical products.
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Figure 11l Lipid peroxidation. A) Mechanism of hydrogen abstraction by a free
radical (R*) and formation of lipid peroxyl radical (LOO®). B) Cascade of non

enzymatic lipid peroxidation. LH = PUFA. LOOH = lipid hydroperoxide;
relatively stable product. NRP = non radical products.

In the presence of transition metal ions such as iron and copper, which levels are
highly increased in cerebral ischemia, lipid hydroperoxide (LOOH) can be
decomposed into peroxyl (LOO®) and alkoxyl radicals (LO®) that are able to
reinitiate lipid peroxidation (Halliwell 1994); thus participating in amplifying this
phenomenon (Marnett et al. 1995) (Figure 11B, Reactions 5 and 6). Lipid
hydroperoxides are able to generate a large variety of products including short and
long chain aldehydes as well as phospholipid and ester core aldehydes, many of
which are used to assess the degree of lipid peroxidation (Porter 1990). Some of
these aldehydes are highly reactive and may be considered as toxic second
messengers increasing initial free radical events. The most intensively studied
aldehydes are 4-hydroxy-2-nonenal (4-HNE) and malondialdehyde (MDA), both
of which are the main aldehydes formed from linoleic and arachidonic acids
(Pryor et al. 1990; Esterbauer et al. 1991). Compared to free radicals, aldehydic
molecules are more stable and diffuse within the cell or escape from it, attacking

targets far from the site of origin (Uchida 2003). Though extensively used as
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biomarkers of oxidative stress, 4-HNE and MDA show a high reactivity with
other biomolecules and a rapid metabolism, thus limiting their use as in vivo
markers (Cheng et al. 2001; Montine, Quinn et al. 2004). For these reasons, the
attention was driven towards other products of lipid peroxidation that are
chemically and metabolically stable and therefore suitable as in vivo biomarkers.
These compounds include the isoprostanes (IsoPs) (Morrow et al. 1990), isofurans
(IsoFs) (Fessel et al. 2002) and neuroprostanes (NeuroPs) (Roberts et al. 1998).

Isoprostanes are formed in situ by peroxidation of AA (C20:n4-6) independently
from COX (Morrow, Hill et al. 1990). After abstraction of a hydrogen and
addition of an oxygen molecule to form a peroxyl radical, endocyclization occurs
and an additional molecule of oxygen is added to form PGGs-like compounds
(Morrow et al. 1990). These instable compounds are then converted to IsoPs.
Based on this mechanism of formation, four region-isomers of IsoPs are
generated; namely 5-, 8-, 12- or 15-series depending on the carbon atom to which
the side chain hydroxyl is attached (Taber et al. 1997). One of the major
differences between IsoPs and COX-derived eicosanoids is that the formers are
produced within lipid membranes from esterified AA and are subsequently
released by phospholipases (Liu et al. 1999). On the contrary, prostaglandins are
generated only from free arachidonic acid (Morrow et al. 2002). The most
abundant isoprostane in the brain is the 8-iso-PGF, which is a promising marker
of oxidative injury due to its specificity as an index of lipid peroxidation, its
stability, its detectability in normal biological fluids and its insensitivity to the diet
content of lipids (Roberts et al. 2000). In fact, serum levels of 8-iso-PGF, were

found increased in stroke patients, a few days after the event (Sanchez-Moreno et
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al. 2004) reaching concentrations 10 times over the baseline (Hoffman et al.
1996). Since their discovery, many studies have focused on the role of IsoPs as
index of lipid peroxidation. Furthermore, IsoPs are also bioactive compounds.
Both, the 8- and 15-series IsoPs have been attributed a thromboxane- dependent
vasoconstrictor effect on various vascular beds, notably the kidney, the lung, the
aorta and coronary arteries, the retina and the brain (Wagner et al. 1997; Lahaie et
al. 1998; Salahudeen et al. 1998; Wilson et al. 1999; Hou et al. 2000; Janssen et
al. 2002). Recent evidence has implicated the isoprostanes as potent cytotoxic
compounds to both cerebral microvascular endothelial cells and oligodendrocytes
progenitor cells (Brault et al. 2003; Brault et al. 2004).

Isofurans (IsoFs) are also non enzymatic products of arachidonic acid discovered
only very recently (Fessel, Porter et al. 2002). IsoFs and IsoPs have the same
carbon-centered radical intermediate. However, an oxygen insertion diverts this
intermediate of the IsoPs pathway, to form instead tetrahydrofuran ring-
containing compounds, termed the IsoFs. Due to this particular formation
pathway, IsoFs generation is favoured to IsoPs’, in high oxygen tension
conditions. Whereas levels of IsoPs reach a plateau at 21% O; (normal oxygen
tension), IsoFs levels increase linearly with increasing oxygen tension. IsoFs are
stable compounds and present in normal tissues and biological fluids at readily
measurable concentrations (Fessel, Porter et al. 2002). IsoFs are now being
considered as more sensitive and robust indicators of oxidative injury compared to
IsoPs, as they provide unique information about the severity of lipid peroxidation

(Montine, Quinn et al. 2004; Patel et al. 2008). No biological activity has been
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assigned to IsoFs until today thus considered only as biomarkers of oxidative
damage.

Neuroprostanes are DHA-derived lipid peroxidation products. NeuroPs have the
same nomenclature as IsoPs (Roberts, Montine et al. 1998). In contrast to AA
which is widely distributed in all cell types of all brain regions, DHA is very
highly concentrated in neuronal membranes (Salem 1986). Thus, NeuroPs could
provide an interesting window through which quantification of oxidative damage
is related to neuronal membranes in vivo. This approach could be extremely useful
when considering neurodegenerative diseases (Montine, Quinn et al. 2004).
Although not extensively documented, nitrogen dioxide (NO,") also participates
in lipid peroxidation. Formed from peroxynitrite (ONOO") (Figure 8, Reaction 6)
along with hydroxyl radical (OH®); (NO,°) is also capable to attack fatty acids by
hydrogen abstraction as well as triggers secondary free radical reactions (Szabo et
al. 2007). Two mechanisms have been proposed to elucidate the formation of
nitrogen dioxide (NO,")-derived lipid hydroperoxides.

First, a homolytic addition of (NO,*) to the double bond of PUFA yields a -
nitroalkyl radical, which fate depends on the ionic environment (Baker et al.
2005). In a hydrophobic environment, the radical intermediate will revert and the
slow but irreversible hydrogen abstraction eventually prevails and initiates chain
peroxidation reactions (Freeman et al. 2008). Under hypoxic-ischemic conditions,
the balance between peroxyl radical (LOO®) formation and coupling with (NO>")
will shift towards nitration reaction and formation of nitro-fatty acids (NO,-FA).
With regard to stereochemistry, the nitro group preferentially constrains the

double bond of (NO»-FA) in the cis configuration, with only a minor proportion




present as frans isomers (Freeman, Baker et al. 2008). Among the nitrated fatty
acids identified in vivo, to date, the most studied are nitro-linoleic and nitro-oleic
acids. These (NO»-FA) display an NO-dependent vasorelaxation (Lim et al. 2002;
Lima et al. 2005) and receptor-mediated reactions to exert adaptive and anti-
inflammatory cellular responses (Balazy et al. 2001; Batthyany et al. 2006).

The second mechanism involves a cis-trans isomerisation reaction where (NO;")
will most likely bind to one of the PUFA double bonds, forming a nitro-radical
followed by the elimination of (NO,") and generation of the trans bond (Balazy
2000). The only PUFA for which this mechanism has been described is
arachidonic acid (C20:4-n6); forming 4 different trans-isomers: the trans-
arachidonic acids (TAA). Since their discovery, TAA were used as markers of
(NO;*) mediated injury due to their stability and availability in biological fluids
and plasma. TAA levels were found increased in a septic shock model of
experimental inflammation and in hypercapnic and hyperoxic settings (Balazy

2000; Kermorvant-Duchemin, Sennlaub et al. 2005; Checchin et al. 2006).

2.3.4 Deleterious effects of ROS/RNS

Excessive production of reactive species can overwhelm protective mechanisms
and initiate structural changes in the cell. Proteins, lipids and nucleic acids can be
modified by ROS/RNS (Floyd et al. 1989). Damages to macromolecules lead to
formation of a plethora of products; some of which were stated in the previous

section with reference to lipids.

a) Effects on nucleic acids and DNA
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Reactive species damage nucleic acids producing three types of oxidative
lesions: strand breakage, nucleic acid-protein cross-linking and nucleic
acid base modifications (Breen et al. 1995). In fact, nucleic acids are very
reactive with strong oxidants such as superoxide and hydroxyl radical,
which are able to attack sugars, purines and pyrimidines in DNA (Breen
and Murphy 1995). Single strand breaks can be detected within minutes of
reperfusion after hypoxic-ischemic (HI) injury, whereas double strand
breaks are detected within 1 hour (Li et al. 1995). Hydroxyl radical,
superoxide, peroxynitrite and to a lesser extent nitric oxide attack the
sugar portion of DNA and cause strand breaks (Brawn et al. 1981; Floyd
et al. 1990; Nguyen et al. 1992; Epe et al. 1996). Strand breaks have
important implications in pathological conditions and repair becomes
essential for the cellular function. Because enzymes repairing DNA have
decreased fidelity, there is a high probability of misincorporation of DNA
bases, providing further damage. There are at least three base
modifications that result from reaction with DNA which are 5-
hydroxymethyluracil, thymine glycol and 8-hydroxy-2-deoxy-guanosine
(8-OHdG) (Inoue et al. 1995). These modifications are carried out by
hydroxyl radical and singlet oxygen attacks on DNA (Floyd et al. 1988;
Floyd, West et al. 1989). The 8-OHdG is the most studied biomarker of
oxidative DNA damage due to its specificity and abundance in DNA (Cui
et al. 2000). Plasma levels of 8-OHdG were found increased in animal

models subjected to HI injury (Nagayama et al. 2000).




b) Effects on proteins

Reactive species can also affect proteins giving rise to different derivatives
via a variety of mechanisms that include amino acid oxidation and
fragmentation. Oxidation of proteins can lead to hydroxylation of aromatic
groups and aliphatic amino acid side chains, nitration of aromatic amino
acid residues, nitrosylation of sulthydryl groups, sulfoxidation of
methionine residues, chlorination of aromatic groups and conversion of
some amino groups to carbonyl derivatives. Oxidation can also lead to
cleavage of the polypeptide chain and formation of cross-linked protein
aggregates (Stadtman et al. 2003). Such modifications can alter the
structure of the protein causing a loss of function or its degradation and
proteolysis (Dean et al. 1997). The most susceptible amino acids to be
attacked by free radicals are cysteine and tyrosine and other aromatic
amino acids (Davies et al. 1987). Some of the modifications stated above
are reversible and such reversal may lead to reactivation of the protein
function. For instance, modifications of thiols on cysteine residues such as
nitrososthiol (S-NO) and sulfenic acids (S-OH) by the action of
peroxynitrite and hydroxyl radical, respectively, occur by abstraction of an
electron from the thiol group (Davies 2001). Some antioxidants cofactors
such as glutathione exploit their reactive thiol group (GSH) as an electron
acceptor where it cycles from oxidized (GSSG) to reduced state (GSH),
converting hydrogen peroxide (H,O,) to water, in a reaction catalyzed by

glutathione peroxidase (Figure 13). This particular modification of
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cysteine residues may have a dual role of protection from irreversible and
terminal oxidation and modulation of the redox regulation function
(Giustarini et al. 2004). However, under pathophysiological settings,
oxidised thiol groups could undergo further oxidation and form
irreversibly, sulphinic (SO,H) and sulphonic acids (SO;H) (Giustarini,
Rossi et al. 2004). Reactive species are also responsible for the formation
of disulphide bonds within a protein (intra-molecular cross-linking) or
between two proteins (inter-moelcular cross-linking) which may greatly
affect the protein conformation. Inappropriate protein conformation leads
to improper protein structure and increases the susceptibility of their
degradation. The specific process of bridge formation between a protein
thiol cysteine group and glutathione is called S-glutathionylation and this
process is reversibly catalyzed by disulphide isomerases (Klatt et al.

2000).

Nitric oxide and its derived reactive nitrogen species catalyze three
different reactions with proteins, namely nitration, nitrosylation and
nitrosation. Nitrosation reactions can be defined as the addition of
nitrosonium equivalent (NO®) to a nucleophile amine, thiol or hydroxyl
residues (Williams 1998). This process is also referred to as S-
nitrosylation (Ischiropoulos et al. 2005). Primarily, S-nitrosylation is a
chemical reaction which takes place without the requirement of any
enzymatic activity, leading to the formation of S-nitrosocysteine. Though

all NOS isoforms are able to form S-nitrosocysteine; the secondary
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structure of the target protein dictates the specificity and selectivity of this
modification (Stamler et al. 1997). Two specific structural motifs have
been identified as putative S-nitrosylation sites; (1) the location of a
cysteine residue within a pattern of acidic and basic flanking residues
(Choi et al. 2000) and (2) a cysteine contained in a hydrophobic region
(Mannick et al. 1999). The functional consequence depends on the protein
that is nitrosated. For instance, nitrosated caspases or NMDA receptors
result in their inactivation which might procure a protective effect
(Mannick, Hausladen et al. 1999; Choi, Tenneti et al. 2000) during HI,
whereas nitrosated matrix metalloproteinases increase enzyme activity and
may result in enhanced damage to the blood brain barrier (Gu et al. 2002).
Nitrosylation is often mistakenly used interchangeably with S-nitrosylation
(nitrosation). Nitrosylation is defined as the addition of (NO) without
change in the formal charge of the substrate. Examples of nitrosylation
include addition of NO to heme proteins and formation of iron nitrosyl
complexes (Espey et al. 2002). Unlike nitrosation and nitrosylation,
nitration reactions; addition of a nitro (-NO;) group, is facilitated by the
formation of higher oxides of nitrogen. Protein nitration is a common
characteristic of nitrative injury involving mostly aromatic amino acids
such as tyrosine and tryptophan (Gow et al. 2004). The most recurrent
modification occurs on tyrosine residues which leads the formation of the
protein-bound 3-nitrotyrosine, considered as a molecular footprint of
nitrative injury (Gursoy-Ozdemir et al. 2004). The two mostly invoked

mechanisms of biological nitration namely, peroxynitrite and heme




peroxidase pathways, lead to the concomitant formation of tyrosyl radicals
and (NO,"), which combine together to form 3-nitrotyrosine (Figure 12).
In fact, NO-") alone is inefficient to promote nitration because of its slow
reaction rate with a tyrosine residue compared to other processes such as

carbonate radical (CO3°*") or oxo-metal complexes.
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The addition of an -NO2 group on tyrosine constitutes a bulky substituent
and, if placed on biologically important tyrosine, nitration can impose
steric restrictions and inhibits tyrosine phosophorylation. However, to
have a biological significance, nitration has to induce either a gain or loss
of function. The gain of function scenario has been shown for a few

proteins such as nitrated cytochrome Pusp which acquires a strong
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peroxidase activity (Cassina et al. 2000) and Protein Kinase C (PKC)
which becomes active and translocates upon nitration (Balafanova et al.
2002). A notable example of enzyme loss of activity linked to nitration in
vivo is the anti-oxidant mitochondrial manganese superoxide dismutase
(MnSOD) or PGI, synthase (MacMillan-Crow et al. 1996; Pearce et al.
1999). Following ischemia-reperfusion, nitrotyrosine immunoreactivity
was majorly found in the infarcted area of the human brain (Forster et al.
1999). Site-specific protein nitration is associated to acute and chronic
vascular disease states (Radi 2004) where extensive nitration has been
observed in cerebral vessels following focal ischemia (Coeroli et al. 1998)

and might mediate the disruption of blood brain barrier (Han et al. 2006).

2.3.5 Major defences against oxidative and nitrative damage

The ROS and RNS levels are controlled through an intricate network of enzymes
that control their production as well as their consumption. Consumption of free
radicals occurs in two ways, namely chain breaking or preventive, driven by a
plethora of anti-oxidants. By definition, anti-oxidants are substances that are able,
at relatively low concentrations, to neutralize, stabilize, inhibit or significantly
delay oxidation (Halliwell et al. 1989). Chain breaking anti-oxidants are able to
terminate the self-propagating chain reactions driven by free radicals. Preventive
anti-oxidants scavenge initiating free radicals or stabilize transition metal radicals
(e.g. iron, copper), thus reducing the rate of chain initiation or thwarting a chain

from setting in motion (Halliwell 1993). Anti-oxidants defences in biological




systems play an important role in the detoxification process where they are

generally categorized as non enzymatic and enzymatic lines.

2.3.5.1 Enzymatic antioxidant defences
Enzymatic antioxidants include superoxide dismutase (SOD), catalase,
glutathione peroxidise (GPx) and heme oxygenase (HO) which serve as the

primary line of defence in destroying free radicals (Figure 13).

SOD Catalase
0, H,0, H,0
GPx
m Figure 13| Detoxification pathway of free
el ol radicals. Enzymatic antioxidants involved in
U the degradation of superoxide. GR =
—~ glutathione reductase. G6PD = glucose-6-
m phosphate dehydrogenase. GSH = reduced
glutathione. GSSG = oxidized glutathione.
NACPH NADP-

U (Modified from (Janssen et al. 1993)).
G6PD

a) Superoxide dismutases

Superoxide dismutases are a class of enzymes that catalyze the conversion
of superoxide (O,*) into oxygen (O,) and hydrogen peroxide (H,O,)
(Figure 9, Reaction 2). Superoxide enzymes contain metal ion cofactors
that, depending on the isoenzyme, can be copper, zinc or manganese
(Zelko et al. 2002). There are three major isoforms of SOD in the human
brain. The copper/zinc SOD (Cu/Zn SOD) or SOD1 is principally found in
cytosolic and lysosomal fractions but could also be present in the
mitochondrial intermembrane space. The manganese SOD (MnSOD) or
SOD?2 is only found in the mitochondrial matrix (Bannister et al. 1987).

The cerebral extracellular SOD (ECSOD) or SOD3 is secreted in the




b)

)

extracellular matrix with substantially lower concentrations (Marklund
1984; Nozik-Grayck et al. 2005). Both Cu/ZnSOD and MnSOD play a
crucial role against the overproduction of superoxide in ischemia-
reperfusion (Fujimura et al. 1999). Decreased activity of one or the other
exacerbates brain damage and increases the infarct volume (Yang et al.

1994; Kim et al. 2002).

Catalases

Catalases are responsible for the conversion of hydrogen peroxide (H>0O>)
to water (H,O) and oxygen (O;). Localized in peroxisomes, their levels
and activity decrease in the brain following injury (Homi et al. 2002).
These changes are associated with enhanced susceptibility of certain brain

regions and prolonged free radical-induced damage.

Glutathione peroxidases

GPx contain four selenium cofactors that are capable of reducing organic
and inorganic hydroperoxides to the corresponding hydroxyl compounds
(water in the case of H,O;) utilizing glutathione (Brigelius-Flohe 1999)
and with a much higher affinity for (H>O,) than catalase (Sies 1991). GPx
exist in at least 5 isoforms, two of them are present in the brain (Schweizer
et al. 2004). While the cytosolic GPx1 isoform is ubiquitously found in
cerebral cells, the phospholipid hydroperoxide GPx4 is exclusively present
in neurons (Lindenau et al. 1998; Borchert et al. 2003). However, only the

GPx1 isoform is known to reduce (H,O;) into water (Thomas et al. 1990).
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On the other hand, GPx4 is unique among antioxidative enzymes as it
reduces directly phospholipid hydroperoxides within lipid membranes

(Sattler et al. 1994; Savaskan et al. 2007).

Heme oxygenases

Heme oxygenases are a component of the endogenous cell defence against
oxidative injury (Otterbein et al. 2000). HO catalyzes the first and rate
limiting step reaction of heme degradation. In the HO reaction, the
oxidation of heme generates equimolar concentrations of ferrous iron,
carbon monoxide and biliverdin IXa which is then reduced into bilirubin
by biliverdin reductase (Tenhunen et al. 1969). In hypoxic cellular
environments, the bile pigments have antioxidant properties by scavenging
peroxyl radicals (Stocker et al. 1987). On the other hand, the liberated free
iron is readily detoxified by sequestration by ferritin, an intracellular iron-
storage molecule with potential cytoprotective function, particularly in
endothelial cells (Oberle et al. 1999). Of the two main isoforms of HO,

only the inducible isoform HO-1 responds to xenobiotics (Maines 1992).

2.3.5.2 Non enzymatic antioxidant defences

Non enzymatic antioxidants are natural small molecules that act as free radical
scavengers. By donating one of their electrons, these molecules neutralize ROS
and RNS and remain stable in their oxidized form. Natural antioxidants include
Vitamin C, Vitamin E, glutathione, carotenes and melatonin. Briefly, vitamin C or
ascorbic acid acts in the water-soluble compartment, whereas Vitamin E (a-

tocopherol) intervenes exclusively in lipid-soluble membranes and is a major

[ 3
L% )



chain-breaking antioxidant (Padayatty et al. 2003; Traber et al. 2007). Melatonin
is a powerful antioxidant able to cross cellular membranes as well as the blood
brain barrier. It is also known as a suicidal antioxidant because it does not
undergo the redox cycling (repeated reduction-oxidation reactions). Once
oxidized, melatonin forms different stable end products (Tan et al. 2000).
Carotenes are part of the carotenoid family containing specific hydrocarbon end
groups. The antioxidant actions of carotenes relay on their ability to scavenge
peroxyl radicals and quenching singlet oxygen (Stahl et al. 1996). This results in
an excited cartone which has the ability of returning to its former state by a series
of rotational and vibrational reactions with the solvent, thus allowing itself to be
reused for further cycles of singlet oxygen quenching (Paiva et al. 1999). The
most document carotene is B-carotene which scavenges peroxyl radicals at low

oxygen tension (Burton et al. 1984).

2.3.6 Potential antioxidant therapies in the ischemic brain

Increased expression of antioxidant enzymes can occur shortly in response to
ischemia, however, endogenous antioxidant capacity can be overwhelmed,
leading to increased ROS and RNS products (Fukui et al. 2002). Because of the
deleterious and serious irreversible cellular and tissue damage induced by ROS
and RNS, an urgent need to counteract theses species in a more efficient way, is
needed. Many studies over the years have focused their interest in finding
inhibitors for pro-oxidative enzymes and free radical scavengers. In this section,

only drugs related to the ischemic brain are mentioned.




a) Inhibition of lipid peroxidation

In the 1990°’s, a novel group of compounds, the 21-amino-steroids
(lazroids), have been designed as potent inhibitors of FR-induced iron-
catalyzed lipid peroxidation (Braughler and Hall 1989; Hall et al. 1994).
One of these compounds, tirilazad mesylate, has been selected for clinical
evaluation as a cerebroprotective agent. Tirilazad mesylate (Tirilazad) is a
non-glucocorticoid steroid that localizes within cell membranes with high
affinity for vascular endothelium (Audus et al. 1991). The compound
possesses many antioxidant mechanisms including: (1) Scavenging of
peroxyl lipids similar to the action of Vitamin E (2) Scavenging of
hydroxyl radicals with decrease in membrane fluidity (3) Restricting the
movement of peroxidized lipids within the membrane disabling them to
attack other PUFAs with potential inhibition of the propagation of chain
reactions (Braughler and Hall 1989; Hall, McCall et al. 1994). In hypoxic
ischemic animal models, tirilazad was very effective against endothelium-
dependent relaxation, increased infarct size, neuronal necrosis, brain injury
and cerebral oedema (Hall et al. 1988; Park et al. 1994; McKenna et al.
1995). As a result of these animal studies, clinical trials were undertaken
to assess the safety and efficacy of tirilazad in the treatment of acute
ischemic stroke. A total of six trials concluded that, contrary to animal
studies outcome, tirilazad increased death and disability in humans (1994;

1996; Johnston et al. 1998; 2000).

b) Inhibition of xanthine oxidase




The most documented inhibitor of XO is allopurinol (1,5-dihydro-4H-
pyrazolo[3 4-dipyrimidin-4-one) which is widely used to treat gout and
hyperurecimia (Pea 2005; Pacher et al. 2006). Allopurinol is rapidly
oxidized by XO in vivo to its active metabolite oxypurinol, which also
inhibits XO. At low concentrations, allopurinol is a substrate for and
competitive inhibitor of the enzyme, whereas oxypurinol is a non
competitive inhibitor. The formation of oxypurinol, together with its long
persistence in tissues, is responsible for much of the pharmacological
activity of allopurinol (Pacher, Nivorozhkin et al. 2006). Both compounds
were tested in various animal models of ischemic and reperfusion brain.
Allopurinol was found to be protective against mortality and neurological
deficits (Itoh et al. 1986). Pre-treatment with this compounds reduced
infarct size, even if its administration was delayed to the beginning of the
reperfusion period (Martz et al. 1989; Palmer et al. 1990; Palmer et al.
1993; Shadid et al. 1998). On the other hand, oxypurinol reduced the
ischemic cerebral damage and attenuated neurological deficits by
improving cellular ATP levels (Phillis et al. 1991; Lin et al. 1992; Phillis
et al. 1995). However, it is necessary to mention that oxypurinol was
without significant protective effects in some studies (Arai et al. 1998;
Nakashima et al. 1999). So far, the human therapeutic experience with
allupurinol is limited to one study conducted on severly asphyxiated
infants. In this study, allopurinol tented to improve survival, exerted
beneficial effects on FR formation, cerebral blood flow volume and

electrical brain activity (Van Bel et al. 1998). During the past decade,
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definite progress has been achieved to develop new powerful XO
inhibitors. Two compounds were found very potent, namely febuxostat
and Y-700 (Okamoto et al. 2003; Becker et al. 2004). These are reported
to have a favourable toxicology profile, a high bioavailability and a more
potent and longer-lasting hypourecemic action than allopurinol (Hoshide
et al. 2004). These compounds are currently in human clinical trials for the

treatment of hyperurecimia and gout (Mayer et al. 2005).

Inhibition of nitric oxide synthases

Since the original suggestion that nitric oxide plays a role in cerebral
ischemia (Marshall et al. 1990); extensive studies have addressed this
issue. NOS inhibitors were soon tested on animal models but given in
large doses with little selectivity. Some studies found improved outcome,
while others found worsened outcome. It soon became apparent that the
effect of NOS inhibition was dependent on which isoform was being
inhibited. Pharmacological inhibition of eNOS will worsen the outcome,
secondary to vasoconstriction and reduced blood flow (Lo et al. 1996).
Use of selective nNOS antagonists confirmed neuronal production of NO
which contributes to ischemic cell death (O'Neill et al. 2000). iNOS has
been associated with oxidative stress and modifying its activity may have
therapeutic potential (Parmentier et al. 1999). However, little has been
reported on efforts to bring nitric oxide inhibitors to clinical investigation

(1999; Legido 2000).




d) Superoxide dismutase mimetics

e)

SOD is a key constituent of scavenging reactive species. Recent
pharmacological advances have allowed the advent of potent SOD
mimetics, capable of crossing the blood-brain barrier (Sheng et al. 2002).
Several major classes of SOD mimetics have been reported including the
Mn(II) cyclic polyamines, Mn(IIl) salen derivatives, Mn(IIl) porphyrins
and stable cyclic nitroxides (Riley 2000; Batinic-Haberle 2002; Kwon et
al. 2003). All of them eliminate superoxide with various selective SOD-
like properties (Salvemini et al. 1999), modest catalase-like activity (Baker
et al. 1998) and ability to oxidize nitric oxide (Sharpe et al. 2002) and
eliminate peroxynitrite (Ferrer-Sueta et al. 2003) or peroxynitrite-derived
products such as nitrogen dioxide (Goldstein et al. 2004). Due to their
reactivity towards a wide range of ROS/RNS, these antioxidants are
considered versatile and could be protective in different cellular
environments. The most documented class of mimetics used in models of
hypoxia-ischemia is the Mn(III} porphyrins. When given, up to 6 hours
after the onset, these compounds provided potent protection against infarct
formation (Mackensen et al. 2001). However, long-term outcome studies

have not yet been reported.

Spin traps

Spin traps were developed by chemist to ‘‘capture’” reactive species

allowing their detection and quantification. A classic application of this




technology in the study of ischemic brain is the use of salicylate, which
reacts with hydroxyl radicals to form a relatively stable adduct, 2,3-
DHBA, useful in microdialysis studies (Globus et al. 1995). Other spin
traps from the nitrones spin trap family, such as PBN (a-phenyl-N-t-butyl-
nitrone was found to have therapeutic effects against both global and focal
cerebral ischemic insults (Yue et al. 1992; Zhao et al. 1994). More
interesting, a second generation of spin traps, NXY-059, has been found to
improve ischemic outcome in primates when measured 10 weeks after
injury, even when treatment started 4h after onset of ischemia (Marshall et
al. 2003). After being proved to be tolerated at proposed therapeutic
concentrations in humans, this compound went in Phase III clinical trials
where it improved primary outcome (reduced disability at 90 days) but did
not alter the neurological deficits (Lees et al. 2006). However, a second
attempt of this trail failed and NXY-059 was found ineffective (Shuaib et

al. 2007).
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2.4 Trans-arachidonic acids

Since their discovery in the year 1999 as lipid peroxidation products, trans-
arachidonic acids (TAA) have gained increase interest (Jiang et al. 1999).

However, only a few studies have been published since.

2.4.1 Biosynthesis and sources of TAA

Arachidonic acid is the most abundant polyunsaturated fatty acid (PUFA) within
lipid membranes in all tissues, including the brain. Arachidonic acid is a
carboxylic acid with a 20-carbon chain containing four cis-double bonds, located
between C5=C6, C8=C9, C11=C12 and C14=C15. According to the International
Union of Pure and Applied Chemistry Nomenclature IUPAC), arachidonic acid
is termed all-cis-5,8,11,14-eicosatetraenoic acid. Because of the location of the
first double bond on carbon 6 from the omega end, arachidonic acid is considered
as an ©-6 fatty acid (Figure 14). Abstraction of one hydrogen from these methylen
groups via a homolytic cleavage of a C-H bond is a fundamental process of
arachidonic acid metabolism by enzymatic as well as non enzymatic reactions.
Enzymatic processes lead to the formation of biologically active prostaglandins
and leukotrienes (Figure 10) known as the eicosanoids (Samuelsson 1991), while
known non-enzymatic processes could be led by ROS and RNS (Morrow et al.

1997).

Figure 14l Structure of arachidonic
acid.




The non enzymatic oxidation of arachidonic acid by nitrogen dioxide (NO2°)
occurs within the lipid bilayer in a cis-frans isomerisation reaction leading to the
potential formation of 4 isomers, named trans-arachidonic acids (Jiang, Kruger et
al. 1999). Two putative mechanisms of the cis-trans isomerisation reaction were

proposed as depicted in figure 15.

NO a Figure 151 Two
2\ mechanism of cis-trans

Y o COOH 1somerisgtion by (N(?Z').

00 a) Addition of (NO2") on

H H one of the double bonds
\ and transient formation
b NO, of a nitroarachidonyl

radical. b) Hydrogen
abstraction and transient formation of arachidonyl radical. (Taken from (Balazy
2000))

The first mechanism consists of (NO2°) binding on arachidonic acid and
formation of nitroarachidonyl radical followed by elimination of (NO2*) and
generation of a trans bond (Figure 15, reaction a). The nitroarachidonyl radical is
able to react with oxygen to produce 8 isomers of nitrohydroxyeicosatrienoic
acids (NO,OHAA). The second mechanism involves a hydrogen abstraction and
formation of arachidonyl radical (Figure 15, reaction b). The arachidonyl radical
could either lead to a trans bond or react with oxygen to form oxime arachidonic
acid and hydroxyeicosatrienoic acids (Balazy 2000). However, this latter
mechanism is not fully understood. Some studies have described an iron-
catalyzed non enzymatic cis-trans isomerisation reaction on PUFA where iron

transforms the cis bond from an sp2 level to an sp3 level followed by a




reconformation and a rotation, thus generating a trans bond (Selzer 1972). The
cis-trans isomerisation reaction on arachidonic acid mediated by (NO2®),
described in vitro, give rise to 4 different isomers of trans-arachidonic acids,
named SE-AA, 8E-AA, 11E-AA and 14E-AA, where E stands for the trans
configuration (Figure 16).

AV AV Ve eV SV Ve

AA Figure 161 Arachidonic acid
and its four frans-isomers.

\/\/\‘“/\m/\w/\j\/\/m Taken from (Balazy 2000).

S-trans-Ad
N NEPNEPNY NN
8-trans-AA
11
NN TN TNNSOH
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AR TN A S
1d-trans-AA

Although it has been described that a cis bond configuration could be converted to
a trans bond geometry, the presence of trans isomers of PUFA is exclusively
attributed to exogenous sources. Trans fatty acids come from diet, particularly
from meat, milk and partially hydrogenated fats and oils (Aro 1998). It is worth
noting that dietary cis and trans fatty acids can be incorporated into cellular
membranes (Reichwald-Hacker et al. 1979; Wolff et al. 1994). The double bond
angle of the zrans fatty acids is smaller than the cis isomeric configuration and the
acyl chain is more linear, resulting in a more stable and rigid molecule which

decrease permeability and fluidity of the lipid bilayer (Schofield 1979; Ferreri,
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Faraone Mennella et al. 2002). Due to the efficiency of FR-catalyzed
isomerisation process, and although the 4 mono-trans isomers of arachidonic acid
have been described in vitro, it is possible to distinguish between the frans fatty
acids derived from an exogenous supplementation and those formed in vivo
(Carlson et al. 1997). Such a distinction is crucial to understand the biochemical
meaning of trans lipids and their relationship with health concemns (Ip et al. 1996;
Koletzko et al. 1997; Sebedio et al. 2000; van de Vijver et al. 2000). In the case of
arachidonic acid, the trans double bonds in positions C5 and C8 (i.e. SE-AA and
8E-AA) of the hydrocarbon chain are indicative of endogenous isomerisation,
since such isomers cannot derive from dietary precursors. These latter include
linoleic acid (C18:2n) which contains 2 cis double bonds at position C9 and C12.
Through the enzymatic pathways of elongation and desaturation, linoleic acid is
metabolized in vivo into arachidonic acid. The former double bonds 9 cis and 12
cis of LA become 11 cis and 14 cis then leading to 11 trans and 14 trans
respectively (Privett et al. 1967; Beyers et al. 1991). For the past 10 years,
accumulating evidence suggests that all 4 trans isomers of arachidonic acids are
detected in vivo under various pathological processes. Due to their stability, TAA
are measurable in tissues, plasma and biological fluids. Plasma levels from
healthy humans showed that all four isomers of TAA are present with
concentrations reaching around 12 ng/ml for 5E-AA and 11E-AA isomers and
around 4 ng/ml for 8E-AA and 14F-AA isomers. No significant difference was
detected in these levels between males and females (Zghibeh et al. 2004). When
measured in various pathological settings, such as septic shock, breast cancer,

hyperoxia- and hypercapnia-induced vascular obliteration and diabetes, TAA




levels tended to increase, approaching micromolar concentrations in a few hours
after injury onset (Balazy 2000; Ferreri, Faraone Mennella et al. 2002;
Kermorvant-Duchemin, Sennlaub et al. 2005; Checchin, Sennlaub et al. 2006; Xu,

Xun et al. 2008).

Several methods have been proposed to synthesize TAA in vitro, in order to
evaluate their effects on biological tissues. These methods include a gamma-
irradiation of methyl arachidonate with thiyl radical as a catalyst (Ferreri, Faraone
Mennella et al. 2002) or by flushing (NO2°®) on arachidonic acid (Jiang, Kruger et
al. 1999). However, these methods do not allow for separation of individual
isomers. A more convenient method was developed where pure TAA isomers
could be generated from cormresponding cis-epoxyeicosatrienoic acids (EETS)

(Krishna et al. 2001).

2.4.2 Metabolism of TAA isomers

Metabolism of arachidonic acid shows a very distinctive profile as shown in
Figure 10. TAA isomers however failed to show a similar metabolic profile. TAA
metabolism requires only oxygen and reduced NADP, indicative of CYPuso
epoxygenase involvement (Roy et al. 2004; Kermorvant-Duchemin, Sennlaub et
al. 2005). Though very little is known about the epoxidation of trans fatty acids,
14E-AA isomer was proposed to be metabolized first by CYP450/NADPH forming
trans-epoxides (trans-EETs), then converted into dihydoxyeicosatrienoic acids
(DiHETES) by epoxide hydrolase (Figure 17). This process has only been proven
in vitro by incubating TAA with liver microsomal fractions (Roy, Loreau et al.

2004).




14,15-trans-AA

CYP450
NADPH

COOH COOH
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14,15-trans-EET 14,15-trans-11,12-cis-eET
epoxide
hydrolase
— e COOH er T COOH
OH + 8,9 and 56
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14,15-erythro-DiHETE 14,15-trans-11,12-threo-DIHETE

Figure 171 Microsomal epoxidation of 14E-AA. CYP450 metabolizes 14E-AA
into 4 epoxides which are then converted by epoxide hydrolase into diols
(DiHETES). Taken from (Roy, Loreau et al. 2004),

Another study showed that the SE-AA isomer generates an array of trans-EET,
DIiHETEs and cis-HETEs metabolites. Some of these metabolites are bioactive
and exert a vasorelaxation effect on various vascular beds (Balazy, lesaki et al.

2001; Falck et al. 2003; Roy et al. 2005; Oliw et al. 2007).

2.4.3 Biological actions of TAA

Although first considered as markers of nitrative stress, TAA are also bioactive.
All four TAA isomers have potent and specific cytotoxic effects. TAA induce a
selective time- and dose-dependent apoptosis of microvascular endothelial cells
resulting in retinal microvascular obliteration. These effects require the
upregulation of the anti-angiogenic factor thrombospondin-1 (TSP-1) which

increase depends on the transient activation of ERK1/2 (Kermorvant-Duchemin,
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Sennlaub et al. 2005). The signalling pathway leading to TAA-induced activation
of MAPK to upregulation of TSP-1 remains undefined. Furthermore, there is
evidence that each isomer of TAA might have a distinct function. SE-AA was
shown to distinctively induce an amrest of cancer cell growth followed by
apoptosis (Jain et al. 2005). The specific mechanisms by which 5-EAA mediate

these effects is not identified.

2.4.4 Putative receptors for TAA

The era of eicosanoid research began in the 1930s with two seminal, though
seemingly unrelated observations. The first study found that exclusion of fat from
diet in the rats led to growth retardation, reproductive disorders, scaly skin and
kidney injuries which led to the discovery of essential fatty acids (Burr et al.
1930). The second study identified a factor with fatty acid properties and smooth
muscle stimulating activity termed prostaglandin (US 1934). Some 30 years later,
Bergstrtom and Samuelsson have linked both these observations after elucidating
the structures of classical prostaglandins and demonstrated that they are produced
from the same essential fatty acid: arachidonic acid (Bergstrom et al. 1964). This
Nobel Prize winner discovery has stimulated research in the field leading to the
discovery of all prostaglandins and leukotrienes as products of AA metabolism,
the elucidation of their biosynthesis and characterization of their mechanisms of
action (Bergstrom et al. 1982). The main biological action of both prostaglandins
and leukotrienes is exerted via disctinct G protein coupled receptors (GPCR)

listed in Table 1.




Prostaglandins Receptors Roles

EP1 Pain response
EP2 Ovulation / fertilization
EP3 Fever
EP4 Bone resorption
PGl; (prostacyclin) IP Vasorelaxation
DP1 Allergic asthma
PG Dg
DP2 Chemotaxis
PGF2q FP Contraction / Parturition
TPy Aggregation
TXA; (thromboxane)
TPg Vasoconstriction
Leukotrienes Receptors Roles
B-LT1 Chemotaxis
LTB,
B-LT2 ?
LTC, Cys-LT2 ?
Cys-LT1 Bronchoconstriction
LTD,
Cys-LT2 ?

Table 1. Prostaglandins and leukotrienes receptors and actions. Each
synthesized prostaglandin and leukotriene will exert autocrine or paracrine
function on a distinct receptor, depending on targeted cell type. Only a few
actions are described in this table. B-LT2 and CysLT2 receptors evoke functions
that are yet unknown despite their presence in various tissues. (Adapted from
Funk CD 2001 (Funk 2001))

Nonetheless, prostaglandins and leukotrienes do not seem to exert their effects
solely on GPCRs. Peroxisomal proliferator-activated receptors (PPARs) are able
to bind and be activated by various eicosanoids; PPARa by L'TB,4 and §8-HETE,
PPARy by 15-deoxy-12,14-PGJ, (dehydration product of PGD;) and PPARS by
prostacyclin analogs (Forman et al. 1995; Kliewer et al. 1995; Yu et al. 1995;
Devchand et al. 1996; Gupta et al. 2000). Prostaglandins and leukotrienes are not

the only constituents of the eicosanoid family with bioactive properties. Advances
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in the eicosanoid field extend beyond the enzymatic products of AA to a variety
of non enzymatic derivatives of AA. As mentioned in the previous section, lipid
peroxidation products of AA present a vast array of biological actions in many
different cell types, paradoxically acting as both friend and foe. Isoprostanes
(IsoPs) have intrigued for many years until nowadays all scientists in the field
have failed to assign a specific receptor for their bioactive functions. Because
some of these effects could be abrogated using a thromboxane receptor
antagonist, many have speculated IsoPs to act on TP receptor (Takahashi et al.
1992; Audoly et al. 2000; Sametz et al. 2000). However, evidences against it
indicated that IsoPs may not interact with TP (Fukunaga ét al. 1993; Longmire et
al. 1994; Lahaie, Hardy et al. 1998; Pratico et al. 2001) hence suggesting the
existence of a distinct receptor for IsoPs. On another hand, nitrolinoleic acid
(LNOy), nitrooleic acid and other nitrated fatty acids are considered to be
endogenous ligands of PPARYy acting within physiological concentrations (Baker,
Lin et al. 2005; Schopfer et al. 2005; Alexander et al. 2006). Conversly, other
(NO;*)-derived lipid peroxidation products and free fatty acids such as TAA
mediate their effects via PPARy-independent mechanisms (Sauer et al. 2000;
Louet et al. 2001; Kermorvant-Duchemin, Sennlaub et al. 2005) and are rather

characteristic of cell surface receptors.

Recent phylogenetic findings have categorized new nonchemosensory orphan
GPCRs to a subfamily of receptors termed ‘‘Orphan A5’’, most closely related to
the nucleotide, eicosanoid, protease-activated and lipid receptors (Vassilatis et al.

2003; Brown et al. 2005). These receptors named GPR40, GPR41, GPR42,




GPR43 and GPR120 were found to be activated by free fatty acids via a so-called
reverse pharmacology strategy (Kotarsky et al. 2003), previously successful in
identifying ligands for other orphan GPCRs (Stadel et al. 1997). The receptors
GPR41 and GPR43 are only activated by short chain fatty acids such as formic
acid (HCOOH) (Brown et al. 2003; Le Poul et al. 2003; Nilsson et al. 2003) while
GPR40 and GPR120 are activated by medium or long chain fatty acids including
linoleic acid (C18), arachidonic acid (C20) and docosahexaenoic acid (C22)
(Briscoe et al. 2003; Itoh et al. 2003; Kotarsky, Nilsson et al. 2003; Hirasawa et
al. 2005). Though GPR40 is preferentially activated by chain lengths 12 to 18
carbons among saturated fatty acid and chain lengths 20 to 22 carbons among
unsaturated fatty acids (Brown, Jupe et al. 2005), GPR120 functions as a receptor
for only unsaturated long chain fatty acids of 16 to 22 carbons (Hirasawa,
Tsumaya et al. 2005; Katsuma et al. 2005). However, it is worth mentioning that
the nature of ligands for a given receptor differs from one tissue to another
depending on the cell type (Stewart et al. 2006). GPR40 receptor is mainly
enriched in human and rodent pancreatic islets (where its role in diabetes is being
investigated) but only found in the human or primate brain (Briscoe, Tadayyon et
al. 2003; Itoh, Kawamata et al. 2003; Kotarsky, Nilsson et al. 2003). GPR120
shows a different distribution profile, where it highly concentrated in the human
lungs, stomach and slightly in the brain (Fredriksson et al. 2003; Hirasawa,
Tsumaya et al. 2005). Both GPR40 and GPR120 activation result in a transient
elevation of intracellular calcium and downstream MAP kinase activation,
characteristic of Guaq coupled receptors (Briscoe, Tadayyon et al. 2003; Itoh,

Kawamata et al. 2003; Kotarsky, Nilsson et al. 2003; Hirasawa, Tsumaya et al.
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2005). Moreover, GPR40 activation requires the binding of a carboxylate group
(COOH) which coordinates with positively charged arginine residue. The
regiochemistry of the carboxylate group is also an important factor to determine
the receptor affinity (Brown, Goldsworthy et al. 2003; Sum et al. 2007;
Tikhonova et al. 2007). In fact, replacement of the carboxylate by a nitro group
will elicit antagonistic properties (Tikhonova et al. 2007). However, it is
noteworthy to mention that ligands’ affinities to these receptors is low as
indicated by high ECsg values which range from 5 to 50 uM (Briscoe, Tadayyon
et al. 2003; Kotarsky, Nilsson et al. 2003; Katsuma, Hatae et al. 2005), depending
on the cell type. Due to this low affinity, no binding studies demonstrating the
binding of any ligand to these receptors have been reported (Kotarsky, Nilsson et
al. 2003). Although these studies have included arachidonic acid in their
investigation, no evidence was provided for TAA. Nevertheless, the structural
resemblance between AA and TAA (Figure 18) as well as the specificity of the
effect of TAA on expression of TSP-1 suggests that TAA might exert their effect

through an unknown receptor, possibly GPR40 and/or GPR120.

Figure 18I 3-dimensional
structures of arachidonic acid
(AA) and frans-arachidonic
acids (TAA). The TAA depicted
in the picture is the 14E-AA: Note
the trans bond configuration at
carbon 14 which alters only the ®-
end of the fatty acid leaving intact
the carboxylic end of the
molecule. The requirement for an
acid group seems absolute for
GPR40 activation (Brown,
Goldsworthy et al. 2003).




CHAPTER 3: Trans-arachidonic
acids induce a heme oxygenase-
dependent vasorelaxation of
cerebral microvasculature




3.1 PREAMBULE

In the following pages are represented data demonstrating the role of trans-
arachidonic acid in the acute phase of cerebral ischemia and dissecting the
mechanisms involved. TAA caused a rapid endothelium-dependent vasorelaxation
of rat brain pial microvessels. This vasorelaxation was independent of all classical
vasodilatory pathways (nitric oxide, prostaglandins and endothelium-derived
hyperpolarizing factors). Instead, TAA-induced vasorelaxation was depenent on a
rather unusual pathway necessiting the interaction of heme oxygenase-2 and large
conductance calcium-dependent potassium channels. These data demonstrate that
TAA may participate early in the onset of brain injury by compromising the
vascular tone resulting in further oxygen supply and peroxidation. These data are

represented in the following publication:

Kooli A, Kermorvant-Duchemin E, Sennlaub F, Bossolasco M, Hou X,
Honoré JC, Dennery PA, Varma D, Hardy S, Jain K, Balazy M, Chemtob S
(2007). Trans-arachidonic acids induce a heme oxygenase dependant
vasorelaxation of cerebral microvasculature. Free Radical Biology and

Medicine 44 (5):815-825.
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3.2 ABSTRACT

Nitrative stress is an important regulator of vascular tone. We have recently
described that trans-arachidonic acids (TAA) are major products of NO, -
mediated isomerization of arachidonic acid in cell membranes and that nitrative
stress increases TAA levels leading to neural microvascular degeneration. In the
present study, we explored whether TAA exert acute effects on
neuromicrovascular tone and investigated potential mechanisms thereof. TAA
induced an endothelium-dependent vasorelaxation of rat brain pial
microvasculature. This vasorelaxation was independent of nitric oxide,
prostanoids, lipoxygenase products, and CYPsp metabolites trans-
hydroxyeicosatetraenoic acids. However, inhibition of heme oxygenase (using
zinc protoporphyrin IX) and of dependent soluble guanylate cyclase (sGC; using
ODQ), significantly diminished (by ~70%) the TAA-induced vasorelaxation.
Consistent with these findings, TAA stimulated heme oxygenase (HO)-2-
dependent bilirubin (using siRNA HO-2) and ¢cGMP formation, and the HO
product carbon monoxide (using CO releasing CORM-2) reproduced the sGC-
dependent cGMP formation and vasorelaxation. Further exploration revealed that
TAA-induced vasorelaxation and bilirubin formation (HO activation) were nearly
abrogated by large-conductance calcium-dependent potassium channels BKca
(using TEA and iberiotoxin); opening of BKc, channels with the selective
activator, NS1619, induced a concentration-dependent vasorelaxation, which was
inhibited by HO and sGC inhibitors. Co-immunoprecipitation suggested

molecular complex interaction between BKc, and HO-2 (but not HO-1).




Collectively, findings identify new properties for TAA, specifically cerebral
vasorelaxation through interactive activation of BK¢, with HO-2, and in turn sGC.
Our findings provide new insights into the characterization of nitrative stress-
derived TAA products, by acting as acute mediators of nitrative stress on

neurovascular tone.

Keywords: trans-arachidonic acids, nitrative stress, cerebral vasorelaxation,
heme oxygenase and carbon monoxide, cyclic GMP, large conductance calcium-

dependent potassium channels.

3.3 INTRODUCTION

Nitrative stress derivatives and lipid peroxidation products are endogenous
molecules that exert diverse biological effects. Nitrative stress leads to the
formation of reactive nitrogen species generated in vivo by the reactivity of nitric
oxide (NO) with a superoxide anion (O;) giving rise to peroxynitrite, which has
been implicated to participate in various pathologies (Ronson et al. 1999;
Wattanapitayakul et al. 2000; Dickhout et al. 2005). Oxygen and nitrogen free
radicals can target a variety of classes of molecules, such as proteins, nucleic
acids, carbohydrates, and notably unsaturated fatty acids, including those in the
cell membrane resulting in lipid peroxidation and cellular injury (Radi et al. 1991;
Salgo et al. 1995; Szabo et al. 1996). Some of the generated products can act as
mediators of the oxidative and nitroxidative stresses; this has clearly been shown
for isoprostanes (Lahaie, Hardy et al. 1998; Hou, Gobeil et al. 2000; Hou et al.

2001; Hou et al. 2004).




In brain, peroxidation is believed to play an important role in the genesis of
various pathologies such as Parkinson’s (Selley 1998), Alzheimer’s (Butterfield et
al. 2001; Lovell et al. 2001), and particularly hypoxic-ischemic cerebral insult
(Perlman 2006). Several studies have focused on the identification of NO-derived
reactive nitrogen species and their ensued chronic effects. We have recently
described a novel peroxidation process mediated by NO;" which results in a cis to
trans isomerization of arachidonic acid. This non enzymatic reaction produces
four stable trans-arachidonic acid (TAA) isomers namely SE-AA, 8E-AA, 11E-
AA and 14E-AA, where 5E-AA and 8E-AA are endogenous (Balazy 2000) and
not found in diet (Ferreri, Faraone Mennella et al. 2002). Along with other
peroxidation products such as isoprostanes, TAA are markedly increased during
nitroxidative stress and mediate selective endothelial cell death and microvascular
degeneration (Brault, Martinez-Bermudez et al. 2003; Kermorvant-Duchemin,
Sennlaub et al. 2005). These severe consequences require a sustained and
relatively prolonged (minimum 6 h) exposure of endothelium to TAA. However,
acute hemodynamic changes secondary to generation of TAA may also participate
to the ongoing injury, either by compromising blood flow or conversely
augmenting it and resulting in increased O, supply and further fueling
peroxidation. For instance, isoprostanes cause significant cerebral
vasoconstriction (Lahaie, Hardy et al. 1998; Hou, Gobeil et al. 2000; Hou,
Roberts et al. 2001; Hou, Roberts et al. 2004), while reactive nitrogen species,
such as peroxynitrite, are potent vasorelaxants (Villa et al. 1994; Graves et al.
1998). To further elucidate the biological functions of TAA (as potential

mediators of nitroxidative stress) we proceeded to characterize their acute
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vasomotor properties specifically as it applies to neural vasculature, in line with
previously reported longer-term effects on neural microvascular integrity (Brault,
Martinez-Bermudez et al. 2003; Kermorvant-Duchemin, Sennlaub et al. 2005); in
this process we investigated their mechanisms of action. We hereby describe that
TAA elicit pial vasorelaxation via a less conventional pathway involving heme
oxygenase-2, through an apparent interaction with the large conductance Ca*-

dependent potassium channel (BKca).

3.4 MATERIALS AND METHODS

Animals and Tissue Preparation

All animals were used according to a protocol of Hopital Ste-Justine Animal Care
Committee in accordance with the principles of the Guide to the Care and Use of
Experimental Animals and guidelines of the Canadian Council on Animal Care.
Young adult Sprague-Dawley rats (~2-3 months old [250-300 g]) were purchased
from Charles River. Animals were anesthesized by isoflurane (2.5-5%) and killed
by intracardiac injection of saline or CHAPS (to remove endothelium; 5 mg/l for
3 min) plus India ink-containing heparin (to visualize brain microvessels). Brains
were quickly removed and placed in ice-cold Krebs buffer (pH 74) of the
following composition (mM): NaCl 120, KCI 4.5, CaCl, 2.5, MgSO4 10,

NaHCO; 27,KH;PO4 1.0 and glucose 10.

Synthesis of Trans-arachidonic acids




Four trans-arachidonic acids were obtained from Dr JR Falck laboratory. All four
mono-trans isomers of arachidonic acids were synthesized from corresponding
epoxides as previously described (Krishna, Reddy et al. 2001). These isomers
were 100% pure and did not contain cis-arachidonic acid. Their purity and
structure were confirmed by mass spectrometry, NMR, IR, HPLC and TLC. The
TAA are stable as sodium salts in buffered solutions; TAA remain stable when
stored refrigerated (-80°C) in ethanol (no degradation or peroxidation products
detected by mass spectrometry, and biological effects are highly reproducible in
aliquots frozen for variable durations)(Jiang, Kruger et al. 1999; Balazy 2000;
Krishna, Reddy et al. 2001; Kermorvant-Duchemin, Sennlaub et al. 2005; Roy,

Joshua et al. 2005).

Vasomotor Responses of Cerebral Pial Microvessels

Brains were sliced and pinned to a wax support in a bath containing 20 ml Krebs
buffer equilibrated in 95% O; and 5% CO; and maintained at 37°C, as previously
described in detail by us (Hou, Gobeil et al. 2000). Sliced brains were allowed to
equilibrate for 30 to 45 min before starting the experiment. The effects of trans-
arachidonic acid (TAA) isomers, NS1619 a selective activator of large
conductance calcium-dependent potassium channels (BKca) (Holland et al. 1996),
and the CO releasing molecule ([Ru(CO);Cl;]); [CORM-2] releases 0.7 mole of
CO per mole of CORM-2 (Motterlini et al. 2003)), were studied on the diameter
of brain pial microvessels. Since pilot experiments revealed profound
vasorelaxation of intact vessels in response to TAA, all vasomotor experiments

were conducted without need to preconstrict (Nagaoka et al. 2007). Integrity of




smooth muscle vasomotor activity on CHAPS-treated tissues was confirmed by
preservation of full contractility to U46619 and relaxation to sodium nitroprusside
(SNP), as previously described (Hardy et al. 1998). Microvessels (50-75 pm) were
visualized using a video camera mounted on a microscope (Zeiss M-400) and
vascular diameter was measured using a digital image analyzer (Sigma Scan
Software). Measurements are repeated three times (<1% variability). Vascular
diameter was recorded before and after topical administration of increasing
concentrations of frans-arachidonic acids following inhibitor application.
Cumulative dose-responses (10™ to 10° M for TAAs and 10° to 10° M for
NS1619) were studied on cerebral pial microvessels from brains of different
animals in the absence or presence of the nitric oxide synthase inhibitor L-nitro-
arginine methyl ester (L-NAME; 1 mM) (Kozma et al. 1999), the cyclooxygenase
inhibitor ibuprofen (10 uM) (Wang et al. 2002), the soluble guanylyl cyclase
inhibitors 1H-[1,2 4]Oxadiazolo[4,3]quinoxalin-1-one (ODQ, 0.1 mM) (del
Zoppo, Becker et al. 2001) and NS2028 (1 uM) (Olesen et al. 1998), the calcium-
dependent potassium channel blocker tetracthylammonium chloride (TEA, 1 mM)
(Hardy, Abran et al. 1998), the specific BKca channel blocker iberiotoxin (0.1
uM) (Hardy, Abran et al. 1998; Gobeil et al. 2002), the cytochrome Py4so blockers
1-aminobenzotriazole (1-ABT; 1 mM) (Mathews et al. 1985) and miconazole (10
uM) (Pelligrino et al. 1999), the lipoxygenase inhibitor nordihydroguairetic acid
(NDGA, 3 puM) (Chen et al. 2005), the heme oxygenase inhibitor zinc

protoporphyrin IX (ZnPPIX, 0.5 uM) (Appleton et al. 1999). Concentrations of all
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blockers are consistent with those reported to inhibit targeted enzymes and

channels.

Cell Culture

Brain microvascular endothelial cells were cultured from newbom pig brains as
previously described (Lahaie, Hardy et al. 1998). Human microvascular
endothelial cells (HMEC-1) were purchased from ATCC and cultured in EBM

media containing 10% FBS, 10 ng/mL EGF and 1 pg/mL hydrocortisone.

Measurements of Nitrite production in porcine endothelial cells

Production of nitrite (major oxidation product of NO) was measured by
chemiluminescence (Sievers NO analyzer) as described (Brault, Martinez-
Bermudez et al. 2003; Kermorvant-Duchemin, Sennlaub et al. 2005). In brief,
porcine brain microvascular endothelial cells were placed in an incubation buffer
of the following composition: Tris-HCI (10 mM), pH 7.5, KCl1 (10 mM), MgCl, (3
mM), CaCl, (100 nM). 1-Arginine (100 M), NADPH (1 mM),
tetrahydrobiopterin (15 uM), calmodulin (1 gM), FAD (1 xM), and nitrate
reductase (80 units/liter) were added and bubbled with O, (reaction medium
volume of 500 pl) in sealed containers. Cells were incubated 10 min with vehicle
(buffer alone), 8E-AA (0.1 pM) or SNP (1 mM). Protein concentration was
determined by Bradford protein assay using bovine serum albumin as standard.

Nitrite production was measured and normalized to protein content.

Measurement of eicosanoids

1
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Brain microvascular endothelial cells were exposed to 8E-AA isomer (0.1 uM) for
10 min, and then immediately collected. Cell media was frozen after adding
0.001% of the antioxidant butylated hydroxytoluene (BHT). Lipids were extracted
from cell media and analyzed by tandem mass spectrometry (LC/MS/MS) using
MRM (multiple reaction monitoring) technique as we reported (Jiang, Kruger et
al. 1999; Roy, Joshua et al. 2005). Briefly, the samples were analyzed on a Zorbax
Eclipse XDB-C18 column (2.1x50 mm, 1.8xm) and eluted isocratically with 60%
solvent A (water/acetonitrile/acetic acid 75:25:0.05 v/v/v) and 40% solvent B
(100% acetonitrile) at a flow rate of 0.300 ml/min using an Agilent 1100 HPLC
system. The mass spectrometer (API 2000, Sciex, Canada) was set to detect
prostaglandins (PGE,, PGD,, and 6-keto-PGF,,), lipoxygenase-derived HETEs
(5-, 8-, 11-, 12-, 15-HETE) and cytochrome P4s0 metabolites of AA (20-HETE,
19-HETE and epoxides: 5,6-, 89-, 11,12-, 14,15-EET). The eicosanoids’ peaks
were detected and quantified using two deuterium-labeled intemnal standards: 8-
i80-PGF,,-d; and 12-HETE-dg (obtained from Biomol, Inc.), which were added
during sample extraction. The eicosanoids were quantified using standard curves

and the nanogram amounts were normalized to protein content.

Determination of cGMP accumulation

Sliced rat brains or porcine cerebral microvessels were used to determine cGMP
production and guanylate cyclase activity as described (Hardy, Abran et al. 1998).
Sliced brains and cerebral microvessels were pre-incubated in Krebs buffer in the
presence of phosphodiesterase inhibitor isobutyl-methylxanthine (IBMX; 0.5

mM) for 10 min. Pre-incubation period was followed by pre-treatement with




vehicle, ZnPPIX (0.5 uM, 30 min) or ODQ (0.1 mM, 20 min) followed by the
addition of sodium nitroprusside (SNP; 1 mM, 30 min), NS1619 (10 pM, 30 min)
or iberiotoxin (IBX, 0.1 uM, 30 min) or CORM-2 (0.3 mM, 2 min) or 8E-AA (0.1
UM, 15 min). Enzymatic reactions were stopped by addition of 1 mL acidified
ethanol to extract cGMP. Slices were then homogenized and washed with ethanol-

water (2:1), centrifuged for 10 min at 1000g; cGMP was assayed on supemnatant

(Amersham, TRK500).

Determination of cAMP production

Porcine cerebral microvascular endothelial cells were used to determine cAMP
production and adenylate cyclase activity. Endothelial cells were pre-incubated
with cell media in the presence of IBMX (1 mM). Pre-incubation period was
followed by treatment with vehicle, TAA (1 uM) or adenylate cyclase activator
forskolin (100 xM). The reaction was terminated with 200 ul of acidic ethanol.
After centrifugation, cAMP was measured by radioimmunoassay as described by
the manufacturer (Amersham, TRK432). Levels of cAMP produced were

normalized to protein content.

Heme oxygenase activity (bilirubin assay)

Heme oxygenases (HO) catalyze the equimolar production of biliverdin and
carbon monoxide (Maines 1997); biliverdin is then converted into bilirubin. HO
activity was measured in neuromicrovascular endothelial cells (microsomal
fraction) by assaying the levels of bilirubin formation as previously described

(Motterlini et al. 1996). Endothelial cells were treated with 8E-AA (0.1 uM, 10




min), vehicle (10 min), or pre-treated with ZnPPIX (0.5 uM, 30 min), iberiotoxin
(10 pM, 30 min) or ODQ (0.1 mM, 20 min) followed by 8E-AA isomer (0.1 pM,
10 min). Cells were then washed twice with phosphate-buffered saline (PBS, pH
74), suspended and centrifuged at 400g for 10 min at 4°C. The cell pellet was
homogenized in potassium phosphate buffer (pH 7.4) and centrifuged at 100,000g
for 60 min. Microsomal fractions were resuspended in 0.1 M potassium phosphate
buffer containing 2 mM MgCl,. Microsomes (500 pg protein) were incubated
with herﬁin (30 uM), rat liver cytosol (2 mg/mL), glucose-6-phosphate
dehydrogenase (0.2 U), glucose-6-phosphate (2 mM), and NADPH (0.8 mM) in
0.5 ml for 1 h at 37°C in the dark. Bilirubin was extracted with chloroform, and its
absorbance at 464 nm measured against a baseline absorbance at 528 nm
(excitation coefficient, 40 mM'cm™ for bilirubin). Heme oxygenase activity was
expressed as % of control where 100% is equal to 112.5 nmol of bilirubin

formed/mg protein/60 min as percentage of control.
Heme oxygenase immunohistochemistry

Rats were anesthetised with isoflurane 5% and perfused either with saline or
CHAPS. Brains were collected and immediately placed in 4% formalin for 24 h at
room temperature followed by immersion in 30% sucrose in 0.1 M phosphate
buffer. Brain sections (10 pm) were cut with a cryostat (Microm International,
HMS500 O), mounted on a Supersoft Plus slides. Immunohistochemistry was
performed using HO-1 or -2 antibodies (1:500, Stressgen) then double-labelled
with endothelial specific cell marker CD31 antibody (1:50, Oxford

Biotechnologies), as previously described (Sennlaub et al. 2003).




Immunoprecipitation of BK¢, and HO-1/HO-2

Rats were anesthesized with 5% isoflurane and perfused with saline. Brains were
collected, homogenized and then centrifuged for 10 min at 10,000 rpm, followed
by a second centrifugation for 1 h at 65,000 rpm to isolate microsomal fraction.
Latter was resuspended in 500 pl lysis buffer (150 mM NaCl, 50 mM Tris-HCl
pH 8.0, 5 mM EDTA, 0.5% NP40 in addition to a cocktail of protease inhibitors).
To each suspension was added 5 ug of BKa (Transduction laboratories), or 1:100
HO-2 (Stressgen), or 1:100 HO-1 (Stressgen) antibodies and the mixtures were
incubated at 4°C overnight with gentle rotation before addition of 50 yL Protein G
beads. The mixtures were further incubated for 3 h at 4°C. The beads were
pelleted at 7000¢ for 5 min and washed 3 times with lysis buffer, then
resuspended in lameli buffer and loaded onto 10% resolving SDS-polyacrylamide
gels. After the transfer, polyvinylidene diflouride membranes were blocked in 2%
albumin bovine serum in PBS-tween (Sigma) for 2 h at room temperature and
transferred to primary antibody diluted 1:250 in blocking buffer for BKa or

1:5000 for HO-2.
Downregulation of Heme oxygenase-2 with RNA interference.

HMEC-1 cells were grown to 70% confluence and transfected with 100 nM pre-
designed, ready to transfect, siRNA sequences targeting HO-2 (Ambion) or a
scrambled negative control, using lipofectamine 2000 reagent (invitrogen); the
sequence targeting HO-2 is the following: 5’-ggacauggaguauuucuuutt-3’

(forward) and 5’-aaagaaauacuccaugucctt-3’ (reverse). Silencer® Negative Control
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#1 siRNA (Ambion) was used as a negative control siRNA for our control
experiment. Cells were incubated with the HO-2 siRNA for 48 h after which they

were either subjected to heme oxygenase assay or mRNA determination.

Quantitative Real-time Reverse Transcription-PCR.

Total RNA was isolated from confluent HMEC-1 cells using TRIzol reagent
(Invitrogen) and cDNA was generated via a reverse transcriptase reaction from
2.5 ug of RNA using the MMLV-RT (invitrogen). Quantitative real-time PCR
was performed using the Mx3005P® QPCR system and iTaq SYBR green
(Biorad). The primers used were as follows: HO-2 5’-aagcacacgaccgggcagaaaac-
3’(forward) and  5’-tgttcaggtccagggegttcatc-3°  (reverse), HO-1  5°-
ccectacacaccagecatgeage-3 ' (forward) and 5’-atcggagaagcggagcctgggag-
3’(reverse), B-actin 5’-catcgagcacggcatcgtca-3’(forward) and 5-

tagcacagcctggatagcaac-3’(reverse).

Chemicals

Four isomers of TAA were individually synthesized via stereospecifc synthesis
from corresponding arachidonic acid epoxides (EETs) in a pure form as described
(Krishna, Reddy et al. 2001) and were kind gift from Dr. Camille Falck
(University of Texas Southwestern Medical Center, Dallas, TX). The following
agents were purchased: NS1619, L-NMMA, 1H-[1,2,4]Oxadiazolo[43-
ajquioxalin-1-one (ODQ), NS2028, iberiotoxin, 1-ABT,
tricarbonyldichlororuthenium (II) dimer (CORM-2), hemin, D-glucose 6-

phosphate sodium salt, sodium nitroprusside, ibuprofen, nordihydroguaiaretic acid




(NDGA), glucose 6-phosphate dehydrogenase, IBMX (Sigma-Aldrich), NAPDH
(Roche), zinc protoporphyrin IX (Frontier Scientific), TEA (Calbiochem), cGMP
assay kit (TRK500, Amersham), anti-HO1 and anti-HO2 (Stressgen Bioreagents),
anti-CD31 (Oxford Biotechnologies), anti-BKa (Transduction Laboratories),

Albumin bovine serum (Sigma Aldrich).

Data analysis
Results were analyzed by two-way analysis of variance by factoring for
concentration and treatments; post-hoc analysis was performed by Bonferroni

method. Statistical significance was set at p<0.05.

3.5 RESULTS

Effects of Cis-arachidonic acid and corresponding Trans-isomers on Rat

Brain Pial Microvessels.

Cis-arachidonic acid and corresponding trans-isomers, namely SE-AA, 8E-AA,
11E-AA and 14E-AA, produced a concentration-dependent vasorelaxation of
brain pial microvessels (Figure 1). 5- and 8E-AA were the most potent trans-
arachidonic acids, and 8 E-AA was also the most effective vasorelaxant, nearly
equivalent to cis-arachidonic acid (Table 1). Accordingly, we opted to utilize 8E-

AA to characterize TAA mode of action in vasorelaxation.

TAA-induced Vasorelaxation is Endothelium-Dependent

To examine the involvement of the endothelium, we tested the effects of TAA on

perfused pial microvessels denuded or not of the endothelial cell layer using 3-




[(3-cholamidopropyl) dimethylammonio]-1-propansulfonate (CHAPS). Removal
of endothelium was functionally successful since vasorelaxation to endothelium-
dependent substance P (1 mM) (Hardy, Abran et al. 1998) was abolished, whereas
constriction and relaxation respectively to U46619 (0.3 uM) and NO donor SNP
(1 pM) were unaffected (data not shown). 8 E-AA-dependent vasorelaxation was
abrogated by CHAPS-treated tissues (Figure 1B) (P<0.001), indicating

endothelial-dependence.

Effects of TAA on Endothelial Cell-Dependent Vasodilatory Pathways

The endothelium is responsible for various vasodilatory mechanisms. Major
vasorelaxant pathways contained within the endothelium are NO synthase (NOS),
prostaglandin (mainly PGI,) synthase, and endothelium-derived hyperpolarizing
factors for which the chemical identity(ies) remains elusive, albeit seems to be
participated by cytochrome Paso metabolites (Triggle et al. 1999; Sandow 2004),
namely epoxyeicosatrienoic acids and (EETs) and hydroxyeicosatetraenoic acids
(HETESs) which have been shown to exert significant vasorelaxation (Harder et al.
1995; Fang et al. 2006). We tested whether these pathways contributed to 8 E-AA
-induced vasodilation. NOS and cyclooxygenase inhibitors, namely L-NAME and
ibuprofen, negligibly affected TAA-induced vasorelaxation (Figure 2A and 2C);
inhibitors did not affect basal microvessel diameter. Consistent with these
observations, TAA stimulation of brain microvascular endothelium did not elicit
nitrite or (total) prostaglandin production (Figure 2B and 2D); the latter consisted
predominantly of PGE, (~80%) and PGIl, (~20%, measured by its stable

metabolite 6-keto-PGF ), both of which did not change. Moreover, 8E-AA did




not evoke formation of cAMP, a second messenger generally associated with
vasorelaxation including in response to PGE; and PGL receptors associated with

vasorelaxation (Wright et al. 2001) (Figure 2D).

Interestingly, we have previously described that TAA can be metabolized by
CYPsso monooxygenases into 11-HETEs and 12-HETEs (Roy, Loreau et al.
2004). Blockade of cytochrome Psso enzyme with 1-ABT partly inhibited TAA-
evoked dilation (Figure 2E), while another inhibitor, miconazole, did not affect
the vasodilation. Consistent with the latter observations, HETE levels did not
increase upon exposure of endothelial cells to 8E-AA (Figure 2 F). Furthermore,
analysis of lipid extracts from pial microvessels by tandem mass spectrometry
using MRM LC/MS/MS technique revealed basal levels of PGE,, 11-HETE, 12-
HETE and minor amounts of lipoxygenase metabolites 15-HETE and 5-HETE, all
of which were unaltered by 8 E-AA; CYP,45, metabolites of arachidonic acid, EETs
and 20-HETE, were not detectable. Correspondingly, inhibition of lipoxygenase
using the non-selective inhibitor namely nordihydroguaiaretic acid (NDGA) also
did not affect TAA-induced pial microvessel relaxation (Figure 2E). Hence, §E-
AA failed to induce changes in levels of cyclooxygenase, lipoxygenase and
CYP4so metabolites in both pial microvessels and endothelial cells (Figure 2D and
2F), and inhibitors of these pathways hardly affect 8 E-AA-evoked vasorelaxation

(Figure 2C and 2E).

Although NO is a major regulator of soluble guanylate cyclase (sGC), it is not an
exclusive source of cGMP generation. Brain vasculature also contains membrane-

bound guanylate cyclase and heme oxygenase (Mori et al. 1997); the latter
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catalyzes the formation of carbon monoxide (CO), a potent activator of sGC
(Koneru et al. 2004). We investigated if sGC activity was involved in TAA-
mediated vasorelaxation. 8E-AA caused a robust increase in cGMP production,
comparably to that seen with CORM-2 (Figure 3A). This TAA-induced cGMP
generation as well as vasorelaxation were markedly diminished (~70%) by the
sGC blockers, ODQ and NS2028 (Figure 3A,B) (P<0.001); similar results were
obtained using a pharmacologically distinct inhibitor of sGC namely methylene
blue (data not shown). As expected, CORM-2 also elicited vasorelaxation
inhibited by ODQ (Figure 3C) (Leffler et al. 1999); effects were similar in

endothelium-denuded and intact vasculature.

TAA induce a Heme Oxygenase-Dependent vasorelaxation

We investigated if HO could contribute to TAA-elicited vasorelaxation. 8E-AA-
triggered cGMP formation was abolished by the HO inhibitor zinc protoporphyrin
IX (ZnPPIX, at heme oxygenase specific concentrations (Appleton, Chretien et al.
1999)) (Figure 3A). Since TAA effects were endothelium-dependent, we surmised
HO presence on brain endothelium. Indeed, immunohistochemical analysis
revealed predominant localization of inducible and constitutive heme oxygenase
isoforms (respectively, HO-1 and HO-2) in brain endothelium (CD31 positive)
(Figure 4A and B); endothelium denudation virtually abolished HO-1/-2
immunoreactivity (data not shown). Effects of TAA on HO activity were assessed
by measuring bilirubin (Motterlini, Foresti et al. 1996). Stimulation of
neuromicrovascular endothelial cells with 8£-AA caused a significant increase in

bilirubin concentration, which was fully inhibited by ZnPPIX (Figure 4D). In line




with these observations, ZnPPIX diminished 8E-AA-induced vasorelaxation to
the same extent seen with sGC blockade (Figures 3B and 4C); ZnPPIX did not
inhibit SNP-induced dilation pointing out its selectivity (data not shown). Attempt
to use constitutive HO gene knockout mice to determine the role of this factor on
the vasorelaxation induced by TAA, failed to reveal attenuated vasodilation (data
not shown), likely due to the compensatory overexpression of HO-1 in these
animals (Dennery et al. 1998; Ding et al. 2006). We therefore proceeded to study
TAA-induced effects after knockdown of constitutive HO-2 using siRNA. HO-2
siRNA markedly downregulated HO-2 (but not HO-1) mRNA expression in
endothelial cells (Figure 4E); negative control was ineffective as anticipated. 8E-
AA-induced bilirubin production was virtually abolished by HO-2 siRNA (Figure
4 F), underlining the dominant role of HO-2 in relation to acute cerebrovascular

effects of TAA.

TAA-Induced Vasorelaxation Is Dependent on BK¢, Channels Activation

Because TAA-induced vasorelaxation could only partially be attributed to the
HO/sGC pathway (Figures 3B, 4C) we investigated the role of other mechanisms.
Large conductance calcium-activated potassium (BK¢,) channels play a prominent
role in the regulation of vascular tone (Nelson et al. 1995; Knot et al. 1998).
Blockade of these channels using tetraethyl ammonium sulfate (TEA) or the
selective iberiotoxin inhibited >80% of the 8E-AA-induced vasorelaxation
(Figure 5A) (P<0.001). Conversely, the BKc, activator NS1619 evoked a
concentration-dependent relaxation of pial brain microvessels. Interestingly, this

relaxation was strongly diminished by ZnPPIX and ODQ (Figure 5B); in line with




these observations, NS1619 stimulated cGMP generation (Figure 5C).
Furthermore, 8E-AA-induced cGMP and bilirubin production was completely
inhibited by iberiotoxin (Figures 3A, 4D). Collectively these findings underscore
the importance of BKc. in 8 E-AA-induced vasorelaxation and suggest a HO/sGC
activation by TAA downstream of BK¢,; on the other hand, as previously reported
CO can also lead to BKc, activation (Williams et al. 2004), as inferred by the
observed BKc,-dependent CO-induced relaxation (inhibited by iberiotoxin; Figure

5D).

To explain this 2-way interplay between HO (activity) and BKc. we surmised
these proteins to modulate each other’s activities as physical partners of the same
molecular complex. Immunoprecipitates of BK¢; or HO-2, but not HO-1, from
brain microsomal fractions were immunoreactive to both BK¢, and HO-2 (Figure

SE).

3.6 DISCUSSION

Nitrative and oxidative stress exert a number of biological effects relevant to
physiology and pathology. However, in many instances the mechanisms of
actions of nitrative and oxidative stress remain not well elucidated. Nitrative
stress derivatives and lipid peroxidation products, respectively such as trans-
arachidonic acids (Kermorvant-Duchemin, Sennlaub et al. 2005) and isoprostanes
(Fessel, Porter et al. 2002), are generated abundantly in tissues including brain,
retina and lung, during pathological conditions (Reich et al. 2001; Kermorvant-

Duchemin, Sennlaub et al. 2005; Musiek et al. 2006). Recent studies have




demonstrated that these products can act as mediators of the nitrative and

oxidative stresses, by reproducing biological effects of relevance to disease states.

Lately, we have shown that the formation of peroxynitrite/NO," -dependent trans-

arachidonic acids in vivo can contribute to a significant extent to the
microvascular degeneration seen in models of ischemic retinopathy (Kermorvant-
Duchemin, Sennlaub et al. 2005). Because peroxynitrite can also affect acute
vasomotor tone by eliciting vasorelaxation (Graves, Lewis et al. 1998), we
proceeded to further characterize the properties of TAA on neurovascular tissue
by examining their vasomotor effects, and thereon investigated their mechanisms
of action. Our findings reveal that TAA exert an endothelium-dependent pial
vasodilation. Although the primary site of action of TAA remains unknown, as is
the case for non-enzymatically-derived products of oxidation such as isoprostanes
and isoketals, the mode of action of TAA involves nonetheless a less conventional

vasorelaxant pathway, notably dependent on HO-2 by interacting with BKca.

Major endothelium-dependent vasorelaxant mediators include NO, PGI,, and
endothelium-derived hyperpolarizing factors which is contributed by CYPaso
metabolites (Sandow 2004), namely epoxyeicosatrienoic acids and (EETs) and
hydroxyeicosatetraenoic acids (HETES), reported to cause vasorelaxation (Harder,
Campbell et al. 1995; Fang, Faraci et al. 2006). However, none of these factors
seem to participate in TAA-induced pial vasorelaxation based on concordance of
lack of effects of inhibitors and failure of mediators to rise upon stimulation with
TAA (for NO and prostaglandins; Figure 2A-D), or lack of concordance between

function and concentrations of mediators (for CYP4sp metabolites; Figure 2E F);




in this regard 1-ABT may exert non-specific effects on K channels (Yuan et al.
1995). On the other hand, a significant role for HO in TAA-induced
vasorelaxation was uncovered based on the following evidence. 1) Both HO-1 and
HO-2 are present in brain vascular endothelium (Figure 4AB), as reported
(Parfenova et al. 2001). 2) 8 E-AA stimulated HO activity (revealed by measuring
formation of bilirubin (Maines 1997) inhibited by the HO inhibitor ZnPPIX), and
this effect is associated with a vasorelaxation significantly blunted by ZnPPIX
(Figure 4C,D). HO-2 mRNA knockdown substantiated the role of HO-2 in TAA-
induced acute brain endothelial effects (Figure 4EF). Our findings are consistent
with an important contribution of constitutive HO in pial vasorelaxation during
conditions associated with oxidative/nitrative stresses such as excess glutamate
stimulation and seizures (Parfenova et al. 2006). 3) The HO product CO exhibits a
prominent role in neural vasodilatation (Leffler, Nasjletti et al. 1999), by
activating sGC (Taskiran et al. 2003; Ryter et al. 2004). This ensued cGMP-
dependent vasorelaxation was reproduced using the CO-releasing molecule
CORM-2 [Ru(CO);Cl;),, (Motterlini, Mann et al. 2003) (Figure 3C). 4) Finally,
the HO-dependent 8 E-AA-evoked cGMP production and (in turn) vasorelaxation
(Figure 4CD) were markedly attenuated by the sGC inhibitor ODQ (Figure

3A B), to the same extent seen with ZnPPIX (Figure 4C D).

A major feature of TAA-induced cerebral vasorelaxation is the significant
contribution of BKc, channels, which interplay with HO. Evidence for this
inference is provided by various observations. 1) First, general and selective BK¢,

channel blockers, respectively TEA and iberiotoxin, virtually abolished pial




vasorelaxation in response to TAA (Figure 5A), as observed with de-
endothelialization (Figure 1B). 2) Secondly, although the activation of BK¢, by
HO/CO is documented (Knot and Nelson 1998; Jaggar et al. 2002), our
observations also point to the reverse, specifically a BKc.-dependent activation of
HO and sGC upon stimulation with TAA (Figures 3A, 4D); concordantly,
activation of BKc, increased cGMP formation and HO- as well as sGC-dependent
vasorelaxation (Figure 5B,C). Findings infer a hyperpolarization-induced
activation of HO and sGC; these observations are consistent with an increase in
c¢GMP levels in endothelial cells by hyperpolarization (Kuhlmann et al. 2005), but
underlying mechanisms have yet to be understood. 3) Because of the dominant
role of BK¢; relative to HO alone in TAA-induced cerebral vasodilation, and the
2-way interplay between HO/sGC and BKc,, we surmised that BKc, channels and
HO may modulate each other’s activities as partners of the same molecular
complex, in line with the recently described physical interaction between BKc,
channels and HO-2 (Williams, Wootton et al. 2004). BK¢, and HO-2, but not HO-
1, were found to co-immunoprecipitate (Figure 5E), suggesting that the first two
were indeed part of the same protein complex, consistent with the virtually
exclusive role of HO-2 in acute TAA-induced effects on brain endothelium
(Figure 4F). This inferred physical interaction of proteins is fundamental to
signaling pathways (Chanrion et al. 2007); we propose that conformational
changes in one partner may affect activity of the other and vice versa (Knot and

Nelson 1998; Jaggar, Leffler et al. 2002; Williams, Wootton et al. 2004).




In summary, findings unveil new biological properties for TAA, notably
endothelium-dependent relaxation of neural microvasculature mediated through a
less predictable pathway involving an HO-2-BK¢, interaction; a model depicting
the mode of action of TAA in eliciting vasorelaxation is presented in Figure 6.
Interestingly, both neurovascular effects of TAA reported to date, specifically
vasorelaxation (present study) and microvascular obliteration (Brault, Martinez-
Bermudez et al. 2003; Kermorvant-Duchemin, Sennlaub et al. 2005), concur with
reported effects of highly reactive nitrogen species (Graves, Lewis et al. 1998),
from which they are generated (Balazy 2000). Hence, TAA are not only markers
but also act as mediators of nitrative stress. In a pathophysiological setting
associated with nitrative stress, such as ischemia, septic shock and reperfusion
injury, an acute vasorelaxation would appropriately attempt to counter an
impending curtailment in local neural hemodynamics; on the other hand, a
sustained increase in oxygen delivery under such conditions may amplify the
formation of reactive nitrogen and oxygen species, and ultimately lead to vascular
and ensued neural degeneration, especially in a young developing subject (Hardy

et al. 1996; Sirinyan et al. 2006).
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3.8 LIST OF ABBREVIATIONS

CYPas0: Cytochrome P 450

NOS: Nitric oxide synthase

COX: cyclooxygenase

HO: Heme oxygenase

PG: prostaglandins

TAA: trans-arachidonic acids

NO,*: nitrogen dioxide

¢GMP: cyclic 3":5'-guanosine monophosphate

CO: carbon monoxide

EDHF: endothelium-derived hyperpolarizing factor

sGC: soluble guanylyl cyclase

BKc.: Large conductance calcium-dependent potassium channels

BKoa: o subunit of large conductance potassium channels

CORM-2: CO releasing molecule -2




HETEs: Hydroxyeicosatetraenoic acids

EETs: Epoxyeicosatrienoic acids

SNP: sodium nitroprusside

NDGA: nordihydroguairetic acid
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3.10 TABLES

Table 1. Maximum vasorelaxation and ECsy of cis-arachidonic acid and four

trans-isomers of arachidonic acid measured in pial microvessels of young adult

rat brain.
Agents Maximen vasorelaxation (%) BC30 (ndM)
{is-Arachigonic acid 354982 63108
SE-AA 184253 0321005
BE-AA 24+ 1.96 0.46 40 03
HE-AA 20+1.32 3044007
TARAA 154637 18£0.05
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Figure 1.

Vasomotor effects of trans- and cis-arachidonic acids on intact (A) and de-
endothelialized brain pial microvessels (B); de-endothelialization of brain
vasculature was performed by intracarotid perfusion of CHAPS (see Materials
and Methods). Values are means + SEM of 3-11 separate experiments. *P<0.001

compared to 8E-AA (two-way ANOVA).




)
1zt

{
{

Pial vasorelaxation

{%baseline)
2 3 ¥ &
Lo 3
- L LA
y 4+ + ®
' »8%
B R
=3 !
g ° ®
[:~]
5,
&
*
11-HETE production
(ng/imy protein/i0min)
W 1 8 8 F
T
2
12-HETE production
{ngimg protein/1Smin}
§ g

3

[n Boll wv-38
o Zi- t 40

&




Z 9ISy

0 >

Pial vasorelaxation Pial vasorelaxation
{%baseline) {%baseline)
e 3B BEE o933 HRE
[ » > on
+ @ 5 by 3
Eg me g;
5 !
% ; N m
1 E o
N
é’_

w)

"('m:gmmﬂ Net nitrite production
oo {umolimg protein/10min}

5§ .
> & 3 8

V¥-38 epmies
n

cAMP preduction
{fold increase)

T +
@
7
.
oivets 3

NS

o




Figure 2.

Role of (A,B) NO, (C,D) prostaglandins, and (E,F) CYPsss monooxygenase and
lipoxygenase products on 8E-AA-induced brain pial microvessel relaxation.
Tissues were pretreated (30 min) with NOS inhibitor L-NAME (1 mM),
cyclooxygenase inhibitor ibuprofen (10 uM), CYP4s0 monooxygenase 1-ABT (1
mM), miconazole (10 uM) or lipoxygenase inhibitor NDGA (3 uM). Data are
mean + SEM of 3-7 separate experiments, expressed as % baseline. *p<0.05

compared to TAA-treated preparations (two-way ANOVA).

A) Participation of nitric oxide synthase on 8E-AA-induced pial vasorelaxation.
B) Effects of 8E-AA (1 uM) and SNP (1 mM; positive control) on nitrite
measurements in brain microvascular endothelial cells stimulated for 10 min.
Nitrites were measured by chemiluminescence (see Methods). Values are + SEM
of 3 independent experiments. * p<0.0l1 compared to other values without
asterisks. C) Participation of cyclooxygenase products on 8E-AA-induced pial
vasorelaxation. D) Effects of 8£-AA (1 uM; 10 min) on prostaglandin and cAMP
production; the adenylate cyclase activator forskolin (100 pM) was used as a
positive control. Values are + SEM of 3 independent experiments. * p<0.01
compared to other values without asterisks. E) Participation of CYPsso
monooxygenase and lipoxygenase products on 8E-AA-induced pial
vasorelaxation. F) Effects of 8E-AA (1 pM; 15 min) on production of TAA
metabolites 11-HETEs and 12-HETEs; HETEs were measured by tandem mass

spectrometry. Values are + SEM of 3 independent experiments.
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Figure 3.

TAA-induced vasorelaxation is sGC/cGMP-dependent. A) Effects of 8E-AA on
brain ¢cGMP production. Tissues were pre-treated (30 min) with sGC inhibitor
ODQ (0.1 mM) or heme oxygenase inhibitor ZnPPIX (0.5 uM) or saline before
the addition of either vehicle, the NO donor sodium nitroprusside SNP (1 mM),
8E-AA (0.1 pM) or CO donor CORM-2 (222 uM). B) Vasorelaxant response to
8E-AA in the presence or absence of ODQ (0.1 mM) or NS2028 1 uM. C) Effects
of CORM-2 on brain pial vasodilation. Brains were pre-perfused or not with
CHAPS to remove endothelium (see Methods); vasorelaxation to CORM-2 was
similar in both cases. Values are mean + SEM of 4 independent experiments. *
P<0.001 compared to vehicle-treated. # P<0.001 compared to 8E-AA-treated

(alone).
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Figure 4
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Figure 4.

Localization of heme oxygenase in brain. Brain tissue from young adult rat was
sectioned (10 ym) and stained with (A) anti-HO2 or (B) anti-HO1 (green), and
anti-CD31 (red [endothelial cell marker]). Note immuno-localization of both HO
isoforms (constitutive and inducible) in brain endothelium (highlighted in inset
panels of merged figures) taken at 20X magnification. Panel is representative of 3
independent experiments. C) Effects of HO inhibitor on 8E-AA-induced
vasorelaxation. Brain slices were pre-treated (30 min) with zinc protoporphyrin

IX (ZnPPIX; 0.5 uM) before addition of increasing concentrations of 8E-AA.
Data are means + SEM of 4 separate experiments. * P<0.01 compared to 8E-AA
alone treated preparations (two-way ANOVA). D) Effects of 8E-AA on HO
activity (see Methods); 2% hypoxia exposure for 4 h induces HO-1 expression
(Imuta, et al., 2007) and was utilized as a positive control. Endothelial cells were
pre-treated with ZnPPIX (0.5 uM), or iberiotoxin (IBX; 0.1 uM), ODQ (0.1 mM)
or saline before addition of 8E-AA (0.1 uM) for 10 min. Values are mean + SEM
of 4 independent experiments. * P<0.05 compared to values without asterisks. E)
Fold increase in mRNA levels of HO-1 and HO-2 by gqPCR. Data were
normalized to B-actin mRNA and presented as mean +/- SEM of 3 independent
experiments. * P<0.05 compared to values without asterisks. F) Effects of 8E-AA
on HO activity (measured as bilirubin formation) in microvascular endothelial
cells treated with siRNA HO-2 or control siRNA (see Methods). Cells were pre-
treated with 100 nM Silencer® Negative control #1 (Control) or HO-2 siRNA for

48 h before addition of 8E-AA (0.1 uM) for 10 min. Data are normalized to cells




untreated with siRNA (equivalent to negative control siRNA), and presented as
mean + SEM of 4 independent experiments. * P<0.05 compared to values without

asterisks.
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Figure S.

Involvement of BK(, channel in 8E-AA-induced vasorelaxation. A) Effect of
BKc. blockers tetracthylammonium chloride (TEA; 1 mM) and highly selective
iberiotoxin (0.1 uM) in 8E-AA -induced vasorelaxation; tissues were pretreated
with blockers 20-30 min prior to addition of cumulative 8 E-AA. Data are mean +
SEM of 4 independent experiments. * P<0.001 compared to 8£-AA alone treated
preparations (two-way ANOVA). B) Effect of BKc, activator NS1619 on brain
pial vasorelaxation in absence or presence of pre-treatment (20-30 min) with
ZnPPIX (0.5 uM), guanylate cylcase inhibitor ODQ (0.1 mM). Values are mean +
SEM of 3-5 independent experiments. ¥ P<0.05 compared to NS1619 alone (two-
way ANOVA). C) Effect of NS1619 (10 uM) on cGMP production. Values are
means = SEM of 3 independent experiments. * P<0.001 compared to vehicle
treated preparations. D) Effects of CORM-2 (222 yM) on brain pial microvessel
relaxation in tissues pre-treated (30 min) or not with iberiotoxin (IBX; 0.1 uM).
Data are means + SEM of 3 independent experiments. * P<0.001 compared to
CORMS-2 alone. E) BKa and HO-2 immunoblots (IB) of immunoprecipitates (IP)
of BKa, HO-2 and HO-1 (see details in Materials and Methods); non specific IgG

mouse antibody served as negative control.




Figure 6
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Figure 6.

Model based on data presented, depicting mode of TAA-evoked relaxation on
brain pial microvessels. BKc,, HO-2, CO, sGC refer respectively to large
conductance calcium-dependent potassium channels, heme oxygenase-2, carbon

monoxide, and soluble guanylate cyclase.
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CHAPTER 4: TRANS-ARACHIDONIC
ACIDS AND CEREBRAL
MICROVASCULAR DEGENERATION:
IMPLICATIONS OF GPR40
RECEPTOR

o,
Pk
w
i

[ —



4.1 PREAMBULE

The previous chapter has identified a new function for TAA demonstrating that
their acute effects are vasodilatory. This following chapter focuses on chronic
effects of TAA. Previous data have shown that TAA mediate retinal
microvascular damage in a thrombospondin-1 dependent pathway. Data
represented in the following pages demonstrate that TAA are highly increased in a
hypoxia-ischemia model where they act as mediators of microvascular
degeneration. For the first time, our data identify a primary site of action for non-
enzymatically generated lipid peroxidation products. These data are submitted for

publication in the following manuscript:

Kooli A, Honoré JC, Alquier T, Bossolasco M, Hou X, Hardy P, Poitout V,
Balazy M, Chemtob S. Trans-arachidonic acids and cerebral microvascular

degeneration: Implications of GPR40 receptor. To be submitted.
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4.2 ABSTRACT

Nitrative stress plays a crucial role in microvascular injury following brain
ischemia. We recently described novel mediators of nitrative stress named trans-
arachidonic acids (TAA) as major contributors of microvascular degeneration in
the retina. Although the molecular mechanisms involved in TAA-induced
endothelial cell death and microvascular damage are now unravelled, the primary
site of action of TAA remains unknown. In this study, we explored whether TAA
act via the recently described orphan receptor GPR40 shown to be activated by
long chain unsaturated fatty acids. Here, we show that hypoxic-ischemic-induced
microvascular degeneration begins as early as 24 hours post-injury, preceded by
an increase in TAA levels. Interestingly, TAA-caused upregulation of the anti-
angiogenic factor thrombospondin-1 and resulted cell death is dependent on TAA
specific binding and activation of the GPR40 receptor. These effects are
significantly prevented in GPR40-deficient mice which show more resistance to
hypoxia-ischemia. These results strongly suggest an angiostatic role for GPR40 in
the brain. Our findings uncover for the first time the primary target of a non-
enzymatically generated nitroxidative product and identify a new function for
GPR40 in the central nervous system. GPR40 represent an important target to

limit the extent of ischemic brain injuries.

Keywords: Trans-arachidonic acids, brain injury, GPR40 receptor,
neuromicrovascular degeneration, free fatty acids
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4.4 INTRODUCTION

Hypoxic-ischemic insults, cerebral ischemia and other ischemic-induced brain
injuries are characterized by a severe reduction in cerebral blood flow leading to
an irreversible neuronal cell death and ultimately to a disruption of the blood brain
barrier (BBB), responsible for ensued brain oedema (Hamann, Okada et al. 1995;
Brott et al. 1997). The most dramatic outcome of brain ischemic pathologies
consists of neuromicrovascular injuries (Fagan, Hess et al. 2004) characterized by
endothelial cell dysfunction and death. The mechanisms involved implicate
essentially free radical generation. Indeed, increased reactive oxygen and nitrogen
species (ROS/RNS) formation greatly contributes to microvascular injury (Palmer
1995; Beetsch, Park et al. 1998; Brault, Martinez-Bermudez et al. 2003; Gursoy-

Ozdemir, Can et al. 2004). Conversely, antioxidants and free radical scavengers
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reveal strong effectiveness against brain damage in experimental hypoxia-
ischemia (Audus, Guillot et al. 1991; Sheng, Batinc-Haberle et al. 2002). Yet little
is known on the mediators of oxidative and nitrative stresses. We have recently
described a novel lipid peroxidation process mediated by NO2* resulting in a cis-
trans-isomerisation of arachidonic acid (Jiang, Kruger et al. 1999). This non
enzymatic reaction produces four stable free fatty acids: the trans-arachidonic
acids (TAA) namely SE-AA, 8E-AA, 11E-AA and 14E-AA where 5E-AA and
8E-AA are endogenous (Balazy 2000) and not found in diet (Ferreri, Faraone
Mennella et al. 2002). We further reported that in a hyperoxic model of
retinopathy of prematurity, TAA levels rise and mediate a thrombospondin-1-
dependent microvascular degeneration (Kermorvant-Duchemin, Sennlaub et al.
2005). While the molecular mechanisms behind TAA effects in the retina have
been unveiled, the challenging task ahead remains to identify the primary site of

action of TAA.

The main biological actions of prostaglandins and leukotrienes are exerted via
diverse GPCR and in some cases by distinct PPARs (Funk 2001). Paradoxically,
the selective bioactive functions exerted by non enzymatically produced
eicosanoids have intrigued scientists for many years without assigning a receptor
for a specific action; as is the case for isoprostanes and isoketals. On the other
hand, nitrated fatty acids such as nitro-linoleic acid or nitro-oleic acid, were
shown to exert their effects via PPARy activation (Baker, Lin et al. 2005;
Schopfer, Lin et al. 2005; Alexander, Bates et al. 2006). On the contrary, TAA

which are non enzymatically produced lipid peroxidation products, seem to exert




their cytotoxic effects independent of classical major arachidonic acid metabolic
pathways and PPARy (Kermorvant-Duchemin, Sennlaub et al. 2005). The

primary target of TAA is rather characteristic of a cell surface receptor.

Three independent groups have reported that GPR40, a previously described
orphan receptor (Sawzdargo et al. 1997), is activated by long chain unsaturated
free fatty acids (Briscoe, Tadayyon et al. 2003; Itoh, Kawamata et al. 2003;
Kotarsky, Nilsson et al. 2003). GPR40 was identified as a putative receptor for
linoleic acid (LA, C18:2n), arachidonic acid (AA, C20:4n) and docosahexaenoic
acid (DHA, C22:6n). Highly expressed in pancreatic f cells, its role in diabetes
and insulin regulation is currently heavily investigated (Latour et al. 2007,
Winzell et al. 2007; Meidute Abaraviciene et al. 2008; Tan et al. 2008).
Interestingly, increasing evidences suggests the expression of GPR40 in the brain,
however its functions are yet unidentified (Ma et al. 2007; Ma et al. 2008;
Yamashima 2008). Therefore, we proceeded to investigate the role of TAA in a
hypoxic-ischemic model of cerebral ischemia and examined the putative

relationship that may exist between TAA and GPR40 receptor.

4.5 MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (Charles River, Quebec) were used according to a
protocol approved by the Ste-Justine Hospital Animal Care Committee. Female
GPR40 knock out (KO) mice were generated as described (Latour, Alquier et al.

2007) and backcrossed to the C57Bl/6 strain for more than 7 generations. All




procedures using GPR40 KO mice were approved by the Institutional Committee
for the Protection of Animals at the Centre Hospitalier de 1'Université de

Montréal. GPR40 wild type (WT) littermates were used as controls.

Animals and induction of unilateral hypoxia-ischemia

P7 (post-natal day 7) Sprague Dawley rat pups and gpr40 +/+ and gprd40 -/-
C57Bl/6 mice (6-8 weeks of age) were anesthetised with isoflurane (2.5% for
induction and 1.5-2% for maintenance) and subjected to a unilateral carotid
ligation as previously described (Rice et al. 1981; Brault, Martinez-Bermudez et
al. 2003). The left common carotid artery was ligatured with silk (5-0) and
animals were allowed to recover for 1-2 hours with full access to food and water
after the surgical procedure. Animals were then placed in a hypoxic chamber (8%
0,, balanced with nitrogen, Oxycycler) on a heated pad, for 90 minutes. Animals
were then allowed to recover for 3h, 18h, 24 or 48 hours. Control animals were
either subjected to hypoxia or carotid ligature alone or sham. Brains were
extracted for immunohistochemistry or TTC (2,35-Triphenyltetrazolium

chloride) staining (see below for details).

Brain intracerebroventricular infusions and injections

P7 rat pups were infused in the cerebral lateral ventricles with Alzet micro-
osmotic pumps (Alzet) as described previously (Brault, Martinez-Bermudez et al.
2003). Briefly, animals were anesthetised with isoflurane (3% for induction, 1.5-
2% maintenance) and osmotic pumps (infusion rate: 0.5 yL/h) were implanted

subcutaneously in the nuchal region. Pumps were connected to a cannula for drug




delivery in the lateral ventricle of the left hemisphere (stereotaxic coordinates:
PA-1.0 mm, lateral-1.0 mm from bregma and ventral-2.0 mm relative to dura).
Rat pups were randomly selected to receive either artificial cerebrospinal fluid

(aCSF, vehicle) or L-Name (2 mg/kg) for 24 hours.

For intracerebroventricular (ICV) injections, P7 rat pups or young gpr40+/+ and
gpr40-/- mice were injected (Stereotaxic coordinates for young adult mice: PA-
0.5 mm, lateral-1.0 mm from bregma and ventral-2.0 mm relative to dura) with 5
uL of either vehicle or TAA (5x10°M) over 30 seconds, using a 10 L Hamilton
syringe and the needle was left in place for another minute. At the end of the 24 or
48 hour period, animals were sacrificed and brains were removed and subjected to
fixation (immunohistochemistry) or TTC staining correspondingly, as described

below.

Evaluation of brain infarct size (TTC staining)

Animals were anesthesized and perfused through the left ventricle with 4% TTC
(2.,3,5-Triphenyltetrazolium chloride). Animals were then wrapped in aluminium
foil for 30 minutes on a heated pad (37°C). After decapitation, the brain was
removed and placed in 10% formalin for 48 hours, after which, the brain was cut
into 2 mm slices. The infarct volume (mm?), appearing as a white colour, was
calculated by multiplying the measured area by the slice thickness and was

expressed as a percentage of infarct size.

Brain explants and quantification of vascular density
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Brain explants of rat pups (postnatal days 3 to 6) were cultured in vitro based on a
modification of a retinal explant protocol (Caffe et al. 2001; Quiniou et al. 2006).
Brains were sectioned in ice-cold culture medium using a vibratome. Sections
obtained (150 pm thick) were delicately placed in six-well dishes on top of a free-
floating membrane (Nuclepore polycarbonate Track Etch, pore size 0.03 um;
Whatman, Brentford, UK). Brain explants were cultured for 3 days in EBM-2
medium, without FBS, containing vehicle (ethanol 100%, control) or 14E-AA (5
pmoV/L) and pre-treated with Vehiclé, anti-CD36 mAb against the TSP-1 binding
site (clone FA6-152 IgG; mouse; Beckman Coulter, Fullerton, CA, 200 pg/mL,
ON treatment) or anti-CD36 mAb against the ox-LDL binding site (clone JC63.1
IgA mouse; Cayman Chemical, Ann Arbor, MI, 100 pzg/mL, ON treatment) or the
MEK-1 inhibitor PD98059 (10 pmol/L). Ex vivo monitoring of vascular
degeneration was visualized by live-staining the endothelium using FITC-
conjugated lectin (Griffonia simplicifolia; Sigma), and vascular density was
quantified using a software program (ImagePro Plus 4.1). Control explants did not

show signs of vascular degeneration for up to 5 days of culture.
Aortic ring angiogenesis assay

This assay was performed as described previously by us and others (Masson et al.
2002; Kermorvant-Duchemin, Sennlaub et al. 2005). In brief, thoracic aortas were
removed from 6 to 8-week-old gpr40+/+ and gpr40-/- mice and immediately
transferred to a culture dish containing ice-cold endothelial cell medium (EGM-2;
Cambrex Bio Science, Walkersville, MD). The periaortic fibroadipose tissue was

carefully removed with fine microdissecting forceps and scissors, paying special




attention not to damage the aortic wall. One millimeter—long aortic rings (12 per
aorta) were sectioned and rinsed extensively in eight consecutive washes of EGM-
2. The rings were then individually embedded in 48-well plates previously coated
with 50 uL synthetic basement membrane (Matrigel; BD Biosciences, Bedford,
MA) per well. Next, an additional 50 pL. of Matrigel was placed over each ring.
After 1 hour, 500 u. EGM-2 was added to each well, and the cultures were
incubated at 37°C for 5 days. The culture medium was changed on day 3 and the
test compounds added: vehicle or 14E-AA (5 umol/L). The aortic rings were
photographed on day 3 to 5 at 4X magnification with an inverted microscope
(Eclipse TE300; Nikon). The angiogenic response was determined by measuring
the area of neovessel formation on computer (Image Pro Plus software; Media

Cybemetics, Inc.).

Immunohistochemistry

Mice and rats were anesthetised with isoflurane 5% and perfused with 4%
paraformaldehyde (PFA). Brains were collected and immediately placed in 4%
PFA for 24 h at 4°C followed by immersion in 30% sucrose in 0.1 M phosphate
buffer. Brain sections (10 pm) were cut with a cryostat (Microm International,
HMS500 O), mounted on Supersoft Plus slides. Immunohistochemistry was
performed using 3-nitrotyrosine (1:200, Upstate) or TSP-1 antibodies (1:50,
Calbiochem) then double-labelled with lectin (1:200, Sigma; microvascular

specific marker), as previously described (Sennlaub, Valamanesh et al. 2003).

Microvessels / Islets isolation and RNA extraction

Cerebral microvessels were prepared as previously described (Hou, Gobeil et al.
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2000). Briefly, rat brains were gently homogenized with a Wheaton pestle in
MEM media containing 6.3 mmol/L. HEPES and 2.5 % dextran. The homogenates
were then filtered through a 200 ym followed by a second filtration through a 100
pm nylon mesh and the resulting filtrates were mixed to an equal volume of 40 %
dextran. The mixture was then centrifuged at 7000g for 15 minutes at 4°C. The
resulting pellet was washed twice with PBS then resuspended with TRIzol reagent

(invitrogen) for RN A extraction, according to the manufacturer’s instructions.

Pancreatic islets were isolated from adult male Wistar rats (250-300 g) as
previously described (Kelpe et al. 2003). Briefly, rats were anesthetized by
intraperitoneal injection of a 100 mg/ml Ketamine Hydrochloride (Bimeda-MTC
Animal Health, Cambridge, ON, Canada)/20 mg/ml Xylazine (Bayer, Toronto,
ON, Canada) mixture, and islets were isolated by collagenase digestion (Sigma)
and dextran density gradient centrifugation. Total RNA was extracted from
aliquots of 100 islets using Qiagen RNeasy Micro-RNA Extraction kit according

to the manufacturer’s instructions.

Quantitative Real time PCR

Primer sequences were designed using the DNAMAN software (Lynnon Inc.,
Pointe-Claire, QC, Canada).The following primers were used for qPCR
experiments: Rat (r) primers had the following forward (F) and reverse (R)
sequences: rGPR40 (F)5’-CTATATGGGCCCTTGTCC TTT-3’ and (R) 5°-
AATCGAGAAACTGAGTCGGG-3’, 1TSP-1 (F)5-GGCCCAGCTCTACA
TTGACT-3" and (R) 5-TGACATCTCCCTTTGCGAC-3°, rCD36 (F)5’-

GTGGCAAAGAAT AGCAGCAA-¥ and R) 5’-
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GTGAAGGCTCAAAGATGGC T-3’. Human (h) GPR40 primers were selected
according to Katsuma S ef al. (Katsuma, Hatae et al. 2005) whereas hTSP-1 and
hCD36 primers were designed as described above with the following sequences:
hTSP-1  (F)5’-GCTG  CAGAATGTGAGGTTTG-3 and (R) 5°-
TGGCCAATGTAGTTAGTGCG-3°, hCD36 F) 5-
CACTGATCCTGCAAATGGAC-3’" and (R) 5’-TTCTGAAGATGCCAAGCGT-
3’. Specificity of the primers designed using the DNAMAN software has been
evaluated according to the nucleotide BLASTN program as well as the size of the

amplified products on 2% agarose gels.

Cell culture and transfection

Human brain microvascular endothelial cells (HBMEC) were purchased from
ScienCell Research laboratories and cultured in ECM media containing FBS and
endothelial growth supplement. HEK 293E cells were stably transfected with 2 u g
of either pIRES-puro-GPR40 expressing human GPR40 receptor (provided by
Marc Prentki, Montreal Diabetes Research Center, Montreal, Canada) or a control
plasmid pIRES-puro using home-made prepared PEI transfection reagent

(Polyethylenimine; Polysciences, Inc. Warrington, PA).

Radioligand binding assay

For ligand binding assay, 100,000 cells were seeded in 24-well dishes per well,
coated with 0.1 % poly-D-lysine. After 24 hours, specific binding of ['*C]14E-AA
(230 nmol/L.) was determined in the presence of cold 14E-AA (40 uM). This
radioligand assay was carried out on attached cells for 90 minutes on ice in

binding buffer (10 mmol/L. PBS/0.05 % BSA). The amount of bound radioactivity




was determined after washing twice with cold binding buffer and lysing cells in

0.IN NaOH/0.1 % Triton X-100.

For competition assay, attached HEK cells transfected with pIRES-puro-GPR40
or pIRES-puro were used. Briefly, cells were incubated in a total amount of 200
uL in a buffer containing 50 mmol/l. Tris and 0.01% BSA, and 20 nmol/LL
[*H]Arachidonic acid. Non specific binding was estimated in the presence of
increased concentrations of cold cis-arachidonic acid and frans-arachidonic acids.
Binding reactions were incubated on ice for 45 minutes and were terminated by
rapid filtration through glass fibers (GF/C) filters with ice-cold S0 mmol/L Tris

buffer, pH 7 4.

Calcium mobilization assay

Intracellular Ca®* ([Ca®™]i) levels were measured using the fluorescent indicator
fura 2-AM as we have reported (Lahaie, Hardy et al. 1998; Hou, Gobeil et al.
2000) with slight modifications. Briefly, HEK 293E cells transfected with pIRES-
puro-GPR40 or pIRES-puro (control plasmid) were seeded on glass cover slips in
a 6-well plate until reaching/ 80-90 % confluence. Cells were washed and then
kept in a HBSS/Calcium buffer (HEPES 0.02 mol/L, CaCl, 0.1 mol/L, NaCl 5
mol/L, KCl 2 molL). FURA 2 -AM (1-[2-(5-Carboxyoxazol-2-yl)-6-
aminobenzofuran-5-oxy]-2~(2'-amino-5'-methylphenoxy)-ethane-N,N N'N'-
tetraacetic Acid Pentaacetoxymethyl Ester; 4 pmol/l.)was added to each well and
the plate was incubated at 37°C for 60 min. The cover slips were then washed
twice and transferred to an acrylic cuvette for stimulation with vehicle (ethanol

100%), trans-arachidonic acids (10° mol/L) or linoleic acid (10° mol/L). The




[Ca®*]li was measured with a spectrofluorometer (Model LS 50; Perkin—Elmer,
Beaconsfield, UK) by using excitation wavelengths of 340 and 380 nm and
emission at 510 nm. Calibration of the fluorescent signal was determined using
0.2% Triton X-100 and 20 mmol/L EGTA to obtain a maximal and minimal
fluorescence signal, respectively. [Ca®*]i was calculated as reported (Grynkiewicz

et al. 1985).

Cell viability assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assays were
performed to assess cell viability as described (Beauchamp et al. 2001). Briefly,
quiescent cells were first starved for 18h and then treated with either vehicle
(Ethanol 100%), TAA or linoleic acid for 24 hours, after which they were added
50 uL of MTT in each well. Following a 3hour-incubation at 37°C, media was
removed and cells were solubilised with an acidifed isopropanol solution (40 mM
HCI). Optical density was then measured at 560 nm with 690 nm as a reference
read out. Cell viability was expressed as a percentage of optical density relative to

control.

Western blotting

Standard SDS-PAGE techniques were followed as previously described
(Beauchamp et al. 2004). Primary antibodies were used according to the following
conditions: p-erkl/2 (1:1000 dilution, Cell Signaling) and TSP-1 (1:200,
Calbiochem). Equal protein loading was insured by probing with 1:200 total erk

antibody (Santa Cruz) and 1:50,000 B-actin antibody (Novus Biologicals),




correspondingly. Densitometry was measured in pixel intensity by Image-Pro

Plus.

Synthesis of trans-arachidonic acids

Four trans-arachidonic acids were obtained from Dr JR Falck laboratory. All four
mono-trans isomers of arachidonic acids were synthesized from corresponding
epoxides as previously described (Roy, Loreau et al. 2004). These isomers were
100% pure and did not contain cis-arachidonic acid. Their purity and structure
were confirmed by mass spectrometry, NMR, IR, HPLC and TLC. The TAA are
stable as sodium salts in buffered solutions; TAA remain stable when stored
refrigerated (-80°C) in ethanol. No degradation or peroxidation products were
detected by mass spectrometry, and biological effects were highly reproducible in
aliquots frozen for variable durations (Jiang, Kruger et al. 1999; Balazy 2000;

Krishna, Reddy et al. 2001; Kermorvant-Duchemin, Sennlaub et al. 2005).

Measurement of trans-arachidonic acids

Lipids were extracted from brain cortex and analyzed by tandem mass
spectrometry (LC/MS/MS) using MRM (multiple reaction monitoring) technique
as we previously reported (Jiang, Kruger et al. 1999; Roy, Joshua et al. 2005;
Kooli et al. 2008). Briefly, the samples were analyzed on a Zorbax Eclipse XDB-
C18 column (2.1x50 mm, 1.8 ym) and eluted isocratically with 60% solvent A
(water/acetonitrile/acetic acid 75:25:005 v/v/v) and 40% solvent B (100%
acetonitrile) at a flow rate of 0.300 mL/min using an Agilent 1100 HPLC system.

TAA levels were quantified using standard curves and nanogram amounts were




normalized to protein content. TAA levels are expressed in fold increase

compared to sham animals and basal levels (24 .98+4.13 ng/mg proteins).

Chemicals and Materials

Trans-arachidonic acids and ["*C]/4E-AA were a kind gift from Dr JR Falck and
Michael Balazy (New York Medical College, NY, USA). Linoleic acid, cis-
arachidonic acid, arachidonic acid-5,6.8 ,9,11,12,14,15—3H(N), lectin FITC-

coupled and TRITC-coupled were purchased from Sigma Aldrich Inc.
Statistical analysis

Data were analyzed by two-way ANOVA followed by Bonferroni post test.

Values are presented as means+S .E.M. Statistical significance was set at p<0.035.

4.6 RESULTS

Hypoxia-ischemia-induced brain damage is NO’-dependent.

Exposure of rat pups to a combination of both ischemic and hypoxic
environments led to an increase in the infarcted area by 4 fold at 24 hours post-
injury (Fig. 1 a-b). Moreover, hypoxia-ischemia (HI) was accompanied by a
severe reduction of the cerebral microvascular density (Fig. 1 d). In order to
evaluate the contribution of nitrative stress in the HI model, we first surmised the
presence of nitrated proteins in the brain endothelium. The most recurrent
modification following nitrative injury is the addition of -NO; group on tyrosine
residues leading to the formation of 3-nitrotyrosine (3-NT) (Gursoy-Ozdemir, Can

et al. 2004). Indeed, immunohistochemical analysis revealed predominant
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localization of 3-NT within the microvasculature (lectin staining) in the HI
hemisphere at 18 hours post-injury (Fig 1 c). All other controls of the HI model,
namely sham, hypoxic alone or ischemic alone exposed animals showed little or
no lectin staining at 3, 18 or 24h post-HI and no vascular degeneration (Fig. 1 d
and data not shown) through 24 hours post-injury. Second, to ascertain that HI-
induced brain injury is NO'-dependent, we tested the non selective nitric oxide
synthase (NOS) inhibitor (I-name). Continuous cerebral intraventricular infusion
of I-name completely reduced the infarct size observed in HI (Fig. 1 a-b) and
partially preserved the cerebral microvascular degeneration (Fig. 1 g-h)

highlighting the involvement of nitrative stress in HI-induced brain injury.

Trans-arachidonic acids levels rise in the hypoxic-ischemic rat pup model

To examine the possibility that HI and the concurrent nitrative stress favour the
cis-trans isomerisation reaction of arachidonic acid and formation of TAA
isomers, we measured in vivo brain levels of TAA at various time points
following HI. TAA levels rise at 3h and peak at 18h post-injury reaching a 4 fold
increase corresponding to a cerebral concentration of 0.1 uM (Fig. le, calculated
from estimated volume). Because TAA formation requires NOS activation in a
hyperoxia model affecting the retina (Kermorvant-Duchemin, Sennlaub et al.
2005), and due to the currently demonstrated protective effects of 1-name (Figure
1 a-b), we measured TAA levels in the HI brain upon I-name treatment. Inhibition
of NOS enzymes abolished the increased TAA formation in HI (Figure 1 f),
indicative of a NO®-dependent pathway with an ensuing nitrative stress in our

experimental model.




TAA induced cerebral vaso-obliteration is TSP-1 dependent

We then assessed the hypothesis that the nitrative stress-evoked increase in TAA
levels could be involved in the cerebral microvascular degeneration observed in
HI. Using concentrations of TAA in the same range as those measured in vivo, we
determined their effects on normal angiogenesis of rat cerebral vasculature in vivo
and rat brain explants ex vivo. ICV injections of two different isomers of TAA
(BE-AA and 14E-AA) showed a 40 to 50% reduction in vascular density (Fig. 2 a-
b) respectively, similar to the changes observed in our HI model (Figure 1 d). We
have previously demonstrated that TAA-induced retinal vasoobliteration and
microvascular endothelial cell death depends on the overexpression of the anti-
angiogenic factor thrombospondin-1 (TSP-1) (Kermorvant-Duchemin, Sennlaub
et al. 2005). TSP-1 is a large matricellular protein known to inhibit angiogenesis
and induce endothelial cell apoptosis (Nor et al. 2000; Armstrong et al. 2003).
The ability of TSP-1 to mediate its angiostatic effects is dependent on its
transmembrane receptor, CD36 (Dawson et al. 1997; Jimenez et al. 2000). In our
HI model, we observed that the decreased vascular density was preceded by a
strong immunoreactivity for TSP-1, particularly within cerebral microvessels
(Figure 2c). Moreover, only TAA-injected brains displayed a remarkable staining
for TSP-1 compared to vehicle treated animals (Figure 2 c). Interestingly, TSP-1
immunoreactivity was solely specific to the endothelium (co-immunostaining
with lectin). When investigating the effect of TAA ex vivo by exposing brain
explants to either TAA or vehicle, we demonstrate that TAA exposure induces

vascular degeneration in a time-dependent manner (data not shown). To confirm
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the cause and effect relationship between TAA and the TSP-1/CD36 complex in
the brain, we used function blocking antibodies directed against CD36. The CD36
antibody that specifically blocks the binding site of TSP-1 fully prevented TAA-
induced vascular degeneration. In contrast, abrogated vascular density was not
altered when a CD36 antibody specifically blocking the binding site for low
density lipoproteins was used (Figure 2 d-e¢). We have previously reported that
TSP-1 upregulation along with endothelial cell death is dependent on TAA-
induced transient activation of ERK1/2 (Kermorvant-Duchemin, Sennlaub et al.
2005). We, therefore, treated brain explants with the MEK inhibitor PD98059 and
showed that inhibition of the MAPK pathway prevented TAA-induced vascular

degeneration (Figure 2 d-e) ex vivo.

TAA bind and activate GPR40 receptor

Along with our previous data, our results suggest that TAA might act on a specific
receptor to mediate its cytotoxic and angiostatic effects in the brain. A recently
described orphan G protein coupled receptor, namely GPR40, was identified as a
putative receptor for long chain unsaturated free fatty acids, including linoleic
acid (LA, C18: 2n), arachidonic acid (AA, C20: 4n) and docasahexaenoic acid
(DHA, C22:6n). However, this receptor has not been studied in the rodent brain.
Furthermore, GPR40 activation necessitates a carboxyl group within its ligands
(Brown, Goldsworthy et al. 2003). Because of the structural resemblance between
AA and TAA at the carboxylic end of both molecules (Figure 3 a) as well as the
specificity for MAPK activation and ensued TSP-1 upregulation, we hypothesized

that TAA might act via GPR40. GPR40 is a Gu4-coupled receptor, enriched in
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both human and rodent pancreatic islets but appears to be present only in human
and primate central nervous system (Briscoe, Tadayyon et al. 2003; Itoh,
Kawamata et al. 2003; Kotarsky, Nilsson et al. 2003). Thus, we first determined
the levels of GPR40 receptor in the brain from P7 rat pups. Although we failed to
detect GPR40 receptor mRNA in rat whole brain lysates, we were able to measure
its expression in isolated cerebral microvessels (Figure 3 b) with fairly low levels
as compared to rat pancreatic islets which mRNA is used as a positive control.
Because the cerebral microvasculature corresponds to only 2% of the brain mass
(Goehlert et al. 1981), we decided to conduct part of the experiments in vitro.
Similarly to what we have observed in vivo, human brain endothelial cells, in
vitro, show significant levels of GPR40 mRNA (Figure 3 c) thus suggesting that
TAA produced in our HI model may interact with the GPR40 receptor located on
microvascular endothelial cells in the rat pup. Along this hypothesis, we then
looked at GPR40 receptor and TAA binding interactions and functions in vitro.
First, we showed that ['“C]14E-AA binding revealed specific binding to only
HEK-transfected cells with GPR40 receptor, termed GPR40 [+]. On the contrary,
14-EAA did not bind to HEK293 cells lacking GPR40 receptor (Flodgren et al.
2007), termed GPR40 [-] (Figure 3 d). In the competition binding assay, unlabeied
14E-AA displaced bound [*H]AA as successfully as unlabeled AA with an IC50
of approximately 10°M in presence of 20 nM of [FHJAA (figure 3 e). In addition
to binding to GPR40 receptor, we showed that TAA exposure on GPR40 [+], but
not GPR40 [-] cells, elicit strong calcium influx, suggestive of GPR40 activation

by TAA (Figure 3 f).




TAA induce a GPR40 ensuing cell death in vitro and vasoobliteration in vivo

To further corroborate the role of GPR40 in response to TAA, we tested the
effects of TAA-induced cell signalling on GPR40 [+], GPR40 [-] Hek293 cells
and human brain microvascular endothelial cells (HBMEC). Incubation of either
14E-AA or LA (positive control) induced a strong and transient MAPK activation
only in GPR40 [+] cells and HBMEC, two cell lines that express GPR40 receptor
(Figure 3 b and 4 ¢). In addition, a 5 fold increase in TSP-1 protein expression
level was noted upon treatment of GPR40 [+] cells with TAA (Figure 4 d).
Following TSP-1 upregulation, we tested TAA potency on the survival of
different cell types. Here we show that TAA induced a concentration-dependent
cell death of GPR40 [+] and HBMEC only. Since GPR40 [-] cells were
insensitive to either TAA (Figure 4 e) for a period up to 48 hours (data not
shown), all data presented so far are suggestive of the anti-angiogenic function of

GPR40 in the brain.

To further confirm this angiostatic role of GPR40 in response to TAA, we tested
the effects of TAA on vascular sprouting from Matrigel-embedded aortic rings
isolated from GPR40-KO and WT animals. As expected, TAA interfered with
vascular growth in aortas of WT mice, whereas this effect was partially prevented
in mice with disrupted GPR40 receptor (Figure 5 a). Furthermore, we
corroborated these results in the brain where ICV injections of TAA failed to
induce vascular degeneration in GPR40 KO mice compared to a 26% reduction of

vascular density in WT littermates (Figure 5 b).




HI induced brain damage is GPR40-dependent

Finally, to verify that GPR40 activation by TAA is pathologically relevant and
examine the putative relationship between microvascular obliteration and brain
damage, we induced the HI model in GPR40 WT and KO mice. GPR40 deficient
mice showed a significantly attenuated HI-induced infarct compared to WT

littermates (Figure 5 c¢) suggestive of a strong resistance to HI insult.

4.7 DISCUSSION

Nitrative stress derivatives and lipid peroxidation products perform a number of
biological actions. The newly described products of NO,"-mediated isomerisation
of arachidonic acid and markers of nitrative stress, TAA, represent a new aspect in
ischemia-induced microvascular injuries. Lately, we have uncovered the
molecular mechanisms involved in 7TAA-induced retinal microvascular
obliteration in an oxygen-induced model of retinopathy of prematurity
(Kermorvant-Duchemin, Sennlaub et al. 2005). However, as other non
enzymatically formed lipid peroxidation products, such as isoprostanes, the
primary target of TAA remains unknown. Qur data demonstrate that HI is
associated with vascular obliteration resulting in part from nitrative stress (Figure
1 g-h) which increases formation of TAA (Balazy 2000; Balazy et al. 2004)
(Figure 1 e-f). TAA in turn, caused cerebral microvascular damage in vivo, ex-
vivo and in vitro (Figures 2 a-b, e-f, 4e and 5a-b) through activation of GPR40
receptor (Figures 3e and 4c). We therefore investigated the involvement of

GPR40 receptor in HI-induced brain damage. We first showed that TAA




specifically bind to GPR40 receptor (Figure 3 d) which is present in cerebral
microvessels as shown by qPCR (Figure 3 b). TAA binding to GPR40 elicited its
activation as demonstrated by measurement of calcium influx, ERK1/2
phosphorylation and TSP-1 overexpression (Figures 3f and 4c-d). On the other
hand, a TSP-1 expression (by immunohistochemistry) was detected in HI brains
along with a rise in TAA levels (Figures 1¢ and 2¢) followed by a TAA-dependent
decrease in vascular density (Figure 1 g-h). Correspondingly, vascular
degeneration was significantly attenuated in gpr40-/- mice upon treatment with
TAA (Figure 5a-b). Finally, gpr40-/- mice showed resistance to Hl-induced brain
damage (Figure 5 c¢). By showing that TAA are increased in our HI model in an
NO-dependent pathway and induce cerebral microvascular damage, similar to
what we have previously shown in the retina (Kermorvant-Duchemin, Sennlaub et
al. 2005) via TSP-1 upregulation, our results confirm that TAA are strong
mediators of nitrative stress in vivo and possess a powerful anti-angiogenic effect.
On another hand, our results unveil the importance of microvascular integrity in
hypoxic-ischemic injuries. Indeed, the endothelium is continuously emerging as
an important component of the neurovascular unit, which disturbances exacerbate
the brain damage (Pesonen, Kaprio et al. 1981; Yang and Betz 1994; Legos,
Tuma et al. 2002; Lo, Dalkara et al. 2003). However, brain damage is usually
associated with an irreversible neuronal death (Wieloch 1985; Ogawa, Kitao et al.
2007) whereas endothelium was regarded for decades as an inert conduit; hence
few studies have focused on the importance of the microvascular integrity in HI
injuries. Here we provide supplementary evidence on the major contribution of

endothelium dysregulation, here microvascular degeneration to Hl-induced brain
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damage and provide new insight on GPR40 activation. First, the prevention of
microvascular degeneration (Figure 1 g-h) is associated with decreased brain
infarct upon HI insult (Figure 1 a-b); where TAA seem to be the connecting bond
between both damages. Moreover, deletion of GPR40 receptor, activated by TAA,
shows a considerable resistance to HI-mediated microvascular injury and brain
damage (Figure S b-c). Although, according to the literature, GPR40 appears to be
activated by an array of distinct free fatty acids including DHA and linoleic acid,
none of them were described to possess a role in angiogenesis (Bourre et al. 1992;
Bourre et al. 1993; Abbott 2000; Bazan 2006). Therefore, the anti-angiogenic
action of GPR40 in the brain depends on its activation by TAA which may
suggest that GPR40 activation by the neuroprotective DHA may elicit a rather

protective effect in the brain.

Interestingly, previous studies have failed to identify GPR40 receptor in rodent
brain and therefore concentrated their efforts in understanding its role in B-cell
function, where it is predominantly expressed (Briscoe, Tadayyon et al. 2003;
Itoh, Kawamata et al. 2003; Kotarsky, Nilsson et al. 2003). Nonetheless, GPR40
profile distribution in human and primate brains (Ma, Tao et al. 2007; Hirasawa et
al. 2008; Ma, Lu et al. 2008) is suggested to play a role in memory, however, it is
not yet fully investigated (Yamashima 2008). Due to the fact that TAA are
unsaturated fatty acids, we investigated the involvement of GPR40 receptor,
shown to be activated by long chain fatty acids, in mediating the TAA-induced
cytotoxic effects. Our findings reveal that GPR40 receptor is present within

rodent cerebral microvessels. Because the microvasculature only represents 2% of
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the brain mass (Goehlert, Ng Ying Kin et al. 1981), it could explain why it is very
difficult to observe the presence of GPR40 mRNA in rodent whole brain lysates.
Moreover, in the present study, we identified for the first time a new function for
GPR40 in the brain where it acts as an anti-angiogenic receptor when activated by
TAA. Our data provide strong evidence that TAA bind to GPR40 receptor with
respect to other studies which show only activation of GPR40 by various FFA,
demonstrated by calcium mobilization assay (Briscoe, Tadayyon et al. 2003;
Brown, Goldsworthy et al. 2003; Itoh, Kawamata et al. 2003; Itoh et al. 2005;
Briscoe et al. 2006; Garrido et al. 2006). This inference is supported in our study
by binding assays, performed on both GPR40 expressing and lacking cells, clearly
demonstrating the specific interaction of TAA to GPR40 receptor (Figure 3 d).
This binding is revealed to be active generating significant calcium influx upon
TAA exposure and shortly leading to MAPK transient activation; another
evidence for GPR40 activation (Figures 3 f and 4 c). This exact pathway has been
recently shown to be crucial for normal stimulation of insulin secretion in humans
(Vettor et al. 2008) which reinforces the role of GPR40 receptor in the

progression of diabetes and as shown here in microvascular degeneration.

Furthermore, MAPK phosphorylation is followed by TSP-1 upregulation and
subsequent cell death, all dependent on GPR40 presence and activation, including
in cerebral microvascular endothelial cells (Figure 4 d-e). Thus, our data confirm
the relationship of TAA/GPR40 in vivo and reinforce the involvement of GPR40
in angiogenesis. An additional surprising result was to observe an extended role to

GPR40 in hypoxic-ischemic-induced brain damage; gpr40-/- mice are resistant to




HI compared to their wild type littermates. These data strongly suggest a very
tight relationship between microvascular obliteration and brain damage in HI
insults. More importantly, our data demonstrate that GPR40 receptor is the

responsible moiety for this relationship.

In this study, we have identified a new function to GPR40 and unravelled a new
mechanism by which GPR40 could mediate cell cytotoxicity and microvascular
degeneration. However, GPR40 deletion does not fully explain the vascular
degeneration mediated by TAA. Participation of other possible receptors for TAA
is currently under investigation as well as further characterization of the effects of
TAA on the B-cell function. In addition, our results open an enticing debate on
whether to develop an antagonist for GPR40 receptor which limits its damaging
effects in the brain or an agonist needed for insulin regulation. In both cases,
development of these drugs might need elaborate and long term studies on the
cardiovascular effects according to the latest FDA decision conceming diabetes

drugs.

Taken together, our data indicate that a TAA/GPR40 interaction is responsible for
endothelial cell death and subsequent microvascular degeneration in hypoxic-
ischemic damages and provide new evidence for a previously undescribed link

between GPR40 and CNS associated injuries.
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Figure 1

TAA levels rise secondary to nitrative stress in a hypoxia-ischemia (HI)-induced
brain injury model in rat pups. (a) Brain infarctus evaluated by TTC staining as
detailed in materials and methods. The white area is distinctive of an infarct as
seen in artificial cerebrospinal fluid (aCSF) treated HI-subjected rat pups and
significantly attenuated in l-name treated animals. (b) Quantification of the
infarcted volume in (mm?). *P<0.01 compared to aCSF treated animals and
subjected to HI. (¢) Presence of nitrative stress within rat cerebral microvessels.
Co-staining of 3-NT (green) and lectin (red) at 18 hours post- HI. Sham, hypoxia
and ischemia serve as controls for the model. (d) Quantification of cerebral
vascular density in HI exposed P7 rat pups at 3h, 18h and 24 hours post-HI.
*P<0.01 compared to 3h sham vascular density(e) Total (free + bound
(phospholipid-esterified)) brain TAA levels in HI-induced animals at 3h, 18h and
24h post-injury. (f) Total brain TAA levels in Hl-induced rat pups treated with
aCSF or l-name (2mg/kg) at 18 hours post-injury. (g) Effect of NOS inhibitor -
name on vascular density in HI-exposed P7 pups. (h) Quantification of vascular
density as described in materials and methods. *P<0.01 compared to aCSF treated
animals and subjected to HI. Values in histogram are mean + s.e.m of 3-8 separate

experiments.
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Figure 2

TAA induce a TSP-1/CD36 cerebral microvascular degeneration. (a) In vivo
effects of 14E-AA and 8E-AA on rat cerebral vascular density injected in the
lateral ventricules. (b) Quantification of cerebral vascular density 24 hours post-
ICV injections. *P<0.01 compared to vehicle injected P1 pups. (c) Microvascular
localization of TSP-1 in rat pups exposed to HI (18h post-HI) or injected with
either vehicle or TAA (24h post-ICV injections); representative of 5 pups at each
group and time. (d) Ex vivo effects of 14E-AA on vascular density of rat brain
explants in presence or absence of CD36 mAb (specific for TSP-1 binding site,
200 pg/mL), CD36 mAb (specific for ox-LDL binding site, 100 pgg/mlL) or a
MEK inhibitor PD98059 (10 pgmo/L). (e) Quantification of cerebral vascular
density. *P<0.01 compared to 14E-AA treated explants. Values in histogram are

mean + s.e.m of 4 separate experiments.
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Figure 3

TAA bind and activate GPR40 receptor. (a) Three-dimensional structures of
arachidonic acid and 14E-AA. Note the frans bond configuration at carbon 14
which alters only the w-end of the molecule leaving intact the carboxylic end. (b)
GPR40 mRNA expression corrected for f-actin from whole rat brain lysates
(brain), rat cerebral microvessels or rat pancreatic islets (islets) which serve as a
positive control, (¢) GPR40 mRNA expression corrected for B-actin from HEK
293 cells transfected with puro-IRES vector (GPR40 [-]), HEK293 cells
transfected with puro-IRES-GPR40 vector (GPR40[+]) and human brain
microvascular endothelial cells (HBMEC). (d) Representative histogram of
binding [“C114E-AA to GPR40 [-] or GPR40 [+] cells. Values are in percentage
of specific binding. (¢) Competitive binding assay using increasing concentrations
of unlabeled 14E-AA or AA in the presence of 20 nM of [FHJAA on GPR40 [+]
cells. (f) Effect of 14E-AA on calcium mobilization in both GPR40 [-] and
GPR40 [+] cells. Linoleic acid (LA) serves as a positive control. *P<0.01
compared to vehicle treated cells. Values are mean + se.m of 3 separate

experiments.
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Figure 4

TAA-induced cell death is GPR40-dependent. (a) mRNA expression of CD36 and
TSP-1 corrected for B-actin , in rat whole brain lysate (brain), rat cerebral
microvessels and rat pancreatic islets (islet). (b) mRNA expression of CD36 and
TSP-1 corrected for B-actin, in GPR40 [-], GPR40 [+] and HBME cells. (c)
Representative western blots of ERK1/2 phosphorylation in GPR40 [-], GPR40
[+] and HBME cells exposed to 14E-AA and LA. (d) Representative western blot
of TSP-1 expression in GPR40 [-] and GPR40 [+] cells exposed to 14E-AA (5 107
®M) for 21 hours. Immunoblots are representative of three independent
experiments. (e) Effect of 14E-AA on cell viability of GPR40 [-], GPR40 [+] and

HBME cells. Values are mean + s.e.m of 3 separate experiments.
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Figure §

TAA-induced vasoobliteration and HI-induced brain damage in mice are GPR40
dependent. (a) Effect of ICV injections of vehicle or 14E-AA (510°M) on wild
type and gpr40-/- cerebral vascular density, marked with lectin (green). Values in
histogram are mean + s.e.m of 4 independent experiments. *P<0.01 compared to
vehicle injected wild type mice. (b) Representative microvascular sprouting from
matrigel-embedded aortic rings from wild type and gpr40-/- mice exposed to
vehicle or 14E-AA (510"6M, left panel). Values in histogram are mean + s.e.m of
6 separate experiments. *P<0.01 compared to vehicle wild type treated
aortic rings. (¢) TTC staining in gpr40-/- and gpr40+/+ mice subjected to HI.
Infarcted volume was assessed as described in materials and methods. Values in
histogram are mean + s.e.m of 3-7 separate experiments. *P<0.01 compared to

gpr40+/+ infarct.

176

gy
L e—



CHAPTER 5: DISCUSSION,
CONCLUSION AND PERSPECTIVES




5.1 DISCUSSION

Cerebral ischemia is characterized by a reduction in CBF initiating a number of
molecular and enzymatic cascades leading to disrupted brain function (Siesjo,
Kristian et al. 1998). The most dramatic outcome of cerebral ischemia consists of
neuromicrovascular injury (del Zoppo 1997; del Zoppo et al. 1997). Although
most studies have extensively reported on neuronal damage and neuronal cell
death following HI injuries, only a few have focused on examining the cerebral
microvasculature. Several mechanisms involved in microvascular damage, BBB
leakage, and endothelial cell death were proposed with great emphasis on
increased ROS/RNS and lipid peroxidation products (Siesjo and Wieloch 1983;
Traystman et al. 1991; Choi et al. 1998; Janardhan et al. 2004). However, the
exact mediators of oxidative and nitrative stresses involved in neuromicrovascular
damage are not well defined. Moreover, the mechanisms by which these
mediators participate in microvascular injury are not fully characterized. We
hypothesized that the newly described frans-arachidonic acids could be direct
mediators of nitrative stress causing cerebral microvascular injury and brain
damage, since they are largely produced in other ischemic pathologies
(Kermorvant-Duchemin, Sennlaub et al. 2005; Checchin, Sennlaub et al. 2006).

Data represented in this thesis support this hypothesis and demonstrate that:

1) TAA act as mediators of nitrative stress in a hypoxic-ischemic model of
cerebral ischemia. TAA levels are increased upon HI as early as 3h post

injury and peak at 18 hours post-injury. TAA concentration levels reach
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2)

3)

4)

the micromolar range which consists of a very high concentration for

damageable lipid peroxidation products.

Early in the injury, TAA induce a concentration dependent vasorelaxation
of brain pial microvessels. This vasorelaxation occurs within 15 minutes
of TAA exposure but is independent of all classical vasodilation pathways.
TAA-induced vasorelaxation is rather dependent on heme oxygenase-2
and carbon monoxide production whereas heme oxygenase-1 is not
involved. Heme oxygenase-2 activation by TAA requires opening of large
conductance calcium-dependent potassium channels. This vasorelaxation
could entirely be prevented when using siRNA against heme oxygenase-2

only, not affecting heme oxygenase-1 expression.

TAA-mediated vasorelaxation could participate in enhancing lipid
peroxidation and ROS/RNS generation due to the continuous formation of
TAA at 18 hours post-onset of the injury. TAA formation coincides with
increased nitrative stress within cerebral microvessels in hypoxic-ischemic
brains. Ultimately, TAA lead to microvascular degeneration and brain
damage. Inhibition of NOS isoforms using l1-name, which also inhibit TAA
formation, partially prevents microvascular degeneration and completely

reduces brain infarct induced by HI.

TAA-mediated microvascular degeneration involves a very specific
pathway requiring the upregulation of the anti-angiogenic factor

thrombospondin-1 (TSP-1). TSP-1 overexpression is dependent on the




5)

6)

a)

transient activation of ERK1/2 and lead specifically to microvascular
endothelial cell death. Inhibition of MAPK phosphorylation or blockade of
TSP-1 binding to its receptor CD36 fully prevents TAA-induced

microvascular degeneration.

TSP-1 overexpression and ensued endothelial cell death implicate the
activation of GPR40 receptor. TAA bind specifically to GPR40 and its
activation leads to transient phosphorylation of ERK1/2 and TSP-1
upregulation in cells overexpressing the receptor GPR40 and endothelial
cells but not in cells devoid of GPR40 receptor. TAA also induce a

GPR40-dependent cell death.

GPR40 receptor is expressed within rat brain microvessels. TAA fail to
induce microvascular degeneration in GPR40-deficient mice, conferring a
role for GPR40 in angiogenesis. More importantly, GPR40-deficient mice
showed more resistance to HI-induced brain damage than their wild type

littermates.

5.1.1 Treatment limitations in HI injury

Despite the large number of clinical trials and experimental interventions that
lower brain damage, a number of them have failed. A few suggestions could

explain such discrepancies between bench and bedside studies:

Timing




b)

)

While in experimental animal models the onset of ischemia and
reperfusion can be precisely determined, in humans this is not always
possible. Therefore, it is difficult to accurately define the time window in
which a certain drug is effective for each patient (1992). Treatment

strategies are needed to prevent post-ischemic injuries.

Age and associated illness

Experimental studies are mostly conducted on healthy, young animals
under rigorously controlled laboratory conditions. The typical patient,
however, is either older or younger and could present other complications
such as diabetes, hypertension or heart diseases (Dirnagl, Iadecola et al.

1999).

Functional differences between human brain and animal brains

The basic biology and biochemical processes of cerebral ischemia are
similar between different species. Nonetheless, we cannot ignore the
interspecies difference in brain structure, function and vascular anatomy.
For example, in rodents, glucose and oxygen metabolism is three times
higher than in humans. Moreover, neuronal and glial densities vary
between mammals. The human brain is more gyrated and present a
different vascular anatomy (Luginbuhl 1973). Some rodents, such as
gerbils, do not have a complete circle of Willis, while others, such as rats,

could have more effective collaterals between large vessels. On another
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note, the effect of neuroprotective drugs has been shown to be species

dependent (Dirnagl, Iadecola et al. 1999).

d) Drug side effects

Anti-excitotoxic drugs display several psychomimetic and cardiovascular
side effects (Prass et al. 1998; Lee et al. 2000; Volbracht et al. 2006). This
limits the tolerated dose such that in humans, only a fifth is reached
compared to rodents. Hence, it is important to design safer drugs with

more favourable pharmacokinetics and fewer side effects.

5.1.2 Role of nitrative stress in HI injuries.

The crucial role of nitrative stress and their mediators in the pathogenesis of
ischemic pathologies was emphasised in this thesis with the help of TAA. While
numerous molecules have been identified to contribute to nitrative-stress induced
HI damage, the blockade of their formation or site of action was ineffective in
humans (De Keyser et al. 1999). Most free radical scavengers and lipid
peroxidation inhibitors were very effective against brain damage for up to two
weeks of treatment. No improvement of functional outcome and no reduction in
mortality were observed after 3 months (1996; Grotta 1997; Diener 1998;
Yamaguchi et al. 1998) in patients with cerebral ischemia. This was the case for
tirilazad (lipid peroxidation inhibitor), lubeluzole (NO pathway modulator) and
Ebselen (free radical scavenger). Unfortunately, the reasons for such
inconsistencies between pre-clinical and clinical data are not yet understood. The

difficulty to achieve favourable outcome using lipid peroxidation inhibitors or




free radical scavengers is mostly due to our lack of knowledge in the area of free
radical-mediated processes. Based on this precedence, significant efforts in
elucidating the underlying molecular mechanisms of hypoxic-ischemic brain
injuries may lead to new treatments following the lead of nitrative stress

inhibition.

Data presented in this thesis shed the light on novel mediators of nitrative stress;
TAA and their mode of action. Direct detection of reactive oxygen and nitrogen
species has always presented a major technical challenge which makes it difficult
to quantitatively measure these species in vivo, in addition to their rapid reactivity
and short lifespan (Freitas et al. 2002; Kohen et al. 2002). On the contrary, TAA
are more stable molecules that can be measured in various tissues including retina
(Kermorvant-Duchemin, Sennlaub et al. 2005; Checchin, Sennlaub et al. 2006)
and brain and can also be found in plasma and biological fluids. Formation of
TAA is completely dependent on NOS activation; such that inhibition of NOS
isoforms prevents TAA-induced cytotoxic effects. Moreover, TAA activate two
specific yet different metabolic pathways namely BKc./HO-2 and GPR40/TSP-1
that are associated with brain damage. Thus, TAA present a reliable quantitative
indication on the extent of nitrative-stress injury. Furthermore, the identification
and dissection of these molecular mechanisms by which TAA act, allow us to

define novel targets to treat HI injury.

5.1.3 Pivotal role of TAA.

Data presented in this thesis have unveiled two distinct yet specific mechanisms

by which TAA mediate their effects in the cerebral vasculature. The first pathway




implicated the activation of the BKc/HO-2 complex, through which, TAA
mediate vasorelaxation of cerebral microvessels and hence regulate the vascular
tonus. The second pathway involved the activation of GPR40 receptor and ensued
TSP-1 upregulation and consequenced endothelial cell death; implicated in
cerebral microvascular degeneration and brain damage. These data suggest a
pivotal role for TAA and bring one particular question: Are TAA friend or foe?
This same question was before put with regard to eicosanoids, nitric oxide and
carbon monoxide which act as both. Accordingly, eicosanoids possess
multifaceted roles in prominent areas of research including inflammation
(FitzGerald et al. 2001; Rocha et al. 2001), vasodilation (Levy et al. 2001; Tilley
et al. 2001), fever (Ushikubi et al. 1998; Sugimoto et al. 2000) and pain
(Ushikubi, Segi et al. 1998; Narumiya et al. 2001) which specific mechanisms are
still heavily investigated. On the other hand, both nitric oxide and carbon
monoxide were long thought to be extremely poisonous gaseous molecules that
mediate cytotoxic effects when inhaled (Buckley et al. 2005; Vanin et al. 2007).
Subsequent to these widely accepted detrimental statements, controversial data
have demonstrated the total opposite. In fact, both gases are produced in vivo and
small amounts of each are involved in various physiological processes, which do
not mediate toxicity, including vasorelaxation, neurotransmission, penile erection,
memory, hypertension, transplantation and more (Xu et al. 1998; Mariotto et al.
2004; Mannaioni et al. 2006; Nakao et al. 2006; Mann et al. 2007). On this similar
note, TAA measurements in vivo present very low levels which correspond to 10
"M to 10°M in the control animal groups. Theses concentrations, though

considered low and physiological, are associated with a biological function when
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tested on pial brain microvessels. In fact, low levels of TAA mediate a significant
vasorelaxation of cerebral microvessels compared to basal vascular tonus but are
ineffective in inducing cell death. Increasing concentrations of TAA, however,
mediate a stronger vasorelaxation. Longer exposure of endothelial cells with high
concentrations of TAA implicates the activation of GPR40 and subsequent cell
death. Thus, the pivotal role of TAA, like NO or CO, appear to be dependent on
the concentration. Further in-depth research is required to fully appreciate and

understand these provocative data.

It is also noteworthy to mention that these data provide additional evidence to the
important vasodilatory role of CO in the brain. Although it is already reported,
many could argue the affinity of CO with soluble guanylate cyclase as very weak
compared to NO’s affinity. Data presented in this thesis exclude the implication of
NO or NO products and demonstrate clearly that CO is highly generated upon
TAA-mediated activation of heme oxygenase-2. These CO levels are sufficient to
mediate a strong vasodilation of pial microvessels dependent on the activation of

soluble guanylate cyclase.

In order to exclude or include the possibility that both pathways, activated by
TAA, might be related; a simple experiment is ought to be performed. It is
important to test the vasomotor effects of TAA on GPR40-deficient mice which
will allow us to understand if BKco/HO-2 activation is dependent on TAA binding
to GPR40 receptor. How TAA activate BKc, channels is still unclear. Some
hypotheses arose but haven’t been investigated yet. TAA binding to GPR40 will

elicit a calcium influx, may be sufficient to activate BK¢, channels. However, due
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to the low excitability of endothelial cells, we were unable to register any calcium
mobilization in two different microvascular endothelial cells: human dermal
microvascular endothelial cells (HMEC-1) and porcine cerebral microvascular
endothelial cells. The alternative hypothesis is that due to the rigidity of TAA
structure and the increased content of TAA within or across the lipid bilayer,
membrane fluidity could be altered which may activate the potassium channels as
previously reported for arachidonic acid and other free fatty acids (Ordway et al.

1989; Ordway et al. 1991; Kirber et al. 1992; Meves 1994; Zou et al. 1996).

5.1.4 GPR40, a receptor for TAA.

Previously published data on the elucidation of TAA-induced cytotoxic effects on
endothelial cells strongly suggested that TAA act on a cell surface receptor. The
current data have identified this receptor and demonstrated its mode of action.
This particular finding is exceptionally important as it presents irrefutable
evidences that a receptor is assigned for non-enzymatically produced eicosanoids
for the first time. Many researchers have struggled to identify a precise receptor
for isoprostanes, also generated non-enzymatically. Although most of the
molecular mechanisms have already been discovered for each isoprostane, the
primary target of each remains unknown. All four isomers of TAA however,
appear to mediate the same effect with a slightly different efficacy. All isomers of
TAA mediate a vasorelaxation of brain pial microvessels and mediate endothelial
cell toxicity. These findings suggest that all isomers of TAA may act on the same

receptor.




The detection of GPR40 receptor mRNA within rodent brain microvessels is also
a first. GPR40 was only shown to be present at the mRNA and protein level in the
human and primate brains. Commercially available antibodies against GPR40
receptor were unfortunately not specific when tested in our models and in the
pancreas. Newly developed antibodies however used by the same group
demonstrate the presence of GPR40 in almost all brain structures in primates
(Brown, Jupe et al. 2005; Ma, Tao et al. 2007; Hirasawa, Itsubo et al. 2008; Ma,
Lu et al. 2008; Yamashima 2008); including the microvasculature. This antibody
is not commercially available yet and therefore, we were not able to test it. The
novelty of our data reside in the fact that not only GPR40 mRNA was detected in
the micrvoasculature of rodents but also that it possesses an anti-angiogenic
function which has not yet been described. Most importantly, GPR40 appear to be
a key mediator of brain damage. Deficiency in GPR40 limits the extent of brain
damage induced by HI. What was previously thought as two independent
mechanisms, namely microvascular degeneration and brain infarct in HI injuries,

appear here to be strongly linked via GPR40 and its activation by TAA.

Most studies on GPR40 have focused on its role in insulin regulation and B-cell
function and its profile expression in both pancreas and brain. Our study remains
the first that identified a new function to GPR40 in the brain and elucidated a
mechanism for GPR40 anti-angiogenic effect. It is also noteworthy to notice that
GPR40 is not only activated by TAA but also by an array of free fatty acids
including linoleic acid, oleic acid, docosahexanoic acid and arachidonic acid.

These molecules however are not known to have any direct anti-angiogenic or




toxic effects in the cerebral microvasculature (Bourre, Bonneil et al. 1992;
Bourre, Bonneil et al. 1993; Abbott 2000; Lauritzen et al. 2001; Bazan 2006)
which suggests that GPR40 anti-angiogenic activity is dependent on its activation
by TAA. Hence, these findings may also suggest that GPR40 activation by DHA
(or any other ©-3 fatty acid) may elicit a rather protective effect in the brain. It is
still unknown whether GPR40 may present detrimental or protective effects in the
brain depending on its ligands. This particular query could also be extrapolated to
the pancreatic tissue where TAA is yet to be tested. Further investigation is

needed to examine these hypothesises.

Unfortunately, we are unable to conclude that GPR40 is the only receptor for
TAA. GPR40 deficiency is not entirely sufficient in inhibiting TAA-induced
microvascular degeneration in our aortic ring model. This result could be
explained by: (1) A conundrum compensation or mechanistic adaptation for the
missing receptor that might occur in the GPR40 deficient mice; which may elicit
TAA-mediated cytotoxic effects (2) The participation of a second receptor
activated by TAA. In fact, GPR120 presents an attractive target which is currently

under study.

Another implicit finding of this work is the capital role of slight modifications in
the geometrical configuration of a molecule. Trans-arachidonic acids differ from
their cis-isomer by only one double bond. This one double bond difference makes
TAA act on different targets, activate distinct molecular pathways and modulate

the cell signalling outcomes unsimilarly than AA. Therefore, it is fascinating to be
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able to appreciate the complexity of such a subtle yet fate determining molecular

modification.

5.2 CONCLUSION

It is widely accepted and acknowledged that ROS/RNS and lipid peroxidation
products are major contributors to the pathogenesis of hypoxic-ischemic injuries.
Despite the tremendous efforts in drug development which interfere with the
different biochemical processes involved, most clinical trials have failed to
demonstrate efficacy. Data presented in this thesis have identified novel mediators
of nitrative stress that are highly generated during HI, named TAA. This work
demonstrates that these lipid peroxidation products possess two major effects on
cerebral microvasculature. Their acute effects consist of a strong vasorelaxation
dependent on the activation of the complex BKc./HO-2 which lead to carbon
monoxide production and hence vasorelaxation. On the other hand, TAA chronic
effects present rather deleterious effects on the cerebral microvasculature where
they upregulate the most damaging anti-angiogenic factor; thrombospondin-1. In
addition, this work constitutes the very first reference for the involvement of
GPR40 receptor in microvascular rarefaction and modulation of brain damage.
These data demonstrate that GPR40 is a receptor for TAA mediating TSP-1
overexpression, subsequent endothelial cell death and microvascular
degeneration. Hence, the current work has identified one major player, TAA,
suspected to actively partake in the microvascular degeneration induced by HI by,

first, inducing a vasorelaxation which enhances the lipid peroxidation process and
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second, binding to GPR40 receptor and activating a specific molecular cascade

involved in endothelial cell death and microvascular obliteration.

~ HYPOXIA-ISCHEMIA

' " wm wm ws  Kooli et al. FRBM (2008)
2" Kooli et al. JCI (submitted)

2 JERK1/2

‘

1 TSP-1

ACUTE

Figure 11 Schematic overview of data presented. Under hypoxic-ischemic
injury, increased free radical generation causes peroxidation of polyunsaturated
fatty acids leading to the formation of TAA. Released TAA will then act on two
distinctive pathways. Acutely, TAA are responsible for CO production and
subsequent ¢cGMP release which will exert a strong vasorelaxation (dashed
arrows) on cerebral microvessels. This vasorelaxation might be responsible for
further lipid peroxidation, due to a strong reoxygenation, therefore leading to
increased TAA production. When TAA reach micromolar concentrations in vivo,
they bind and activate GPR40 receptor, present on cerebral microvessels,
initiating a molecular cascade which leads to TSP-1 overexpression. Ultimately,
endothelial cell death ensues resulting in a cerebral microvascular rarefaction and
brain damage (lines).




5.3 PERSPECTIVES

There ate no effective treatments available for hypoxic-ischemic injuries beside
tPA administration which has a very limited therapeutic window. As mentioned
earlier, most developed drugs which showed promising results in pre-clinical
studies, have failed when tested in stroke patients. The current findings identified
novel therapeutic targets which limit two major consequences of HI insult:
microvascular degeneration and brain damage. Having shown that activation of
GPR40 by TAA induces blood vessel regression leading to an ischemic brain
infarction, a possible avenue of research would be to identify possible antagonists
or allosteric modulators that could inhibit GPR40-induced signalling cascade. One
could argue the necessity to antagonize GPR40 due to its role in insulin regulation
which opens the doors to an enticing debate whether to develop antagonists or
agonists to GPR40 receptor. Accordingly, an additional query that could be
explored is the blockade of TSP-1 or CD36 as they constitute the only complex by

which TAA mediate cerebral microvascular damage.

A further potentially appealing area of research concerns the role of TAA/GPR40
in inducing vascular damage in ischemic pathologies. Previous work on TAA’s
effect in the ischemic retina (Kermorvant-Duchemin, Sennlaub et al. 2005) and
continued studies on GPR40-deficient mice may shed valuable insight into the
precise contribution of TAA/GPR40 including characterization of in-depth
mechanisms involved in these processes. Because the BBB leakage constitutes
one major trigger of brain oedema and haemorrhage transformation (Fagan, Hess

et al. 2004), future research could also address whether TAA/GPR40 alters




expression of endothelial tight junctions or promote the extravasation of

inflammatory cells into the neuropil.

Vascular growth and vascular degeneration are hallmarks of various injuries
including cancer, neurodegenerative diseases and ischemic pathologies.
Therefore, it would be of great interest to evaluate the expression profile of
GPR40 in vascular tissues and determine whether it is able to regulate or play a

role in any of these processes.
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