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RESUMEN

La proteina de adhesién vascular 1 (VAP-1) es una proteina pro-inflamatoria que
facilita el reclutamiento leucocitario a través de su actividad amino oxidasa
sensible a semicarbazida (SSAO, E.C 1.4.3.21). La SSAO plasmatica
incrementa en pacientes con infarto cerebral o “stroke” isquémico y hemorragico,
y su actividad predice la aparicion de hemorragias parenquimales después del
tratamiento con tPA en pacientes con stroke isquémico. Ademas, la SSAO/VAP-
1 se encuentra también incrementada en el plasma y tejido cerebral de
pacientes con enfermedad de Alzheimer (EA). Asi pues, creemos que la
SSAO/VAP-1 puede contribuir al dafio vascular en ambos stroke y EA. Sin
embargo, los mecanismos moleculares por los que la SSAO/VAP-1 participa en
el stroke, asi como su posible contribucion al nexo entre el stroke y la EA no han
sido estudiados en detalle.

En este trabajo se ha puesto a punto un modelo de isquemia sencillo usando
células endoteliales periféricas que expresan la proteina SSAO/VAP-1 humana
(HUVEC hSSAO/VAP-1) en condiciones de deprivacion de oxigeno y glucosa
(OGD). Gracias a este modelo encontramos que la expresion de la SSAO/VAP-1
incrementa la susceptibilidad de las células endoteliales a la OGD, y que la
oxidacion de sus sustratos por su actividad enzimatica aumenta el dafio en
células vasculares. Las caspasas 3 y 8 se activan durante esta muerte celular.
Ademas, la OGD constituye un estimulo para la liberacién de la SSAO/VAP-1
soluble, que depende parcialmente del corte ejercido por la metaloproteinasa 2.
También una OGD corta induce la unién de leucocitos al endotelio dependiente
de la SSAO/VAP-1, que es parcialmente mediada por su actividad enzimatica.

Con el fin de evaluar mejor los efectos beneficiosos de nuevos compuestos
farmacéuticos inhibidores de la actividad SSAO/VAP-1 en condiciones de
isquemia cerebral, generamos una linea celular endotelial cerebral humana que
expresa la SSAO/VAP-1 humana (hCMEC/D3 hSSAO/VAP-1), como modelo de
barrera hematoencefalica (BHE). Las condiciones 6ptimas de OGD fueron
establecidas también con estas células. Mediante el uso de las células HUVEC y
hCMEC/D3 que expresan la SSAO/VAP-1 probamos que el DPH-4, un nuevo
compuesto multidiana disefiado para la terapia de la EA, es capaz de proteger
ambas células endoteliales y de disminuir la adhesion leucocitaria dependiente

Xi
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de SSAO en condiciones de OGD con reoxigenacion. El DPH-4 también fue
efectivo contra el dafo inducido por la OGD con reoxigenacién en presencia de
beta amiloide, como modelo de patologia de EA.

Para determinar los mecanismos moleculares subyacentes a los efectos
beneficiosos de la simvastatina en el stroke isquémico, utilizamos las células
hCMEC/D3 que expresan la SSAO/VAP-1 en condiciones de OGD, asi como
dos modelos animales de oclusion de la arteria cerebral media (MCAO). Los
resultados revelaron que la simvastatina es capaz de impedir la liberacién de la
SSAO/VAP-1 soluble al plasma o al medio de cultivo celular, la cual induce la
expresion de las moléculas de adhesion E-selectina y VCAM-1, y amplifica la
inflamacion y el dafio subsiguiente en el cerebro infartado.

Finalmente, las células hCMEC/D3 que expresan la hSSAO/VAP-1 fueron
usadas en el estudio del posible papel de la SSAO/VAP-1 en el nexo existente
entre el stroke y la EA. Resultados preliminares mostraron que, en las células
que expresan la SSAO/VAP-1 sometidas a OGD y reoxigenacioén, se induce la
expresion de BACE1 asi como una disminucién de LRP-1, y que el sustrato de la
SSAO/VAP-1 es capaz de incrementar los niveles de APP en una situacion de
OGD con reoxigenacion. Ademas, el metabolismo de la metilamina por la
actividad SSAO/VAP-1 induce una muerte celular adicional cuando se co-trata
con AB1-40D, en condiciones de OGD y reoxigenacion.

En resumen, de estos resultados se concluye que la expresion de la SSAO/VAP-
1 en células endoteliales puede incrementar el dafio celular asociado a la OGD,
y que la OGD induce la liberacion de la SSAO/VAP-1 soluble. También, que la
oxidacion de su sustrato media parte del dafo tisular y que la adhesién
leucocitaria dependiente de la actividad SSAO/VAP-1 agrava la progresion de la
patologia aumentando la inflamacién en la isquemia cerebral. La inhibicién de la
actividad SSAO/VAP-1 por el DPH-4 puede aportar un beneficio terapéutico para
el retraso y/o prevencién del stroke isquémico, asi como para su progresion a la
EA. La modulacién de los niveles de SSAO/VAP-1 media parte de los efectos
beneficiosos de la simvastatina en la isquemia cerebral. Ademas, la presencia
de SSAO/VAP-1 en el endotelio cerebral puede facilitar la generacién de f-
amiloide, incrementando asi el riesgo y el empeoramiento neuroldgico de la EA.

Xii
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ABSTRACT

Vascular adhesion protein 1 (VAP-1) is a pro-inflammatory protein that mediates
leukocyte recruitment through its semicarbazide-sensitive amine oxidase (SSAO,
E.C 1.4.3.21) activity. Plasmatic SSAO increases in ischemic and in hemorrhagic
stroke patients, and its activity predicts the appearance of parenchymal
hemorrhages after tPA treatment in ischemic stroke patients. Moreover,
SSAO/VAP-1 is also increased in AD patients’ plasma and brain tissue. Hence,
we believe that SSAO/VAP-1 could contribute to the vascular damage in both
stroke and AD. However, the molecular mechanisms of SSAO/VAP-1 in stroke
and its possible contribution to the nexus of ischemic stroke and AD have not

been studied in detail.

In this work, an easy ischemic model was set up by using peripheral endothelial
cells expressing the human SSAO/VAP-1 protein (HUVEC hSSAO/VAP-1) under
oxygen-glucose deprivation (OGD) conditions. Based on this model, it was found
that SSAO/VAP-1 expression increases the susceptibility of endothelial cells to
OGD, and that its substrates oxidation through its enzymatic activity increases
the vascular cell damage. Caspase-3 and caspase-8 are activated during the
death process. In addition, OGD constitutes a stimulus for the soluble
SSAO/VAP-1 release, partly mediated by metalloproteinase-2-dependent
shedding. Also, short-time OGD induces SSAO/VAP-1-dependent leukocyte

binding on endothelial cells, which is partly dependent on its enzymatic activity.

In order to better evaluate the beneficial effects of new pharmaceutical
compounds by SSAO/VAP-1 activity inhibition under cerebral ischemia
conditions, a human brain endothelial cell line expressing the human SSAO/VAP-
1 (hCMEC/D3 hSSAO/VAP-1) was further generated as a model of the brain
blood barrier (BBB). OGD conditions were established with these cells as well.
By using hSSAO/VAP-1 HUVEC and hCMEC/D3 cells, a novel multitarget-
directed ligand (MTDL) DPH-4, designed for AD therapy, was proved able to
protect both endothelial cells, as well as to decrease the SSAO-dependent

leukocyte adhesion under OGD with reoxygenation. DPH-4 was also effective

Xiii
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against the damage induced by OGD and reoxygenation in the presence of beta

amyloid as a model of AD pathology.

With regard to determine the molecular mechanisms underlying the beneficial
effect of simvastatin on ischemic stroke, hCMEC/D3 hSSAO/VAP-1 cells
subjected to OGD conditions and two middle cerebral arterial occlusion (MCAO)
rat models were used. Results revealed that simvastatin could suppress the
release of soluble SSAO/VAP-1 into the plasma or cell culture media, which
induces the expression of the adhesion molecules E-selectin and VCAM-1, and

amplifies the inflammation and the consequent damage in the infarcted brain.

At last, hCMEC/D3 hSSAO/VAP-1 cells were used so as to study the possible
role of SSAO/VAP-1 in the nexus between ischemic stroke and AD. Preliminary
results showed that in SSAO/VAP-1-expressing cells, OGD with reoxygenation
induces the expression of BACE1 and decreases the expression of LRP-1, and
that the substrate of SSAO/VAP-1 can further up-regulate the levels of APP
under OGD with reoxygenation. Furthermore, the metabolism of methylamine by
SSAO/VAP-1 activity induces additional cell death when co-treated with AB4.40D

under OGD with reoxygenation.

In summary, these results conclude that the expression of SSAO/VAP-1 in
endothelial cells can increase the OGD-associated cell damage. OGD induces
soluble SSAO/VAP-1 release. The oxidation of its substrate mediates part of the
tissue damage. SSAO/VAP-1 activity-dependent leukocyte binding further
exacerbates the disease progression by augmenting inflammation in cerebral
ischemia. The inhibition of SSAO/VAP-1 activity by DPH-4 can provide a
therapeutic benefit to the delay and/or prevention of ischemic stroke as well as its
progression to AD. The modulation of the SSAO/VAP-1 levels mediates part of
the beneficial effect of simvastatin on cerebral ischemia. In addition of ischemic
condition, the presence of SSAO/VAP-1 in brain endothelium may facilitate the
generation of B-amyloid, hence increasing the risk and neurological worsening of
AD.
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INTRODUCTION

. INTRODUCTION
1. Semicarbazide-sensitive amine oxidase (SSAO)
1.1 The semicarbazide-sensitive amine oxidases family

The amine oxidases (AOs) from mammalian tissues are a family of enzymes that
catalyses the deamination of a wide range of endogenous and xenobiotic
monoamines, diamines or polyamines by their oxidative activities. Based on their
chemical nature of the attached cofactors, the amine oxidases can be divided
into two main groups: the flavin adenine dinucleotide (FAD)-containing enzymes
(EC 1.4.3.4) and the quinone-containing enzymes (EC 1.4.3.6). The FAD-
containing AOs include monoamine oxidase A and B (MAO-A and -B) and the
intracellular form of polyamine oxidase (PAO) (Gong et al., 2006). MAO-A and
MAO-B are located in the outer mitochondrial membrane and are involved in the
metabolism of neurotransmitters and other biogenic amines (Lyles, 1996;
McGuirl et al., 1999; Jalkanen et al., 2001). PAO contributes to the maintenance
of polyamine homeostasis and possibly regulates the cell growth (Seiler, 1995).
For the second class of amine oxidases, instead of containing FAD cofactors,
they possess copper and one or more carbonyl groups, named 24,5-
trihnydroxyphenylalanine quinone (TPQ) or lysine tryosylquinone (LTQ) groups
(Finney et al., 2014), making them sensitive to be inhibited by carbonyl reagents
such as semicarbazide. Thus, these enzymes can be together labelled as
semicarbazide-sensitive amine oxidases (SSAQ) (Jalkanen et al., 2001; Gong et
al., 2006).

The quinone-containing SSAOs, or copper-containing amine oxidases (CAOs)
include diamine oxidase (DAO), lysyl oxidase (LOX) and plasma membrane and
soluble semicarbazide-sensitive amine oxidase (SSAO). All SSAOs are able to
catalyse the deamination of primary amines, according to the following reaction
(Klinman et al., 1994; Wilmot et al., 1999):

R-CH>-NH;, + O, + H,O —> R-CHO + NHj; + H,0,.
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DAO is an intracellular enzyme metabolizing putrescine and cadaverine as
preferred diamines. This enzyme can also deaminate histamine, being thus
involved in regulating inflammation and allergic reactions (Lyles, 1996; Jalkanen
et al., 2001). LOX possess lysine tryosylquinone (LTQ) as the cofactor, which
metabolizes the lysine residues in the side chain amino groups in collagen and
elastin, participating in the peptide crosslinking and in the extracellular matrix

formation of connective tissue (Lyles, 1996).

The rest of the SSAOs are extracellular enzymes mainly present on the cell
surface or in a soluble form in most mammals with diverse biological functions. In
humans, the most abundant of these SSAOs, also named as amine oxidase
copper-containing 3 (AOC3), vascular adhesion protein-1 (VAP-1) (EC 1.4.3.21)
(Smith et al., 1998; O'Sullivan et al., 2004), or more recently, primary amino
oxidase (PRAO) (Finney et al., 2014), has been the most extensively studied
enzyme among three human CAOs. A concise classification of semicarbazide-
sensitive amine oxidases family has been shown as follows (see Fig 1). Although
DAO and LOX also belong to the SSAO family, this work is focused on the
primary amine oxidase SSAO/VAP-1.

| Amine oxidase (AO) |

o T

| FAD - containing AOs TPQ or LTQ - containing SSAOs |
/ \ / P4 Y \
MAO PAO DAO Cell-surface Soluble Lysyloxidase
EC1.4.34 EC1.5.3.11 EC1.4.3.22 EC1.4.3.6
SSAO/VAP-1: EC1.4.3.21

Expression : Mitochondira intracellular intracellular extracellular serum extracellular
Functions : neurotransmission Cell growth degradation amine catabolism formation of ECM
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Fig 1. The classification of amine oxidases (AO) and semicarbazide-sensitive amine
oxidases (SSAO) families. Abbreviations: FAD, flavin adenine dinucleotide, TPQ, 2,4,5-
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trinydroxyphenylalanine quinone, LTQ, lysine tryosylquinone, MAO, monoamine oxidase,

PAO, polyamine oxidase, DAO, diamine oxidase (Jalkanen et al., 2001).
1.2 Substrates of SSAO

SSAO can metabolize primary aliphatic and aromatic amines, including
physiological amines (endogenous) and non-physiological amines (xenobiotic).

A number of SSAO substrates and their specificities are shown as follows (see

Fig 2).

Fig 2. SSAO substrates with their structures and properties (O'Sullivan et al., 2004).
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Endogenous SSAO substrates include methylamine, aminoacetone, 2-
phenylethylamine, tyramine and dopamine, etc. (O'Sullivan et al., 2004). Many
SSAO substrates can be also oxidatively deaminated by MAO, but the
physiological ones methylamine and amiocetone are not MAO substrates. With
the oxidative deamination of SSAO, methylamine and aminoacetone are
catalysed into formaldehyde and methylglyoxal, respectively, as well as hydrogen
peroxide and ammonia. In the human body, methylamine is found in large
amounts in urine, and it is present in blood and tissues as well (Yu et al., 2003).
Methylamine can be derived from the metabolism of epinephrine (Schayer et al.,
1952), adrenaline (Dar et al., 1985), creatine, creatinine (Jones et al., 1975; Yu et
al., 2000), sarcosine and choline (Zeisel et al., 1983; Precious et al., 1988; Yu et
al., 2003). Methylamine can be also originated from the digestion of food and
drink or inhaled cigarette smoke (Yu et al., 1996b). Aminoacetone is a product of
glycine and threonine metabolism (Bird et al., 1984). Since its physiological
substrates are still under dispute, it has been predicted that a free amino group of
an amino acid might also serve as substrate of SSAO (Salmi et al., 2001a). In
this context, siglec-9 present on the surface of granulocytes and siglec-10
present on the surface of lymphocytes are the first identified ligands that could
serve as endothelial SSAO substrates participating in the SSAO/VAP-1-mediated
transmigration of leukocytes during inflammation (Kivi et al., 2009; Aalto et al.,
2011).

Xenobiotic SSAO substrates include allylamine, n-phetylamine and benzylamine
etc. (Tipton et al., 2001). Although benzylamine is a non-physiological amine and
can be also metabolized by MAO-B, it is a particular good substrate for SSAQO.
Therefore, the determinations of SSAO activity are also based on the ability of
these enzymes to convert benzylamine to benzaldehyde, ammonia and hydrogen
peroxide with the addition of specific MAO-B inhibitors, with the radiochemical
method by using [**C]-benzylamine hydrochloride as substrate (Gella et al.,
2013). There are also sensitive and efficient fluorometric determinations of SSAO
activity by using HPLC (van Dijk et al., 1995).
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1.3 Inhibitors of SSAO

To elucidate the functions of SSAO, the inhibition of its activity is an ideal way to
follow. However, the main problem to do that has been the lack of selective and
specific inhibitors with excellent potency, because many SSAO inhibitors can
also inhibit other amine oxidases, but the acetylenic inhibitors, such as clorgyline
and L-deprenyl, used for MAO inhibition show insensitivity for SSAO. There are a
high number of compounds that exhibit both SSAO and MAO inhibition properties.
a-methyl substituted monoamines, like mexiletine or amphetamine are reversible
and competitive inhibitors for SSAO, which are also good MAO (A and B)
inhibitors (Kinemuchi et al., 2004). Amiflamine (FLA 336) and its metabolites
[FLA 788(+) and FLA 668(+)] inhibit SSAO activity, but they are selective MAO-A
inhibitors (Kinemuchi et al., 1983; Morikawa et al., 1986; Lyles, 1996); MD
780236 is also SSAO inhibitor, but it is a selective MAO-B inhibitor as well
(Strolin-Benedetti et al., 1982). The hydrazine derivative semicarbazide is a
sensitive inhibitor for SSAOs that distinguishes the FAD-containing amine
oxidases, but with a narrow sense of definition, it could as well interact with DAO
and LOX. Other hydrazine derivatives including phenelzine, phenylhydrazine,
hydrallazzine, benzerazide and carbidopa are also SSAO inhibitors (Kinemuchi
et al., 2004), but some of them are MAO inhibitors as well. The haloallylamine
derivative, such as MDL72145, has shown to be an irreversible SSAO inhibitor in
spite of its selective and irreversible inhibition against MAO-B (Zreika et al., 1984;
Lyles et al., 1987b; Kinemuchi et al., 2004).

There are also some compounds which show relatively more selectivity and
competitiveness against SSAO than MAO activities. Semicarbazide is a selective
inhibitor for SSAOs, as previously described. Propargylamine and hydroxylamine
can selectively inhibit SSAO activity at relatively low concentrations compared to
MAOQO activity (Kinemuchi et al., 2004). A haloamine 2-bromoethylamine (2-BEA)
has been found to be a highly selective, potent and irreversible SSAO inhibitor
with no inhibitory effect on both MAO-A and -B (Kinemuchi et al., 2000). The

drugs procarbazide and monomethylhydrazine seem to be reversible and
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selective inhibitors of SSAO in vitro and in vivo, but there may have different
sensitivities of SSAO inhibition among different species and tissues (Kinemuchi
et al., 2004; O'Sullivan et al., 2004).

Since the deamination of SSAO substrates can generate potentially hazard
products, the reduction of SSAO activity may be beneficial in some pathological
conditions. Therefore, a highly selective and potent SSAO inhibitor, which is yet
to be discovered, could be helpful for the SSAO-related research and medical

application.
1.4 Distribution of SSAO

SSAO is present in a membrane-bound form in a variety of mammalian tissues

as well as in a soluble form in the plasma (Lyles, 1996).
1.4.1 Membrane-bound SSAO

High enzyme activity of SSAO has been associated with the existence of the
membrane-bound SSAO in the blood vessels and there, it has been proved to
exist in smooth muscle cells in tunica media (Lewinsohn, 1983) and also in
endothelial cells (Salmi et al., 1993). It is also present in non-vascular smooth
muscle cells in uterus, ureter, vas deferens (LEWINSOHN, 1981), and other
tissues such as white and brown adipocyte (Barrand et al., 1984), lung
(O'Sullivan et al., 2004), liver and others. Notably, in human brain, although
SSAO is absent from the neurons and glial cells in the central nervous system
(CNS), it has been confirmed to be present in cerebral meningeal vessels and
microvessels (Castillo et al., 1998a), hence its presence there may be related to
the blood-brain barrier (BBB) function. However, the distribution of the
membrane-bound SSAO in other species may be different from that in humans.
Chondrocytes (Lyles et al., 1987a) and odontoblasts (Norqvist et al., 1989), for
example, express SSAO in some animals, but it is absent in those from humans
(Jalkanen et al., 2001). In humans, molecular modelling studies have proved that
SSAO/VAP-1 is a 180 kDa homodimeric glycoprotein comprising two identical

monomeric subunits of 90 kDa, and this glycoprotein is constituted by a short
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membrane-spinning domain and three extracellular copper-containing amine
oxidase domains with the active catalytic site (Salminen et al., 1998). The
structure of SSAO/VAP-1 has been identified and it is shown as follows (see Fig
3).

A view of the homodimer from
the top towards the membrane

The active site of SSAO

8=
Vicinal disulfide
bridge
Active-site
entrance ;
&)
v ha RGD motif
§
(5 )
) .

Fig 3. Structure of human SSAO/VAP-1. Domains D2, and D3 are shown in green and
red, respectively. Domain D4 is shown in grey (monomer A) or orange (monomer B),
and carbohydrates are shown as purple sticks. The membrane-bound helices are shown
as the grey cylinders inside the lipid bilayer (Jakobsson et al., 2005).

1.4.2 Soluble SSAO

The presence of serum SSAO activity was first defined in horse (Bergeret et al.,

1957), and soluble SSAO has been found to exist in various species of
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mammalian plasma (Lyles, 1996). Soluble SSAQO activity varies considerably
between species (Boomsma et al., 2000), and soluble SSAO enzymes exist
among different species are also different, for example, there are four kinds of
porcine SSAO enzymes encoded by four different AOC genes, AOC1 encodes
diamine oxidase (DAO), AOC2 retina-specific amine oxidase (RAO), AOC3
SSAO/VAP-1 and AOC4 a VAP-1 homologue expressed mainly in liver. However,
humans and rodents lack a functional AOC4 gene, thus low levels of this type of
amine oxidase may probably derived from partial proteolytic release of
membrane-bound SSAO/VAP-1 (Schwelberger, 2007). In humans, soluble SSAO
exists in the serum of healthy adults, and it is believed to be formed by a
proteolytic cleavage from the membrane-bound SSAO, because the N-terminal
amino acid sequence of soluble SSAO is identical to the proximal membrane-
spanning region of the membrane-bound SSAO (Kurkijarvi et al., 1998). However,
there is also the possibility that an independent gene encodes the soluble
SSAO/VAP-1. Although there is firm evidence that liver is a major source of
soluble SSAO (Kurkijarvi et al., 1998), it has also been suggested that, at least in
part, SSAO in the blood stream may be derived from bone tissue (Ekblom et al.,
1999). Molecular characterization revealed also that soluble SSAO/VAP-1
accounts for most of, if not all, the soluble species of SSAO in the human serum
(Kurkijarvi et al., 2000). Latterly, by using a transgenic mouse model created with
overexpressing the full-length human VAP-1 expressed on smooth muscle cells,
endothelial or adipose tissues, and VAP-1 knockout mice, researchers
demonstrated that VAP-1 is the only source of serum SSAO. Thus, circulating
SSAO/VAP-1 can be derived from the human VAP-1-encoding gene, and the
endothelium is a major source of circulating SSAO under physiological conditions,
whereas serum SSAO/VAP-1 can be originated from smooth muscle cells
(Gokturk et al., 2003), endothelial cells and adipocytes (Stolen et al., 2004) under

pathological conditions.

Further experiments gave evidences that soluble SSAO/VAP-1 is released by the
shedding of the membrane-bound form by a matrix metalloproteinase (MMP)-

dependent process, since a broad-spectrum metalloproteinase inhibitor,

10



INTRODUCTION

batimastat, could block the release of soluble SSAO/VAP-1 (Abella et al., 2004).
However, given the fact that a various cellular source, such as brain endothelium,
astrocytes, neurons and inflammation-activated neutrophils, can secrete different
types of MMPs, which or which kinds of MMPs participate in the soluble SSAO

shedding process is still to be known.
1.5 Functions of SSAO in physiological conditions

Although the precise functions of SSAO have not yet been well elucidated, there
are some functions that have been described in the literature under physiological
conditions, related with the protection against endogenous/ xenobiotic amines,
the local generation of the signalling molecule hydrogen peroxide, glucose
transportation, protein cross-linkage and leucocyte trafficking (Boomsma et al.,
2003).

1.5.1 Metabolic functions

As the first described enzymatic function of SSAQ, it is involved in the removal or
the scavenging of physiologically active endogenous and xenobiotic amines in
pharmacological concentrations. Since the endogenous levels of some SSAO
substrates are altered under different pathological conditions, the physiological
roles of them may be changed as well. Methylamine has been reported to target
the voltage-operated neuronal potassium channel, thus it probably modulates the
release of neurotransmitters (Pirisino et al., 2005). Its plasma and urinary levels,
for example, increase in some pathological disorders such as diabetes, typhoid
fever, liver or renal insufficiency. The deamination of methylamine by SSAO can
reduce its biological activity, however, this action could result in the
overproduction of formaldehyde in tissues with high SSAO activity, especially in
blood vessels (Yu et al., 1996a; Matyus et al., 2004). Moreover, it has been
suggested that SSAO contributes to the elimination of the inhaled volatile

aliphatic amines (Lizcano et al., 1996).

All the products of SSAO catalytic deamination are biologically active, and

although they are potentially toxic at higher concentrations, they may have some
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important roles at more physiological concentrations. In this regard, probably the
most interesting product is hydrogen peroxide (H20,), since it possesses some
signalling roles at low concentrations. It can act as intracellular second
messenger to participate in the ligand stimulation, regulate cell growth and death,
and activate NF-kB signalling pathways. Consequently, the activation of NF-kB
would modulate the expression of many other genes, including chemokines,
cytokines, metalloproteinases and adhesion molecules such as vascular cell
adhesion molecule-1 (VCAM-1) (Kunsch et al., 1999; Jalkanen et al., 2001). It
has also been demonstrated that H,O, can activate mitogen-activated protein
kinase (MAPK) as well as the c-Jun amino-terminal kinase (JNK) (Finkel, 1998).
Furthermore, immunohistochemical studies indicate that in most human
peripheral tissues, SSAO localizes together with the oxidative deamination of
monoamines and therefore, SSAO might participate in the regulation of

physiological processes through H,O, generation (Andrés et al., 2001).

SSAO activity has also been reported to play an important role in the
differentiation and maturation of some cell types like adipocytes. Methylamine, or
other SSAO substrates can promote, in a time- and dose-dependent manner, the
maturation of 3Y3-L1 pre-adipocytes, which do not express SSAO at the
immature state. SSAO inhibitor semicarbazide can antagonize the maturation of
these adipocytes. Treatment of catalase reverted the maturation triggered by
substrates indicating the important role of hydrogen peroxide generated by
SSAO activity (Mercier et al., 2001).

1.5.2 Glucose uptake

In mammals, membrane-bound SSAO has been found abundantly expressed in
adipocytes, vascular smooth muscles cells and endothelial cells from a subgroup
of vessels like skin, brain, kidney, liver and heart (Salmi et al, 1993).
Immunoisolation and immunotitration analysis indicated that SSAO co-localizes
with intracellular glucose transporter type 4 (GLUT4), the most effective glucose
transporter in adipocytes (Fischer et al., 1997), and in the endosomal vesicles of

rat adipocytes as well. The SSAO substrate benzylamine could stimulate the

12



INTRODUCTION

glucose transport in isolated rat adipocytes in the presence of vanadate, and
SSAO inhibitor semicarbazide could totally abolish this stimulation. This
implicates the role of SSAO activity in glucose transport (Enrique-Tarancoén et al.,
1998). Further detailed investigations revealed that the combination of
benzylamine and vanadate induced the recruitment of GLUT4 from the
intracellular storage pool to the plasma membrane, and hydrogen peroxide
produced during the SSAO catalytic reaction regulates the GLUT4 trafficking,
hence enhancing the glucose uptake in an insulin-simulated way. Later on it was
found that, besides benzylamine, other SSAO substrates could stimulate glucose
transportation as well when combined with vanadate, through a potent tyrosine
phosphorylation of insulin receptor substrate-1, -3 (IRS-1 and IRS-3) and
phosphoinositide 3-kinase activation in rat adipocytes, without altering the
plasma levels of SSAO (Enrique-Tarancon et al., 2000). Afterwards, in isolated
human adipocytes without the presence of vanadate, SSAO oxidation of
benzylamine and methylamine could dose-dependently stimulate glucose
transport in a semicarbazide-sensitive manner (Morin et al., 2001). A similar
action was also found for vascular smooth muscle cells derived from rat aortic
media (El Hadri et al., 2002).

In fact, SSAO-mediated stimulation of glucose transport could also be achieved
by MAO catalysed deamination, since the hydrogen peroxide generated during
its catalytic reaction plays the central role for glucose uptake. However, because
of the abundant existence of SSAO in adipocytes compared with other MAOs,
together with fact that it can as well colocalize with GLUT4 in the intracellular
endosomal vesicles, it may indicate a more important role of this enzyme in this
regard (O'Sullivan et al., 2004).

1.5.3 Cell adhesion function

Despite the functions mediated by the traditional SSAO enzymatic activity,
another investigation surprisingly found that SSAO behaves as an adhesion
protein, which is involved in the leukocyte trafficking function. The extravasation

process of leukocytes has been well defined by a multistep adhesion cascade
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(Springer, 1994; Butcher et al., 1996; Salmi et al., 1997a). By receiving the
appropriate activation signals, the leukocytes would adhere to the endothelium
after tethering and rolling along the endothelial luminal surface, and ultimately
transmigrate through the endothelium to the inflamed tissue and execute the
immune functions. Multiple adhesion and signalling molecules are involved in the

extravasation cascade (see Fig 4), including vascular adhesion protein-1 (VAP-1).

Fig 4. The molecules involved in the multistep adhesion cascade of leukocyte
extravasation. The different phases of the cascade that mediate the emigration of
leukocytes from the blood into the tissue, and the involved major superfamilies of
adhesion and activation molecules are shown in the above panel. The well-characterized
ectoenzymes that are involved in each cascade step are shown in the below panel.
Vascular adhesion protein-1 (VAP-1) is involved at many steps at leukocyte rolling, firm

adhesion and transmigration (Salmi et al., 2012).
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1.5.3.1 Inflammation induces VAP-1

By using human monoclonal antibodies (mAbs), a novel cell adhesion molecule,
endothelial vascular adhesion protein-1 was defined, which could mediate the
leukocyte binding to high endothelial venules (HEVs) in peripheral lymph node,
tonsils and inflamed synovia in humans (Salmi et al., 1992). In spite of its
presence in endothelial cells under normal conditions, mostly in HEVs of
lymphatic tissues, the expression of VAP-1 was also found increased at the sites
of inflammation, and acting as a functional molecule in recirculation of
lymphocytes and controlling the entry of leukocytes into the sites of inflammation,
such as in inflammatory bowel diseases and chronic skin inflammation in humans
(Salmi et al., 1993). Notably, using confocal microscopy and granular staining,
researchers demonstrated that VAP-1 is stored in intracellular granules in the
resting endothelial cells of HEVs, however, it translocates to the luminal surface
of endothelial cells under the elicitation of inflammation (Salmi et al., 1993;
Jaakkola et al., 2000; Salmi et al., 2001a), see Fig 5.

Fig 5. Location of VAP-1 in high endothelial venules (HEVs). A. VAP-1 is stored within
intracellular granules in resting endothelial cells, whereas (B.) it translocates to the
luminal surface during inflammation. The white line indicates the size of the endothelial

cell. VL, vesicle lumen. Confocal micrograph scale bar = 20 uM (Salmi et al., 2001a).
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1.5.3.2 VAP-1 mediates leukocyte rolling and extravasation

VAP-1-mediated leukocyte adhesion function was mostly characterized with the
help of anti-VAP-1 mAbs of the protein. The mAbs could block the lymphocyte
binding and reduce the rolling and adherent leukocytes on VAP-1-positive
endothelial cells under experimental conditions (Salmi et al., 1992; Salmi et al.,
2001b; Lalor et al., 2002).

Glycosidase digestion of VAP-1 discovered that the sialic acids present in the
protein surface were indispensable for the lymphocyte-binding function of VAP-1,
and L-selectin was not essential for lymphocyte binding to VAP-1 under shear
stress (Salmi et al., 1996). Surprisingly, the cloning of VAP-1 cDNA revealed that
VAP-1 had significant identity to copper-containing amine oxidase and also had
SSAO activity. Since then, VAP-1 was proposed to be a novel type of adhesion
molecule with dual function, the cell adhesion function and the SSAO enzymatic
function, hereinafter named SSAO/VAP-1 (Smith et al., 1998). SSAO/VAP-1 also
belongs to ectoenzymes, which are cell surface-expressed enzymes with
catalytic domains outside the plasma membrane, and make crucial contribution

to the leukocyte trafficking cascade (Salmi et al., 2005).

In human lymph nodes HEVs, evidences indicated first that VAP-1 mediated only
a subtype-specific binding of CD-8 positive T cells and naturel killer cells to
human endothelium, and that this adhesion was independent of the lymphocyte
receptors- L-, P-selectin glucoprotein ligand 1 and a4 integrins (Salmi et al.,
1997b). By recombining human VAP-1 into a non-lymphocyte binding endothelial
cell line, researchers further demonstrated that, among different leukocytes,
VAP-1 preferably bound lymphocytes especially for T-killer cells than monocytes,
and showed no specific granulocyte adherence under shear. This binding could
be partially supressed by VAP-1 monoclonal antibodies, which do not interfere
the enzymatic activity of the protein, and be enhanced by CD44 ligation on
lymphocytes (Salmi et al., 2000). However, an in vivo study suggested that VAP-
1 is as well involved in granulocyte extravasation at sites of inflammation, since

VAP-1 blockade increased the granulocytes rolling velocity and reduced the firm
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adhesion and transmigration of leukocytes (TOHKA et al., 2001). Moreover, the
transfectant experiments showed that VAP-1-transfected non-endothelial cells
didn’t exhibit lymphocyte binding abilities, suggesting that although VAP-1
contributes to the multistep adhesion cascade when the activation of selectins,
chemokines, immunoglobulin superfamily molecular and integrins had taken

place, VAP-1 is not the unique participant in this process (Salmi et al., 2000).
The mechanism elucidated by “in vitro” models

With enzymatically active VAP-1 expression from primary endothelial cells, firm
evidences showed that the SSAO activity of VAP-1 directly regulated lymphocyte
adhesion at rolling step (Salmi et al., 2001b). Under in vitro flow chamber assay,
anti-VAP-1 monoclonal antibodies inhibited lymphocyte rolling and firm adhesion
in VAP-1-expressing endothelial cells, when neither affecting tethering nor
firmness of binding, nor have any effect on SSAO oxidative activity. Strikingly,
the inhibition of SSAO activity by inhibitors effectively reduced the 50% of the
lymphocyte rolling and firm adhesion. However, SSAO reaction products such as
hydrogen and benzaldehyde were ineffective in modulating the leukocyte
endothelial cell adhesion. SSAO substrate benzylamine even significantly
reduced the firm adhesion rather than amplified lymphocyte adherence, which
suggested that benzylamine may compete with lymphocyte surface-bound
molecules for binding to VAP-1 during rolling. By peptide synthesis and
molecular modelling, it was demonstrated that lymphocyte could provide surface-
bound amines, such as N-terminal sites of proteins, NHz-containing amino acid
side chains or amino sugars for VAP-1, resulting in a transient covalent binding
between the lymphocyte and the endothelial cells (Jalkanen et al., 2001; Salmi et
al., 2001b). By using an enzymatically inactive SSAO/VAP-1 mutant, specific
SSAO inhibitors and anti-VAP-1 mAbs, it was revealed that the oxidase activity of
SSAO/VAP-1 as well regulates the polymorphonucluear leukocytes (PMNs)
transmigration through the endothelium (Koskinen et al., 2004). VAP-1 was also
found to be critical for the adhesion and transmigration of CD16™ monocytes

across hepatic sinusoidal endothelial cells (HSECs) in the liver (Aspinall et al.,
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2010). Most notably, the enzyme-inactive SSAO/VAP-1 or the enzyme-specific
inhibitor both resulted in abolished rolling, firm adhesion and transmigration of
leukocytes (Salmi et al., 2001b; Koskinen et al., 2004).

The consistent implication by “In vivo” models

Multiple in vivo experiments also confirmed the contribution of VAP-1 in
leukocyte-endothelium adhesion. VAP-1 deficient mice and other disease models
revealed that VAP-1 is needed for normal leukocyte extravasation both under
normal conditions and in inflammation, and the absence of VAP-1 could lead to
abnormal leukocyte traffic in vivo (Stolen et al., 2005). VAP-1 deficient mice also
have shown the reduction of leukocyte migration in inflammatory response in
peritonitis, obesity, arthritis, ischemia-reperfusion injury and in tumour models
(Stolen et al., 2005; Koskinen et al., 2007; Kiss et al., 2008; Bour et al., 2009;
Marttila-Ichihara et al., 2009). The anti-VAP-1 mAbs and SSAOQ inhibitors could
alleviate the inflammatory actions in various animal models, including peritonitis,
arthritis, diabetes, ischemia-reperfusion injury, lymph- and angiogenic diseases,
lung and liver inflammation (Merinen et al., 2005; Marttila-Ichihara et al., 2006;
Noda et al., 2008; O'Rourke et al., 2008; Nakao et al., 2011; Salmi et al., 2012;
Foot et al., 2013; Weston et al., 2014).

Although anti-VAP-1 mAbs, SSAO inhibitors and enzymatically inactive
SSAO/VAP-1 mutant exhibited the same levels of leukocyte-endothelial cell
adhesion, a combination of mAbs with inhibitor or mAbs with enzymatically
inactive SSAO/VAP-1 didn’t show more blockage (Salmi et al., 2001b; Koskinen
et al., 2004). Hence, VAP-1 has been proposed to be a molecule with dual
adhesion function (Salmi et al., 2005; Jalkanen et al., 2008). First, through the
anti-VAP-1 mAb-defined epitopes, VAP-1 binds lymphocytes. Second, by using
the SSAO enzymatic activity of VAP-1, a reaction between a cell surface-bound
amine or substrate and VAP-1 is carried out. This also indicated a transient link
between the enzyme and its substrate, which predictably located on the surface
of leukocyte, should be formed under physiological stress. A SSAO/VAP-1-

mediated leukocytes-endothelial cell adhesion model can be seen in Fig 6.
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Although the physiological substrates of VAP-1/SSAO, which are the soluble
primary amines, still need to be extensively clarified, methylamine and
aminoacetone have been demonstrated to be endogenous substrates (see
above SSAO substrates part). Furthermore, methylamine has been proved to be
involved the inflammatory action mediated by SSAO/VAP-1. Inhalation of
methylamine can increase the bronchoalveolar lavage (BAL) neutrophil counts in
lipopolysaccharide-induced pulmonary inflammation (Peter et al., 2006).
Methylamine treatment also increased the THP-1 monocyte adhesion to the
human umbilical vascular endothelial cells stably transfected with human
SSAO/VAP-1 under experimental conditions (Sole et al., 2011). Moreover, VAP-1
could also interact with the leukocytes surface-bound ligands, such as N-termini
of proteins, NH»-containing amino acid side chains, and amino sugars, during the
cell adhesion process. Siglec-10 was the first identified ligand on lymphocytes,
which could interact with VAP-1 and mediate lymphocyte adhesion to
endothelium (Kivi et al., 2009). Seglec-9 was another candidate counter-receptor
expressed on granulocytes contributing to the binding to the endothelium (Aalto
etal., 2011).
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Fig 6. Functions of vascular adhesion protein 1 (VAP-1) during leukocyte-endothelial cell
adhesion. A model consisting of four step actions of VAP-1 in the interaction between
leukocyte and endothelial cell is shown. Step 1, VAP-1 is present at the surface of the

endothelial cells and VAP-1 ligand or substrate is present on the leukocyte. Step 2, VAP-
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1 binds leukocyte by a cell-surface epitope. Step 3, the interaction guides leukocyte
substrate contact with the catalytic centre of SSAO/VAP-1, a transient Schiff base is
formed in the presence of H,O and O,. Step 4, the catalytic activity leads to the
formation of aldehyde of leukocyte substrate and the release of hydrogen peroxide
(H20,) and ammonia (NH3) (Salmi et al., 2005).

Additionally, the SSAO-catalysed end-products are biologically active
compounds as well, such as hydrogen peroxide and formaldehyde (products
from methylamine), and they may also contribute to this cell adhesion process
indirectly or at later stage (see below) (Salmi et al., 2005), although it has been
controversial with the ineffective modulation of them on lymphocyte adhesion

during some in vitro assays (Salmi et al., 2001b).
1.5.3.3 VAP-1 modulates other cell adhesion molecules

Through the SSAO catalytic activity, VAP-1 can also modulate the expression of
other molecules during the leukocyte adhesion cascade, since all the end
products derived from the deamination reaction are biologically active. Probably
the major contributor of the products is hydrogen peroxide, which can act as a
signalling molecule and induce the adhesion-related proteins in the local
endothelial microenvironment, thereby increasing cell migration (Salmi et al.,
2005). Hydrogen peroxide can play an important role in the initiation and
amplification of signalling at the antigen receptor on lymphocytes by inhibiting
protein tyrosine phosphatases (Reth, 2002). An increased oxygen tension can
stimulate the expression of intercellular adhesion molecule-1 (ICAM-1) and
vascular adhesion molecule-1 (VCAM-1) on micro- and macrovascular
endothelial cells, which facilitates the leukocyte adhesion and transmigration
through endothelium (Willam et al., 1999). Reactive oxygen species can also
increase the chemokine-receptors expression, which account for the activation
step of leukocyte adhesion cascade mediated by chemokines (Saccani et al.,
2000). Additionally, endothelial P-selectin and E-selectin can be induced by the
enzymatic activity of VAP-1 in vitro, which is presumably mediated by the
generation of hydrogen peroxide through SSAO activity. SSAO/VAP-1 activity
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also accounts for the increased P-selectin-dependent lymphocytes binding to
endothelial cells in vivo (Jalkanen et al., 2007). Moreover, SSAO/VAP-1 is able
as well to up-regulate E-selectin, ICAM-1, VCAM-1 and chemokine CXCLS,
through the NF-kB, phosphatidylinositol-3 kinase (PI3K) and mitogen-activated
protein kinase (MAPK) pathways, resulting in enhanced lymphocyte adhesion on
human hepatic endothelial cells (Lalor et al., 2007). Furthermore, recent studies
also demonstrated that the deamination of methylamine by SSAO/VAP-1 would
induce mucosal adressin cell adhesion molecule 1 (MAdCAM-1) in hepatic
endothelial cells, contributing to the recruitment of mucosal effector lymphocytes
to the liver (Liaskou et al., 2011).

1.5.4 Other functions

Despite the above functions that SSAO/VAP-1 can mediate, some studies also
suggest that SSAO/VAP-1 might have a drug binding property, and may be
involved in the lipid transport in the mature adipocytes with an unidentified

mechanism (O'Sullivan et al., 2004).

Furthermore, SSAO activity also exerts a role in the connective tissue matrix
development, and in the maintenance of collagen and elastin architecture within
blood vessel walls (Langford et al., 1999). Moreover, it has been suggested that
SSAO could play a modulating role by regulating extracellular matrix deposition

by vascular smooth muscle cells (Langford et al., 2002).

Notably, lysyl oxidase (LO), which also belongs to SSAO but distinct from VAP-1,
can metabolize the lysine residues in the side-chain amino groups from collagen
and elastin by an well-established mechanism, contributing to the cross-linking

collagen and elastin during the formation of extracellular matrix (Lyles, 1996).
2. SSAO/VAP-1 in pathological conditions

During the past decades, the role of SSAO/VAP-1 has been substantially studied,
and there have been investigated its physiological functions mainly including the

metabolic deamination of primary amines, the regulation of glucose metabolism
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and the regulation of leukocyte trafficking in the endothelial cells. There are also
considerable evidences that VAP-1/SSAO may participate and play an important

role under pathological conditions.

In mammalians, the implications of SSAO/VAP-1 under pathological conditions
have been focused on the deamination of endogenous and xenobiotic primary
amines for a long time. Although the pathological importance of this metabolism
needs further elucidation, high levels of the toxic products generated may be
responsible, at least in part, for the protein cross-linkage, oxidative stress and
cytotoxicity, and for the advanced protein aggregation and the vascular damage
related to vascular disorders, such as diabetic complications, atherosclerosis and
aged-related diseases (Yu et al., 2003). For instance, the endogenous substrates
methylamine and aminoacetone can be catalysed by both the membrane-bound
SSAO and the soluble SSAQ, resulting in the production of formaldehyde and
methylglyoxal, hydrogen peroxide and ammonia, respectively. Formaldehyde is
extremely cytotoxic and potentially carcinogenic, it can produce cross-linked
complexes with proteins and with single-stranded DNA (Bolt, 1987; Heck et al.,
1990). Given the fact that serum does not contain glutathione-dependent
formaldehyde dehydrogenase, formaldehyde can’t be metabolized unless being
transported into erythrocytes in the blood, which may be important regarding the
toxic effects to blood vessels (Yu et al., 2003). Methylglyoxal is as well toxic and
has similar effects on proteins cross-linking and contributing to the aging-related
advanced protein aggregation (Nagaraj et al., 1996). In addition, hydrogen
peroxide is a well-known reactive oxygen specie, leading to oxidative stress at
relatively high levels by itself or by generation of other more toxic hydroxyl free
radicals (Sies, 1997; Aruoma, 1998), impairing DNA, lipids, proteins and other
molecules, damaging the cells and tissues. Indeed, the toxicity of methylamine
has shown to be attenuated by SSAO inhibitors by various in vitro and in vivo
approaches (Yu et al., 1993; Yu, 1998; Solé et al., 2008; Sole et al., 2011).

On the other hand, due to the ability of regulating leukocyte trafficking,
SSAO/VAP-1 may also play an important role at sites of inflammation under
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different pathologies, since the inhibition of SSAO mAbs-defined epitope or
activity could alleviate the inflammatory action in multiple models including
diabetes, peritonitis, colitis, chronic skin inflammation, ischemia-reperfusion injury,
sepsis, allergic encephalomyelitis, arthritis, lung and liver inflammation (Koskinen
et al., 2004; Merinen et al., 2005; Salter-Cid et al., 2005; Marttila-Ichihara et al.,
2006; Xu et al., 2006; Noda et al., 2008; O'Rourke et al., 2008; Nakao et al.,
2011; Salmi et al., 2012; Foot et al., 2013; Weston et al., 2014). The role of
SSAO/VAP-1 in mediating leukocyte adhesion on endothelium has been fully

described during the previous chapter.
2.1 SSAO/VAP-1 alteration in pathologies

Nowadays, increasing evidences have found that the expression and activity of
SSAO/VAP-1, mostly in plasma, is altered in a high number of pathologies. There
are some cases where plasma SSAO activity is found to be decreased, such as
in severely burnt patients, or in patients with cancer (Lewinsohn, 1977), while
there are more considerable investigations exhibiting increased levels of soluble
serum SSAO activity in some special pathological conditions, such as diabetes
mellitus (both type 1 and 2) (Boomsma et al.; Boomsma et al., 1999), diabetic
retinopathy and atherosclerosis (Meszaros et al., 1999; Gronvall-Nordquist et al.,
2001; Karadi et al., 2002), congestive heart failure (Boomsma et al., 1997), non-
diabetic morbidity obesity (Weiss et al., 2003), malignant hypertension
(Boomsma et al., 2003), inflammatory diseases (cirrhotic liver inflammation)
(Kurkijarvi et al., 1998), Alzheimer’s disease (AD) (del Mar Hernandez et al.,
2005), ischemic and hemorrhagic stroke (Hernandez-Guillamon et al., 2010;
Hernandez-Guillamon et al., 2012) and others. For congestive heart failure and
AD, the increase of plasma SSAO is correlated with the severity of the disease.
In AD and CADASIL (cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy), the membrane-bound SSAO expression is

also increased in cerebral blood vessels (Ferrer et al., 2002a).

The mechanisms underlying these increased soluble plasmatic SSAO presence

and activity are still unclear. Since it has been proposed that soluble SSAO/VAP-
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1 is derived from the membrane-bound enzyme, the increased plasma SSAO
activity in diabetic patients or AD may be a result from the elevated expression of
SSAO/NVAP-1 (Yu et al., 2003), since it can be up-regulated in response to

inflammation (Kurkijarvi et al., 1998).

Notably, the soluble plasma SSAO/VAP-1 could augment the lymphocyte binding
to endothelial cells as well, presumably by triggering the up-regulation of other
functional adhesion molecules on lymphocytes (Kurkijarvi et al., 1998), rather
than functioning as inhibitor of the cell adhesion cascade by competing with their
membrane-bound adhesion molecules, such as soluble L-selectin and ICAM-1
(Schleiffenbaum et al., 1992; Meyer et al., 1995).

2.2 Stroke

Stroke is the second most common cause of death after ischemic heart disease,
and the major cause of disability worldwide, which accounts for 9% of all deaths
around the world (Donnan et al., 2008). In western countries, the proportion of
deaths caused by stroke is 10-12%, and 12% of these deaths are in people less
than 65 years old (Bonita, 1992). Epidemiological studies indicate that many risk
factors may accelerate the onset of stroke. Age is the strongest risk factor for
stroke, while other risk factors include hypertension, high total cholesterol,
diabetes mellitus, female gender, cigarette smoking, alcohol excess, heredity,

race and drug treatments, etc. (Markus, 2008).

A stroke occurs when the oxygen-rich blood flow inside the blood vessel is
blocked to a portion of the brain, resulting in an immediate loss of oxygen and
glucose to part of the cerebral tissue, inducing the brain cells death. Sudden
bleeding in the brain also causes a stroke if it brings about damage of brain cells,
which is hemorrhagic stroke. Consequently, symptoms would appear in parts of
the body controlled by those brain cells, which include partial paralysis (face,
arms or legs), difficulties with memory, thinking, language and movements
(Lakhan et al., 2009).
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Thus, there are two main types of stroke, ischemic stroke and hemorrhagic
stroke, but ischemic stroke consists in 85-90% of all them. Another condition that
is similar to stroke is transient ischemic attack (TIA), which is a transient episode
of neurological dysfunction caused by focal brain, spinal cord, or retinal ischemia
(loss of blood flow), without acute infarction (Easton et al.,, 2009), hence the
damage of the brain cells is not permanent. The symptoms can be restored

within a few minutes or 24 hours in this case.
2.2.1 Ischemic stroke and hemorrhagic stroke

An ischemic stroke occurs if there is a blockage of a blood vessel that supplies
oxygen-rich blood to the brain, leading to the dysfunction of the brain tissue in
that area. There are mainly two types of ischemic stroke: thrombotic and embolic
stroke (Johns Hopkins Medicine Health Library, 2015).

Thrombotic stroke is caused by a thrombus (blood clot) that develops in the
blood vessels locally inside the brain. This type of stroke is usually happens to
elderly especially with high cholesterol levels, atherosclerosis or diabetes.
Embolic stroke is due to the obstruction of the blood vessels inside the brain by
an embolus (blood clot or other substance, such as plaque debris and fatty
material) that develops elsewhere in the body and travels through the
bloodstream to the brain. This type of stroke often associates with heart disease
or heart surgery. Both type of ischemic stroke can block the blood flow rich in

oxygen and glucose in the blood vessels, resulting in brain tissue damage.

25



INTRODUCTION

Embolus (blood clot)
in cerebral artery blocks blood flow
to part of the brain —__-

Location of
brain tissue |
death

Brain —,“

Cerebral arteries
within brain

Direction
of blood flow

Blood clot breaks off
(embolus) from

plaque buildup in
carotid (neck) artery

Fig 7. Ischemic stroke. Thrombus formed inside the cerebral blood vessels or embolus
breaks away form a plaque buildup in a carotid artery can travel to and lodge in an artery
in the brain, which can block blood flow to a portion of brain and induce brain tissue

damage (National Institutes of Health, 2014).

A hemorrhagic stroke occurs when a blood vessel in the brain ruptures and
bleeds. There are mainly two types, intracerebral hemorrhage and subarachnoid
hemorrhage. The former one occurs when bleeding within the brain and the later
one happens when bleeding in the subarachnoid space. The most common

cause of hemorrhagic stroke is uncontrolled hypertension.

When hemorrhagic stroke takes place, brain cells and tissues after the rupture
can’t receive sufficient oxygen and nutrients. Then, pressure and irritation build
up surronding the tissues can bring about further more brain damage (Johns
Hopkins Medicine Health Library, 2015).
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Fig 8. Hemorrhagic stroke (intracerebral hemorrhage). An anerurysm in a cerebral artery
breaks open, which casues bleeding within the brain. Lack of oxygen and nutrients, the
pressure, irritation and swelling from blood lead to the damage of bleeding area in the
brain (National Institutes of Health, 2014).

2.2.2 Molecular mechanisms underlying ischemic stroke

Ischemic stroke could be caused by a thrombosis, an embolism or systemic
hypo-perfusion, resulting in a restriction of blood flow to the brain, leading to the
failure of oxygen and glucose supply to support brain cellular homeostasis. This
ultimately causes brain injury with multiple processes including excitotoxicity,
ionic imbalance, oxidative and nitrative stress, inflammation and apoptosis
among others (Doyle et al., 2008). In the centre or core of the ischemic territory,
where blood flow is severely deficient, excitotoxic and necrotic cell death may
progress in minutes. While in the peripheral zones, the ischemic penumbra, the
residual perfusion from collateral blood vessels may slow down the cell death

process, apoptosis and inflammation may occur gradually (Gonzalez, 2006).
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2.2.2.1 Ischemic cascade

The ischemic cascade comprises a series of subsequent biochemical events that
are initiated in the brain within seconds to minutes after the loss of blood flow to a

brain region. The ischemic cascade can be generally seen as follows (see Fig 9):
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Fig 9. Ischemic cascade in acute ischemic stroke (Venketasubramanian et al., 2011).

The ischemic cascade involves extensive mediators and overlapping interactions
between them. After the onset of ischemia, energy deficits lead to ionic
imbalance, glutamate excitotoxicity and augment of intracellular calcium.
Meanwhile, the lack of energy supply leads to mitochondrial dysfunction and
generation of oxidative and nitrosative stress. The post-ischemic inflammation is
also initiated after the injury to the cells and tissues where reperfusion is
introduced. All of these events exacerbate the initial injury and lead to the cell
death of endothelial cells, neurons and glial cells (Lo et al., 2003; Lakhan et al.,
2009).
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2.2.2.2 lonic imbalance and excitotoxicity

Under normal condition, the brain needs large amounts of adenosine
triphosphate (ATP) to maintain and restore ionic gradients, Na*/K* ATPase plays
an important role in this process and maintains high intracellular levels of K and
low intracellular levels of Na*. The exhaustion of ATP resulted from ischemic
conditions causes cell membrane depolarization, resulting in Na'/K* ATPase
dysfunction and release of K* into the extracellular space and entry of Na* into
the cells. Meanwhile, Ca%* ATPase is also affected, leading to influx of excessive
Ca®*, which triggers an array of downstream DNAases, phospholipases and
proteases that degrade membranes and proteins of the cell (Doyle et al., 2008).
Membrane depolarization and accumulation of Na®* inside the cell also lead to
neurotransmitters release such as glutamate, which further exacerbates the
membrane depolarization and the intracellular calcium overload (excitotoxicity)

(Olney, 1969), ultimately resulting in cell damage.
2.2.2.3 Oxidative stress

Oxidative stress is an important mediator of tissue injury in acute ischemic stroke.
During ischemia, excessive superoxide (Oy’) is produced during the electron
transport. The free radicals can inhibit the mitochondrial electron transport,
leading to even more oxygen radicals production (Fiskum et al., 1999) (Chan,
2001). More free radicals can be formed from the primary radical Oy, such as
hydrogen peroxide (H202) and hydroxyl radical (OH-). High levels of intracellular
Ca?*, Na* and ADP also stimulate mitochondria to produce excessive reactive
oxygen species (ROS). Oxygen radicals are also produced during enzymatic
reactions such as cyclooxygenase (COX)-dependent conversion of arachidonic
acid, or the generation of nitric oxide (NO) in ischemia by nitric oxide synthase
(NOS). Following reperfusion, there is another wave of production of O,", NO and
peroxynitrite, which play an important role in the reperfusion-induced injury
(Doyle et al., 2008). Moreover, oxygen radicals as well are generated during the
post-ischemic inflammatory response (Lo et al., 2003).
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The reactive oxygen species can directly damage lipids, proteins, nucleic acids
and carbohydrates, resulting in cell death induction. These radicals can also
activate matrix metallo-proteinases (MMPs), which contribute to the disruption of
the vascular wall and increase the permeability of BBB by degrading collagen
and laminins (Doyle et al., 2008). Oxidative stress can also trigger the expression
of numerous pro-inflammatory genes by including the synthesis of transcription
factors, such as NF-kB, hypoxia inducible factor 1a (HIF-1a), interferon regulator
factor 1 and STATS3, then consequently up-regulating the expression of adhesion
molecules including ICAM-1, P-selectin and E-selectin, enhancing leukocytes
recruitment and migration to the cerebral vasculature (Yilmaz et al., 2008). The
enzymes released by leukocytes can further exacerbate the lamina degradation
and increase vascular permeability, facilitating the transformation of parenchymal
hemorrhage, vasogenic brain edema and neutrophil infiltration into the brain
(Crack et al., 2005).

Oxidative stress is relatively more harmful to the brain cells compared to other
cell types, since endogenous levels of antioxidant enzymes and antioxidant
vitamins are not high enough here to match the excessive radicals formation (Lo
et al., 2003). Antioxidant enzymes include superoxide dismutase (SOD), catalase,
glutathione reductase (GR) and glutathione peroxidase (GPx), antioxidant

vitamins such as tocopherol (vitamin E) and ascorbic acid (vitamin C).
2.2.2.4 Post-ischemic inflammation

Inflammation contributes additionally to the stroke-related injury and the
expansion of the ischemic lesion. This inflammatory response involves many

different types of cells, inflammatory mediators and extracellular receptors.

Among different cell types, inflammatory cells like microglial cells and astrocytes
participate in tissue remodelling after injury in the brain. Ischemia can activate
and increase the number of microglial cells (Arumugam et al., 2009), which then
release a variety of cytotoxic and/or cytoprotective substances. It is well
evidenced that activated microglial cells have the potential to release pro-
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inflammatory cytokines such as TNF- a, IL-1B, IL-6 as well as other cytotoxic
molecules including NO and ROS (Lucas et al., 2006). However, microglial cells
can also produce neuroprotective proteins such as insulin-like growth factor 1
(IGF-1). Astrocytes can also secret inflammatory factors such as cytokines,
chemokine and NO (Swanson et al., 2004).

Stroke can cause an increase in the number of neutrophils and monocytes in the
brain. Neutrophils are the earliest leukocyte subtype to show substantial up-
regulation and to infiltrate the ischemic area (Lakhan et al, 2009). When
neutrophils transmigrate into the cerebral parenchymal, they cause tissue
damage by releasing oxygen radicals and proteolytic enzymes. Lymphocytes
also participate in the post-ischemic brain inflammation (Schroeter et al., 1994),
although this happens later than neutrophils, but they contribute to ischemia-

induced damage as well.

Among inflammatory mediators, cytokines and chemokines play an important
pro-inflammatory action and contribute to the brain injury under ischemic stroke
(Gong et al., 1998). During ischemia, a variety of cells, including endothelial cells,
neurons, microglia, astrocytes, platelets, leukocytes and fibroblasts, can be
activated and secret cytokines, such as IL-1B, IL-6, IL-10, TNF-a, Transforming
growth factor beta (TGF-) and chemokines such as monocyte chemoattractant
protein 1 (MCP-1) and cytokine-induced neutrophil chemoattractant (CINC)
(Huang et al., 2006). Among cytokines, IL-18 and TNF-a appear to exacerbate
brain injury, while IL-10 and TGF- may be neuroprotective (Lakhan et al., 2009).
IL-18 has demonstrated to possess deleterious effects in fever, arachidonic acid
release, excitotoxicity and stimulation of NO synthesis. IL-13 may be also
involved in the recruitment of neutrophils and in the formation of brain edema,
since IL-1B can induce the up-regulation of E-selectin, ICAM-1, ICAM-2 and
VCAM-1 on cerebral endothelial cells (Yamasaki et al., 1997; Huang et al., 2006).
IL-6 is also up-regulated under ischemia, and it has similar effects as IL-1,
suggesting a pro-inflammatory effect in stroke from human studies (Huang et al.,

2006). TNF-a can also indicate the ischemic injury (Zaremba et al., 2001), it is
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able as well to induce adhesion molecules expression and to promote neutrophil
accumulation and transmigration. Chemokines, such as MCP-1, can guide the
migration of neutrophils and macrophages towards the source of chemokines, so
they also play an important role in cellular communication and inflammatory cells
recruitment (Lakhan et al., 2009).

Matrix metalloproteinases (MMPs) are a family of proteolytic enzymes which play
a central role in brain development, as they modulate the extracellular matrix to
allow neurite outgrowth and cell migration (Lo et al., 2003). MMPs levels are
increased in experimental models of ischemia and haemorrhage. MMPs levels
are as well increased in the brain and plasma of stroke patients (Lo et al., 2003).
Excessive MMPs activity could cause cell death and inflammation in the brain
(Anthony et al., 1998). On the other hand, MMPs inhibitors may reduce infarction
and edema (Rosenberg et al., 1998; Asahi et al., 2001b). MMP-2 knockout mice
are not resistant to focal ischemia (Asahi et al., 2001a), but MMP-9 knockout
mice are protected against cerebral ischemia (Asahi et al., 2001b). However,
both MMP-2 and MMP-9 have been associated to cerebral ischemia under

various conditions.

Cellular adhesion molecules (CAMs) are a very important group of members
activated during the inflammation process under ischemic stroke, since they are
responsible for the leukocyte adhesion and extraversion, which are mediated by
three classes of CAMs: the selectins, the integrins and the immunoglobulins,
(see cell adhesion part). Moreover, CAMs can also be up-regulated by various
cytokines (see above). It has been proved that P-selectin and E-selectin can be
enhanced and mediate leukocyte rolling and recruitment during the early stage of
ischemia (Zhang et al., 1998). Among immunoglobulins, ICAM-1 increases its
expression upon stimulation of cytokines within hours after the onset of stroke
(Lindsberg et al., 1996). Soluble ICAM-1 (sICAM-1) is also found to increase with
acute ischemic stroke patients, and sICAM-1 levels are significantly higher in
patients who died than those who survived, therefore indicating the severity of

the stroke (Rallidis et al., 2009). Recently, the soluble form of vascular adhesion
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protein 1 (sVAP-1) has also been found to increase its protein level and activity
after ischemic and hemorrhagic stroke (Hernandez-Guillamon et al., 2010;
Hernandez-Guillamon et al., 2012). Since VAP-1 plays an important role during
leukocyte adhesion to endothelial cells, sVAP-1 may be another indicator

involved in ischemic stroke-associated inflammation.

The described post-ischemic inflammatory actions leading to dysfunction of the
BBB, cerebral edema and finally neuronal cell death have been summarized as

follows, see Fig 10.
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Fig 10. Scheme of post-ischemic inflammatory responses. Excitotoxicity and oxidative
stress generated during the ischemic cascade activate microglia and astrocytes, which
consequently secret cytokines, chemokines and matrix metalloproteinases (MMPs).
These mediators lead to up-regulation of cell adhesion molecules on endothelial cells,
facilitating leukocytes, mainly neutrophils infiltration to the ischemic brain region.
Neutrophils also secrete cytokines that then further activate glial cells. All of these
procedures ultimately result in neuronal death and ischemic brain injury (Lakhan et al.,
20009).
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2.2.2.5 The principle apoptotic cell death pathways

Within minutes of onset of the occlusion, the core of the ischemic territory suffers
severe blood flow deficits, low ATP levels, ionic disruption and metabolic failure,
and cells undergo necrotic death. Whereas the peripheral zones surrounded by
the core, known as the ischemic penumbra, are less severely affected and suffer
milder insults due to residual perfusion from the collateral blood vessels (Lo et al.,
2003), cells there undergo apoptotic-like mechanisms rather than necrosis
(Gonzalez, 2006; Doyle et al., 2008; Broughton et al., 2009). The triggers of
apoptosis include ionic imbalance, oxygen free radicals, death receptor ligation,

DNA damage and protease activation (Doyle et al., 2008).
Intrinsic apoptotic pathway

During the intrinsic apoptotic pathway, a cytotoxic accumulation of intracellular
calcium is thought to initiate a series of cytoplasmic and nuclear events. Under
ischemic stroke, the release of neurotransmitters such as glutamate, stimulates
the increase of cytosolic calcium by binding to ionotropic NMDA (N-methyl-D-
aspartate) and AMPA (D, L-a-amino-3-hydroxy-5-methyl-isoxazolpropionic acid)
receptors. Ischemia-induced acidosis can also activate ASICs (acid-sensing ion
channels). All these processes result in the accumulation of intracellular calcium.
Increased calcium activates calpains and results in the cleavage of Bcl-2
interacting domain (Bid) to its truncated active form (tBid) (Love, 2003; Culmsee
et al., 2005). tBid targets the outer mitochondrial membrane and interacts with
pro-apoptotic proteins, such as Bak, Bax, Bad and Bcl-XS (Sugawara et al.,
2004), which can be prevented by anti-apoptotic B-cell leukemia/lymphoma 2
(Bcl-2) family proteins Bcl-2 or Bcl-xL. After tBid heterodimerization with pro-
apoptotic proteins, mitochondrial transition pores (MTP) are opened and release
cytochrome ¢ (Cytc) or the apoptosis-inducing factor (AIF). Cytc binds apoptotic
protein-activating factor-1 (Apaf-1) and procaspase-9 to form an apoptosome,
activating caspase-9 and -3, leading to DNA damage and apoptosis. AlF can
translocate into the nucleus and mediate apoptosis in a caspase-independent

manner (Cho et al., 2008). Phosphorylation and activation of tumour suppressor
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transcription factor p53 also happens in response to DNA damage, which further
increases Bax expression and leads to apoptosis. Furthermore, the free radical
oxygen species such as superoxide anions can cause DNA damage directly
(Broughton et al., 2009). The intrinsic signalling cascade of apoptosis is as

follows, see Fig 11.
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Fig 11. Intrinsic signalling cascade of apoptosis after cerebral ischemia (for details, see
text) (Broughton et al., 2009).

Extrinsic apoptotic pathway

Cerebral ischemia can also trigger the forkhead family transcription factor, such
as Forkhead 1, stimulating the expression of Fas ligand (FasL) (Sugawara et al.,
2004), and initiating the extrinsic apoptosis by binding to Fas receptor (FasR, or
Fas), which is a death domain-containing member that belongs to tumour
necrosis factor receptor (TNFR) superfamily. The interaction between FasL and

FasR triggers the recruitment of the cytoplasmic adaptor protein Fas-associated
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death domain protein (FADD) (Broughton et al., 2009). FADD further binds to
procaspase-8 by interacting with its death effector domain (Love, 2003), allowing
the formation of death inducing signalling complex (DISC), which now contains
FasL, FasR, FADD and procaspase-8. DISC subsequently activates procaspase-
8 and releases caspase-8 into cytoplasm, either triggering the cleavage of Bid
into tBid, enhancing the mitochondria-mediated apoptosis (see above), or
activating the cleavage of caspase-3 directly. Cleaved caspase-3 metabolizes
many substrate proteins, such as the DNA-repairing enzymes poly ADP ribose
polymerase (PARP) (Endres et al., 1997; Namura et al., 1998), leading to DNA
injury and apoptotic cell death (Broughton et al., 2009).
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Fig 12. Extrinsic signalling cascade of apoptosis after cerebral ischemia (for details, see
text above) (Broughton et al., 2009).

Endoplasmic reticulum stress apoptotic pathway

The endoplasmic reticulum (ER) is an important subcellular organelle that is
responsible for the production of functional and mature proteins, calcium

homeostasis and lipid biosynthesis (Pizzo et al., 2007; Anelli et al., 2008).
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However, a number of pathological insults can lead to the accumulation of
unfolded proteins in the ER and induce ER stress. Recently, there are increasing
evidences revealing that ER stress also plays a crucial role in cerebral ischemia-
induced cell dysfunctions (Kumar et al., 2001; DeGracia et al., 2004; Azfer et al.,
2006; Nakka et al.,, 2010). ER stress in cerebral ischemia is initiated by the
overexpression and unfolded proteins, such as chaperone glucose-regulated
protein (GRP78) (Lehotsky et al., 2009), which are presumably induced by the
overload of calcium and oxygen free radicals. Adverse ER stress during
persistent ischemia can activate caspase-12, caspase-9 and caspase-3, resulting

into the apoptotic cell death activation (Duan et al., 2010).

During the ER stress, the accumulated unfolded proteins lead to the unfolded
protein response (UPR) activation that modifies gene transcription and protein
translation, and ER-associated protein degradation (ERAD), which up-regulates
protein degradation. Both steps help to eliminate the unfolded or miss-folded
proteins (Kaufman, 1999; Duan et al., 2010; Pan et al., 2012). As responses to
UPR, several signalling pathways are initiated, including the activation of double-
stranded RNA-dependent protein kinase-like endoplasmic reticulum kinase
(PERK), the inositol requiring enzyme 1 (IRE1) and the transcription factor 6
(ATF6) (Wang et al., 1998; Yoshida et al., 1998; Harding et al., 2000). Under
physiological conditions, an ER GRP78 inhibits the activities of RERK, IRE1 and
ATF6, while under ER dysfunctions, GRP78 dissociates from them, resulting in
dimerization and phosphorylation of PERK and IRE1, and the cleavage of ATF6
(P90 to P50). All of these three pathways up-regulate the transcription factor
CCAAT/enhancer binding protein homologous protein (CHOP), which can down-
regulate the anti-apoptotic factor Bcl-2 and up-regulate the production of reactive
oxygen species (ROS) (Tajiri et al., 2004; Oida et al., 2008; Xin et al., 2014).
Caspase-12 is also activated through the IRE1 pathway by dis-association with
tumour necrosis factor receptor associated factor 2 (TRAF2), and subsequently
activates caspase-9 and caspase-3 (Xin et al., 2014). C-Jun N-terminal kinase
(JNK) is activated as well through IRE1-ARTF2 pathway, which plays a pivotal
role in stress reactions and cell death (Nickischer et al., 2006). The induction of
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CHOP and the activation of caspase-12 and JNK through ER stress finally lead
to apoptotic cell death under the stimulation of ischemia insults. A scheme of

cerebral ischemia-induced ER stress pathway is shown as follows, see Fig 13.

cerebral ischemia

AR
le
P P@f»,v
& TRAF2 @
@ ”4,4// S GRP78 Ciop
PSI K4 3} o
ATF4 ERAD TRAF2

GRP78

b ™
GADD34 y \e‘

apoptosis

Fig 13. Scheme of cerebral ischemia-induced ER stress pathway (for details, see text
above). Important abbreviations: PERK, double-stranded RNA dependent protein
kinase-like endoplasmic reticulum kinase; IRE1, inositol requiring enzyme 1; ATF6,
activating transcription factor 6; CHOP, CCAAT/enhancer binding protein homologous
protein; JNK, c-Jun N-terminal kinase; ATF4, activating transcription factor 4; elF2a,
eukaryotic initiation factor 2a; GRP78, glucose regulated protein 78; XBP1, X-box-
binding protein 1; TRAF2, tumour necrosis factor receptor associated factor 2 (Xin et al.,
2014).
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2.2.3 New pharmaceutical approaches for ischemic stroke

Despite surgery and mechanical approaches providing effective pharmacological
treatments immediately following an acute ischemic stroke to lessen the cerebral
damage is promising, it still needs a long way to go. To date, the only one drug
that is approved for clinical use is the thrombolytic recombinant tissue
plasminogen activator (tPA, alteplase), however is only accessible to 4-5% of
patients because it can only be administered in a short temporal window and in

patients fulfilling very specific requirements.

The drugs for acute ischemic stroke under experimental development could be
generally divided into two distinct groups: thrombolytics and neuroprotectors
(Green, 2008). The former group contains compounds that restore the blood flow,
including thrombolytics, antiplatelet and anticoagulant drugs. While the latter
group encompasses a number of protective drugs including glutamate function
modulators, metal chelators, free radical scavengers, immunomodulators, growth
factors, 5-HT1a agonists, statins, cytokines, citicoline, arundic acid, albumin and
disodium 2,4-disulphophenyl-N-tert-butylnitrone (NXY-059) (Green, 2008; Mestre
et al., 2013).

2.2.3.1 tPA

Most ischemic strokes are resulted from thromboembolic occlusions of major
arteries that supply blood flow to the brain. To lyse the clots inside the arteries
and restore the perfusion to the ischemic brain constitutes the basis of the
thrombolytic therapy. Thrombolysis using recombinant tissue plasminogen
activator (tPA, alteplase) is one of the most biological effective treatments for
acute ischemic stroke, indeed, it is the only therapy approved by the US Food
and Drug Administration (FDA) (Lo et al., 2003; Donnan et al., 2008). However,
the major adverse effect of thrombolysis is the transformation of symptomatic
intracerebral hemorrhage, which increases with time, so the treatment is

currently limited to 3-4.5-hour time window (Hacke et al., 1998; Davis et al.,
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2009). In fact, tPA is only used in about 4% of patients presenting after an acute

ischemic stroke.
2.2.3.2 Statins

Nowadays, there are solid evidences showing that statins exhibit good
perspectives of therapeutic efficacy towards cerebral ischemia. In addition,
statins show a neuroprotective effect in neurodegenerative diseases such as
Alzheimer’s disease, Parkinson’s disease, and Vascular Dementia as well
(Wang et al.,, 2011). These compounds are inhibitors of the HMG-CoA (3-
hydroxy-3-methylglutaryl Coenzyme A) reductase, the rate-limiting enzyme in the
synthesis pathway of endogenous cholesterol, and have been categorised in two
types: lipophilic that cross the BBB such as lovastatin, simvastatin, atorvastatin
and the hydrophilic ones that includes rosuvastatin and pravastatin among others
(Vaughan et al., 2004). In spite of their lipid profile improvement to reduce the
risk of stroke, statins are also considered as “pleiotropic” molecules. It has been
widely reported that their beneficial effects on the treatment of the ischemia, are
related with different mechanisms such as the neuroprotection, anti-inflammatory
effect, suppression of adhesion molecules activation, antioxidant effect and
augmentation of endothelial nitric oxide synthase (eNOS) etc, see Fig 14.
(Vaughan et al., 1999; Montecucco et al., 2012; Li et al., 2014).

It has been demonstrated using different animal models of cerebral ischemia that
the protective effect of statins in pre- and post-treatment increases cerebral blood
flow, reduces the lesion volume by alleviating the tissue damage, improving
neurological function and behaviour. Statins are able to increase of eNOS
expression by both cholesterol-dependent and —independent mechanisms,
increasing the release of beneficial NO, improving endothelial function, the
vasodilatation and perfusion in the damaged brain (Cimino et al., 2007).
Moreover, statins show an antioxidant effect on reactive oxygen species (ROS)
generated during ischemia and reperfusion that can oxidize proteins, lipids and
nucleic acids damaging different cellular structures. Furthermore, statins exhibit

anti-inflammatory and immunomodulatory properties by reducing the levels of a
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number of inflammation molecule markers, such as NF-kB, iNOS, interleukins,
cytokines and cell adhesion molecules including ICAM-1, P-selectin and E-
selectin and VAP-1, which are activated by ischemia and contributing to the
inflammatory response during ischemic stroke (Cimino et al., 2007; Hernandez-
Guillamon et al., 2010). Additionally, statins can exert anti-thrombogenic ability

by improving the platelet function and plaque stability.
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Fig 14. Neuroprotective properties of statins under cerebral ischemia. Statins maintain
the endothelial function and exhibit anti-thrombotic, anti-inflammatory and antioxidant
effects that may be neuroprotective under cerebral ischemia and reperfusion.
Abbreviations: RBC, red blood cells; nNOS, neuronal NOS; O,, superoxide anion; and
ONOQO', peroxynitrite (Vaughan et al., 1999).
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2.2.3.3 Nitrones

Oxidative stress response after the onset of cerebral ischemia and reperfusion is
one of the most important molecular events for the cellular damage and death of
cerebral tissue. In this regard, free radical scavengers, such as nitrones,
constitute one of the neuroprotective approaches proved to bring beneficial
outcomes in experimental cerebral ischemia. Additionally, nitrones exhibit as well
neuroprotection on other experimental age-related disease models, such as

hearing loss, retinal light damage and neuroinflammatory diseases (Floyd, 2006).

Nitrones are a series of organic compounds which have “X-CH=NO-Y” as a
general structure. Because of this, nitrones have been originally used for radical
trapping agents in free radical chemistry. Latterly, they were extensively
investigated in biological systems for their protection in oxidative-related
diseases including ischemic stroke. For instance, N-tert-butylnitrone (PBN) has
been shown to reduce oxidative stress and lipids peroxidation (Kalyanaraman et
al., 1991), to ameliorate ischemic brain damage, and to reduce the infarct volume
in animal models of ischemic stroke (Sun et al., 2008). Another well-known PBN-
related nitrone with good neuroprotective profile is Disodium 2,4-disulphophenyl-
N-tert-butylnitrone (NXY-059), which exhibits free radical trapping properties
(Maples et al., 2001) and neuroprotection in clear dose-dependent manner both
in transient (Kuroda et al.,, 1999) and permanent (Zhao et al., 2001) MCAO
models of stroke. NXY-059 has also a wide window of opportunities producing
significant neuroprotection, when given at 4-hour after permanent focal ischemia
(Sydserff et al., 2002) and at 5-hour after transient ischemia (Kuroda et al., 1999).
Besides its effectiveness in animal models, however, only unequivocal evidence
of efficacy has been observed in advanced clinical studies (Macleod et al., 2008).
Recently, new multi-functional nitrones for the treatment of ischemic stroke have
been reported. For example, 2-[[(1,1-dimethylethyl)oxidoimino]-methyl]-3,5,6-
trimethylpyrazine (TBN) and a new pyrazine derivative (compound 21) possess
both antiplatelet and antioxidant activities, and shows significant neuroprotective

effects under in vitro and in vivo models of ischemic stroke (Sun et al., 2008; Sun
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et al.,, 2012). The (Z)-a-aryl and heteroaryl-N-alkyl nitrones also exhibit
antioxidant and neuroprotective properties; in addition, they are anti-inflammatory
and have the ability to cross the BBB. Therefore, these multi-functional nitrones
targeting the concept of neuroprotection remain to be a good perspective and still
could be considered as new therapeutic approaches for ischemic stroke

treatments.
2.2.4 SSAO/VAP-1 possible involvement in stroke

To date, there are increasing evidences showing that SSAO/VAP-1 could
probably play an important role after the onset of stroke. The soluble SSAO/VAP-
1 protein and activity levels have been found increased in ischemic and
hemorrhagic stroke patients (Airas et al., 2008; Hernandez-Guillamon et al.,
2012), as well as in other pathologies involving inflammation (Kurkijarvi et al.,
1998; Ferrer et al., 2002a; Boomsma et al., 2003; del Mar Hernandez et al., 2005;
Airas et al., 2006). Moreover, its plasmatic activity levels constitute a strong
predictor of parenchymal hemorrhages after tPA treatment in ischemic stroke
patients, also predicting the adverse neurological outcome (Hernandez-
Guillamon et al., 2010). Interestingly, the inhibition of SSAO/VAP-1 activity by
SSAO inhibitors in different stroke animal models attenuates the adhesion
molecules expression, the leukocyte adhesion and extravasation, down-regulates
the inflammatory response, reduces the infarct volume and improves the
neurological outcome (Hernandez-Guillamon et al., 2010; Ma et al., 2011;
Watcharotayangul et al., 2012; Xu et al., 2014; Xu et al., 2015). Similar anti-
inflammatory effects and attenuated injury are also found in VAP-1-deficient or
SSAO activity-suppressed animal models under ischemia-reperfusion treatment
in lung (Kiss et al., 2008) and heart (Yang et al., 2011). Besides the benefits of
the leukocyte adhesion blockade, the SSAO/VAP-1 activity inhibition also
prevents the release of aldehydes, hydrogen peroxide and ammonia resulting
from its enzymatic activity, which when overproduced can contribute to the
oxidative stress and the disease progression (Conklin et al., 1998; Yu et al., 1998;
Hernandez et al., 2006; Solé et al., 2008). In this context, by both the pro-
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inflammatory and the metabolic actions, SSAO/VAP-1 could be possibly involved

under stroke conditions, exacerbating the injury after the onset of stroke.
2.3 Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is the most common cause of dementia worldwide,
accounting for 50-60% of all cases. According to the epidemiologic studies, the
late onset AD accounts for approximately 90% of all cases at ages more than 60
years (Ferri et al., 2006). The etiology of AD involves genetic, environmental,
behavioural and developmental components (Anand et al., 2014). The greatest
risk factor is aging, while other factors may include positive family history, head
trauma, female  gender, previous  depression, diabetes mellitus,
hypercholesterolemia, hypertension, atherosclerosis, coronary heart disease,
smoking, obesity and stroke (Kivipelto et al., 2001; Mayeux, 2003). From a
genetic view, AD is a heterogeneous disorder with both familial and sporadic
forms. In the familial AD, mutations in the amyloid precursor protein (APP),
presenilin 1 (PSEN1) and presenilin 2 (PSEN2), account for most cases of the
disease of this type (Levy-Lahad et al., 1995; Sherrington et al., 1995). While in
the sporadic AD, aging, environmental and genetic reasons may act as important
risk factors. The main genetic risk factor in sporadic AD is the inheritance of

apolipoprotein E (apoE) €4 allele (Corder et al., 1993; Poirier et al., 1993).
2.3.1 The pathophysiology of Alzheimer’s neurodegeneration

AD is a progressive and neurodegenerative pathology and is characterized by
the B-amyloid (AB)-formed plaques within the brain parenchyma and the AR
accumulation in blood vessels, together with neurofibrillary tangles and the
neurodegeneration (Duyckaerts et al., 2009). When amyloid proteins accumulate
in the walls of arteries, arterioles and capillaries and veins of the central nervous
system, the term of cerebral amyloid angiopathy (CAA, or CAA-AD) is applied to
describe the disorder (Revesz et al., 2002). In fact, the pathological features of
CAA occur in over 80% of Alzheimer disease brains (Ellis et al., 1996). Both AD
and CAA-AD would lead to cognitive impairment and dementia.
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Several theories have been put forward on to elucidate the pathological
mechanism of Alzheimer's disease, such as the amyloid beta cascade
hypothesis (Hardy et al., 1992), the cholinergic hypothesis (Francis et al., 1999),
the tau hypothesis (Mudher et al., 2002), the oxidative stress hypothesis
(Markesbery, 1997) and the inflammation hypothesis (Zotova et al., 2010).
Among these, the amyloid cascade hypothesis is the central one for the cause of
Alzheimer’s disease, which has been extensively studied during the last two

decades.

According to the amyloid cascade hypothesis, the deposition of excessive [3-
amyloid (AB), the main component of the plaques, is the cause of Alzheimer’s
pathology, which latterly induces the neurofibrillary tangles, cell injury, vascular
damage and ultimately dementia (Hardy et al., 1992). AB peptides are generated
by a sequential cleavage of APP by [(-secretase and y-secretase in the
amyloidogenic pathway (Selkoe, 2001; Vassar, 2004). Nowadays, B-secretase is
identified as a novel aspartyl protease, B-site APP-cleaving enzyme 1 (BACE1)
(Hussain et al., 1999; Sinha et al., 1999). BACE1 cleavage of APP is a pre-
requisite for AR generation. Cleavage by the y-secretase can generate the
majority of AB ended at amino acid 40 (AB4o), and a small proportion ended at
amino acid 42 (ABs2) (Cole et al., 2007b). While in the non-amyloidogenic
pathway, APP is cleaved by a-secretase and y-secretase, precluding the
generation of AB, see Fig 15. Given that BACE1 is the initiating enzyme in the AB
generation, and presumably rate-limiting, elevated in this disease, this enzyme
can be considered as a prime drug target for inhibiting AB production in AD (Cole
et al., 2007a).
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Fig 15. Metabolism of amyloid precursor protein (APP) by different secretases. APP is a
trans-membrane protein with a large N-terminal extracellular tail. The full length form of
APP is indicated, which contains the Kunitz-type protease inhibitor (KPI), the OX-2
antigen domain and AR domain. AR domain consists of 28 residues outside the plasma
membrane and the first 12-14 residues inside the membrane. Under the non-
amyloidogenic pathway, a-secretase cleaves APP within the AB domain, and releases
the soluble APP fragment (a-sAPP). The remaining C-terminal fragment (CTF), a-CTF or
C83 is cleaved by y-secretase, releasing the short P3 fragment, hence without
generating AB peptides. Under the amyloidogenic pathway, B-secretase (BACE1) firstly
cleaves APP before AR domain, releasing the soluble BsAPP. The remaining CTF, B-
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CTF or C99 is secondly cleaved by y-secretase, releasing AB fragments with either 40 or

42 aminoacids. AICD is metabolized in the cytoplasm (Blennow et al., 2006).

The imbalance between the production and clearance of AB is the initiating but
central event of the amyloid hypothesis for the cause of Alzheimer’s disease.
Subsequently, the extracellular over-accumulated AR peptides ultimately lead to
neuronal degeneration and dementia (Hardy et al., 2002). The amyloid cascade

hypothesis is shown as follows, see Fig 16.
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Fig 16. The amyloid cascade hypothesis. The central event of the hypothesis is the
imbalance between AP production and its clearance. In familial AD, genetic variations
induce a life-long disturbance in AR peptides production, or AB peptides are more
inclined to aggregation. In sporadic AD, aging and apoE €4 allele process main effects
for increased A production, together with the failure of AB clearance, increasing the risk
for developing AD. The conformational change of AB peptides makes them more liable

to aggregate, together with the initial formed soluble oligomers that then constitute larger
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fibrils and accumulate into diffuse plaques, and finally neuritic plaques. AB oligomers
impair hippocampal long-term potentiation (LTP) and synaptic function. The diffuse or
deposited AP plaques activate inflammatory and oxidative stress responses. AB plaques
and their responses can in addition injury neuronal and synaptic function, resulting in
neurotransmitter deficits. Tau pathology with tangle formation is viewed as a
downstream response, which could also contribute to the neuronal death and cognitive
dysfunction. Abbreviations: CSF, cerebrospinal fluid; PET, positron emission

tomography (Blennow et al., 2006; Blennow et al., 2015).

In the healthy brain, however, the levels of AR are rigorously regulated by its rate
of production from APP and its clearance from the brain. The AB peptides in the
brain can be degraded by a variety of proteolytic enzymes, including insulin-
degrading enzyme (IDE), neprilysin (NEP), and endothelin-converting enzyme
(Carson et al.,, 2002). AB can also be cleared from the brain in a process
balanced by the efflux and influx of AR across the BBB (Tanzi et al., 2004). The
main receptors responsible for the AB transportation from brain to blood and from
blood to brain are the low-density lipoprotein receptor protein-1 (LRP-1) (Deane
et al., 2004) and the receptor for advanced glycation end products (RAGE)
(Deane et al., 2003), respectively. The pathways involved in the removal of

cerebral AB are shown as follows, see Fig 17.
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Fig 17. Scheme of the degradation of AR and its transportation across the blood-brain
barrier (BBB), regulated by LRP1 and RAGE. On one hand, soluble AB can be removed
from the brain via enzymatic degradation or receptor-mediated clearance. In the first
case, AB can be degraded by activated microglia and specific peptidases, such as
insulin-degrading enzyme (IDE) and neprilysin (NEP). In the second case, AR can be
exported from BBB by directly binding to LRP or by first binding to LPR ligands/ AR
chaperones apoE and a2M. On the other hand, AB present in the blood stream can be
transported into the brain through RAGE or be delivered and degraded in peripheral

organs (liver and kidney) by chaperones such as apoE and a2M (Tanzi et al., 2004).
2.3.2 Therapeutic approaches towards AD

Since the description of Alzheimer’s disease (AD), this complex central nervous
system disorder has been existed for more than one century; however, the
therapeutics of AD is still largely restricted. To date, the only available drugs that
have been approved by the FDA are four acetylcholinesterase (AChE) inhibitors
(tacrine, donepezil, galantamine, rivastigmine) and an N-methyl D-aspartate
(NMDA) receptor antagonist (memantine) (Anand et al., 2014), which mainly
target the deficiency of the neurotransmission in AD. Among these, tacrine
exhibits hepatotoxicity which leads to its limited utility (Watkins et al., 1994). The
AChE inhibitors can increase the availability of acetylcholine by inhibiting AChE,
therefore increasing the cholinergic neurotransmission. While memantine is a
non-competitive NMDA receptor antagonist, it can alleviate the glutamate-
mediated cytotoxicity (Wilcock, 2003), since glutamatergic activity in AD is
abnormally high, which impede the normal activation of NMDA receptors and
their function for learning and memory (Areosa et al., 2005). Although these
drugs can provide a temporary symptomatic remittance, they cannot final re-

establish the cognitive decline.

With the extensive investigation on the pathophysiology of the disease, more
therapeutic strategies can be applied according to the different processes of the
disease. Hence, except for the symptomatic treatment for AD, more approaches
based on the molecular pathogenesis have emerged. These new approaches
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include anti-Tau pathogenesis (Tau phosphorylation inhibition, microtubule
stabilization, Tau oligomerization blockage, and Tau-based immunotherapy),
anti-amyloid accumulation (decreasing AP production, modulating AP
transportation, decreasing AP aggregation and AB-based immunotherapy),
oxidative stress reduction (endogenous and exogenous antioxidants), anti-
inflammation, modulation of mitochondrial dysfunction and calcium homeostasis,
caspase inhibition, metal chelation, multi-target directed ligands, etc. (Anand et
al., 2014; Kumar et al., 2015).

The fact that AD involves various complex mechanisms promotes research
toward compounds that can interact with several potential targets. For this
reason, the “one drug, multiple target” strategy, also called multitarget-directed
ligand (MTDL) approach, might be more appropriated (Buccafusco et al., 2000;
Youdim et al.,, 2005; Bolea et al., 2013b). This strategy suggests the use of
compounds with multiple activities for different biological targets (Cavalli et al.,
2008). In this concern, various compounds have been developed with multiple
properties, such as AChE, Butyrylcholinesterase (BuChE) inhibition, monoamine
oxidase-A (MAO-A), MAO-B inhibition, antioxidant properties, anti-inflammation,
neuroprotection and metal chelation. For instance, M30 is one of such
multifunctional compounds: it is brain selective MAO-A and MAO-B inhibitor,
metal chelator, free radicals scavenger, Nrf2 activator responsible for antioxidant
and anti-inflammatory effects, exhibits neuroprotective, neurotrophin and anti-
glutamatergic effects (Zheng et al., 2015). ASS234 is another multitarget-directed
compound: it can inhibit AChE, BuChE, MAO-A and MAO-B activities as well as
interfere in AB aggregation, being effective against Ap-induced toxicity and
oxidative stress (Bolea et al.,, 2013a). Recently, another MTDL - DPH-6
(Donepezil + propargylamine + 8-hydroxyquinoline hybrid) has been synthesized
and has demonstrated to be MAO-A, MAO-B, AChE and BuChE inhibitor,
exhibits metal-chelating, moderate to good ADMET properties and brain
penetration capacity as well as ameliorates scopolamine-induced learning

deficits in mice (Wang et al., 2014).
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2.3.3 SSAO/VAP-1 involvement in AD/CAA

In Alzheimer's disease patients, the deposition of AR peptides in the
cerebrovascular tissues constitutes a particular pathology, the cerebral amyloid
angiopathy (CAA), which occurs in 80% of all the AD patients (Ellis et al., 1996).
The AB plaques accumulating in and around the cerebral blood vessels impair
the vascular cells function, such as endothelial and smooth muscle cells, and
accelerates the onset and progression of the cerebrovascular pathology (Kawai
et al., 1993; Van Nostrand et al., 1996). Vascular adhesion protein-1 (VAP-1), as
described before, is highly expressed in endothelial cells and in smooth muscle
cells in the cerebrovascular tissues. During the SSAO catalytic reaction
performed by the enzyme, products including aldehydes, hydrogen peroxide and
ammonia are generated, which are potentially toxic at high levels, or also at low
concentrations for a long-term affection on the microenvironment. SSAO/VAP-1
is also present in a soluble from shed from the membrane-bound form, in the
blood plasma. The pro-inflammatory action and toxic products generated from
both forms of SSAO/VAP-1 could probably contribute to the vascular damage
and related tissues. These facts have promoted studies to investigate the
possible association between SSAO/VAP-1 and Alzheimer’s disease. It has been
demonstrated that SSAO/VAP-1 is overexpressed in the cerebrovascular tissue
in AD patients and AD-CAA (Ferrer et al., 2002b; Unzeta et al., 2007). Moreover,
a strong expression of SSAO/NAP-1 co-localizes with AR deposits in
cerebrovascular tissue of AD brains (Ferrer et al., 2002b; Valente et al., 2012).
SSAO-mediated deamination increases as well the deposition of AR onto the
blood vessel walls (Jiang et al., 2008). Furthermore, the soluble SSAO/VAP-1,
correlates with the overexpression of membrane-bound SSAO/VAP-1, and also
exhibits elevated activity in plasma of moderate-severe and severe AD patients
(del Mar Hernandez et al., 2005; Unzeta et al., 2007). Despite these human
studies, it has also been proved that VAP-1/SSAO can induce AB aggregation
and vascular cell damage, stimulating the AB deposition on the vascular walls in
vitro (Chen et al., 2006; Solé et al., 2008; Sole et al., 2011; Solé et al., 2014),

and in turn, the presence of vasculotropic Dutch-mutated AB140 (AB140 D)
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increases the SSAO-dependent toxicity to the endothelium (Solé et al., 2014).
Therefore, SSAO/VAP-1 could be involved in the cerebrovascular dysfunction in

AD and contribute to the progress and worsening of this disease.
3. Relationship between stroke and AD

AD and stroke are the most common forms of dementia in the elderly and both
incidences increase with aging. Recent advances suggest that these two show
considerable overlapping in risk factors and in pathological changes, indicating a
strong association between stroke and AD (Kalaria, 2000; Zhu et al., 2007). In
addition, a deep meta-analysis recently reported that stroke significantly and
independently increases the risk for AD and in turn, the risk of intracerebral
hemorrhages (Zhou et al., 2015). Given that both AD and stroke may share
common pathogenic mechanisms, such as oxidative stress, inflammation,
vasculature dysfunction and neurovascular unit compromise (Lucke-Wold et al.,
2015), and that both AB and ischemia-reperfusion injury can target the structure
and function of the cerebrovasculature, resulting in the neurovascular dysfunction
(ladecola, 2004; ladecola, 2010), the neurovascular unit plays an important role

in maintaining the homeostasis of the brain’s microenvironment (ladecola, 2010).
3.1 Neurovascular unit and blood-brain barrier

The neurovascular unit consists of all the major cellular components of the brain
including brain endothelium, vascular smooth muscle cells (VSMC), pericytes,
astrocytes, neurons, microglia, and perivascular cells (Bell et al., 2009). The
communication between the cells of the neurovascular unit is very important and
is responsible for regulating blood flow and controlling the exchange of
substances across the BBB. Hence, it maintains the functional immune
surveillance and provides energy and nutrients to the brain (ladecola, 2010).
BBB is mainly formed by the tightly sealed monolayer of brain endothelial cells in
the capillary microvasculature, except for astrocyte end-feet and pericytes
(Ballabh et al., 2004). The tight junctions (TJs) between cerebral endothelial cells
can form a diffusion barrier that selectively prevents the passive exchange of

52



INTRODUCTION

solutes, regulates the trafficking of macromolecules, ions, amino acids, peptides,
and signalling molecules between the blood and the brain (Abbott et al., 2010).
The structure and function of both neurovascular unit and BBB are largely
impaired in a number of neurological disorders including stroke and AD, thus
disrupting the homeostasis of the brain microenvironment and promoting the

progression of both diseases (ladecola, 2010).
3.2 Stroke and the risk for AD

Increasing evidences suggest that the vascular disorders such as
cerebrovascular diseases and stroke in the elderly play an important role in the
onset and progression of neurological disorders like Alzheimer’s disease (AD)
(Kalaria, 2000; Zlokovic, 2008; Grammas, 2011; Marchesi, 2014). In fact, 60%-90%
of AD patients exhibit variable cerebrovascular pathology, such as cerebral
amyloid angiopathy, endothelial degeneration and cerebral infarction (Kalaria,
2000). The fact that a high percentage of patients having suffered stroke
subsequently develop AD, indicates that a strong link between these two
pathologies exists. In this sense, some studies revealed that cerebral
ischemia/stroke greatly increases the incidence of AD (Tatemichi et al., 1994;
Kokmen et al., 1996; Kalaria, 2000) by about 2-fold among elderly patients
(Schneider et al., 2003; Altieri et al., 2004), and this risk is even higher when
stroke coexists with other vascular risk factors like atherosclerosis (Honig et al.,
2005).

There are also considerable evidences indicating that increased accumulation of
APP is found at regions of ischemic stroke injury, such as focal cerebral ischemia
and middle cerebral artery occlusion (MCAQO), hence the cleavage of APP
leading to amyloidogenic AB, may be up-regulated by ischemia (Stephenson et
al., 1992; Kalaria et al., 1993; Shi et al., 2000; Nihashi et al., 2001; Badan et al.,
2004; van Groen et al., 2005; Makinen et al., 2008; Hiltunen et al., 2009).
Moreover, hypoxia and ischemic injury induce the up-regulation of BACE-1
transcription, expression and activity that increases the p-amyloid generation, Ap

deposition, neuritic plaque formation and potential memory deficits, facilitating
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the pathogenesis of AD (Sun et al., 2006; Zhang et al., 2007; Guglielmotto et al.,
2009). The molecular mechanisms studied suggest that oxidative stress and
hypoxia-inducible factor 1 (HIF-1) are responsible for the elevation of BACE1
expression at different stages following cerebral ischemia (Sun et al., 2006;
Zhang et al., 2007; Guglielmotto et al., 2009).

In the brain, the degradation of soluble AR can be carried out by activated
microglia, or by several metalloproteinases such as insulin-degrading enzyme
(IDE) and neprilysin (NEP) and endothelium converting enzyme (ECE). In this
regard, ischemic conditions can also decrease the degradation of AR by down-
regulating the levels of cerebral NEP and ECE-1 both in vitro and in vivo
(Nalivaevaa et al., 2004; Fisk et al., 2007). Hypoxia/ischemia insult can also
damage the BBB by various mechanisms, for example modifying the expression
of LRP-1 that is a major AB clearance enzyme, hence impairing the clearance of
AB from the brain (Zhang et al., 2010). Moreover, the expression of the receptor
of advanced glycation end products (RAGE), another important protein in the
BBB that mediates the transport of AR across BBB, is stimulated in the mouse
brain after experimental stroke and systematic hypoxia, thus decreasing the

clearance of AB from the brain (Pichiule et al., 2007).

Tau hyperphosphorylation in the neurons is a hallmark of AD, which can change
the structure and conformation of tau, affecting its binding with tubulin and the
capacity to promote microtubule assembly (Michaelis et al., 2002). It has been
found that transient hypoxia injury can also induce tau hyperphosphorylation in
cortical neurons (Chen et al., 2003; Wen et al., 2004).

Therefore, there is strong association between cerebrovascular disease and AD,
and through multiple pathways, the damage effects of stroke conditions such as
ischemia could facilitate the progression and neurodegeneration, worsen

dementia and the outcome of AD.
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3.3 AD and the risk for stroke

Advanced age is the strongest risk factor for developing stroke, as it is for AD
(Markus, 2008). Inflammation and oxidative stress accumulated during human
aging negatively influence the vascular damage following a stroke incident
(DiNapoli et al., 2008), and the immune system may contribute to the infarct
progression (ladecola et al., 2011). Recently, increasing investigations implicate
that AD may be also associated with considerably increased risk of stroke
development, although different studies may have some controversial results
under different criterion and methodology. A population-based cohort study
revealed that patients with AD had a higher risk of ischemic stroke and
intracerebral hemorrhage than those without AD (Chi et al., 2013). A follow-up
study and a meta-analysis of cohort study showed also that patients with
vascular dementia (VD) or baseline cognitive impairment have significantly
higher risk for developing ischemic stroke than those without dementia,
respectively (Imfeld et al., 2013; Lee et al., 2014). More investigations carried out
by a register-based matched cohort study suggested that AD dementia patients,
especially younger patients, have higher risk for developing hemorrhagic strokes
(Tolppanen et al., 2013). Similar results performed by a meta-analysis, as well
showed that AD-like dementia is significantly associated with the risk of
intracerebral hemorrhage (Zhou et al., 2015). Moreover, molecular mechanisms
studies established that both CAA and non-CAA developing amyloid precursor
protein (APP) transgenic mice expressing elevated AP exhibit increased
susceptibility to ischemic brain injury, develop larger infarct volumes and worse
outcomes following middle cerebral artery occlusion (MCAO) treatments, by
inducing cerebrovascular dysfunction, inflammation and greater cerebral blood
flow (CBF) compromise (Zhang et al., 1997a; Koistinaho et al., 2002; Milner et al.,
2014). In this regard, it is confirmed that AD could also enhance the development
and onset of stroke, increase the vulnerability and worsen the outcome following

strokes.
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3.4 Could SSAO/VAP-1 be the possible link between stroke and AD?

Stroke and AD are common diseases, which mostly happen in elderly people,
and there are considerable studies establishing that there exists an interaction
between each other, as it has been detailed above. On one hand, stroke-related
processes occur in AD, precede AD and can enhance the risk for developing AD
(Murray et al., 2011), and on the other hand, AD can augment the onset of stroke
(Zhou et al., 2015) or increase the susceptibility to stroke injuries (Milner et al.,
2014). Among the overlaps shared by stroke and AD, the most notable common
feature may be the dysfunction of cerebral blood vessels and the restricted brain
perfusion which finally leads to neuronal injury and cognitive impairment (Attems
et al., 2014). Oxidative stress and inflammatory responses generated by the AB
deposition in/ around the cerebral vascular wall or ischemia-reperfusion injuries
contribute to the degeneration and dysfunction of the cerebral vasculature and
the surrounding brain tissue. In this context, SSAO/VAP-1, which is highly
expressed in the cerebral blood vesicles, more particularly in the endothelial and
smooth muscles cells, mediates the rolling and transmigration of leukocytes
partly through its SSAO activity, with aldehyde, hydrogen peroxide and ammonia
as by-products, may be a possible link between stroke and AD, and involved in

the pathogenesis of both diseases.

Evidences have revealed that SSAO/VAP-1 is overexpressed in the
cerebrovascular tissue and co-localizes with ApB plaques in AD patients (Ferrer et
al., 2002b; Unzeta et al., 2007; Valente et al., 2012). The soluble VAP-1/SSAO
presents in the blood plasma, exhibits elevated protein and activity levels in both
AD (del Mar Hernandez et al., 2005; Unzeta et al., 2007) and stroke patients
(Airas et al., 2006; Hernandez-Guillamon et al., 2012), and correlates with the
adverse neurological outcome. In addition, SSAO/VAP-1 can induce AP
aggregation and vascular cell damage, stimulating the AB deposition on the
vascular walls (Chen et al., 2006; Jiang et al., 2008; Solé et al., 2008; Sole et al.,
2011; Solé et al., 2014). VAP-1/SSAO can participate in the inflammatory
response in multiple models of stroke, where the inhibition of its activity can
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reduce leukocyte extravasation hence lessen the neurological dysfunction
(Hernandez-Guillamon et al., 2010; Watcharotayangul et al., 2012; Xu et al.,
2015). Despite of SSAO/VAP-1 can mediate leukocyte-endothelium adhesion by
itself during inflammatory conditions like AD and stroke, SSAO/VAP-1 can also
up-regulate the expression of other adhesion molecules, such as ICAM-1,
VCAM-1, P-selectin, E-selectin and chemokine receptors under different
inflammation sites (Willam et al., 1999; Saccani et al., 2000; Jalkanen et al., 2007;
Lalor et al., 2007), augmenting the leukocyte adhesion cascade, by producing
biological active products such as hydrogen peroxide (Salmi et al., 2005).
Furthermore, products from SSAO catalytic reaction are harmful at relative high
levels, which are responsible at least partly for the protein cross-linkage,
oxidative stress and cytotoxicity, thus contributing to the advanced protein
aggregation and cerebrovascular dysfunction. Taking into account the alteration
and all the multiple effects of SSAO/VAP-1 on the brain microvasculature, we
hypothesize that this protein could be a potential link and therapeutic target for
both stroke and AD.
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Il. OBJECTIVES

The broad objective of this work has been to study the molecular mechanisms by
which SSAO/VAP-1 is involved in stroke, using experimental models of ischemic
stroke, the therapeutic benefit of inhibiting its activity, and its possible nexus with
Alzheimer’s disease. To achieve this objective, we put forward the following

specific objectives:

1. To study the possible involvement of SSAO/VAP-1 in oxygen-glucose
deprivation (OGD)-mediated damage using endothelial hSSAO/VAP-1-

expressing cells as experimental model of cerebral ischemia.

2. To assess the protective effect of new molecules with SSAO inhibitory
capacity for the treatment of stroke in SSAO/VAP-1-expressing brain endothelial
cells (hCMEC/D3) under OGD as a model of the blood-brain barrier in cerebral

ischemia.

3. To determine by in vitro and in vivo approaches whether the beneficial effect of
simvastatin observed in cerebral ischemia could be mediated by the modulation
of the SSAO/VAP-1 levels.

4. To study the possible role of SSAO/VAP-1 in the nexus between ischemic
stroke and Alzheimer’s disease by using SSAO/VAP-1-expressing human brain
endothelial cells (hCMEC/D3).
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lll. MATERIAL AND METHODS

1. Biological materials

1.1. Cell culture

1.1.1. The HUVEC WT and HUVEC hSSAO/VAP-1 cell lines

The wild type Human Umbilical Vein Endothelial cell line (HUVEC WT) was a gift
from Dr F.J. Muhoz (Universitat Pompeu Fabra, Barcelona, Spain). Human
SSAO/VAP-1-transfected HUVECs (HUVEC hSSAO/VAP-1) were previously
developed in our group (Sole et al., 2011). HUVEC WT were cultured in M199
(Life technologies) supplemented with 2.2 g/L NaHCOs (Fluka), 2 mM glutamine
(Invitrogen), 5% FBS (Foetal bovine serum, Gibco), 100 u/mL penicillin and 100
pg/mL streptomycin (PAN Biotech). HUVEC hSSAO/VAP-1 cells were cultured in
M199 supplemented with 2.2 g/L NaHCOs3, 2 mM glutamine, 5% FBS, 100 u/mL
penicillin and 100 pg/mL streptomycin and 100 ug/mL geneticine (G418,
Invitrogen), which was used to ensure the hSSAO/VAP-1 DNA maintenance. All
cells were maintained at 37°C in a humidified atmosphere containing 5% CO,,
and used until passage 40. The cells were subcultured when the confluence
reached more than 95%, making a 1/50 dilution for WT and 1/40 for
hSSAO/VAP-1-expressing HUVEC cells. This process was done after cells

growing for one week, changing the media every 2-3 days.
1.1.2. The A7r5 hSSAO/VAP-1 cell line

The human smooth muscle cells (SMC) (A7r5 hSSAO/VAP-1) were previously
developed in our group (Sole et al., 2007), and cultured in DMEM (Dulbecco’s
Modified Eagle’s Medium-high glucose, life technologies) supplemented with 2
mM glutamine, 10% FBS, 100 u/mL penicillin and 100 pg/mL streptomycin and
100 uM G418, which was used to ensure the hSSAO/VAP-1 DNA maintenance.
Cells were maintained at 37°C in a humidified atmosphere containing 5% CO»,

and used until passage 25. The cells were subcultured when the confluence
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reached more than 95%, making a 1/10 dilution after cells growing for 15 days,

with changing the media every 2-3 days.
1.1.3. The hCMEC/D3 WT and hSSAO/VAP-1 cell lines

The human cerebral microvascular endothelial cell line hCMEC/D3 was obtained
from Dr. Couraud’s lab (Paris, France) (Weksler et al., 2005) as a model of the
BBB. hCMEC/D3 cells were cultured as recommended, on 150 pg/mL collagen
type | (Rat Tail, Corning) —coated plates in EBM-2 (Lonza) medium
supplemented with 5% FBS, 100 u/mL penicillin and 100 pg/mL streptomycin, 1.4
MM Hydrocortisone (Sigma), 5 pg/mL Ascorbic Acid (Sigma), 1% Chemically
Defined Lipid Concentrate (Life Technologies), 10 mM HEPES (Life
Technologies) and 1 ng/mL human bFGF (Fibroblast Growth Factor-basic,
Sigma). Plates were pre-coated with collagen for 1-3 hours and then washed with
PBS 1X (Phosphate-buffered saline, life technologies) for one time before
seeding. Cells were maintained at 37°C in a humidified atmosphere containing 5%
CO,, and used until passage 40. Cells were subcultured once a week, when the
confluence reached more than 95% at a 1/15 dilution, and the media was

changed every 2-3 days.

In order to obtain the hCMEC/D3 cell line stably expressing the human
SSAO/VAP-1, hCMEC/D3 WT cells were transfected with a PcCDNA3.1(+) vector
containing the human SSAO/VAP-1 cDNA (Sole et al., 2007) using the Fugene®
HD transfection reagent (Roche) according to the manufacturer conditions. After
transfection, cells were selected by the addition of G418 antibiotic (800 pg/mL)
for 1-2 months. Then, cells were diluted to allow the formation of monoclonal
colonies in the presence of 200 ug/mL G418. This antibiotic concentration was
used thereinafter for cell maintenance. Cell colonies were amplified and checked
for SSAO/VAP-1 expression and activity before using; hCMEC/D3 hSSAO/VAP-1
cells were used until passage 40.
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1.1.4. The THP-1 cell line

THP-1 monocytes were obtained from the American Type Culture Collection
(ATCC: TIB-202) and grown in RPMI 1640 medium (Invitrogen) supplemented
with 10% FBS and 100 u/mL penicillin and 100 pg/mL streptomycin, and
maintained at 37°C in a humidified atmosphere containing 5% CO,. The cells
were subcultured in new flask at concentrations between 2-4 x 10° cells/mL, and
they were not allowed to overpass 1 x 10° cells/mL. THP-1 cells were used until

passage 40.
1.2. Plasma samples and brain tissue from rats

The plasma samples and brain tissue from rats were prepared in the lab of Dr.
Montaner from Institut de Recerca Vall d’Hebron (Barcelona). Briefly, after middle
cerebral arterial occlusion (MCAO) treatments and before euthanasia, the blood
samples from rats were drawn and collected in EDTA tubes, then immediately
centrifuged at 1500 g for 15 minutes at 4T to obtain plasma supernatants, and

stored at -80C until their use.

The brains of these rats were isolated, divided into ipsilateral hemisphere (IP)
and contralateral hemisphere (CL), and homogenized with a lysis buffer
containing 50 mM Tris-HCI, 150 mM NaCl, 5 mM CaCl,, 0.05% BRIJ-35, 0.02%
NaNs, 1% Triton X-100, phenylmethanesulfonyl fluoride solution (PMSF, Sigma-
Aldrich), Aprotinin (Apr, Sigma-Aldrich). Each gram of tissue was homogenized in
2.8 ml of the aforementioned buffer and centrifuged at 12000 rpm for 12 minutes

at 4C . Homogenates were stored at -80T until use.
1.3. Other materials

Recombinant VAP-1 (rVAP-1) was a kind gift from Dr. D.J. Smith and Biotie
Therapies Corp (Turku, Finland). All other reagents were purchased from Sigma-
Aldrich, unless specified.
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2. Invitro and in vivo models of ischemic stroke
2.1. Combined Oxygen and Glucose Deprivation (OGD)
2.1.1. OGD conditions for HUVEC WT and hSSAO/VAP-1

Combined oxygen and glucose deprivation (OGD) and reoxygenation have been
used as an experimental approach to ischemic stroke. In this part, OGD
treatments were performed in glucose-free Hanks’ Balanced Salt Solution (HBSS,
116 mM NaCl, 5.4 mM KCI, 0.8 mM MgSQO,4, 1 M NaH,PO,4, 1.8 mM CaCl, and
26.2 mM NaHCOs;, pH 7.4), introducing cells into a temperature-controlled (37 +
1°C) Invivo, hypoxia workstation (RUSKINN) containing a gas mixture composed
of 5% CO,, 95% N, and 0.5% O,. Control cells were maintained in the incubator
under normoxia conditions (5% CO2/95% air), in HBSS containing 5 mM glucose.
In experiments performing reoxygenation, cells undergone OGD were returned to
normoxia conditions by replacing HBSS with serum-free cell culture media
(containing 5 mM glucose) and adding the same treatments present during OGD.
In experiments analysing the soluble SSAO/VAP-1 release, HBSS was not

replaced for the reoxygenation period, but glucose was added in OGD dishes.
2.1.2. OGD conditions for hCMEC/D3 WT and hSSAO/VAP-1

OGD treatments were performed in glucose-free DMEM (Life Technologies) after
washing cells with glucose-free PBS, and then introducing the cells into the
temperature-controlled (37+1°C) Invivo, hypoxia workstation as previously
described. Control cells were maintained in DMEM (5 mM glucose) in the
incubator under normoxia conditions (5% CO2/95% air). In experiments including
reoxygenation, cells that had undergone OGD were returned to normoxia
conditions after replacing glucose-free DMEM by serum-free DMEM (5 mM
glucose) and adding the same treatments present during OGD. In experiments
analysing the soluble SSAO/VAP-1 release, DMEM was not replaced for the

reoxygenation period, but glucose was added into OGD dishes.
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2.2. Middle cerebral arterial occlusion (MCAO) models in rats

The male Wistar rats (270-300 g; Charles River Laboratories Inc., Wilmington,
MA, USA) were used in all experiments, and rats were kept in a climate-
controlled environment on a 12-hour light/12-hour dark cycle. Food and water
were available ad libitum. Analgesia (Buprenorphine, 0.05 mg/Kg s.c; Divasa
Farma-Vic S.A) was given to all rats every 24 h from the first until the last day of
the experiment protocol to minimize their pain and discomfort.

The embolic MCAO (eMCAO) model and intraluminal transient MCAO (tMCAO)
model were used in the study. The surgeries were performed in the lab of Dr.
Montaner (Institut de Recerca Vall d’Hebron, Barcelona). In both models, animals
were anesthetized under spontaneous respiration with 2% isoflurane (Abbot
Laboratories, Kent, UK) in oxygen during surgery and body temperature was
maintained at 37°C. The surgical exposure of the bifurcation of the external

carotid artery and the internal carotid artery was performed on the right side.

The eMCAO was induced by a blood embolus placed at the origin of middle
cerebral artery (MCA) through a middle neck incision (Zhang et al., 1997b). One
day before eMCAO surgery, arterial blood from a donor rat was withdrawn to
form two identical clots (length: 1.5 cm; diameter: 0.3 mm, each) as described

(Hernandez-Guillamon et al., 2010).

The tMCAO was induced by introducing an intraluminal flament as described in
detail (Garcia-Bonilla et al., 2011). A silicone-coated nylon monofilament (Doccol

Corporation, reference number: 403723PK10) was inserted to occlude the MCA.

Immediately after the occlusion, animals were allowed to recover from
anesthesia. Sixty or eighty minutes after occlusion, reperfusion of blood flow in
the MCA was induced and, to that end, animals were re-anaesthetized and the
filament was removed from the artery. In both models, cranial trepanation was
performed the day before MCAO to attach a laser-Doppler probe (Moor
Instruments) and continuously monitor regional cerebral blood flow during the

surgery. Only animals that exhibited a reduction > 75% in regional cerebral blood
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flow during MCAO were included in the study. Sham-operated animals were
submitted to the same processes except for the clot introduction in the eMCAO
model, or the filament introduction in the tMCAO model. Three doses of
analgesia were administered: after cranial trepanation, after MCAO surgery and

at 24 h after it. All animals were euthanized 48 hours after the surgery.

3. Drug treatments for in vitro and in vivo ischemic stroke model
3.1. Drug treatments in OGD models

Depending on different experiment design, MA (methylamine; 1-3 mM), SC
(semicarbazide; 1 mM), PLZ (phenelzine; 100 nM), batimastat (5 uM), MMP-2
inhibitor IV (Millipore; 0.1-10 uM), AB+1.40D (AB1-40 peptide containing the Dutch
mutation, Bachem; 2.5-5 uM), DPH-4 (Wang et al., 2014; 0.1-10 uM) or/and
Simva (simvastatin; 100 nM) were added into HBSS or DMEM according to
different cell types before OGD starting. Then introducing cells into a
temperature-controlled (37 + 1°C) Invivo, hypoxia workstation (RUSKINN)
containing a gas mixture composed of 5% CO,, 95% N, and 0.5% O,. Control
cells were maintained in the incubator under normoxia conditions (5% CO2/95%
air), in HBSS or DMEM containing 5 mM glucose. In the reoxygenation process,

the compounds were maintained at the same concentrations than during OGD.

To operate a pre-treatment of AB1.40D with hCMEC/D3 cells before OGD, EBM-2
media was changed to DMEM (5 mM glucose) after washing the plates with
glucose-free PBS for 1 time, AB140D was added to the plates and cells were
maintained at 37°C in a normal humidified incubator containing 5% CO,. After
the 24-hour pre-treatment, DMEM (5 mM glucose) was changed to glucose-free
DMEM after washing the plates with glucose-free PBS again. AB140D and all
other treatments were added to the plates before introducing the cells into the
temperature-controlled (37+1°C) Invivo, hypoxia workstation to start OGD
treatment. In the reoxygenation process, the treatments were maintained the

same than during OGD.
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For the preparation of AB140D, it was pre-treated with 1,1,1,3,3,3-hexa-fluoro-2-
propanol (HFIP, Sigma-Aldrich) for more than 4h but less than 6h, then aliquoted,
evaporated at room temperature, and stored at -80°C until using, then being

dissolved in sterile PBS containing 0.1% ammonium hydroxide.

For the preparation of simvastatin, it should be activated by opening the lactone
ring. In short, 52.9 mg simvastatin were dissolved with ethanol (32.4%), distilled
H20 (61.5%), 0.1 M NaOH (6%), neutralized to pH 7.2 by 2 M HCI and incubated
at 60°C for 1 hour to obtain a 10 mM stock, then diluted quickly to the required

concentration for treating the cells.
3.2. Drug treatments in MCAO models

Simvastatin was prepared by opening the lacton ring and activating it. In short,
simvastatin was dissolved in vehicle [distilled H,O (75%), absolute ethanol (10%),
and 0.1 M NaOH (15%)], incubated at 50°C for 2 h and pH adjusted at 7.2.

After the occlusion for 15 minutes, 1 mL of simvastatin solution [20 mg/kg (diluted
in vehicle)]; Uriach Laboratories, Barcelona, Spain) or vehicle [distilled H,O
(75%), absolute ethanol (10%) and 0.1 M NaOH (15%)] were subcutaneously
injected into the rats in a blinded manner, and subsequently, rats were allowed to

wake up.

4. Infarct volume evaluation

Infarct volumes were evaluated by an investigator blinded to the treatment.
Infarct volumes were measured with thionin (eMCAO model) or 2,3,5-
triphenyltetrazolium chloride (TTC, Sigma-Aldrich) (tMCAO model). For the
thionin staining, animals were killed and transcardially perfused with
paraformaldehyde 4% through an infusion pump. Brains were fixed in
paraformaldehyde 4% during 24 h at 4C , immersed in sucrose for another 24 h
at 4C , embedded in OCT and placed at -80C . Coronal brain sections (30 um)
were cut in the cryostat and mounted on slides. Thionin staining was performed

on slides: non-injured areas were stained in deep blue whereas ischemic regions
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remained pale. Images were captured using a CanoScan 4200F scanner (Canon
USA Inc.) and infarct size was quantified using an image analysis system (Scion
Image v4.02, Scion Corporation). For the TTC staining, animals were killed and
immediately perfused with heparin solution followed by saline solution, both
injected with an infusion pump. Brains were removed and cut in sections (1 mm)
and stained with TTC as described elsewhere (Bederson et al., 1986). TTC
images were captured using a CanoScan 4200F scanner and infarct volumes
were measured using Image J software by integration of infarcted areas. Infarct
volume data were expressed as percentage of the ipsilateral hemisphere. Brain
slices from TTC staining were divided into ipsilateral (IP) and contralateral (CL)

hemispheres and kept frozen until further use.

5. Neurological evaluation

Neurological status was assessed using a 9-point neurological deficit scale
(modified Bederson test) in a blinded manner at 60-80 min, 24 h and 48h after
MCAO. This scale consists of four consecutive tests, as previously described
(Pérez-Asensio et al., 2005). Four consecutive tests were conducted: (i)
spontaneous activity (moving and exploring = 0, moving without exploring = 1, no
moving or moving only when pulled by the tail = 2); (ii) left drifting during
displacement (none = 0, drifting only when elevated by the tail and pushed or
pulled = 1, spontaneous drifting = 2, circling without displacement, or spinning =
3), (iii) parachute reflex (symmetrical = 0, asymmetrical = 1, contralateral forelimb
retracted = 2), and (iv) resistance to left forepaw stretching (stretching not

allowed = 0, stretching allowed after some attempts = 1, no resistance = 2).

6. MTT reduction assay

HUVEC WT and hSSAO/VAP-1 were seeded at 40000 cells/mL and 53200
cells/mL, respectively. Both hCMEC WT and hSSAO/VAP-1 cells were seeded at
50000 cells/mL. Treatments were added after 48h grown, when the confluence
reached 80% - 90%. MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
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bromide] reduction assay was employed to evaluate the cell viability. Briefly, at
the end of the treatments, cells were incubated with 0.5 mg/mL MTT for 3 h in
HUVECs and for 1.5 h in hCMECs at 37°C. The medium was then replaced by
dimethylsulfoxide (DMSO) to dissolve the blue formazan precipitate, and it was
spectophotometrically quantified at 560 nm and 620 nm in a microplate reader
(Labsystems multiscan RC) (Plumb et al., 1989).

7. LDH release assay

HUVEC WT and hSSAO/VAP-1 cells were seeded at 40000 cells/mL and 53200
cells/mL, respectively. Treatments were added after 48h growing, when the
confluence reached 80% - 90%. The extent of lactate dehydrogenase (LDH)
release into the medium was assessed using the TOX7 kit (Sigma-Aldrich),
following the manufacturer instructions. Briefly, after the treatments, the culture
media were collected after treatments, centrifuged at 800 g for 10 minutes at 4C
to eliminate dead cells. The supernatants were collected and directly used for
LDH determination or stored at -80°C to be processed later. When performing
LDH release assay, it was first prepared the Lactate Dehydrogenase Assay
Mixture by mixing equal volumes of LDH Assay Substrate Solution, LDH Assay
Dye Solution and 1X LDH Assay Cofactor Preparation. Then the sample media
were transferred to a clean flat-bottom plate and Lactate Dehydrogenase Assay
Mixture was added to each sample in a volume equal to twice the volume of the
sample media. The plate was covered to protect it from light and incubated at
room temperature for 20-30 minutes. The  absorbance was
spectrophotometrically measured at 490/690 nm in a microplate reader

(Labsystems multiscan RC).

8. Adhesion assays

HUVEC WT and hSSAO/VAP-1 cells were seeded at 40000 cells/mL and 53200
cells/mL, respectively. Both hCMEC WT and hSSAO/VAP-1 cells were seeded at
50000 cells/mL. Treatments were added after 48h growing of the cells, when the
confluence reached 80% - 90%. At the end of treatments, THP-1 monocytes
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were labelled with 1 yM calcein-AM for 30 minutes. After washing the calcein-
AM-labelled THP-1 monocytes for 1 time with FBS-free RPMI 1640 medium, they
were added to HUVECs or hCMECs endothelial cells plates (2.5%10° per well in
24-well plates) and incubated for 30 minutes at 37°C. Then, unbound monocytes
were removed by aspirating 80% of the media with pipette, or turning over the
plates onto absorbent paper, then carefully adding FBS-free RPMI 1640 medium
to the plates with an auto-pipette, and repeating the washing for at least three
times. The fluorescence intensity was measured using a fluorescence microplate
reader (Aex/Aem: 495/530 nm). Results are represented as the percentage of
fluorescence intensity, referring values to those obtained for the non-treated

cells.
9. Hydrogen peroxide scavenging determination

Amplex ultrared reagent was applied to detect the hydrogen peroxide scavenging
ability according to the manufacturer’s instructions. Briefly, a series of
concentrations (0-10 uM) of hydrogen peroxide (H,O;) were prepared, and RP18
was mixed with each concentration of H,O, to a final concentration of 30 yM.
Fifty uL of each sample were added into individual wells of a microplate. The
reaction started by add 50 yL of Amplex UltraRed/HRP working solution (50 uL
of 10 mM Amplex UltraRed reagent stock solution, 100 pyL of 10 U/mL HRP and
4.85 mL of reaction buffer) to each microplate well containing samples. The plate
was covered and incubated at room temperature for 30 minutes, protected from
light. The fluorescence was measured at 530/590 nm in a microplate reader

(Labsystems multiscan RC).
10. Cell lysates and concentrated culture medium

HUVEC WT and hSSAO/VAP-1 cells were seeded in dishes at 51000 cells/mL
and 68000 cells/mL, respectively. Both hCMEC WT and hSSAO/VAP-1 cells
were seeded in dishes at 60000 cells/mL, and all cells were grown to 80% - 90%
confluence before the addition of treatments. After the treatments, cells were
washed 1 time with cold PBS, collected and homogenized in 50 mmol/L Tris-HCI
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(pH 7.5), containing 1% Triton X-100, 10 mmol/L EDTA and protease inhibitor
cocktail (1:100) and were sonicated for 10 s. For SSAO activity determinations,
the homogenization buffer was 100 mmol/L Tris-HCIl, pH 9, and containing
protease inhibitors. To obtain concentrated culture medium samples, culture
media were collected after cell treatments and centrifuged at 4400 g for 10
minutes to eliminate dead cells and debris. Then media samples were dried out
by evaporation in a Refrigerated CentriVap Concentrator (Labconco) and
reconstituted in a smaller, known volume of distilled H,O to obtain ten-fold

concentrated culture medium.
11. The sub-cellular fractionations of hCMEC/D3 hSSAO/VAP-1

To obtain membrane-enriched fractions, cells were collected and homogenized in
10 mM HEPES, 1.5 mM MgCl, and 10 mM KCI buffer at pH 7.9, containing
protease inhibitors cocktail. After a centrifugation at 2000 g for 15 min at 4°C, the
obtained supernatant was ultracentrifuged at 100000 g (Sorvall Discorvery M120
SE) for 30 min at 4°C to separate the soluble cytosolic fraction from the pellet

containing the membrane-enriched fraction.

To obtain lipid raft-enriched fractions, cells were scraped in PBS, and recovered
through a 5 min at 800 g centrifugation. Then the pellet was reconstituted in 450
ML of 50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA and 1% Brij 98 buffer at pH
7.2, containing protease inhibitors cocktail. After 15 min incubation at 37°C under
continuous agitation samples were centrifuged for 10 min at 2000 g to discard
nuclei. The supernatants were mixed with 450 pL of 90% sucrose in Tris-HCI
buffer to obtain a 45% sucrose fraction, which were deposited at the bottom of
ultracentrifuge tubes. Two additional fractions of 35% (2 mL) and 5% (0.8 mL)
sucrose were added to the former to generate a sucrose gradient, and then the
samples were centrifuged for 19 h at 120000 g. Ten 370 puL-fractions were
recovered and analysed by western blot to identify the lipid raft and soluble

membrane-enriched fractions.
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12. Antibodies and western blot analysis

The antibodies used were: mouse anti-Bcl-2 (BD Biosciences, 1:1000), rabbit
anti-Bax (Cell Signaling, 1:1000), rabbit anti-cleaved caspase-3 (Cell Signaling,
1:1000), rabbit anti-VAP-1 (Abcam, 1:1000), rabbit anti-bovine SSAO (1:1000)
(Lizcano et al., 1998), rabbit anti-caspase-12 (Abcam, 1:1000), mouse-anti-
GRP78 (BD Biosciences, 1:1000), mouse anti-caspase-8 (BD Biosciences,
1:1000), rabbit anti-IGF1-R (insulin-like growth factor 1 receptor) (Santa Cruz
Biotechnology, 1:1000), mouse anti-Flotillin-1 (BD Biosciences, 1:1000), mouse
anti-Tf Rec (ZYMED, 1:1000), rabbit anti-P-selectin (BioVision, 1:1000), rabbit
anti-E-selectin (Santa Cruz, 1: 500), rabbit anti-VCAM-1 (Epitomics, 1:1000),
rabbit anti-ICAM-1 (GeneTex, 1:1000), rabbit anti-NOS-2 (Santa Cruz, 1:1000),
rabbit anti-COX-2 (Santa Cruz, 1:1000), goat anti-SOD-1 (Santa Cruz, 1:1000),
rabbit anti-IkB-a (Santa Cruz, 1:1000), rabbit anti-BACE1(Abcam, 1:1000), rabbit
anti-LRP-1 (Epitomics, 1:1000), rabbit anti-RAGE (Epitomics, 1:1000), mouse
anti-APP 20.1 (W.E. Van Nostrand, Stony Brook University, NY, USA; 1:1000),
mouse  anti-B-actin (Sigma-Aldrich, 1:5000), mouse  anti-GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (Ambion-Invitrogen, 1:20000),
HRP (horseradish peroxidase)-conjugated anti-rabbit IgG (BD Biosciences,
1:1000); HRP anti-mouse IgG (Dako, 1:1000), HRP anti-goat IgG (Pierce, 1:
2000). A complete relation of the antibodies used with their concentrations and

reference numbers has been included as Annex I.

Equal amounts of protein (20 ug/lane) determined by the Bradford method, or
equal volumes of media (45 pL/lane) were separated by SDS/PAGE and
transferred onto nitrocellulose membranes. Membranes were blocked for 1 h with
TBS/0.1%-Tween buffer containing 5% (w/v) non-fatty milk and incubated
overnight at 4°C with the corresponding primary antibodies diluted in TBS/0.1%-
Tween buffer containing 5% (w/v) non-fatty milk. After incubation with the
secondary antibodies diluted in TBS/0.1%-Tween buffer containing 5% (w/v) non-

fatty milk, blots were developed using ECL® Chemoluminiscent detection

76



MATERIAL AND METHODS

reagents and High Performance Chemiluminiscence Films (GE Healthcare). The

ImageJ software was used to quantify the western blot signals.
13. MAO-A and MAO-B enzymatic activity determination

For MAO-A and MAO-B activity determinations, cells were collected and
homogenized in 50 mM potassium phosphate buffer, pH 7.4, and containing
protease inhibitors cocktail. Enzymatic activities were determined radiochemically
by using a modification of the Otsuka and Kobayashi method (Otsuka et al.,
1964). Briefly, ['“C]-Benzylamine hydrochloride (100 pM and 2 mCi/mmol,
American Radiolabeled Chemicals) was used as substrate for MAO-B, and 1 mM
semicarbazide (SC) was added to avoid SSAO activity interference. A 30-min
inhibitory pre-treatment of samples was performed at 37°C with 1 mM SC.
Moreover, 1 uM of deprenyl (Dep) was used to specifically inhibit MAO-B activity.
For MAO-A activity determination, 5-[2-'*C]-hydroxytryptamine binoxalate ('*C-5-
HT; 100 uM, 0.5mCi/mM; Perkin Elmer) was used as substrate and 1 pM of
clorgyline (Clor) was used to specifically inhibit MAO-A activity. Reactions were
performed at 37°C for 90 minutes (MAO-B) or 30 minutes (MAO-A) in a final
volume of 200 pL of 50 mM potassium phosphate buffer, pH 7.4, and started by
subsequently adding 25 uL of substrates to the 200 pL of reaction system. Two
to three hundred ug of cell lysates were used in each reaction. Reaction was
stopped by adding 100 pL of 2 M citric acid. The ['*C]-aldehyde products were
extracted into 4 mL of toluene/ethylacetate (1:1, v/v) solution containing 0.6%
(w/v) of diphenyloxazole per vial. The amount of ["C]-aldehyde was quantified
using a Tri-Carb 2810TR liquid scintillation counter (Perkin Elmer) and the
Quanta Smart 3.0 software (Perkin Elmer). Cell lysate activities are expressed as

pmol/min per mg of protein.

14. SSAO enzymatic activity determination

For SSAO activity determinations, cells were collected and homogenized in 100
mM Tris-HCI, pH 9, and containing protease inhibitors cocktail. Enzymatic activity
was determined radiochemically by using a modification of the Otsuka and
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Kobayashi method (Otsuka et al, 1964). Briefly, ['“C]-Benzylamine
hydrochloride (100 uM and 2 mCi mmol™', American Radiolabeled Chemicals)
was used as substrate, and 1 uM Dep (deprenyl) was added to avoid monoamine
oxidase (MAO) B interference. For cell lysates, 80-100 pg of HUVEC
hSSAO/VAP-1 or hCMEC/D3 hSSAO/VAP-1 cell lysates were used in each
reaction and a 30-minutes inhibitory pre-treatment of samples was performed at
37°C with 1 uM Dep or Dep plus different concentrations of DPH-4. Especially,
when analysed the inhibitory ability of simvastatin towards SSAO activity, 150 ug
of HUVEC hSSAO/VAP-1 cell lysates were used in each reaction and a 1-hour
inhibitory pre-treatment of samples was performed at 37°C with 1 yM Dep or Dep
plus different concentrations of simvastatin. For media samples, 45 uL of ten-fold
concentrated media were used in each reaction. Reactions were performed at
37°C for 120 minutes in 100 mM Tris-HCI buffer, pH 9.0, by adding 25 pL of
substrate to the 200 uL of reaction. Reaction was stopped by adding 100 pL of 2
mol/L citric acid. The ["“C]-aldehyde products were extracted into 4 mL of
toluene/ethylacetate (1:1, v/v) solution containing 0.6% (w/v) of diphenyloxazole.
The amount of ['“CJ-aldehyde was quantified using a Tri-Carb 2810TR liquid
scintillation counter (Perkin Elmer) and the Quanta Smart 3.0 software (Perkin
Elmer). Cell culture media activities are expressed as pmol/min per mL of

medium.

15. Statistical analysis

Results are given as means + SEM for independent experiments. Statistical
analyses were performed by one-way ANOVA and further Newman-Keuls
multiple comparison test. For the rat brain tissue samples, statistical analyses
were performed by two-way ANOVA and further Newman-Keuls multiple
comparison test. For the correlation between infarct volume and soluble SSAO,
Pearson correlation coefficients were computed and linear regression was
calculated. P<0.05 was considered to be statistically significant. Statistical
analyses and graphic representations were obtained by using the GraphPad
Prism 3.0 or 6.0 software (Inc, San Diego, CA, USA).

78



RESULTS

IV. RESULTS

79



RESULTS

80



RESULTS

Chapter I:

“Involvement of SSAO/VAP-1 in Oxygen-glucose
Deprivation-mediated Damage Using the Endothelial
hSSAO/VAP-1-expressing Cells as an Experimental Model
of Cerebral Ischemia

81



RESULTS

82



Original Paper

Cerebrovascular
Diseases

Cerebrovasc Dis 2014;37:171-180
DOI: 10.1159/000357660

Received: July 22, 2013
Accepted: December 2,2013
Published online: February 5, 2014

Involvement of SSAO/VAP-1 in Oxygen-Glucose
Deprivation-Mediated Damage Using the
Endothelial hSSAO/VAP-1-Expressing Cells as an
Experimental Model of Cerebral Ischemia

Ping Sun Montse Solé Mercedes Unzeta

Institut de Neurociéncies i Departament de Bioquimica i Biologia Molecular, Facultat de Medicina, Universitat

Autonoma de Barcelona, Bellaterra, Barcelona, Spain

Key Words
Adhesion proteins - Endothelial cells - Metalloproteinase
activity - SSAO - VAP-1 - Stroke - Vascular damage

Abstract

Background: In the acute phase of ischemic stroke, endo-
thelial cells are activated and induce the expression of adhe-
sion molecules. Vascular adhesion protein 1 (VAP-1) is a pro-
inflammatory protein that mediates leukocyte recruitment
through its semicarbazide-sensitive amine oxidase (SSAO)
activity (EC 1.4.3.21). Plasmatic SSAO activity predicts the ap-
pearance of parenchymal hemorrhages after tissue plasmin-
ogen activator treatment in ischemic stroke patients, and it
is increased as well in hemorrhagic stroke patients. The aim
of this study has been to elucidate the role of SSAO/VAP-1
present in endothelial cells during ischemic stroke condi-
tions. Methods: Based on the use of endothelial cells ex-
pressing, or not expressing, the human SSAO/VAP-1 protein,
we have set up an easy ischemic model using oxygen-glu-
cose deprivation (OGD) as an experimental approach to the
stroke process. Different OGD and reoxygenation conditions
have been analyzed. Western blotting has been used to ana-
lyze the activated apoptotic pathways. Several metallopro-
teinase inhibitors were also used to determine their role in
the SSAO/VAP-1 release from the membrane of endothelial

cells to the culture media, as a soluble form. Adhesion assays
were also performed in order to assess the SSAO/VAP-1-de-
pendent leukocyte adhesion to the endothelia under differ-
ent OGD and reoxygenation conditions. Results: Our results
show that SSAO/VAP-1 expression increases the susceptibil-
ity of endothelial cells to OGD, and that its enzymatic activ-
ity, through specific substrate oxidation, increases vascular
cell damage under these experimental conditions. Cas-
pase-3 and caspase-8 are activated during the death pro-
cess. In addition, OGD constitutes a stimulus for soluble
SSAO/VAP-1 release, partly mediated by metalloproteinase-
2-dependent shedding. Short-time OGD induces SSAO/VAP-
1-dependent leukocyte binding on endothelial cells, which
is partly dependent on its enzymatic activity. Conclusions:
Our results show that SSAO/VAP-1 could participate in some
of the processes occurring during stroke. Its expression in
endothelial cells increases the OGD-associated cell damage.
SSAO/VAP-1 mediates also part of the tissue damage during
the reoxygenation process by oxidizing its known enzymat-
ic substrate, methylamine. Also, OGD constitutes a stimulus
for its soluble-form release, found elevated in many patho-
logical conditions including stroke. OGD induces SSAO-de-
pendent leukocyte-binding activity, which may have conse-
quences in disease progression, since leukocyte infiltration
has shown a determinantrole in cerebral ischemia. Forall the
stroke-related processes in which SSAO/VAP-1 participates,
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it would be an interesting therapeutic target. Therefore, this
model will be a very useful tool for the screening of new mol-
ecules as therapeutic agents for cerebral ischemia.

© 2014 S. Karger AG, Basel

Introduction

Ischemic stroke occurs after a cerebral blood flow dis-
ruption, leading to cellular death and tissue damage due
to the lack of glucose and oxygen supply [1]. Worldwide,
stroke constitutes the second leading cause of death, with
a higher incidence in old people. Inflammation and oxi-
dative stress accumulated during human aging negatively
influence the damages following a stroke incident [2].
The immune system may contribute to infarct progres-
sion [3]. Endothelial cells activated by hypoxia during
stroke produce free radical species and induce the expres-
sion of adhesion molecules such as vascular adhesion
protein 1 (VAP-1). These molecules mediate the recruit-
ment of leukocytes, which infiltrate through the blood-
brain barrier (BBB) to the injured tissue, inducing cell
damage due, in part, to their cytokine release.

VAP-1 is a homodimeric glycoprotein with enzymatic
function that binds leukocytes through its semicarbazide-
sensitive amine oxidase (SSAO) activity (EC 1.4.3.21) [4,
5]. As an enzyme, SSAO/VAP-1 metabolizes primary
amines producing aldehydes, hydrogen peroxide (H,0,)
and ammonia. SSAO may also use free amino groups
present on the surface of leukocytes as substrates, thereby
mediating leukocyte recognition, rolling, adhesion and
transmigration through the endothelium. H,O, pro-
duced by SSAO activity induces expression of other pro-
inflammatory proteins, and mediates other SSAO func-
tions [6]. On the other hand, H,0, and formaldehyde are
able to induce cellular damage when overproduced [7].

SSAO/VAP-1 presence at the cell membrane or in sol-
uble form, released into blood plasma, is altered in sev-
eral human pathologies [8-14] including cerebral isch-
emia [15]. The mediators that induce these alterations in
SSAQO/VAP-1 levels are still unknown, but it is believed
thatincreased SSAO/V AP-1 levels contribute to the phys-
iopathology of these diseases by overproducing harmful
agents [16-18]. In addition, human plasma SSAO activ-
ity is a strong predictor of parenchymal hemorrhages af-
ter tissue plasminogen activator treatment in ischemic
stroke patients [19], and plasma SSAO activity, also ele-
vated in hemorrhagic stroke patients, predicts their neu-
rological outcome [20]. Despite this evidence, the role of
SSAO/VAP-1 in stroke is still far from clear. Therefore,
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our aim has been to elucidate the molecular mechanisms
in which SSAO/VAP-1 is involved during stroke in order
to establish whether its inhibition could have a therapeu-
tic benefit, as previously suggested [19]. SSAO/VAP-1 ex-
pression is lost in cultured cells, so we had previously set
up immortalized cell lines stably expressing human
SSAO/VAP-1 [21, 22], which allow an in-depth study of
the involvement of this enzyme in stroke and other pa-
thologies mentioned above. In this study, we describe that
SSAO/VAP-1 expression and activity contribute to endo-
thelial cell damage and to leukocyte binding to the endo-
thelium during oxygen-glucose deprivation (OGD), used
as an experimental model of ischemic stroke.

Material and Methods

Cell Culture and Treatments

The wild-type (WT) human umbilical vein endothelial cells
(HUVEC) were a gift from Dr. F.J. Muiioz (Universitat Pompeu
Fabra, Barcelona, Spain). Human SSAO/VAP-1-transfected
HUVEC (hSSAO/VAP-1 HUVEC) were previously developed in
our group [22]. WT HUVEC were used as control cells throughout
this study, since they do not express SSAO/VAP-1, as proven by
Solé and Unzeta [22]. HUVEC were cultured as detailed by Solé and
Unzeta [22]. THP1 cells were obtained from the American Type
Culture Collection and grown in RPMI 1640 medium (Invitrogen)
supplemented with 10% FBS. For cell viability and adhesion assays,
HUVEC were seeded at 40,000 cells/ml (WT) and 53,200 cells/ml
(hSSAO/VAP-1), adding treatments after 48 h. For immunoblot
analyses, cells were seeded at 51,000 cells/ml (WT) and 68,000 cells/
ml (hSSAO/VAP-1), and grown to 80-90% confluence before
treatment. All reagents were purchased from Sigma-Aldrich, unless
specified otherwise. Recombinant VAP-1 (rVAP-1) was a kind gift
from Dr. D.J. Smith and Biotie Therapies Corp. (Turku, Finland).

Combined Oxygen and Glucose Deprivation

OGD treatment was performed in glucose-free Hank’s bal-
anced salt solution (HBSS; 116 mmol/l NaCl, 5.4 mmol/l KCI,
0.8 mmol/l MgSO,, 1 mol/l NaH,PO,, 1.8 mmol/l CaCl, and
26.2 mmol/l NaHCO3; pH 7.4), introducing cells into a tempera-
ture-controlled (37 + 1°C) Invivo, hypoxia workstation (Ruskinn)
containing a gas mixture composed of 5% CO,, 95% N, and
0.5% O,. Control cells were maintained in the incubator under
normoxic conditions (5% CO,/95% air) in HBSS containing
5 mmol/l glucose. In experiments performing reoxygenation, cells
undergoing OGD were returned to normoxic conditions, replac-
ing HBSS by serum-free cell culture medium (containing glucose)
and adding any treatment present during OGD. In experiments
analyzing soluble SSAO/V AP-1 release, HBSS was not replaced for
the reoxygenation period, but glucose was added to OGD plates.

Cell Viability Assay

Cell viability was determined by the MTT (3-[4,5-dimethylthi-
azol-2-yl]-2,5-diphenyltetrazolium bromide) reduction method.
Briefly, cells were incubated in 0.5 mg/ml MTT for 4 h at 37°C
after treatment. The medium was then replaced by dimethyl sulf-
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oxide to dissolve the blue formazan precipitate, and it was spectro-
photometrically quantified at 560 and 620 nm in a microplate
reader (LabSystems Multiskan RC) [23].

Lactate Dehydrogenase Release Assay

The extent of lactate dehydrogenase (LDH) release into the me-
dium was assessed using the TOX7 kit, following the manufac-
turer’s instructions. Briefly, culture media were collected after
treatments, centrifuged at 800 g for 10 min at4°C to eliminate dead
cells, and directly used for LDH determination or stored at -80°C
to be processed later.

Cell Lysates and Concentrated Culture Medium

Cells were homogenized in 50 mmol/l Tris-HCI (pH 7.5), con-
taining 1% Triton X-100, 10 mmol/l EDTA and a protease inhibi-
tor cocktail (1:100) and were sonicated for 10 s. For SSAO activity
determination, the homogenization buffer was 100 mmol/l Tris-
HCI (pH 9), containing protease inhibitors. For immunoblot anal-
yses, the culture media were centrifuged at 4,400 g for 30 min to
eliminate dead cells and debris, then dried out by evaporation in a
Refrigerated CentriVap Concentrator (Labconco) and reconsti-
tuted in a smaller, known volume of distilled H,O.

Immunoblot Analyses

Equal amounts of protein (20 ug/lane) determined by the
Bradford method, or equal volumes of medium were separated
by SDS-PAGE and transferred onto nitrocellulose membranes.
The membranes were blocked for 1 h with TBS/0.1% Tween buf-
fer plus 5% (w/v) nonfat dried milk and incubated overnight at
4°C with the corresponding primary antibodies. After incuba-
tion with the secondary antibodies, blots were developed using
ECL® Chemoluminiscent detection reagents and High Perfor-
mance Chemiluminiscence Films (GE Healthcare). The Image]
software was used to quantify Western blot signals. The antibod-
ies used were: mouse anti-Bcl-2 (1:1,000; BD Biosciences); rabbit
anti-Bax (1:1,000; Cell Signaling); rabbit anti-cleaved caspase-3
(1:1,000; Cell Signaling); rabbit anti-VAP-1 (1:1,000; Abcam);
mouse anti-B-actin (1:5,000; Sigma-Aldrich); mouse anti-flotil-
lin (1:1,000; BD Biosciences); mouse anti-caspase-8 (1:1,000; BD
Biosciences); HRP (horseradish peroxidase)-conjugated anti-
rabbit IgG (1:2,000; BD Biosciences); and HRP anti-mouse IgG
(1:2,000; Dako).

Enzymatic Analyses

SSAO/VAP-1 enzymatic activity was determined radiochemi-
cally using a modification of the Otsuka and Kobayashi method
[24]. [**C]-benzylamine hydrochloride (100 pmol/l and 2 mCi/
mmol; Amersham) was used as substrate, and 1 pmol/l deprenyl
was added to avoid monoamine oxidase B interference. Reactions
were performed at 37°C for 180 min in 100 mmol/I Tris-HCI buf-
fer (pH 9.0), adding 25 pl of substrate to the 200 pl of reaction; 45
pl of 10-fold concentrated medium were used in each reaction. The
reaction was stopped by adding 100 pul of 2 mol/l citric acid. The
[*C]-aldehyde products were extracted into 4 ml of toluene/ethyl
acetate (1:1, v/v) solution containing 0.6% (w/v) of diphenyloxa-
zole. The amount of [*C]-aldehyde was quantified using a Tri-
Carb 2810TR Liquid Scintillation counter (PerkinElmer) and the
Quanta Smart 3.0 software (PerkinElmer). Cell culture medium
activities are expressed as picomole per minute per milliliter of
medium.

SSAO/VAP-1 Involvement in Stroke

Adhesion Assays

After treatment, cells were incubated with 1 umol/l calcein
AM-labelled THP1 monocytes (2.5 x 10°/24-well plate) for 30 min
at 37°C. Then, unbound monocytes were removed by carefully
washing the plates at least 3 times with FBS-free RPMI 1640 me-
dium. Fluorescence intensity was measured using a fluorescence
microplate reader (Aex/Aem: 495/530 nm). Results are represented
as the percentage of fluorescence units, referring values to those
obtained for the nontreated WT HUVEC.

Statistical Analysis

Results are given as means + SEM for independent experi-
ments. Statistical analyses were performed by one-way ANOVA
and, further, Newman-Keuls multiple comparison test. p < 0.05
was considered to be statistically significant. Statistical analyses
and graphic representations were obtained by using the GraphPad
Prism 3.0 program.

Results

OGD with Reoxygenation Induces Apoptosis in

hSSAO/VAP-1-Expressing Cells, while WT Cells

Remain More Resistant

Both HUVEC types underwent different OGD times
(1-24 h). Cell viability, measured by MTT, progressively
decreased with OGD time, although no differences were
observed between the two cell types (fig. 1a). When dif-
ferent time periods of reoxygenation (0-24 h) were add-
ed to 24 h of OGD (fig. 1b), increased cell death was ob-
served with longer reoxygenation times in SSAO/VAP-
1-expressing cells. The MTT results were corroborated
by LDH release measurement (fig. 1c). The presence of
the caspase-3 active fragment in lysates was then deter-
mined to assess the possible activation of apoptotic cell
death, as caspase-3 is one of the main executor caspases
(fig. 1d, e). The immunoblots showed almost no cas-
pase-3 cleavage in WT cells, while it was clearly ob-
served in hSSAO/VAP-1-expressing cells. The Bax/Bcl-2
ratio was also measured as the mitochondrial pro-/anti-
apoptotic balance, since the mitochondrial factors can
induce caspase-3 activation (fig. 1d, f). The ratio in-
creased after 24 h of OGD with 15-hour reoxygenation
in hSSAO/VAP-1 cells, while WT cells remained unal-
tered. However, the maximum caspase-3 levels occurred
earlier than the increase in Bax/Bcl-2 ratio. Reticular
stress pathway activation was also studied by immunob-
lots of GRP78 and caspase-12, but their levels changed
only with long-time treatment (data not shown). On the
other hand, caspase-8 cleavage increased at times com-
parable with those at which caspase-3 cleavage occurred

(tig. 1g, h).
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Fig. 2. Metabolism of MA in OGD with reoxygenation conditions
induces a reduction in endothelial cell viability, prevented by
SSAO activity inhibitors. WT HUVEC and hSSAO/VAP-1
HUVEC were subjected to OGD for 24 h, followed by 7 h of re-
oxygenation (OGD + Reox), and cell viability was assessed by
MTT. MA (1 mmol/l) and the SSAO inhibitors SC (1 mmol/I)
and phenelzine (PLZ; 100 nmol/l) were added before OGD and
maintained during reoxygenation. Nontreated cells in normoxic
conditions were used as control cells. Statistical analyses were
performed by one-way ANOVA and the Newman-Keuls multi-
ple comparison test. Data are expressed as means + SEM from at
least 3 independent experiments. * p < 0.05, *** p < 0.001, vs.
control cells of the corresponding cell type; ## p < 0.001 vs.
hSSAO/VAP-1 HUVEC treated with MA and subjected to
OGD + Reox.

Fig. 1. Different duration of OGD or OGD with reoxygenation
(Reox) induces WT and hSSAO/VAP-1 HUVEC death with apop-
tosis activation. MTT (a, b) and LDH release (c) were used to as-
sess cell death under the different conditions assayed. Western
blots (d) and their corresponding quantifications are shown for
cleaved caspase-3 (e) and for the Bax/Bcl-2 ratio as a reference of
mitochondrial pro-/antiapoptotic proteins (f). Western blots (g)
and their quantifications are also shown for cleaved caspase-8 (h).
Cells without OGD maintained under normoxia conditions for
24 h were considered control cells. Statistical analyses were per-
formed by one-way ANOVA and Newman-Keuls multiple com-
parison test. Data are expressed as means + SEM from at least 3
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, vs.
control of the corresponding cell type; # p < 0.05, ### p < 0.001, vs.
OGD 24 h without reoxygenation of the corresponding cell type;
&p <0.05, %88 p <0.001, vs. WT HUVEC in the same experimen-
tal condition.

SSAO/VAP-1 Involvement in Stroke

The Catalytic Activity of SSAO/VAP-1 Contributes to

the Cell Death Observed in OGD with Reoxygenation

Conditions

In order to elucidate whether SSAO/VAP-1 activity is
involved in OGD-induced endothelial cell death, methyl-
amine (MA; 1 mmol/l), as SSAO/VAP-1 substrate, was
added to the cultures and cell viability was assessed
(fig. 2). MA induced significant cell viability loss in
hSSAO/VAP-1-expressing cells: a 25% decrease over the
cell viability was observed in presence of the substrate. As
expected, no effect was evident in WT cells. This effect
was prevented by semicarbazide (SC; 1 mmol/l) or phen-
elzine (100 nmol/l), specific SSAO/VAP-1 inhibitors.

Endothelial Cells under OGD and Reoxygenation

Release Soluble SSAO/VAP-1, and Matrix

Metalloproteinase-2 Partly Mediates the Shedding

The soluble SSAO/VAP-1 form derives from shed-
ding of the transmembrane protein, and this is elevated
in pathologic conditions including stroke. In order to
elucidate whether stroke constitutes a stimulus for re-
leasing SSAO/VAP-1, its presence in culture medium
was assessed after subjecting hSSAO/VAP-1 cells to
OGD and reoxygenation (fig. 3a). A band at the expect-
ed molecular weight showed up when cells were subject-
ed to 24 h of OGD with 7 h of reoxygenation. Flotillin-1
was used as a control of cell debris absence in the media.
When the membrane-bound form was analyzed (fig. 3b),
a progressive decrease in SSAO/VAP-1 presence was ob-
served, correlating with the appearance of the soluble
form in the medium and therefore corroborating the re-
lease of the protein. By adding rVAP-1 as an internal
standard, the amount of SSAO/V AP-1 released could be
quantified (fig. 3c). A value around 10 ng/ml was calcu-
lated to be present in the culture medium under the
highest-releasing condition (24-hour OGD with 7-hour
reoxygenation). SSAO enzymatic activity was also deter-
mined in the culture media (fig. 3d), which indicated the
functionality of the soluble protein as it is found in blood
plasma.

Matrix metalloproteinases (MMP) are activated and
play an important role in extracellular matrix destruction
in stroke [25]. Among them, MMP-2 seems to be more
strongly associated with endothelial cells [26, 27]. On the
other hand, batimastat (BB-94) is a broad-spectrum
MMP inhibitor that has shown an effect in preventing the
SSAO/VAP-1 release by adipocytes [28]. Given the
closeness of all these players in the stroke condition, we
analyzed the possible role of MMP in SSAO/VAP-1
shedding during stroke. Batimastat BB-94 (5 pmol/l) or a
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Fig. 3. MMP are involved in the release of soluble SSAO by hSSAO/
VAP-1 endothelial cells subjected to 24-hour OGD with 7-hour re-
oxygenation (OGD + Reox). Data in graphs are expressed as means +
SEM and represent data obtained from at least 3 independent ex-
periments. * p < 0.05, *** p < 0.001, vs. control cells (nontreated,
normoxia); ¥ p < 0.05, ¥ p < 0.01, ### p < 0.001, vs. nontreated
OGD + Reox cells, by one-way ANOVA and Newman-Keuls mul-
tiple comparison test. a Presence of soluble SSAO/VAP-1 in corre-
sponding 10-fold-concentrated culture media under different OGD
times and OGD + Reox. b Presence of membrane-bound SSAO/
VAP-1 in hSSAO/VAP-1 HUVEC lysates under the same experi-
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mental conditions than in a. ¢ Quantification of release of soluble
SSAO in culture media. Addition of rVAP-1 was used as the refer-
ence for quantification. d Enzymatic activity by SSAO present in
concentrated media obtained under the indicated OGD and reoxy-
genation times. SSAQ activity was analyzed by radiometric method,
using *C-benzylamine as a substrate. € SSAO/VAP-1 presence in
10-fold-concentrated culture media from cells subjected to OGD +
Reox in the presence of 5 pmol/l batimastat or 0.1-10 pmol/l MMP-
2 inhibitor IV. f Membrane-bound SSAO/VAP-1 levels in lysates
from which media were previously analyzed. b, f The presence of
membrane-bound SSAO was normalized to the B-actin levels.
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specific MMP-2 inhibitor (MMP-2 inhibitor IV; 0.1-10
umol/l; Millipore) was added to the hSSAO/VAP-1-
expressing cells subjected to 24 h of OGD and 7 h of
reoxygenation, and the presence of soluble SSAO/VAP-1
in cell culture media was determined (fig. 3e). Batimastat
addition (ICsy = 20 nmol/l for MMPs) decreased SSAO/
VAP-1 release by 45%, although it was not completely
abolished. MMP-2 inhibitor IV (ICsy = 0.037 pmol/l for
MMP-2, 1C5y = 0.32 umol/l for MMP-8 and ICs, >
1 umol/l for MMP-9) [29] also led to a 45% reduction in
the presence of 0.5 umol/l of the inhibitor, not changing
significantly at higher concentrations. The shedding
pattern observed with the membrane-bound SSAO/
VAP-1 was also complementary to that obtained for the
soluble form (fig. 3f).

SSAO/VAP-1 Participates in Leukocyte Adhesion to

the Endothelium under OGD

Binding of circulating inflammatory cells to endothe-
lia for their infiltration into brain tissue after stroke, es-
pecially neutrophils, has been associated with BBB deg-
radation and hemorrhage occurrence [30]. Given the
ability of SSAO/VAP-1 to mediate polymorphonuclear
cell extravasation [31], leukocyte binding was assessed
in our experimental model. A shorter OGD time (5 h)
was selected for these experiments, since longer OGD
periods induce endothelial cell death. MA and SC were
added since the SSAO enzymatic activity mediates its
adhesion function. As figure 4 shows, SSAO/VAP-1-ex-
pressing cells bound a significantly high number of leu-
kocytes under these conditions, while almost no THP1
adhesion is observed in WT cells. A slight increase in
THP1 adhesion is also observed in MA treatment under
normoxic conditions, and in both cases, SC prevents this
proinflammatory effect. The OGD stimulus alone does
not induce significant leukocyte adhesion, only a trend,
which indicates the dependence of this effect on SSAO
substrate metabolism. The presence of the adhesion
proteins SSAO/VAP-1, intracellular adhesion molecule
1 (ICAM-1) and vascular cell adhesion molecule 1
(VCAM-1) was also analyzed in these conditions, since
SSAO/VAP-1 activity induces the expression of other
adhesion molecules. No SSAO/VAP-1 or VCAM-1
changes were observed among the sequential OGD
times studied in both HUVEC, while ICAM-1 progres-
sively decreased in hSSAO/V AP-1-expressing cells after
OGD (data not shown). VCAM-1 and ICAM-1 basal ex-
pression was higher in hSSAO/VAP-1 cells than in WT
cells.
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Fig.4. OGD treatment induces leukocyte binding to hSSAO/V AP-
1 HUVEC in the presence of SSAO substrate. Calcein AM-labelled
THP1 leukocytes were incubated for 30 min with endothelial cells
previously subjected to 5 h of OGD or normoxia in the presence
of the SSAO substrate MA (3 mmol/l) or/and its inhibitor SC
(1 mmol/l). After washing the plates to discard nonbound THP1
cells, the fluorescence of the remaining bound cells was measured
at Aey/Aem 0of 495/530 nm. Nontreated WT cells under normoxic
conditions were considered controls. Data are expressed as
means + SEM from at least 3 separate experiments. * p < 0.05 vs.
hSSAO/VAP-1 HUVEC treated with MA under normoxia; # p<
0.05 vs. hSSAO/VAP-1 HUVEC treated with MA under OGD, by
one-way ANOVA and Newman-Keuls multiple comparison test.

Discussion

Cerebrovascular diseases, and mainly stroke, affect 15
million people worldwide each year, leading to a high
number of deaths and permanently disabled people and
entailing huge economic costs. Contributions aimed at
preventing or improving the effects of stroke are urgently
needed. In this work we studied, at the molecular level,
the role of the enzyme SSAO/VAP-1 in stroke physiopa-
thology. We aimed to provide new knowledge about the
mechanisms participating in stroke, as well as to propose
SSAO/VAP-1 as a new therapeutic target to fight this
disease.

The SSAO/V AP-1 presence in human cerebrovascular
tissue [32-34] makes this enzyme a very interesting pro-
tein for study in brain vascular disorders, especially in
stroke [15]. In addition, SSAO/VAP-1 mediates leuko-
cyte adhesion and transmigration [31, 35], which partake
in stroke pathology progression, and its activity is elevat-
ed in ischemic and hemorrhagic stroke.
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Using our in vitro endothelial cellular models [22], we
have standardized the OGD plus reoxygenation condi-
tions to study cell viability loss. Our results show that cells
expressing hSSAO/VAP-1 display a higher sensitivity to
OGD plus reoxygenation-mediated cell damage than do
WT cells, especially when reoxygenation is applied. A
possible explanation for this higher susceptibility could
be the metabolism of other endogenous, unknown SSAO
substrates that are able to continuously generate poten-
tially harmful agents. Actually, a similar effect was ob-
served in livers of SSAO/VAP-1-overexpressing mice,
which displayed an increased expression of oxidative-
state sensor proteins [36]. More interestingly, when an
SSAO substrate is added, cell death after OGD and re-
oxygenation significantly increases, while it does not oc-
cur under normoxia. These data confirm the involvement
of SSAQ activity in this experimental ischemic model, but
also suggest that SSAO enzymatic activity could be punc-
tually enhanced under ischemic conditions in humans,
maximizing these effects. In the in vivo situation, it is rea-
sonable to think that the formaldehyde and H,O, gener-
ated by SSAO activity could contribute to oxidative stress,
a key deleterious factor in brain ischemia and reperfusion
[37], and directly contribute to apoptosis or necrosis [38].

When analyzing the observed cell death, an increase in
caspase-3 cleavage can be determined, indicating activa-
tion of an apoptotic cell pathway. The mitochondria or
reticular stress pathway do not seem to be relevant in this
process, since proteins associated with these molecular
pathways, such as Bax/Bcl2 or GRP78 and caspase-12,
vary their levels a long time after caspase-3 activation oc-
curs. On the other hand, caspase-8 cleavage was detected
at times comparable with those at which cleaved cas-
pase-3 increased, suggesting a possible contribution of
the death receptor-associated pathway to the cell death
observed in this model. This pathway could secondarily
activate the mitochondria.

SSAO/VAP-1 exists in two isoforms, a membrane-
bound and a soluble one, which are presumably origi-
nated by a shedding process in humans. Some authors
have reported that 3T3-L1 adipocytes are able to release
soluble SSAO by an MMP-dependent shedding mecha-
nism [28], whereas batimastat, a broad-spectrum MMP
inhibitor, avoided any SSAO release. In the periinfarcted
region of stroke patients’ brains, a decrease in the fre-
quency of SSAO/VAP-1-containing vessels has been
found [19, 20]. In this regard, it has been suggested that
mediators present in cerebrovascular pathologies such as
stroke could become a stimulus to activate SSAO/VAP-1
shedding. Consistent with this hypothesis, soluble SSAO/
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VAP-1 release was observed in our stroke experimental
model after OGD with reoxygenation. Interestingly, the
maximal increase in plasma SSAO activity in hemorrhag-
ic stroke patients is observed 4-6 h after symptom onset
[20]. In our experimental model, soluble SSAO/VAP-1
release was mainly observed after reoxygenation, at simi-
lar time points than in humans, and matching the stron-
gest occurrence of endothelial cell death. In this context,
SSAO/VAP-1 present in plasma is increased in some dis-
eases associated with vascular complications, where both
its proinflammatory action and its toxic catalytic prod-
ucts are related to vascular damage [16, 17, 39]. There-
fore, the SSAO/VAP-1 released could not only locally en-
hance endothelial cell damage through its own catalytic
action, but also bring it to other cerebral regions through
the bloodstream, and contribute to a BBB breakdown.

Based on these previous findings and the knowledge
that MMP are activated during stroke — where they are as-
sociated with the appearance of hemorrhagic transforma-
tion events — the involvement of MMP in SSAO/VAP-1
shedding under OGD conditions was assessed. The exact
cellular source of MMP remains unknown; brain endo-
thelium, astrocytes, neurons and inflammation-activated
cells such as neutrophils may release different types of
metalloproteinases [40]. However, MMP-2 seems to be
more strongly associated with endothelial cells [27], so it
was studied in particular. Identical results were obtained
using different MMP inhibitors: the unspecific batimastat
BB-94 and the specific MMP-2 inhibitor. These results
point out that MMP-2 could be partly responsible for the
SSAO/VAP-1 shedding in our experimental model. How-
ever, given the MMP-2 inhibitor concentrations used -
close to the ICs, values for both MMP-2 and MMP-8
[29] - and the fact that SSAO/V AP-1 sheddingis not com-
pletely abolished, it is reasonable not to rule out a possible
involvement of both MMP, beside other different prote-
ases, in the shedding of the SSAO/VAP-1 enzyme.

Polymorphonuclear leukocytes use MMP to digest the
extracellular matrix and infiltrate inflamed tissue. This
situation occurs in stroke, where peripheral inflamma-
tory cells accumulate in blood vessels and induce BBB
disruption and secondary tissue damage with a massive
cytokine release [25]. In this context, inhibition of leuko-
cyte adhesion and transmigration could have a beneficial
effect on the postischemic damage. Our hSSAO/VAP-1
HUVEC increase THP1 leukocyte binding after 5 h of
OGD in the presence of its substrate. These data intro-
duce SSAO/VAP-1 as a new target to be considered in the
prevention of leukocyte infiltration and subsequent dam-
age in stroke.
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Other inflammatory leukocyte endothelial cell adhe-
sion molecules such as ICAM-1 or VCAM-1 play an im-
portant role as well in ischemic cerebrovascular pathol-
ogy [41]. Although, in our model, a higher expression of
both adhesion molecules was observed in basal condi-
tions in cells expressing hSSAO/VAP-1 when compared
with WT cells, no differences were observed during OGD.
This basal increase in SSAO/VAP-1-expressing cells
could be another indicator of a weaker status of these
cells, related to the higher susceptibility of SSAO/VAP-1
to the OGD insult. On the other hand, the participation
of other adhesion molecules cannot be excluded, espe-
cially E- and P-selectins, whose expression can be in-
duced by SSAO activity [42].

In our study we propose for the first time a useful cel-
lular experimental model of stroke in which the involve-
ment of SSAO/VAP-1 is assessed. Our results allow us to
conclude that SSAO/VAP-1 plays a role in leukocyte ad-
hesion, inflammation and cell damage processes under
ischemic conditions. Therefore, we propose this enzyme
as a new therapeutic target for stroke treatment. This en-

dothelial cell model has also become a useful experimen-
tal tool for studying the SSAO/VAP-1 release during
stroke, although its physiopathological relevance in cere-
brovascular damage will need further investigation. On
the other hand, this model will provide additional valu-
able information helping to identify new SSAO/VAP-1
functions in stroke, and will allow the screening and eval-
uation of potential molecules as specific SSAO/VAP-1 in-
hibitors, aimed to induce a beneficial effect in the isch-
emic stroke conditions.
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RESULTS

1. Annex chapter I.

1.1. Supplementary figure 1.
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Fig S1. OGD 24-hour or OGD 24-hour with different duration of reoxygenation (Reox)
alters the expression of endoplasmic reticulum (ER) stress related proteins in WT and
hSSAO/VAP-1 HUVECs. Representative western blot images and quantifications of
GRP78 (A) and caspase-12 (B) in WT and hSSAO/VAP-1 HUVECs under different OGD
and Reox conditions. The presence of GRP78 and caspase-12 were normalized to the
B-actin levels. WT HUVECs without OGD maintained under normoxia conditions for 24
hours were considered control cells (Ctrl). Statistical analyses were performed by one-
way ANOVA and Newman-Keuls multiple comparison test. Data are expressed as mean
+ SEM from at least 3 independent experiments. **P<0.01 and ***P<0.001 versus
hSSAO/VAP-1 HUVECs without OGD maintained under normoxia conditions for 24

hours.
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1.2. Supplementary figure 2.
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Fig S2. Influence of different duration of OGD on the expression of cell adhesion
molecules in WT and hSSAO/VAP-1 HUVECs. (A) Representative western blot images,
(B) quantifications of VAP-1/SSAO presents in hSSAO/VAP-1 HUVECs, (C) VCAM-1
and (D) ICAM-1 present in WT and hSSAO/VAP-1 HUVECSs subjected to OGD 1-6 hours.
The presence of VAP-1/SSAO, VCAM-1 and ICAM-1 were normalized to the (-actin
levels. Cells under normoxia conditions in (B) and WT HUVECs without OGD maintained
under normoxia conditions for 6 hours in (C) and (D) were considered as control (Ctrl).
Statistical analyses were performed by one-way ANOVA and Newman-Keuls multiple
comparison test. Data are expressed as mean + SEM from 3 independent experiments.
***P<(0.001 versus Ctrl: #P<0.01, #P<0.001 versus hSSAO/VAP-1 HUVECs without

OGD maintained under normoxia conditions for 6 hours.
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Abstract

BACKGROUND AND PURPOSE

Stroke and Alzheimer’s disease (AD) are related pathologies in which the
cerebrovascular system is involved. Semicarbazide-sensitive amine oxidase/vascular
adhesion protein-1 (SSAO/VAP-1), increased in both stroke and AD patients’ plasma,
contributes to the vascular damage. During inflammation its enzymatic activity
mediates the leukocytes recruitment into the injured tissue, inducing damage in the
blood-brain barrier (BBB) and the neuronal tissue. We believe that through the
alteration of the cerebrovascular function, SSAO/VAP-1 could play a role in the stroke-
AD transition. Therefore, the protective effect on the BBB of the novel multitarget-
directed ligand (MTDL) DPH-4, designed for AD therapy, was evaluated.

EXPERIMENTAL APPROACH

It was generated a human brain endothelial cell line expressing the human SSAO/VAP-
1 (HcMEC/D3 hSSAO/VAP-1) because SSAO/VAP-1 expression is lost in cultured
cells. To simulate the ischemic pathology, oxygen and glucose deprivation (OGD)
conditions were established with these cells. The protective role of DPH-4 was then
evaluated in the presence of methylamine as SSAO/VAP-1 substrate and/or beta
amyloid.

KEY RESULTS

The presence DPH-4 was able to protect brain endothelial cells from the damage
induced by OGD and reoxygenation as well as to decrease the SSAO-dependent
leukocyte adhesion under these conditions. It was also effective against the damage
induced by OGD and reoxygenation in the presence of beta amyloid as a model of AD
pathology.

CONCLUSIONS AND IMPLICATIONS: These results allow us to conclude that the
analogue DPH-4 might provide a therapeutic benefit to the delay and/or progression of
these two linked neurological pathologies.

Abbreviations

AP, beta amyloid peptide; AD, Alzheimer’s Disease; BBB, blood-brain barrier; bFGF,
basic Fibroblast Growth Factor; Dep, deprenyl; DMSO, dimethylsulfoxide; FBS, foetal
bovine serum; G418, Geneticine; HcMEC/D3, human cerebral microvascular
endothelial cells/D3; HUVEC, human umbilical vein endothelial cells; MA,
methylamine; MAO, monoamine oxidase; MTDL, multitarget-directed ligand; OGD,
oxygen-glucose deprivation; PBS, phosphate-buffered saline; SC, semicarbazide; SMC,
smooth muscle cells; SSAO/VAP-1, semicarbazide sensitive amine oxidase/vascular
adhesion protein 1; WT, wild type.
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Introduction

Increasing evidences suggest that the neurovasculature plays an important role in the
onset and progression of neurological disorders like Alzheimer’s disease (AD)
(Zlokovic, 2008; Grammas, 2011; Marchesi, 2014). In this regard, the concept of
“neurovascular unit“, integrated by neurons, astrocytes and vascular cells constitutes a
functional unit able to maintain the homeostasis of the brain’s microenvironment
(Iadecola, 2010). Stroke is a vascular disorder that constitutes the second leading cause
of death worldwide with higher incidence in elderly people. Inflammation and oxidative
stress accumulated during human aging negatively influence the vascular damage
following a stroke incident (DiNapoli et al, 2008), and the immune system may
contribute to the infarct progression (Iadecola and Anrather, 2011). Actually, the fact
that a high percentage of patients having suffered stroke subsequently developed AD,
evidences that a strong link between these two pathologies exists. In this sense, hypoxia
and ischemic injury induce the up-regulation of BACE-1 that increases the B-amyloid
formation (Guglielmotto et al., 2009). In addition, endothelial cells activated by hypoxia
during stroke produce free radical species, which induce the expression of adhesion
molecules such as the vascular adhesion protein 1 (VAP-1) that mediates the leukocytes
recruitment, which infiltrate through the blood-brain barrier (BBB) into the injured
tissue, inducing cell damage by their cytokines release that in turn, damage both the
BBB and neuronal tissue.

VAP-1 is a homodimeric glycoprotein with enzymatic function that binds leukocytes
through its semicarbazide-sensitive amine oxidase (SSAO, E.C 1.4.3.21) activity (Smith
et al., 1998; Jalkanen and Salmi, 2008). As enzyme, SSAO/VAP-1 metabolizes primary
amines producing aldehydes, hydrogen peroxide (H,O,) and ammonia, which are able
to induce cellular damage when overproduced (Yu and Deng, 1998). SSAO/VAP-1
present at the cell membrane or as soluble form, released into blood plasma, is altered in
several human pathologies (Kurkijarvi et al., 1998; Boomsma et al., 2003) with special
relevance to AD (Ferrer et al., 2002; del Mar Hernandez et al., 2005) and cerebral
ischemia (Airas et al., 2008). The mediators that induce these alterations in the
SSAO/VAP-1 levels are still unknown, but it is believed that increased SSAO/VAP-1
levels may contribute to the physiopathology in these diseases (Conklin et al., 1998;
Solé et al., 2008), constituting therefore a potential therapeutic target. Actually, human
plasma SSAO activity is a strong predictor of parenchymal haemorrhages after tissue
plasminogen activator (tPA) treatment in ischemic stroke patients (Hernandez-
Guillamon et al., 2010) and plasma SSAO activity, also elevated in haemorrhagic stroke
patients, predicts their neurological outcome (Hernandez-Guillamon et al, 2012).
Considering all these data, SSAO/VAP-1 could mediate the link between stroke and the
progression to AD through the alteration of the cerebrovascular tissue function.

Although the pathogenesis of AD is not yet fully understood, there is a clear consensus
in describing it as a multifactorial disease caused by several agents including the BBB
dysfunction. At present, it is widely accepted that a more effective therapy for the
multifactorial nature of AD would result from the development of molecules aimed to
interact with several or all the systems altered in this disorder. In this context, a novel
series of derivatives based on the hybridisation of moieties from donepezil,
propargylamine and 8-hydroxyquinoline (DPH) were designed, synthesised and
pharmacologically evaluated for the potential prevention and treatment of AD (Wang et
al., 2014). Among them, the analogue DPH-4 emerged as an interesting compound able
to dually inhibit cholinesterases and monoamine oxidases activities with metal chelating
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properties and hence, showing a great therapeutic interest to be used in the AD
treatment (Fig 1).

Donepezil ** | Sy |
AChE ICso 0.0067 i OH | & N

BuChE ICso 7. 4 i : S
MAO A ICso 850 ;
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Figure 1. Design strategy of the multifunctional compound DPH-4. The N-
benzylpiperidine moiety of donepezil was combined with the 8-hydroxyquinoline and
propargylamine moieties of M30. ICsy values (uM) of donepezil, M30 and DPH-4 for
AChE, BuChE, MAO (A and B), and biometal-chelating properties are indicated, as
described in the corresponding publications.

Taking into account that stroke and AD are related pathologies and that one can trigger
the progression of the other, the aim of this work was to analyse whether the beneficial
effect of the novel multitarget-directed ligand (MTDL), DPH-4, previously observed in
an experimental model of AD (Wang ef al., 2014), could also exhibit a protective effect
on a new in vitro experimental model of cerebral ischemia that uses human cerebral
microvascular endothelial cells as a model of BBB expressing the human SSAO/VAP-1
protein (HCMEC/D3 hSSAO/VAP-1). Obtaining SSAO/VAP-1-expressing cells was an
essential preliminary step as the expression of this protein is lost in cultured cell, which
would hinder its study.

Methods

Cell culture and transfection:

The human cerebral microvascular endothelial cell line HCMEC/D3 was obtained from
Dr. Couraud’s lab (Paris, France) (Weksler er al., 2005) as a model of the BBB.
HcMEC/D3 cells were cultured as recommended, on 150 pg mL™ collagen type I (Rat
Tail, Corning) —coated plates in EBM-2 (Lonza) medium supplemented with 5% FBS
(Fetal Bovine Serum, Life Technologies), 1.4 puM Hydrocortisone (Sigma), 5 pg mL™
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Ascorbic Acid (Sigma), 1 % Chemically Defined Lipid Concentrate (Life
Technologies), 10 mM HEPES (Life Technologies) and 1 ng ml' human bFGF
(Fibroblast Growth Factor-basic, Sigma). Human SSAO/VAP-1-expressing human
umbilical vein endothelial cells (HUVEC hSSAO/VAP-1) and smooth muscle cells
(SMC) (A7r5 hSSAO/VAP-1) were previously developed in our group, and cultured as
described (Solé and Unzeta, 2011; Sol¢ et al, 2007). THP-1 monocytic cells were
obtained from the American Type Culture Collection (ATCC) and grown in RPMI 1640
medium (Life Technologies) supplemented with 10% FBS. All cells were maintained at
37°C in a humidified atmosphere containing 5% CO,. Geneticine (G418, 100 pg mL™;
Invitrogen) was added to the culture medium of HUVEC and SMC cells to ensure the
hSSAO/VAP-1 DNA maintenance.

In order to obtain the HCMEC/D3 cell line stably expressing the human SSAO/VAP-1,
wild type (WT) HcMEC/D3 cells were transfected with a PcDNA3.1(+) vector
containing the human SSAO/VAP-1 cDNA (Solé et al., 2007) using the Fugene® HD
transfection reagent (Roche) according to the manufacturer conditions. After
transfection, cells were selected by the addition of G418 antibiotic (800 ug mL™) for 1-
2 months. Then, cells were diluted to allow the formation of monoclonal colonies in the
presence of 200 pg mL™ G418, an antibiotic concentration that was used thereinafter for
cell maintenance. Cell colonies were amplified and checked for SSAO/VAP-1
expression and activity before being frozen.

Cell lysates and concentrated culture medium:

Cells were collected and homogenized in 50 mM Tris-HCI (pH 7.5), containing 1%
Triton X-100, 10 mM EDTA and protease inhibitors cocktail (Sigma) (1:100) and were
sonicated for 10 seconds. To obtain concentrated culture medium samples, culture
media were collected after cell treatments and centrifuged at 4400 g for 10 minutes to
eliminate dead cells and debris. Then media samples were dried out by evaporation in a
Refrigerated CentriVap Concentrator (Labconco) and reconstituted in a smaller, known
volume of distilled H,O to obtain ten-fold concentrated culture medium.

Sub-cellular fractionations:

Membrane-enriched preparations were obtained by cells homogenization in 10 mM
HEPES, 1.5 mM MgCl, and 10 mM KCI buffer at pH 7.9, containing protease
inhibitors cocktail. After a centrifugation at 2000 g for 15 min at 4°C, the obtained
supernatant was ultracentrifuged at 100000 g (Sorvall Discorvery M120 SE) for 30 min
at 4°C to separate the soluble cytosolic fraction from the pellet containing the
membrane-enriched fraction.

Lipid raft-enriched fractions were obtained by scrapping the cells in PBS, recovering
them through a 5 min at 800 g centrifugation and then reconstituting the pelled in 450
uL of 50 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA and 1% Brij 98 buffer at pH 7.2,
containing protease inhibitors cocktail. After 15 min incubation at 37°C under
continuous agitation samples were centrifuged for 10 min at 2000 g to discard nuclei.
The supernatants were mixed with 450 pL of 90% sucrose in Tris-HCI buffer to obtain a
45% sucrose fraction, which were deposited at the bottom of ultracentrifuge tubes. Two
additional fractions of 35% (2 mL) and 5% (0.8 mL) sucrose were added to the former
to generate a sucrose gradient, and then the samples were centrifuged for 19 h at 120000
g. Ten 370 pL-fractions were recovered and analysed by western blot to identify the
lipid raft and soluble membrane-enriched fractions.
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OGD model and cell treatment:

Combined oxygen and glucose deprivation (OGD) and reoxygenation have been used as
an experimental approach to ischemic stroke. For HUVEC hSSAO/VAP-1 cells,
ischemic condition was carried out by subjecting the cells to a 24-hour OGD followed
by a 7-hour reoxygenation, as previously described (Sun et al., 2014). For WT and
hSSAO/VAP-1 HcMEC/D3 cells, the OGD treatment was performed in glucose-free
DMEM (Life Technologies) after washing cells with glucose-free PBS, and then
introducing the cells into a temperature-controlled (37+1°C) Invivo, hypoxia
workstation (RUSKINN) containing a gas mixture composed of 5% CO,, 95% N, and
0.5% 0O,. Control cells were maintained in DMEM (5 mM glucose) in the incubator
under normoxia conditions (5% C0O,/95% air). In experiments including reoxygenation,
cells that have undergone OGD were returned to normoxia conditions after replacing
glucose-free DMEM by serum-free DMEM (5 mM glucose) and adding the same
treatments present during OGD. In experiments analysing the soluble SSAO/VAP-1
release, DMEM was not replaced for the reoxygenation period, but glucose was added
into OGD plates.

For cell viability and adhesion assays, HUVEC hSSAO/VAP-1 were seeded at 53200
cells mL", HcMECs were seeded at 50000 cells/mL, and both were grown for 48h
before the addition of treatments for other 24h. For immunoblot analysis, cells were
seeded at 60000 cells mL™, and grown to 80% - 90% confluence before treatments. MA
(methylamine), SC (semicarbazide), APi4oD (APi40 peptide containing the Dutch
mutation, Anaspec), or/and DPH-4 (Wang et al., 2014) were added into DMEM before
OGD starting. In the reoxygenation process, the compounds were maintained at the
same concentrations than during OGD. For the preparation of AB;.40D, it was pretreated
with 1,1,1,3,3,3-hexa-fluoro-2-propanol (HFIP, Sigma-Aldrich) for more than 4h but
less than 6h, then aliquoted, evaporated at room temperature, and stored at -80°C until
using, then being dissolved in sterile PBS containing 0.1% ammonium hydroxide.

Cell viability assay:

MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] reduction assay
was employed to evaluate the cell viability. Briefly, at the end of the treatments, cells
were incubated with 0.5 mg mL" MTT for 3 h in HUVECs and for 1.5 h in HeMECs at
37°C. The medium was then replaced by dimethylsulfoxide (DMSO) to dissolve the
blue formazan precipitate, and it was spectophotometrically quantified at 560 nm and
620 nm in a microplate reader (Labsystems multiscan RC) (Plumb ef al., 1989).

Antibodies and western blot analysis:

The antibodies used were: rabbit anti-VAP-1 (abcam, 1:1000), rabbit anti-bovine SSAO
(1:1000) (Lizcano et al., 1998), rabbit anti-IGF1-R (insulin-like growth factor 1
receptor) (Santa Cruz Biotechnology, 1:1000), mouse anti-Flotillin (BD Biosciences,
1:1000), mouse anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Ambion-
Invitrogen, 1:40000); mouse anti-Tf Rec (ZYMED, 1:1000), HRP (horseradish
peroxidase)-conjugated anti-rabbit IgG (BD Biosciences, 1:2000), HRP anti-mouse IgG
(Dako, 1:2000). Equal amounts of protein (20 pug per lane) determined by the Bradford
method, or equal volumes of media (45 uL per lane) were separated by SDS/PAGE and
transferred onto nitrocellulose membranes. Membranes were blocked for 1 h with
TBS/0.1%-Tween buffer containing 5% (w/v) non-fatty milk and incubated overnight at
4°C with the corresponding primary antibodies. After incubation with the secondary
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antibodies, blots were developed using ECL® Chemoluminiscent detection reagents and
High Performance Chemiluminiscence Films (GE Healthcare). The Imagel software
was used to quantify the western blot signals.

SSAO enzymatic activity determination:

For SSAO activity determinations, cells were collected and homogenized in 100 mM
Tris-HCI, pH 9, and containing protease inhibitors cocktail. Enzymatic activity was
determined radiochemically by using a modification of the Otsuka and Kobayashi
method (Otsuka et al., 1964). Briefly, ['*C]-Benzylamine hydrochloride (100 uM and 2
mCi mmol”, American Radiolabeled Chemicals) was used as substrate, and 1 pM Dep
(deprenyl) was added to avoid monoamine oxidase (MAO) B interference. A 30-min
inhibitory pre-treatment of samples was performed at 37°C with 1 pM Dep or Dep plus
DPH-4. Reactions were performed at 37°C for 120 minutes in 100 mM Tris-HCI buffer,
pH 9.0, adding 25 pL of substrate to the 200 pL of reaction. Eighty to a hundred pg of
HUVEC hSSAO/VAP-1 or HeMEC/D3 hSSAO/VAP-1 cell lysates were used in each
reaction. Reaction was stopped by adding 100 puL of 2 M citric acid. The [14C]-aldehyde
products were extracted into 4 mL of toluene/ethylacetate (1:1, v/v) solution containing
0.6% (w/v) of diphenyloxazole. The amount of ['*C]-aldehyde was quantified using a
Tri-Carb 2810TR liquid scintillation counter (Perkin Elmer) and the Quanta Smart 3.0
software (Perkin Elmer).

Adhesion assays:

THP-1 monocytes were labelled with 1 uM calcein-AM, and at the end of treatments,
endothelial cells were incubated with the calcein-AM-labelled THP-1 cells (2.5%10° per
well in 24-well plates) for 30 minutes at 37°C. Then, unbound monocytes were removed
by turning over the plates onto absorbent paper, carefully adding FBS-free RPMI 1640
medium to the plates with an auto-pipette, and repeating the washing for at least three
times. The fluorescence intensity was measured using a fluorescence microplate reader
(Aex/hem: 495/530 nm). Results are represented as the percentage of fluorescence
intensity, referring values to those obtained for the non-treated cells.

Analysis of Data:

Results are given as mean = SEM of independent experiments. Statistical analysis was
performed by one-way ANOVA and further Newman-Keuls multiple comparison test.
P<0.05 was considered to be statistically significant. Statistical analyses and graphic
representations were obtained with the Graph-Pad Prism 6.0 software.

Results

Generation and characterization of the human SSAO/VAP-1-expressing HcMEC/D3
cell line.

In order to obtain a brain endothelial cell model to study in vitro the role of
SSAO/VAP-1 in cerebrovascular tissue, the immortalized human brain endothelial cell
line HCMEC/D3 (Weksler et al., 2005) was stably transfected with human SSAO/VAP-
1 cDNA. This step was necessary because SSAO/VAP-1 expression is lost in cultured
cells. After selection and amplification of G418-resistant cells, different clones were
analysed for SSAO activity and expression (Fig. 2a). Clones 1 and 2 showed the highest

7

British Pharmacological Society



British Journal of Pharmacology

activity using benzylamine as specific SSAO substrate, as well as the highest protein
expression by western blot analysis. The activity levels observed resulted significantly
higher than those obtained with endothelial HUVECs (H) or A7r5 smooth muscle
(SMC) transfected cell lines previously developed (Solé and Unzeta, 2011; Solé et al.,
2007).

a
> 6501 -
> =~ 600
° g 5504
" sno-rI-] |
£ = 450 : SSAD S —
§E ggg' SSAO (ov) —— -
@ 2 5004 | B coror ——
2 8 1504 . WT 1 2 3 4 5 8 7 H
w 1004 ! o
0 = = []i L ¥
1 2 3 4 5§ 6 7T H sSMC
b cn c
w c Mb
1234 56 7 8 910
S5a0 - SSA0 -
Flotillin i — Flotillin p— . cH
TfRec —
IGFLRE - —

GAPDH s S—

Figure 2. Characterization of the HcMEC/D3 cell line human SSAO/VAP-1-
transfected. (a) SSAO specific activity (expressed as pmol min” mg™ of protein) of the
antibiotic-selected and amplified positive clones (1 - 7), with the corresponding protein
visualization by western blot. HUVEC endothelial (H) or A7r5 smooth muscle (SMC)
transfected cell lines are shown on comparative purposes. The overexposure (ov) of the
SSAO western blot is shown to highlight the weaker bands. GAPDH was used as
loading control. WT, wild type (non-transfected cells). (b) The transfected SSAO
protein is located in the membrane fraction, and absent from the cytosol, clone 1 is
showed as example. Flotillin and IGF1-Rp3 were used as membrane-positive markers;
GAPDH was used as cytosolic marker. W, whole fraction; C, cytosolic fraction; Mb,
membrane fraction. (c) The transfected SSAO is located in the lipid raft fractions of the
cell membrane; clone 1 is showed as example. Flotillin was used as raft-positive protein
and transferrin receptor (Tf Rec) was used as marker of the soluble membrane fraction.

The correct sub-cellular localization of the expressed SSAO/VAP-1 protein was
checked by two distinct cell fractionation procedures. On one hand, the membrane and
cytosolic fractions were separated and their subsequent analysis by western blot showed
that the protein expression is associated to the membrane fraction, while it is absent in
the cytosol (Fig 2b). On the other hand, SSAO/VAP-1 was located in the lipid rafts
regions as revealed by its presence in flotillin-containing fractions, a characteristic raft-
positive protein (Fig 2¢). The presence of other amine oxidases was also assessed,
showing both WT and SSAO/VAP-1-expressing cells an absence of MAO B and a
moderate MAO A activity with slightly increased levels in SSAO/VAP-1-expressing
cells compared to WT (data not shown).

Effect of OGD and reoxygenation on the cell viability of WT and hSSAO/VAP-I-

8
105

British Pharmacological Society

Page 8 of 33



Page 9 of 33

106

British Journal of Pharmacology

expressing HCMEC/D3 cells, and influence of SSAO activity.

Both WT and hSSAO/VAP-1 HCMEC/D3 cells underwent OGD at different times (1 to
24h). The treatment induced a decrease in cell viability reaching 50% of cell death after
24h of OGD exposition. No differences between both cell types were observed at any of
the analysed time-points (Fig 3a).
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Figure 3. Effect of OGD, OGD with reoxygenation, and methylamine (MA) on cell
viability of wild type (WT) and human SSAO/VAP-1-transfected HcMEC/D3 cells
(HcMEC/D3 hSSAO/VAP-1). Different duration of OGD (a) or 16h-OGD with
different duration of reoxygenation (b) induces WT and hSSAO/VAP-1-transfected
HcMEC/D3 cell death. MTT reduction assay was used to assess cell viability under the
different assayed conditions. Cells without OGD were maintained under normoxia
conditions, and are considered control cells (Ctrl). The metabolism of MA under 16h-
OGD plus 24h of reoxygenation condition (OGD+Reox) (¢) induces a reduction of cell
viability in hSSAO/VAP-1-expressing HCMEC/D3 cells, which is prevented by the
SSAOQ activity inhibitor semicarbazide (SC). MA (I mM or 3 mM) and SC (1 mM)
were added before OGD and maintained during reoxygenation. Control cells are non-
treated cells in normoxia (Norm). Data are expressed as mean + SEM of at least 3
independent experiments. "P<0.001 versus control of the corresponding cell type.
#*P<0.05 and "*P<0.001 versus non-treated hSSAO/VAP-1-expressing HCMEC/D3 cells
in the corresponding condition (Norm or OGD+Reox); %p<0.05 between the indicated
treatments. Statistical analyses were performed by a one-way ANOVA test and the
addition of Newman-Keuls multiple comparison test.

The 16h of OGD, inducing 40% cell death was selected to study the effect of different
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reoxygenation times (1 to 24h) after OGD. Results showed in Fig 3b revealed that the
addition of reoxygenation did not increase the cell death reached after the OGD
treatment. In order to assess whether the SSAO catalytic activity versus methylamine
(MA) as specific substrate could contribute to the vascular damage in these conditions,
16h OGD with 24h reoxygenation time was selected. SSAO/VAP-1-expressing cells
were incubated in presence of MA (1 and 3 mM) and/or semicarbazide (SC, 1 mM)
during 16h under OGD and 24h reoxygenation. Results displayed in Fig 3c indicate that
the presence of MA enhanced the loss of cell viability induced by OGD with re-
oxygenation in a dose-dependent manner, which was partially recovered by SC, a
specific SSAO inhibitor. These results confirm that the SSAO catalytic activity
enhances the cell death induced by OGD with reoxygenation conditions.

OGD with reoxygenation induces the release of soluble SSAO/VAP-1 to the culture
media by HCMEC/D3 hSSAO/VAP-1 cells.

The soluble SSAO/VAP-1 form derives from the membrane-bound protein by a
shedding process that may be activated under some pathologic conditions (Abella et al.,
2004; Sun et al., 2014). In order to assess whether stroke can induce the SSAO/VAP-1
release in these cells, concentrated culture media of SSAO/VAP-1-expressing cells
under different times of OGD and OGD with reoxygenation were analysed using TNF-
a as positive control (Fig 4a).
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Figure 4. OGD with reoxygenation induces the release of soluble SSAQO to the
culture media by HcMEC/D3 hSSAO/VAP-1 cells. (a) Presence of soluble
SSAO/VAP-1 in ten-fold concentrated culture media corresponding to TNF-a treatment
(24h in normoxia, 100 ng mL™"), different OGD times and 16h-OGD with 24h-
reoxygenation (OGD+Reox). TNF-a was used as positive control of SSAO/VAP-1
release. Flotillin-1 was used as control of cell debris absence in the media. (b) Presence
of membrane-bound SSAO/VAP-1 in HcMEC/D3 hSSAO/VAP-1 cell lysates under the
same experimental conditions than in a. The presence of membrane-bound SSAO was
normalized to the GAPDH levels. Non-treated cells or media under normoxia
conditions were considered control samples (Ctrl). Data in graphs represent the western
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blot quantifications and are expressed as mean + SEM of data obtained from 3
independent experiments. "P<0.05 and ""P<0.001 as indicated; “P<0.05 and " P<0.001
versus control cells, by a one-way ANOVA test and the addition of Newman-Keuls
multiple comparison test.

The western blot results showed the highest soluble SSAO/VAP-1 release to the media
after 16h OGD and 24h reoxygenation. This result correlated with the loss of signal
observed in the membrane-bound form, obtained by analysing the cell lysates samples
under the same experimental conditions (Fig 4b).

DPH-4 attenuates the cell death induced by the SSAO-mediated methylamine
metabolism in both normoxia and OGD with reoxygenation conditions.

In order to determine a possible protective effect of DPH-4 in the stroke condition, the
above established experimental model with hSSAO/VAP-1-expressing HcMEC/D3
cells was used compared with a peripheral endothelial model using hSSAO/VAP-1-
expressing HUVEC cells previously described (Sun et al., 2014). Both endothelial cell
lines were pre-incubated with DPH-4 (1uM) before the addition of MA (3 mM) and
subjected to OGD and re-oxygenation. A significant loss of cell viability was observed
in presence of MA (Fig. 5a,b) in normoxia as well as an enhancement of cell toxicity
induced by OGD and reoxygenation.
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Figure 5. DPH-4 attenuates the cell death induced by the metabolism of
methylamine in normoxia or in OGD with reoxygenation conditions in different
endothelial cell types. MTT reduction assay was used to determine the cell viability of
HcMEC/D3 hSSAO/VAP-1 cells subjected to 16h-OGD with 24h-reoxygenation (a),
and HUVEC hSSAO/VAP-1 cells subjected to 24h-OGD with 7h-reoxygenation (b).
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MA (3 mM) and DPH-4 (1 uM) were added before OGD and maintained during
reoxygenation. Non-treated endothelial cells under normoxia were used as control (Ctrl)
cells. The SSAO activity inhibiting capacity of DPH-4 was determined by investigating
SSAO activity remaining in HcMEC/D3 hSSAO/VAP-1 cell lysates after being
incubated with DPH-4 (0.1-10 puM) for 30 min (c), or by evaluating SSAO activity
present in HUVEC hSSAO/VAP-1 cell lysates from DPH-4 (0.1-10 pM)-treated cells
for 24 hours (d). SSAO activity was analyzed by radiometric method, using '*C-
benzylamine as substrate. A non-treated cell lysate was considered the control (Ctrl)
sample. Data in graphs are expressed as mean + SEM and represent data obtained from
3 independent experiments. "P<0.05, “P<0.01 and ~P<0.001 versus non-treated
samples; "P<0.05, "P<0.01 and "*P<0.001 as indicated, by a one-way ANOVA test
and the addition of Newman-Keuls multiple comparison test.

The effect of MA was much more significant in HUVEC cells (Fig 5b) than in
HcMEC/D3 (Fig 5a), revealing a greater resistance of the latter even showing higher
SSAO/VAP-1 expression and activity levels (see Fig 2). Interestingly, the loss of cell
viability was partially restored in both cell types in the presence of DPH-4, although the
protective effect was surprisingly more significant in HUVECs (Fig 5b), reaching 50%
recovery in normoxia and almost 100% under OGD with reoxygenation conditions, than
in HcMEC/D3 (Fig 5a), which showed less cell toxicity with MA. These results
confirmed the protective effect of DPH-4 on human brain endothelial cells expressing
SSAO/VAP-1 in this experimental stroke model. The protective behaviour of DPH-4
might be explained by the SSAO activity inhibition. Thus, different concentrations of
DPH-4 (0.1-10 uM) were used to determine the inhibition of SSAO activity using He-
benzlylamine as substrate in both hSSAO/VAP-1-expressing HCMEC/D3 (Fig 5¢) and
HUVEC (Fig 5d) cells. Results revealed that DPH-4 inhibited SSAO activity with a
rough ICsg value of 1uM in both endothelial cell types from different vascular origin.

DPH-4 shows an anti-inflammatory activity preventing the MA-induced leukocyte
binding to hSSAO/VAP-1-expressing HcMEC/D3 cells subjected to OGD.

The BBB degradation and hemorrhage occurrence has been associated to the binding of
inflammatory cells to endothelia for their infiltration to brain tissue after stroke.
Because SSAO/VAP-1 mediates the leukocytes extravasation, the anti-inflammatory
behaviour of DPH-4 was assessed in hSSAO/V AP-1-expressing HCMEC/D3 cells under
normoxia and OGD conditions as well as in the presence of MA by quantifying the
binding of calcein-AM-labelled THP-1 leukocytes to the endothelial cells (Fig 6). The
presence of MA induced an increase of the leukocytes binding to the endothelium in
hSSAO/VAP-1-expressing cells after short OGD (5h, Fig 6a), long OGD (16h, Fig 6b)
and OGD with reoxygenation (16h + 24h, Fig 6¢) conditions, while no effect was
observed in WT cells, indicating that the inflammatory behaviour was induced by the
catalytic action of SSAO with MA as substrate. This effect was prevented when cells
were incubated in presence of DPH-4 in all the conditions assayed.
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Figure 6. DPH-4 prevents the leukocyte binding to endothelial cells under
different OGD conditions in presence of the SSAO substrate. Leukocyte-
endothelium adhesion assay was performed to analyze the anti-inflammatory effect of
DPH-4 against SSAO mediated pro-inflammatory action. WT and hSSAO/VAP-1-
expressing HCMEC/D3 cells treated with MA (3 mM) or/and DPH-4 (1 or 5 uM)
undergone 5h-OGD (a), 16h-OGD (b) or 16h-OGD with 24h-reoxygenation
(OGD+Reox, ¢) and the binding of calcein-AM-labelled THP-1 leukocytes on these
cells was quantified. Non-treated cells under normoxia conditions were considered as
control (Ctrl) for each type of cells. Data are expressed as mean = SEM of three
independent experiments. "P<0.05, “P<0.01 and “P<0.001 versus HcMEC/D3
hSSAO/VAP-1 treated with MA under OGD conditions; #Pp<0.001 versus control of
the corresponding cell type, by a one-way ANOVA and the addition of Newman-Keuls

multiple comparison test.

DPH-4 protects against cell death caused by the co-treatment of SSAO substrate
methylamine (MA) and AP 4D in HCMEC/D3 hSSAO/VAP-1 cells under OGD with

reoxygenation.

In order to confirm whether the presence of AP and SSAO/VAP-1 accelerates vascular
damage under ischemic conditions, as we previously described in normoxia (Solé et al.,
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2015), cells under normoxia and OGD with reoxygenation were incubated in the
presence of APj4oD and cell viability was determined. Both the co-treatment of MA
with ABj4oD (Fig 7a), and the 24h pre-treatment with AB;4D (Fig 7b) induced an
increased loss of the cell viability compared with that produced separately by one of the
two toxics under OGD with reoxygenation. The addition of DPH-4 in the presence of
both toxics significantly increased cell viability; similar results were obtained when SC
was used (data not shown).

125+ 125+

1004 100-

-
L2
1
13
e
%
3t
a3

754
50

‘ \ ‘ 254
0 T T T T T T T 0-
OGD + Reox - + + + + + OGD + Reox -

DPH-4 (uM) DPH-4 (uM)

Ap140D (5 M) - 2 . ABrwD (25pM) - + - - - - 4
MA (1 mM) . - - - + + MA (1 mM) PO U S

o
(=]
I

Cell viability (% of Ctrl)
g
Cell viability (% of Ctrl)

Figure 7. DPH-4 protects against cell death caused by the co-treatment of SSAO
activity and AP;4D in HcMEC/D3 hSSAO/VAP-1 cells under OGD with
reoxygenation. MTT reduction assay was used to evaluate the cell viability of
HcMEC/D3 hSSAO/VAP-1 cells subjected to 16h-OGD with 24h-reoxygenation
(OGD+Reox) in the presence of AP;.4 containing the Dutch mutation (AB140D, 5 uM),
MA (1 mM) or/and DPH-4 (5 uM) (a). ABi40D, MA and DPH-4 where added at the
same time before OGD. (b) a 24h pre-treatment was performed with AB;.4D and cells
were then subjected to 8h-OGD with 24h-reoxygenation. All treatments were
maintained during reoxygenation. Non-treated cells under normoxia were considered as
control (Ctrl). Data are expressed as mean = SEM of three independent experiments.
*P<0.001 versus Ctrl; ™P<0.05 and "P<0.001 versus non-treated cells under
OGD+Reox; ¥P<0.05 as indicated, by a one-way ANOVA test and the addition of
Newman-Keuls multiple comparison test.

Discussion & Conclusions

Cerebral hypoperfusion, atherosclerosis, oxidative stress, vascular -amyloid deposition
or a failure of its clearance are insults that can disturb the transport of nutrients across
the BBB. These alterations can lead to an acute and big failure of the cerebrovascular
function by way of a brain ischemia or haemorrhage, contributing to the cognitive
decline and dementia. Moreover, a deep meta-analysis recently reported that stroke
significantly and independently increases the risk for AD and in turn, the risk of
intracerebral haemorrhage (Zhou et al., 2015). Furthermore, both hypoxia and ischemic
injury induce the up-regulation of BACE 1 and increase the P-amyloid generation
(Guglielmotto et al., 2009) confirming a link between AD and stroke.

AD is however a complex disease which therapy has been for long focused on one of its
multiple symptoms: the depletion of basal forebrain cholinergic neurons and the
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subsequent decrease in the cholinergic transmission (Perry et al., 1977; Geula and
Mesulam 1999). At present, no drug has been able to successfully prevent the
neurodegenerative process of AD. The Food and Drug Administration (FDA)-approved
drugs for the treatment of AD are based on the cholinergic hypothesis of AD and
therefore, aimed to increase the cholinergic transmission to recover the cognitive
function. To date, only five drugs have been approved by the FAD for the treatment of
AD: rivastigmine, galantamine, tacrine, memantine and donepezil (Birks and Harvey,
2006). Among them, donepezil has showed some temporary efficacy, but not resolute to
re-establish the cognitive decline. In the search for more effective therapies, the “one
drug, multiple target” strategy, also called multitarget-directed ligand (MTDL)
approach, might be more appropriated (Buccafusco and Terry, 2000; Youdim and
Buccafusco, 2005; Bolea et al, 2013). This strategy suggests the use of compounds
with multiple activities for different biological targets (Cavalli et al., 2008). In this
concern, a family of novel multitarget-directed ligands (DPH) were synthesized and
evaluated as dual inhibitors of cholinesterase (AChE and BuChE) and monoamine
oxidase (MAO A and MAO B) activities, both altered in AD, for the potential
prevention and treatment of this neurological disorder. Strong biometal-chelating
properties versus Cu’" and Fe*", ADMET properties and brain penetration capacity as
well as a significantly decrease in scopolamine-induced learning deficits in healthy
adult mice were also found with this compound (Wang et al., 2014). Additionally, the
analogue DPH-4 (see Fig 1) was also determined to inhibit bovine SSAO activity in low
micromolar range (ICsy value of 2.8 + 0.7 pM). Both the strong link between AD and
the stroke condition and the important role of the cerebrovascular tissue in both
pathologies prompted us to elucidate the potential protective effect of DPH-4 in a new
experimental model of cerebral ischemia.

Because of the SSAO/VAP-1 alteration in AD (Ferrer et al, 2002) and stroke
(Hernandez-Guillamon et al., 2010), and due to its high expression in cerebrovascular
tissue, we hypothesized that this protein could be a potential link and therapeutic target
for both pathologies. However, some protein expression is lost when cells are cultured,
as it is the case for SSAO/VAP-1; therefore, herein we report by first time the
preparation of a human brain endothelial-immortalized cell line derived from the
HcMEC/D3 cell line, kindly supplied by Dr. Couraud (Paris) (Weksler et al., 2005), that
stably expresses the human SSAO/VAP-1 gene. The HcMEC/D3 hSSAO/VAP-1 cell
line was characterized and compared with previously developed endothelial and smooth
muscle cell lines expressing SSAO/VAP-1 (Solé and Unzeta, 2011; Solé, et al., 2007).
Then, we established a new experimental model of stroke consisting in subjecting these
brain endothelial cells to OGD and reoxygenation conditions. The HCMEC/D3 cell line
is the first stable well differentiated and well characterized human brain endothelial cell
line (Weksler et al., 2005) in terms of expression of endothelial markers, up-regulation
of adhesion molecules in response to inflammatory cytokines, as well as BBB
characteristics, so it was chosen as an accepted BBB cellular model instead of
peripheral endothelial HUVEC cell line because genes expressed by cerebral endothelial
cells are important and distinct in several processes as vasculo- and angiogenesis
(VEGF), immunoregulation (decorin, IL6) or have growth-supporting properties
(BDNF, transforming growth factor-f) (Kalmann et al., 2002).

Cell viability under OGD with reoxygenation conditions was observed significantly
decreased in the presence of MA, the main physiological SSAO/VAP-1 substrate, and it
was restored when cells were pre-incubated in the presence of semicarbazide, a specific
SSAO/VAP-1 inhibitor. These results confirmed that this enzyme plays an important
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role enhancing the endothelial cell death under ischemia. Moreover, under these
hypoxia conditions, the membrane-bound SSAO/VAP-1 is released due to an increase
in its shedding, that could be explained by the activation of metalloproteinase 2 (MMP-
2) (Sun et al., 2014). This soluble form of the enzyme may be also able to contribute to
the vascular cell damage through its catalytic activity, as previously described by our
group (Hernandez et al, 2006). At the concentrations assayed, DPH-4 inhibits about
50% of the SSAO/VAP-1 activity. DPH-4 pre-treatment shows a protective effect on
hSSAO/VAP-1-expressing HCMEC/D3 cells in presence of MA in both normoxia and
in OGD with reoxygenation conditions. This protection was found to be even more
significant when the same experiment was carried out on hSSAO/VAP-1-expressing
HUVEC cells. This different behaviour might be explained because cerebral endothelial
cells constitute a firm barrier formed by tight junctions joining plasma membranes of
neighbouring cells that may hinder DPH-4 accession to HCMEC/D3 cells. A different
sensitivity of both cells to the toxics generated by SSAO activity cannot be ruled out.
The beneficial effect of DPH-4 was also noticeable in terms of inflammation, since it
significantly reduced the leukocyte adhesion to the endothelia subjected to different
OGD conditions as a result of its inhibitory effect on the SSAO/VAP-1 activity. This
anti-inflammatory effect may also contribute to the protective effect observed in this
experimental model of stroke.

In addition, when ARj.4D treatment was introduced in this experimental model of
ischemia simulating a pre-existing AD pathology, DPH-4 showed a protective effect on
the synergic damage induced by MA and Ap;4oD. These results allow us concluding
that AB;.4D together with the catalytic action of SSAO/VAP-1 induces more vascular
damage under OGD with reoxygenation conditions, and that the protective effect of
DPH-4 is higher than that observed using separately both toxics.

Herein we report by first time a new MTDL compound, as a
donepezil+propargylamine+8-hydroxyquinoline hybrid, able to protect HcMEC/D3
hSSAO/VAP-1 cells under hypoxia conditions through its inhibitory and anti-
inflammatory effect on SSAO/VAP-1. In the context of the close relationship between
AD and stroke and the involvement of SSAO/VAP-1 in both diseases, DPH-4 could be
considered as a promising drug with high therapeutic interest to be used in both
pathologic conditions.
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Figure 1. Design strategy of the multifunctional compound DPH-4. The N-
benzylpiperidine moiety of donepezil was combined with the 8-hydroxyquinoline and
propargylamine moieties of M30. ICso values (uM) of donepezil, M30 and DPH-4 for
AChE, BuChE, MAO (A and B), and biometal-chelating properties are indicated, as
described in the corresponding publications.
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Figure 2. Characterization of the HcMEC/D3 cell line human SSAO/VAP-1-
transfected. (a) SSAO specific activity (expressed as pmol min™ mg™ of protein) of the
antibiotic-selected and amplified positive clones (1 - 7), with the corresponding protein
visualization by western blot. HUVEC endothelial (H) or A7r5 smooth muscle (SMC)
transfected cell lines are shown on comparative purposes. The overexposure (ov) of the
SSAO western blot is shown to highlight the weaker bands. GAPDH was used as
loading control. WT, wild type (non-transfected cells). (b) The transfected SSAO
protein is located in the membrane fraction, and absent from the cytosol, clone 1 is
showed as example. Flotillin and IGF1-Rp3 were used as membrane-positive markers;
GAPDH was used as cytosolic marker. W, whole fraction; C, cytosolic fraction; Mb,
membrane fraction. (c) The transfected SSAO is located in the lipid raft fractions of the
cell membrane; clone 1 is showed as example. Flotillin was used as raft-positive protein
and transferrin receptor (Tf Rec) was used as marker of the soluble membrane fraction.
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Figure 3. Effect of OGD, OGD with reoxygenation, and methylamine (MA) on cell
viability of wild type (WT) and human SSAO/VAP-1-transfected HcMEC/D3 cells
(HcMEC/D3 hSSAO/VAP-1). Different duration of OGD (a) or 16h-OGD with
different duration of reoxygenation (b) induces WT and hSSAO/VAP-1-transfected
HcMEC/D3 cell death. MTT reduction assay was used to assess cell viability under the
different assayed conditions. Cells without OGD were maintained under normoxia
conditions, and are considered control cells (Ctrl). The metabolism of MA under 16h-
OGD plus 24h of reoxygenation condition (OGD+Reox) (¢) induces a reduction of cell
viability in hSSAO/VAP-1-expressing HCMEC/D3 cells, which is prevented by the
SSAO activity inhibitor semicarbazide (SC). MA (1 mM or 3 mM) and SC (1 mM)
were added before OGD and maintained during reoxygenation. Control cells are non-
treated cells in normoxia (Norm). Data are expressed as mean £ SEM of at least 3
independent experiments. ""P<0.001 versus control of the corresponding cell type.
#*P<0.05 and "*P<0.001 versus non-treated hSSAO/VAP-1-expressing HCMEC/D3 cells
in the corresponding condition (Norm or OGD+Reox); “P<0.05 between the indicated
treatments. Statistical analyses were performed by a one-way ANOVA test and the
addition of Newman-Keuls multiple comparison test.
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Figure 4. OGD with reoxygenation induces the release of soluble SSAO to the
culture media by HcMEC/D3 hSSAO/VAP-1 cells. (a) Presence of soluble
SSAO/VAP-1 in ten-fold concentrated culture media corresponding to TNF-a. treatment
(24h in normoxia, 100 ng mL™), different OGD times and 16h-OGD with 24h-
reoxygenation (OGD+Reox). TNF-a was used as positive control of SSAO/VAP-1
release. Flotillin-1 was used as control of cell debris absence in the media. (b) Presence
of membrane-bound SSAO/VAP-1 in HcMEC/D3 hSSAO/VAP-1 cell lysates under the
same experimental conditions than in a. The presence of membrane-bound SSAO was
normalized to the GAPDH levels. Non-treated cells or media under normoxia
conditions were considered control samples (Ctrl). Data in graphs represent the western
blot quantifications and are expressed as mean + SEM of data obtained from 3
independent experiments. "P<0.05 and = P<0.001 as indicated; “P<0.05 and **P<0.001
versus control cells, by a one-way ANOVA test and the addition of Newman-Keuls
multiple comparison test.
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Figure 5. DPH-4 attenuates the cell death induced by the metabolism of
methylamine in normoxia or in OGD with reoxygenation conditions in different
endothelial cell types. MTT reduction assay was used to determine the cell viability of
HcMEC/D3 hSSAO/VAP-1 cells subjected to 16h-OGD with 24h-reoxygenation (a),
and HUVEC hSSAO/VAP-1 cells subjected to 24h-OGD with 7h-reoxygenation (b).
MA (3 mM) and DPH-4 (1 uM) were added before OGD and maintained during
reoxygenation. Non-treated endothelial cells under normoxia were used as control (Ctrl)
cells. The SSAO activity inhibiting capacity of DPH-4 was determined by investigating
SSAO activity remaining in HcMEC/D3 hSSAO/VAP-1 cell lysates after being
incubated with DPH-4 (0.1-10 uM) for 30 min (¢), or by evaluating SSAO activity
present in HUVEC hSSAO/VAP-1 cell lysates from DPH-4 (0.1-10 uM)-treated cells
for 24 hours (d). SSAO activity was analyzed by radiometric method, using '*C-
benzylamine as substrate. A non-treated cell lysate was considered the control (Ctrl)
sample. Data in graphs are expressed as mean + SEM and represent data obtained from
3 independent experiments. P<0.05, ~P<0.01 and = P<0.001 versus non-treated
samples; "P<0.05, #P<0.01 and " P<0.001 as indicated, by a one-way ANOVA test
and the addition of Newman-Keuls multiple comparison test.
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Figure 6. DPH-4 prevents the leukocyte binding to endothelial cells under
different OGD conditions in presence of the SSAO substrate. Leukocyte-
endothelium adhesion assay was performed to analyze the anti-inflammatory effect of
DPH-4 against SSAO mediated pro-inflammatory action. WT and hSSAO/VAP-1-
expressing HCMEC/D3 cells treated with MA (3 mM) or/and DPH-4 (1 or 5 uM)
undergone S5h-OGD (a), 16h-OGD (b) or 16h-OGD with 24h-reoxygenation
(OGD+Reox, ¢) and the binding of calcein-AM-labelled THP-1 leukocytes on these
cells was quantified. Non-treated cells under normoxia conditions were considered as
control (Ctrl) for each type of cells. Data are expressed as mean = SEM of three
independent experiments. "P<0.05, “P<0.01 and “P<0.001 versus HcMEC/D3
hSSAO/VAP-1 treated with MA under OGD conditions; #Pp<0.001 versus control of
the corresponding cell type, by a one-way ANOVA and the addition of Newman-Keuls

multiple comparison test.
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Figure 7. DPH-4 protects against cell death caused by the co-treatment of SSAQ
activity and Api4D in HcMEC/D3 hSSAO/VAP-1 cells under OGD with
reoxygenation. MTT reduction assay was used to evaluate the cell viability of
HcMEC/D3 hSSAO/VAP-1 cells subjected to 16h-OGD with 24h-reoxygenation
(OGD+Reox) in the presence of AB;.4 containing the Dutch mutation (AB;40D, 5 uM),
MA (1 mM) or/and DPH-4 (5 uM) (a). AB;49D, MA and DPH-4 where added at the
same time before OGD. (b) a 24h pre-treatment was performed with AB;_4D and cells
were then subjected to 8h-OGD with 24h-reoxygenation. All treatments were
maintained during reoxygenation. Non-treated cells under normoxia were considered as
control (Ctrl). Data are expressed as mean = SEM of three independent experiments.
"*P<0.001 versus Ctrl; ™P<0.05 and ™ P<0.001 versus non-treated cells under
OGD+Reox; “P<0.05 as indicated, by a one-way ANOVA test and the addition of
Newman-Keuls multiple comparison test.
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RESULTS

1. Annex chapter II.

1.1. Supplementary figure 1
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Fig S1. Enzymatic activity of MAO B and MAO A in hCMEC/D3 WT and hSSAO/VAP-1
cell lysates. (a) MAO B specific activity in WT and hSSAO/VAP-1 cell lysates was
measured with 100 uM *C-Benzylamine. Inhibition of SSAO and MAO B activities were
performed by 1 mM semicarbazide (SC) and 1 mM deprenyl (Dep), respectively. (b)
MAO A specific activity in WT and hSSAO/VAP-1 cell lysates was measured with 100
UM ™C-5-HT. Inhibition of MAO A activity was performed by 1 uM clorgyline (Clor). Data

are expressed as mean + SEM from 3 independent experiments.
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RESULTS

1.2. Supplementary figure 2
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Fig S2. Effects of different concentrations of DPH-4 on the cell viability in HUVEC
hSSAO/VAP-1 cells subjected to normoxia (Norm) and 24-hour OGD with 7-hour
reoxygenation (OGD+Reox). MTT reduction assay was used to determine the cell
viability. Different concentrations (0.1 uM, 1.0 pM and 5 uM) were added into the media
before the starting of OGD and maintained the same concentrations during
reoxygenation. Non-treated endothelial cells under normoxia were used as control (Ctrl)
cells. Data in graphs are expressed as mean + SEM and represent data obtained from 3
independent experiments. ***P<0.001 versus Ctrl, by a one-way ANOVA test and the

addition of Newman-Keuls multiple comparison test.
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RESULTS

1.3. Protective effect of nitrone RP18 under OGD conditions on human
SSAO/VAP-1-expressing HUVEC cells as an experimental model of

cerebral ischemia

Oxidative stress response after the onset of cerebral ischemia and reperfusion is
one of the most important molecular events for the cellular damage and death of
cerebral tissue. In this regard, free radical scavengers, such as nitrones,
constitute one of the neuroprotective approaches proved to bring beneficial

outcomes in experimental cerebral ischemia.

Nowadays, nitrones are extensively investigated in biological systems for their
protection in oxidative stress-related diseases including ischemic stroke. For
instance, N-tert-butylnitrone (PBN) has been shown to reduce oxidative stress
and lipids peroxidation (Kalyanaraman et al., 1991), to ameliorate ischemic brain
damage and reduce infarct volume in animal models of ischemic stroke (Sun et
al., 2008). 2-[[(1,1-dimethylethyl)oxidoimino]-methyl]-3,5,6-trimethylpyrazine
(TBN) and a new pyrazine derivative (compound 21) possess both antiplatelet
and antioxidant activities, and shows significant neuroprotective effects under in
vitro and in vivo models of ischemic stroke (Sun et al., 2008; Sun et al., 2012).
Among all the nitrones, probably the most studied one is disodium 2,4-
disulphophenyl-N-tert-butylnitrone (NXY-059), which exhibits free radical trapping
properties (Maples et al., 2001), and neuroprotection in clear dose-dependent
manner both in transient (Kuroda et al., 1999) and permanent (Zhao et al., 2001)
MCAQO (middle cerebral arterial occlusion) models of stroke. Besides its
effectiveness in animal models, however, they showed only unequivocal
evidence of efficacy in advanced clinical studies (Macleod et al., 2008). In this
context, new multi-functional nitrones targeting the concept of neuroprotection
remain perspective and still could be considered as new therapeutic approaches

for ischemic stroke treatments.
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RESULTS

Recently, a new series of multi-functional nitrones for the treatment of ischemic
stroke have been synthesised. The (Z)-a-aryl and heteroaryl-N-alkyl nitrones also
exhibit antioxidant and neuroprotective properties; in addition, they are anti-
inflammatory and have the ability to cross the blood-brain barrier (BBB) (Chioua
et al., 2011). Among these nitrones, RP18 was one of the best derivatives,
exhibiting potent and balanced properties. Therefore, the protective effect of
nitrone RP18 was investigated under OGD conditions on human SSAO/VAP-1-

expressing HUVEC cells as an experimental model of cerebral ischemia.

\

RP18 *
* M Chioua et al., J. Med. Chem. 2012

Fig 1. Chemical structure of nitrone RP18.
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Fig 2. RP18 diminishes the cell death induced by the metabolism of methylamine (MA)
under OGD with reoxygenation (Reox) conditions in HUVEC hSSAO/VAP-1 cells. MTT
reduction assay was used to determine the cell viability of (A) HUVEC hSSAO/VAP-1
cells treated with 1-50 uM of RP18 subjected to normoxia or 24-hour OGD with 7-hour
reoxygenation (OGD24h + Reox7h), (B) HUVEC hSSAO/VAP-1 cells treated with 30 uM
RP18 or/and 1 mM MA subjected to normoxia or 24-hour OGD with 7-hour
reoxygenation. RP18 and MA were added before OGD and maintained during
reoxygenation. Non-treated endothelial cells under normoxia were used as control (Ctrl)
cells. (C) The SSAO activity inhibiting capacity of RP18 was determined by investigating
SSAO activity remaining in HUVEC hSSAO/VAP-1 cell lysates after being incubated with
RP18 (10°-10° uM) for 1 hour. SSAO activity was analyzed by radiometric method,
using "*C-benzylamine as substrate. A non-treated cell lysate was considered the control
(Ctrl) sample. Data in graphs are expressed as mean + SEM and represent data
obtained from at least 3 independent experiments. *P<0.05 and **P<0.01 versus non-
treated cells under OGD24h + Reox7h; #P<0.01 as indicated, by a one-way ANOVA

test and the addition of Newman-Keuls multiple comparison test.
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Fig 3. RP18 attenuates the cell death caused by hydrogen peroxide (H.O,) and
formaldehyde (FA) in HUVEC hSSAO/VAP-1 cells. MTT reduction assay was carried out
to determine the cell viability of HUVEC hSSAO/VAP-1 cells treated with (A) 25-250 uM
H.0,, (B) H,O, or/ and 30 uM RP18, (C) 75-500 uM formaldehyde and (D) formaldehyde
or/and 30 yM RP18, under normoxia for 24 hours. Non-treated cells were considered
control (Ctrl) cells. Data in graphs are expressed as mean + SEM and represent data
obtained from at least 3 independent experiments. *P<0.05 and **P<0.01 versus Ctrl;
*pP<0.5, #P<0.01, " P<0.001 as indicated, by a one-way ANOVA test and the addition of

Newman-Keuls multiple comparison test.
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Fig 4. RP18 possesses hydrogen peroxide (H,O,) scavenging ability. Amplex red assay
was performed to analyse the H,O, scavenging ability of RP18 at 30 yM. 0.25-8 uM
H,O, incubated separately with 30 yM RP18, the remaining H,O, was determined by
measuring the fluorescence intensity at 530/590nm after adding the Amplex ultrared
reagent. Fluorescence values of each concentration of H,O, without adding RP18 were
considered control (Ctrl). Data are expressed as mean + SEM from three independent
experiments. *P<0.05, **P<0.01 and ***P<0.001 versus each Ctrl, by a one-way ANOVA

and the addition of Newman-Keuls multiple comparison test.
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Fig 5. RP18 prevents the leukocyte binding to endothelial cells under short time OGD
condition in presence of the SSAO substrate. Leukocyte-endothelium adhesion assay
was performed to analyze the anti-inflammatory effect of RP18 against SSAO mediated
pro-inflammatory action. WT and hSSAO/VAP-1-expressing HUVECs treated with MA (3
mM) or/and RP18 (30 yM) undergone 5h-OGD. Non-treated WT cells under normoxia
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conditions were considered as control (Ctrl) cells. Data are expressed as mean + SEM
of three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 versus
HCMEC/D3 hSSAO/VAP-1 treated with MA under OGD conditions; *P<0.001 versus WT
with the same treatment, by a one-way ANOVA and the addition of Newman-Keuls

multiple comparison test.

Results and conclusions:

1. RP18 has a good protective effect against the damage caused by the insult of
0OGD24h + Reox7h, which is the condition selected to mimic ischemic stroke for
HUVEC hSSAO/VAP-1 cells.

2. Although RP18 is not a SSAO inhibitor, it can alleviate the damage triggered
by the addition of methylamine into hSSAO/VAP-1 expressing HUVECs under

OGD + Reox conditions.

3. Since H,0, and formaldehyde are the products of SSAO metabolism of MA,
the toxicity by H,O, and formaldehyde have been studied, and some protective
effects have been observed by RP18, which could probably explained by its

antioxidant and trophic effect.

4. RP18 showed the anti-inflammatory behaviour under OGD condition, which is
not mediated by SSAO activity inhibition. And the mechanism of RP18 involved
in attenuating the inflammatory action could to be further elucidated by analysing
other SSAO-related cell adhesion molecules, such as ICAM-1, VCAM-1, P-
selectin, E-selectin, ect., participating in the leukocyte-endothelium cell adhesion

process.
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BBB, blood-brain barrier; CL, contralateral; COX-2, cyclooxygenase 2; eNOS,
endothelial nitric oxide synthase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
hCMEC, human cerebral microvascular endothelial cells; HUVEC, human umbilical
vein endothelial cells; ICAM-1, intercellular cell adhesion molecule 1; IP, ipsilateral; MA,
methylamine; MCAO, middle cerebral artery occlusion; MMP, metalloproteinase; NOS-
2, nitric oxide synthase 2/inducible nitric oxide synthase; OGD, oxygen and glucose
deprivation; PLZ, phenelzine; ROS, reactive-oxygen species; SOD-1, superoxide
dismutase 1; SSAO/VAP-1, semicarbazide-sensitive amine oxidase/vascular adhesion
protein 1; tPA, tissue-plasminogen activator; VCAM-1, vascular cell adhesion molecule
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Title

The modulation of the soluble SSAO/VAP-1 levels mediates part of the beneficial

effect of simvastatin in cerebral ischemia

Abstract

Statins mediate their beneficial effects on stroke through pleiotropic effects. They have
shown anti-inflammatory properties through different mechanisms, including the
inhibition of the NF-kB transcriptional activity and the consequent increase and release
of adhesion molecules. Here we describe another protein through which simvastatin
may mediate its benefits on the stroke treatment. We report by first time that
simvastatin blocks the soluble semicarbazide-sensitive amine oxidase/vascular
adhesion protein 1 (SSAO/VAP-1) release to the circulation. This adhesion molecule
has leukocyte-binding capacity by enzymatic activity-dependent and independent
mechanisms. It also mediates the expression of other adhesion proteins through
signaling molecules generated from its catalytic activity, which when overproduced
contribute to the vascular damage. Our results indicate that the soluble SSAO/VAP-1 is
released after an ischemic stimulus, and reaches non-infarcted brain areas through the
blood circulation. There, it induces the expression of the adhesion molecules E-selectin
and VCAM-1. This action amplifies the inflammation and the consequent damage in the
infarcted brain. Simvastatin block its release, therefore preventing these pro-
inflammatory-associated effects. The combined therapy with SSAO/VAP-1 inhibitors
and statins would enhance the beneficial effects of both individual treatments on stroke

patients.
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Introduction

Cerebral ischemia, the most frequent cerebrovascular disease, constitutes nowadays
the second cause of death and dementia, and the leading cause of long-term disability
worldwide (Mozaffarian et al. 2015). The most common cause of an ischemic disease
is the cerebral blood flow reduction due to an acute thrombotic or embolic occlusion of
a cerebral artery. This blood flow decrease induces, as a consequence of the oxygen,
glucose and nutrients absence, a cascade of events that leads to the cellular death
(Gonzalez et al. 2011). At present, the only available treatment for the acute phase of
an ischemic stroke is the use of thrombolytic drugs as the tissue plasminogen activator
(tPA) to restore brain perfusion. Despite its effectiveness, it has a limited therapeutic
window and in some cases, it induces fatal haemorrhages as side effect (TNIoNDa
1995). Thus, the search for new treatments becomes really urgent. In this regard, there
are solid evidences that statins pre- and post-treatment may improve both the
incidence and outcome in acute ischemic stroke, showing thus good perspectives of
therapeutic efficacy (Montecucco et al. 2012, Ni Chroinin et al. 2013). A
neuroprotective effect of statins has also been described in neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease, and Vascular Dementia
(Wang et al. 2011). Statins are inhibitors of the HMG-CoA (3-hydroxy-3-methylglutaryl
Coenzyme A) reductase, the rate-limiting enzyme in the synthesis pathway of
endogenous cholesterol, but it has been described that their beneficial effect in stroke
is independent from their cholesterol lowering effects (Li et al. 2014, Montecucco et al.
2012). Instead, simvastatin and other statins may act through pleiotropic effects such
as reducing oxidative stress (Wagner et al. 2000, Nagotani et al. 2005, Campos-
Martorell et al. 2014), improving platelet function (Vaughan et al. 2000), inducing an
increase of endothelial nitric oxide synthase (eNOS) (Laufs et al. 1998), activating the
Akt and CREB-dependent survival signalling pathways (Carloni et al. 2009) or reducing

inflammation (Pahan et al. 1997).

The pro-inflammatory cascade after stroke involves the release of reactive-oxygen
species (ROS) and cytokines such as TNF-a or IL-1from the injured neurons and glia
(Amantea et al. 2009). These molecules induce an up-regulation of the transcription
factor NF-xB, leading to the increase of the expression and release of endothelial cell
adhesion molecules (ICAM-1, E-selectin, P-selectin and VAP-1) that mediate the
recruitment of circulating inflammatory cells and their migration to the ischemic region
(Frijns & Kappelle 2002, Yilmaz & Granger 2008, Hernandez-Guillamon et al. 2010).
Then, both the activated endothelium and the recruited leukocytes amplify the tissue

damage by activating metalloproteinases (MMPs) and generating ROS and
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inflammatory mediators (COX-2, cytokines and chemokines) that lead to the blood-
brain barrier (BBB) disruption, generate brain edema and induce neuronal death
(Ishikawa et al. 2004, Jin et al. 2010). There have been described some targets of the
anti-inflammatory action of statins including the modulation of MMPs imbalance (Wang
et al. 2006), the inhibition of the NF-kB activity (Sironi et al. 2006, Lenglet et al. 2014)
and the lowering of the endothelial adhesion molecules expression and release
(Carloni et al. 2006, Miao et al. 2005) although more work needs to be done in order to

know the exact mechanisms of action of statins.

Vascular adhesion protein 1 (VAP-1) is one of the adhesion molecules modulated
during a stroke event. VAP-1 is a homodimeric glycoprotein that during inflammation
facilitates the leukocyte recruitment through its semicarbazide-sensitive amine oxidase
(SSAO; EC 1.4.3.21) enzymatic activity, participating in the rolling and transmigration
processes (Smith et al. 1998, Jalkanen & Salmi 2008). A soluble plasmatic form of the
protein is shed from the cell membrane by a metalloproteinase-dependent activity
(Abella et al. 2004, Sun et al. 2014). This soluble SSAO/VAP-1 has been found
increased in ischemic and in hemorrhagic stroke patients (Airas et al. 2008,
Hernandez-Guillamon et al. 2012b), as well as in other pathologies involving
inflammation (Kurkijarvi et al. 1998, Ferrer et al. 2002, Boomsma et al. 2003, del Mar
Hernandez et al. 2005, Airas et al. 2006), and it contributes to the tissue damage
through the release of toxic products from its catalytic activity (Yu 1998). Moreover, its
plasmatic activity levels constitute a strong predictor of parenchymal hemorrhages after
tPA treatment in ischemic stroke patients, also predicting their neurological outcome
(Hernandez-Guillamon et al. 2010). The soluble SSAO/VAP-1 participates as well in
the leukocyte recruitment through the generation of signaling molecules like hydrogen
peroxide from its catalytic activity, thus affecting inflammatory responses in vivo
(Kurkijarvi et al. 1998, Salmi & Jalkanen 2001). Interestingly, the inhibition of
SSAO/VAP-1 activity in stroke animal models reduces the infarct volume and improves
the neurological outcome (Hernandez-Guillamon et al. 2010, Watcharotayangul et al.
2012). Molecular studies using cell lines have demonstrated the involvement of this

protein in the endothelial activation and damage after OGD (Sun et al. 2014).

Given that the beneficial effects of statins include the reduction of the infarct volume, so
does it the SSAO/VAP-1 inhibition, as well as the amelioration of the inflammation and
the endothelial adhesion molecules activation, we wondered whether part of the
beneficial effects of statins could be mediated by the modulation of SSAO/VAP-1 levels
and/or activity. Among different statins, simvastatin was chosen because a meta-

analysis study revealed that it induced the most potent effects in experimental stroke
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models (Garcia-Bonilla et al. 2012, Campos-Martorell et al. 2014). Therefore, the
protective effect of simvastatin was analyzed in two different animal models of stroke
(eMCAO and tMCAOQ) and in human brain microvascular endothelial cells expressing

human SSAO/VAP-1 subjected to oxygen and glucose deprivation (OGD).

Materials and methods

Animal experiments

All procedures were approved by the Ethics Committee of the Vall d’Hebron Research
Institute and were conducted in compliance with the Spanish legislation and in
accordance with the Directives of the European Union. Male Wistar rats (270-300 g;
Charles River Laboratories Inc., Wilmington, MA, USA) were used in all experiments.
Rats were kept in climate-controlled environment on a 12-hour light/12-hour dark cycle
and food and water were available ad libitum. Analgesia (Buprenorphine, 0.05 mg/Kg

s.c; Divasa Farma-Vic S.A) was given to all rats to minimize their discomfort.

MCAO models

Two different middle cerebral artery occlusion (MCAO) models were used in this study.
In both protocols, animals were anesthetized under spontaneous respiration with 2%
isoflurane (Abbot Laboratories) in oxygen during the whole procedure and temperature
was maintained at 37°C. The surgical exposure of the bifurcation of the external carotid
artery and the internal carotid artery was performed on the right side. The embolic
MCAO model (eMCAO) was induced through the injection of a clot as described
previously (Zhang et al. 1997). Two clots (length: 1.5 cm; diameter: 0.3 mm) were
inserted to occlude the MCA, and animals were allowed to recover from anesthesia
immediately after the occlusion. The day before eMCAO surgery, arterial blood from a
donor rat was withdrawn to form the clots. In the intraluminal transient MCAO model
(tMCAOQ), infarction was induced by introducing an intraluminal filament as described in
detail elsewhere (Garcia-Bonilla et al. 2011). A silicone-coated nylon monofilament
(Doccol Corporation, reference number: 403723PK10) was inserted to occlude the
MCA. Immediately after the occlusion, animals were allowed to recover from
anesthesia. 90 minutes after occlusion, reperfusion of blood flow in the MCA was
induced and, to that end, animals were re-anaesthetized and the filament was removed
from the artery. In both models, cranial trepanation was performed the day before
MCAO to attach a laser-Doppler probe (Moor Instruments) and continuously monitor

regional cerebral blood flow during the surgery. Only animals who exhibited a reduction
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of > 75% in cerebral blood flow during MCAO were included in the study. Sham-
operated animals were submitted to the same processes except for the clot
introduction in the eMCAO model, or the filament introduction in the tMCAO model.
Three doses of analgesia were administered: after cranial trepanation, after MCAO

surgery and at 24 h after it. All animals were euthanized 48 hours after the surgery.

Infarct volume evaluation

Infarct volumes were evaluated by an investigator blinded to the treatment. Infarct
volumes were measured with thionin (eMCAO model) or 2,3,5- triphenyltetrazolium
chloride (TTC, Sigma-Aldrich) (tMCAO model). For the thionin staining, animals were
killed and transcardially perfused with paraformaldehyde 4% through an infusion pump.
Brains were fixed in paraformaldehyde 4% during 24 h at 4°C, immersed in sucrose for
another 24 h at 4°C, embedded in OCT and placed at -80°C. Coronal brain sections
(30 um) were cut in the cryostat and mounted on slides. Thionin staining was
performed on slides: non-injured areas were stained in deep blue whereas ischemic
regions remained pale. Images were captured using a CanoScan 4200F scanner
(Canon USA Inc.,) and infarct size was quantified using an image analysis system
(Scion Image v4.02, Scion Corporation). For the TTC staining, animals were killed and
immediately perfused with heparin solution followed by saline solution, both injected
with an infusion pump. Brains were removed and cut in sections (1 mm) and stained
with TTC as described elsewhere (Bederson et al. 1986). TTC images were captured
using a CanoScan 4200F scanner and infarct volumes were measured using Image J
software by integration of infarcted areas. Infarct volume data were expressed as
percentage of the ipsilateral hemisphere. Brain slices from TTC staining were divided

into ipsilateral (IP) and contralateral (CL) hemispheres and kept frozen until further use.

Neurological evaluation

Rats were assessed using a 9-point neurological deficit scale (modified Bederson test),
as previously described (Pérez-Asensio et al. 2005). Four consecutive tests were
conducted: (i) spontaneous activity (moving and exploring = 0, moving without
exploring = 1, no moving or moving only when pulled by the tail = 2); (i) left drifting
during displacement (none = 0, drifting only when elevated by the tail and pushed or
pulled = 1; circling without displacement or spinning = 2); (iii) parachute reflex
(symmetrical = 0; asymmetrical = 1; contralateral forelimb retracted = 2); (iv) resistance
to left forepaw stretching (stretching not allowed = 0; stretching allowed after some
attempts = 1; no resistance = 2). Neurological score was assessed in a blinded manner
at 90 minutes, 24 and 48 h after MCAO.
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Plasma and brain animal tissue samples

Frozen IP and CL hemispheres from each animal (tMCAO model) were homogenized
separately with a lysis buffer (50 mM Tris-HCI, 150 mM NaCl, 5 mM CacCl,, 0.05%
BRIJ-35, 0.02% NaN3, 1% Triton X-100, phenylmethanesulfonylflucride solution (PMSF,
Sigma-Aldrich), Aprotinin (Apr, Sigma-Aldrich). Each gram of tissue was homogenized
in 2.8 mL of the aforementioned buffer and centrifuged at 12 000 rpm for 12 minutes at
4°C. Homogenates were stored at -80°C until use. Blood samples were drawn and
collected in EDTA tubes after MCAO treatments and before euthanasia, then
immediately centrifuged at 1500 g for 15 minutes at 4°C to obtain plasma supernatants,
and stored at -80°C until their use. The experimental group of eMCAO model was the
same than that used in (Campos-Martorell et al. 2014), but only the plasma samples of

these animals were available for using in the present study.

Cell culture

The human cerebral microvascular endothelial cell line hCMEC/D3 was obtained from
Dr. Couraud’s lab (Paris, France) (Weksler et al. 2005). The hCMEC/D3 cell line stably
expressing the human SSAO/VAP-1 (hCMEC/D3 hSSAO/VAP-1) was generated as
described (submitted manuscript). hCMEC/D3 cells were cultured as recommended, on
150 ug/mL collagen type | (Rat Tail, Corning) —coated plates in EBM-2 (Lonza) medium
supplemented with 5% FBS (Fetal Bovine Serum, Life Technologies), 1.4 uM
Hydrocortisone (Sigma), 5 ug/mL Ascorbic Acid (Sigma), 1% Chemically Defined Lipid
Concentrate (Life Technologies), 10 mM HEPES (Life Technologies) and 1 ng/ml
human bFGF (Fibroblast Growth Factor-basic, Sigma). Human SSAO/VAP-1-
expressing human umbilical vein endothelial cells (HUVEC hSSAO/VAP-1) were
previously developed in our group, and cultured as described (Sole & Unzeta 2011).
THP-1 monocytic cells were obtained from the American Type Culture Collection
(ATCC) and grown in RPMI 1640 medium (Life Technologies) supplemented with 10%

FBS. All cells were maintained at 37°C in a humidified atmosphere containing 5% CO,.

Cell lysates and concentrated culture medium

Cells were collected and homogenized in 50 mM Tris-HCI (pH 7.5), containing 1%
Triton X-100, 10 mM EDTA and protease inhibitors cocktail (Sigma) (1:100) and were
sonicated for 10 seconds. To obtain concentrated culture medium samples, culture
media were collected after cell treatments and centrifuged at 4400 g for 10 minutes to

eliminate dead cells and debris. Then media samples were dried out by evaporation in
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a Refrigerated CentriVap Concentrator (Labconco) and reconstituted in a smaller,

known volume of distilled H,O to obtain ten-fold concentrated culture medium.

OGD model and cell treatments

Combined oxygen and glucose deprivation (OGD) and reoxygenation have been used
as an experimental approach to ischemic stroke. For HUVEC hSSAO/VAP-1 cells,
OGD was carried out as previously described (Sun et al. 2014). For hCMEC/D3
hSSAO/VAP-1 cells, the OGD was performed in glucose-free DMEM (Life
Technologies) after washing cells with glucose-free PBS, and then introducing the cells
into a temperature-controlled (37£1°C) Invivo, hypoxia workstation (RUSKINN)
containing a gas mixture composed of 5% CO,, 95% N, and 0.5% O,. Control cells
were maintained in DMEM (5 mM glucose) under normoxia conditions (5% CO,/95%
air). For reoxygenation treatment, cells that have undergone OGD were returned to
normoxia conditions after replacing glucose-free DMEM by serum-free DMEM (5 mM
glucose) and adding the same treatments present during OGD. In experiments
analyzing the soluble SSAO/VAP-1 release, DMEM was not replaced for the

reoxygenation period, but instead, glucose was added into OGD dishes.

For adhesion and cell viability assays, HUVEC hSSAO/VAP-1 were seeded at 53200
cells/mL, hCMECs were seeded at 50000 cells/mL, and both were grown for 48h
before the addition of treatments. For immunoblot analysis, cells were seeded at 60000
cells/mL, and grown to 80% - 90% confluence before treatments. MA (methylamine),
PLZ (phenelzine), or/and simvastatin (Simva) were added before OGD starting. In the
reoxygenation process there were maintained the same concentrations of compounds
present during OGD. Simvastatin used for cells was previously activated by opening
the lactone ring. In short, 52.9 mg simvastatin were dissolved in ethanol (32.4%),
distilled H,O (61.5%), 0.1 M NaOH (6%), neutralized to pH 7.2 by 2 M HCI and

incubated at 60°C for 1 hour to obtain a 10 mM stock.

Western blot analysis

Equal amounts of protein (20 ug/lane) determined by the Bradford method, or equal
volumes of media were separated by SDS/PAGE and transferred onto nitrocellulose
membranes following the standard procedure, as described before (Sun et al. 2014).
The ImagedJ software was used to quantify the western blot signal. The antibodies used
were: rabbit anti-VAP-1 (abcam, 1:1000), rabbit anti-bovine SSAO (1:1000) (Lizcano et
al. 1998), mouse anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Ambion-
Invitrogen, 1:20000), rabbit anti-P-selectin (BioVision, 1:1000), rabbit anti-E-selectin
(Santa Cruz, 1: 500), rabbit anti-VCAM-1 (Epitomics, 1:1000), rabbit anti-ICAM-1
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(GeneTex, 1:1000), rabbit anti-NOS-2 (Santa Cruz, 1:1000), rabbit anti-COX-2 (Santa
Cruz, 1:1000), goat anti-SOD-1 (Santa Cruz, 1:1000), rabbit anti-IkB-a (Santa Cruz,
1:1000), mouse anti-B-actin (Sigma—Aldrich, 1:5000), HRP (horseradish peroxidase)-
conjugated anti-rabbit 1IgG (BD Biosciences, 1:1000); HRP anti-mouse 1gG (Dako,
1:1000), HRP anti-goat 1gG (Pierce, 1: 2000).

Adhesion assays

THP-1 monocytes were labeled with 1 uM calcein-AM, and at the end of treatments,
endothelial cells were incubated with the calcein-AM-labeled THP-1 cells (2.5x10° per
well in 24-well plates) for 30 minutes at 37°C. Then, unbound monocytes were
removed by turning over the plates onto absorbent paper, carefully adding FBS-free
RPMI 1640 medium to the plates with an auto-pipette, and repeating the washing for at
least three times. The fluorescence intensity was measured using a fluorescence
microplate reader (Aexy/Aem: 495/530 nm). Results are represented as the percentage of

fluorescence intensity, referring values to those obtained for the non-treated cells.

Statistical analysis

Results are given as mean + SEM of experimental data from animals or independent
experiments. The Gaussian distribution of each variable was checked by the
Kolmogorov-Smirnov test. Statistical analysis was performed by one or two-way
ANOVA tests followed by Newman-Keuls multiple comparison test. Correlations were
tested by the Pearson correlation coefficient. A p<0.05 was considered to be
statistically significant. Statistical analyses and graphic representations were obtained

with the Graph-Pad Prism 6.0 software.

Results

Effect of simvastatin on the infarct volume and the neurological score in rats subjected
to MCAO

Animals subjected to the eMCAO model showed a reduction of the infarct lesion with
the treatment of simvastatin, measured 48 h after the induction of the ischemia, which
was accompanied by a significant improvement in neurological behavior at this time
(Campos-Martorell et al. 2014). On the other hand, in animals undergone tMCAO,
simvastatin treatment induced only a trend to reduce the infarct volume (58.29 + 3.84 %
for Veh versus 53.55 + 2.81 % for Simva (p = 0.3289) (Fig. 1a). In the same way,
simvastatin treatment of tMCAO-subjected animals did not induce significant

differences in the neurological score, evaluated after 24 h or 48 h (Fig. 1b), although
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the score mean values tended to be lower for simvastatin-treated groups at 48 h post-
occlusion (4 + 0.6 for Veh vs. 3.6 + 0.5 for Simva, p = 0.7008).

Simvastatin suppresses the plasmatic release of SSAO/VAP-1 in rats subjected to two
different MCAO models: eMCAO and tMCAO

It was analyzed whether simvastatin treatment could modify the release and/or the
expression of SSAO/VAP-1 in rats subjected to transient MCAO inserting a nylon
filament (tMCAO) or to embolic MCAO (eMCAOQ). Western blot analysis of SSAO/VAP-
1 in plasma of vehicle-treated animals showed that both MCAO procedures induced an
increase of the soluble SSAO/VAP-1 that was significant only in the eMCAO model (Fig.
2a). Interestingly, the simvastatin treatment induced a significant reduction in the
plasmatic levels of SSAO/VAP-1 in both MCAO models without changes in the sham
animals (Fig. 2a). However, neither the tMCAO surgery, nor the simvastatin treatment
induced differences in the levels of the brain membrane-bound SSAO/VAP-1 (Fig. 2b),

showing similar protein levels in all samples.

Soluble SSAO/VAP-1 levels in plasma of rats subjected to tMCAO or eMCAOQ correlate
with infarct volume

The amount of soluble SSAO/VAP-1 present in plasma of rats undergone tMCAO (Fig.
3a) or eMCAO (Fig. 3b) shows a significant positive correlation with the infarct volume
(Pearson’s r=0,6031, p=0,0134*; Pearson’s r=0,8084, p=0,0152*, respectively). Thus,
when higher soluble SSAO/VAP-1 levels were observed in plasma, higher infarct
volumes were detected in both MCAO models. In addition, when considering vehicle
and simvastatin-treated animals from both MCAO models separately, the correlation
between soluble SSAOVAP-1 and the infarct volume resulted to be significantly
different only in case of vehicle-treated animals, and simvastatin treatment abolished

this correlation.

Simvastatin treatment attenuates the expression of P-selectin and E-selectin in the
brain of rats subjected to tMCAO

The adhesion molecules P- and E-selectin mediate the initial steps of the leukocyte
adhesion cascade during inflammation, and their expression has been shown to be
dependent on SSAOQ catalytic activity (Jalkanen et al. 2007). Therefore, these adhesion
molecules were analyzed by western blot in brains of vehicle and simvastatin-treated
sham and tMCAO-subjected rats (Fig. 4). Sham animals did not show changes in the
P-selectin protein levels. However, overall trend to increase was observed in both brain

sides aftert MCAO, where simvastatin treatment tended to lower, especially in the IP
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brain side (Fig. 4b). E-selectin levels did not show significant differences among the
treatments in sham animals. By contrast, E-selectin was increased in the CL side of the
tMCAO-subjected brains without substantial variation in the occlusion side (IP).
Simvastatin treatment showed a significant reduction of this tMCAO-induced E-selectin
augment, maintaining a moderate difference between IP and IL brain sides in these
animals (Fig. 4c). Two-way ANOVA analysis revealed a significant effect of both
variables (tMCAOQO, p<0.0001***; simvastatin, p=0.0015**).

Effects of simvastatin on the release and protein levels of the inflammatory proteins
VCAM-1 and ICAM-1 in MCAO-subjected animals

Other adhesion molecules such as the vascular cell adhesion molecule 1 (VCAM-1)
and the intercellular adhesion molecule 1 (ICAM-1) play also an important role on the
inflammation induced by a stroke insult. Together with VAP-1, they are responsible of
the transendothelial migration of leukocytes to the injured tissues during inflammation.
Both adhesion molecules are shed from the membrane, generating soluble forms that
are correlated with several pathologies. The presence of soluble VCAM-1 in the plasma
of rats undergone tMCAO or eMCAOQO was determined by western blot analysis. Results
revealed a significant decrease of soluble VCAM-1 levels in simvastatin-treated
animals undergone tMCAO, whereas no changes were observed in eMCAO-subjected
animals (Fig. 5a). When the levels of membrane-bound VCAM-1 were analyzed in
brain samples, it was observed a significant increase of this protein in the CL side of
rats undergone tMCAO surgery, without changes in the infarcted side (Fig. 5b). This
increase was prevented by the simvastatin treatment. Again, two-way ANOVA analysis
revealed a significant effect of both variables (tMCAO, p<0.0001***; simvastatin,
p=0.0225%). By contrast, neither the tMCAO surgery, nor the simvastatin treatment

induced changes in the levels of the membrane-bound ICAM-1 protein.

Simvastatin down-regulates the levels of COX-2, NOS-2, SOD-1 and up-regulates the
expression of I[kB-a in brain of rats undergone tMCAQO

One of the simvastatin-reported action mechanisms is the inhibition of the NF-xB
pathway (Falcone et al. 2013). NF-xB regulates the expression of proteins involved in
cell adhesion, immune and inflammatory responses. Cyclooxygenase 2 (COX-2),
inducible nitric oxide synthase (NOS-2) and superoxide dismutase (SOD-1), which are
involved in inflammation and ROS generation under stroke conditions (Orrenius et al.
2003, Moro et al. 2004), are induced by NF-«B activity. Thus, these proteins were
analyzed in tMCAO animals and those treated with simvastatin. No differences in any

of these proteins were observed in sham animals treated with simvastatin. However, a
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significant increase in COX-2 protein was detected in the stroked side of tMCAO-
subjected animals, which was partially prevented with the simvastatin treatment (Fig.
6b). Similar trends were observed in NOS-2 (Fig. 6¢) and SOD-1 (Fig. 6d) but changes
detected in these proteins were less significant (Sham Veh IP, 0.731 + 0.07 vs MCAO
Veh IP 0.823 + 0.03, p = 0.266 (n.s.); MCAO Veh IP 0.823 + 0.03 vs MCAO Simva IP
0.668 + 0.02, p = 0.0028**, for NOS-2)(Sham Veh IP, 0.992 + 0.009 vs MCAO Veh IP
1.205 + 0.06, p = 0.016*; MCAO Veh IP 1.205 + 0.06 vs MCAO Simva IP 1.028 + 0.03,
p = 0.023*, for SOD-1). On the other hand, the levels of the NF-«B inhibitor IxB-a were
determined in these animals, and results showed a significant increase of this protein in
the IP brain side of tMCAO-undergone animals (Fig. 6e). This augment was even more
significant in both brain sides of tMCAQO simvastatin-treated rats (Sham Veh IP, 0.609 +
0.11 vs MCAO Veh IP 1.005 + 0.03, p = 0.002**; MCAO Veh IP 1.005 + 0.03 vs MCAO
Simva IP 1.117 £ 0.02, p = 0.033*), whereas no changes were observed in sham

animals.

Simvastatin alleviates the OGD-induced soluble SSAO/VAP-1 release in brain
endothelial SSAO/VAP-1-expressing cells.

In order to confirm that the vascular system was determinant in the effects of
simvastatin observed in brains of rats subjected to MCAO, we studied also its effects in
a brain endothelial cell model subjected to an in vitro experimental model of ischemia.
We used a cellular model of human brain endothelial cells stably expressing
SSAO/VAP-1 (hCMEC/D3 hSSAO/VAP-1) generated in our group (submitted
manuscript) subjected to oxygen and glucose deprivation (OGD, 16 h) plus
reoxygenation (Reox, 24 h). Under these experimental conditions, the levels of soluble
and membrane- bound SSAO/VAP-1 were analyzed in the absence or presence of
simvastatin. Results showed a significant increased levels of soluble SSAO/VAP-1
released to the culture media of cells undergone OGD+Reox compared to normoxic
cells, whereas simvastatin treatment completely abolished this cell response (Fig. 7a).
This effect was corroborated by the analysis of the membrane-bound protein in the
same cells, where it was observed a reduced presence of membrane-bound
SSAO/VAP-1 after OGD+Reox as a consequence of its release, which was partially

prevented by the simvastatin treatment (Fig.7b).

Leukocyte binding to endothelial cells induced by OGD and SSAO/VAP-1 activity is

prevented by simvastatin.
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In order to determine whether the anti-inflammatory behavior of simvastatin had any
effect on the SSAO/VAP-1-dependent leukocyte adhesion, this activity was analyzed in
endothelial cells subjected to OGD in the presence of the SSAO physiological
substrate, methylamine (MA). Two different endothelial models were used, the one
from human brain origin (hnCMEC/D3) and a human umbilical vein endothelial cell line
(HUVEC) that was previously described (Sole & Unzeta 2011). Results showed that
brain endothelial cells bound more leukocytes than HUVEC cells after 5 h of OGD (Fig.
8). Moreover, as previously described (Sun et al. 2014); submitted manuscript), the
catalytic activity of SSAO/VAP-1 on methylamine as substrate induces the leukocyte
binding to both endothelial cell types, and this effect is potentiated under OGD
conditions. No significant differences were observed in wild type cells non-expressing
the SSAO/VAP-1, indicating the relevance of this protein in the adhesion process. In
addition, simvastatin treatment prevented this SSAO/VAP-1-mediated leukocyte
adhesion induction both in normoxia and in OGD conditions. Given the fact that the
catalytic activity of SSAO participates in its adhesion function (Salmi et al. 2001), the
obtained results pointed to the possibility that simvastatin would act as SSAO
enzymatic inhibitor. However, results indicated no inhibitory effect of simvastatin on
SSAO enzymatic activity (supplementary material S1a. In the same line, simvastatin
was not able to prevent the endothelial cell death induced by the SSAO-dependent
methylamine metabolism under OGD conditions in HUVEC or brain endothelial cells
(supplementary material S1b, c), or to act as a scavenger of the toxic products
generated during its enzymatic activity (hydrogen peroxide, H,O, or formaldehyde, FA)

(supplementary material S1d, e).

Effects of simvastatin on the expression of inflammatory adhesion proteins in brain
endothelial cells subjected to OGD with reoxygenation

In order to study whether besides SSAO/VAP-1, other adhesion molecules involved in
the inflammation process could participate in the leukocyte adhesion induced by OGD
and reoxygenation, and if they are as well affected by simvastatin, the levels of P- and
E-selectins, VCAM-1 and ICAM-1 were determined in SSAO/VAP-1-expressing
hCMEC/D3 cells subjected to OGD and reoxygenation. Results showed first that OGD
and reoxygenation induced no change in P-selectin but reduced levels of E-selectin,
VCAM-1 and ICAM-1 (Fig. 9). This reduction was more pronounced in the case of
VCAM-1 and ICAM-1 proteins, in the same line that it was previously observed with
SSAO/VAP-1 (Fig. 7). With the simvastatin treatment, P-selectin decreased after
OGD+Reox, while no changes were observed without simvastatin (Fig. 9b). In the case

of E-selectin, although the previously observed slight reduction induced by OGD+Reox
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was maintained, the overall protein levels were diminished with the simvastatin
treatment (Fig. 9c). The same behavior was detected for VCAM-1, which overall
significantly decreased after simvastatin treatment but still maintaining the decrease
induced by OGD+Reox (Fig. 9d). In case of ICAM-1, while OGD+Reox induced a
reduction of the protein levels, no changes were observed as a response to
OGD+Reox in the presence of simvastatin, which also significantly reduced the ICAM-1

levels in normoxia cells (Fig. 9e).

Simvastatin influences as well the levels of COX-2, NOS-2, SOD-1 and IkB-a in brain
endothelial cells undergone OGD and reoxygenation.

In order to confirm the effects observed in animal brains subjected to tMCAO on some
of the NF-xB expression-dependent proteins, COX-2, NOS-2 and SOD-1 were
analyzed in our endothelial cell model. In SSAO/VAP-1-expressing hCMEC/D3 cells,
OGD+Reox induced an increase in the levels of COX-2; this effect was maintained in
the presence of simvastatin, although this treatment induced a significant reduction of
COX-2 in both normoxia and OGD+Reox conditions (Fig. 10b). NOS-2 also increased
after OGD+Reox, but this effect was completely prevented by the simvastatin treatment
(Fig. 10c). By contrast, no significant changes were observed in the levels of SOD-1
after the OGD+Reox insult or by the simvastatin treatment (Fig. 10d). On the other
hand, when the levels of the NF-«B inhibitor 1kB-a. were analyzed in endothelial cells, it
was observed that OGD+Reox induced an increase of this protein. Simvastatin
treatment in this case augmented the IkB-alevels in normoxia conditions, and
OGD+Reox induced a higher increase in this protein than that observed without the

simvastatin presence.

Discussion

In this study we investigate whether the beneficial effects of simvastatin on stroke could
be mediated by any modulation of the pro-inflammatory SSAO/VAP-1 activity or its
levels by using “in vitro” and “in vivo” experimental approaches. In our results, the
plasmatic form of SSAO/VAP-1 increased after the ischemia induction by two different
models, as we previously observed in human samples (Hernandez-Guillamon et al.
2010), and it correlated as well with the infarct volume. The simvastatin-induced
prevention of the soluble SSAO/VAP-1increase in MCAO animals and also in the OGD-
subjected endothelial cells expressing SSAO/VAP-1 could be related with the

described action of statins on the abolishment of the stroke-induced matrix
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metalloproteinases (MMPs) up-regulation (Wang et al. 2006), which is associated to
the BBB disruption cerebral ischemia (Montaner et al. 2003, Hernandez-Guillamon et al.
2012a). These variations are not shared in the same extent by the other adhesion
molecules, but they seem specific for SSAO/VAP-1. In case of VCAM-1, for example,
its soluble levels slightly decreased in simvastatin-treated tMCAO animals, while no
changes were observed in the eMCAO model. By contrast to the results observed with
the soluble SSAO/VAP-1, where even higher differences were detected in the eMCAO
model, this may indicate a different pathway activation depending on the infarct insult
or that VCAM-1 needs a stronger ischemic damage than SSAO/VAP-1 to be activated,
since the infarct volumes induced by the tMCAO model are bigger than those induced
by the eMCAO model.

Despite the decrease in the soluble SSAO/VAP-1 induced by simvastatin, no
differences were observed on its membrane-bound form in animal samples. This may
be explained because the levels of soluble SSAO/VAP-1 in plasma under physiological
conditions are low, thus small amount differences are easier to detect there than in the
highly present membrane-bound form. Alternatively, an increase of its expression in
vivo that would compensate the loss of the released form cannot be ruled out. Actually,
SSAO/VAP-1 expression can be regulated by NF-kB, which becomes activated after
ischemia (Bono et al. 1998). In this case, the membrane-bound form reduction
observed in the cell line would be explained by the lack of ability of this cell model to
up-regulate the expression of the protein, in which a constitutive promoter induces its
expression. Anyway, the effect of simvastatin would be beneficial in both cases by
reducing the release of this enzyme that is related with inflammation processes. This is
evidenced by the simvastatin-induced reduction of the leukocyte adhesion to the
SSAO/VAP-1-expressing brain endothelial cells undergone OGD. In this regard, this
anti-inflammatory effect may not be mediated by a direct action of simvastatin on the

SSAO/VAP-1 function because it does not behave as inhibitor of its catalytic activity.

By contrast, it could be mediated by the inhibition of the SSAO/VAP-1-dependent
expression of other adhesion molecules. It is known that the oxidase activity of
SSAO/VAP-1 is able to induce the expression of other pro-inflammatory proteins and
hence to promote leukocyte binding, as a cross-talk system between the adhesion
molecules involved in tethering and rolling of leukocytes in inflammation. In this regard,
the expression of E- and P-selectins, VCAM-1 and ICAM-1 can be modulated by
SSAO/VAP-1 activity, although this effect on VCAM-1 and ICAM-1 has only been found
in hepatic endothelial cells so far (Jalkanen et al. 2007, Lalor et al. 2007). Our results

show similar results for E-selectin and VCAM-1, which expression increased in the
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contralateral side of the tMCAO-subjected animals, while no changes were observed in
the ischemic side. Simvastatin treatment prevented this contralateral protein increase
as well as reduced the overall expression of these adhesion molecules. Similar trends
were observed for P-selectin and ICAM-1, although changes were subtler in these
proteins. These differences may be explained by a different regulation of these
molecules, for example E-selectin is an inducible protein whereas P-selectin is
constitutively present in membranes of endothelial cells (Frijns & Kappelle 2002).
Interestingly, the changes observed in these molecules are strongly observed in the
contralateral brain sides, especially for E-selectin and VCAM-1, which suggests us that
this effect responds to a traveling signal from the infarcted area. These results together
with the fact that these proteins are inducible by the SSAO/VAP-1 activity let us think
that the release of SSAO could be the courier and booster of the ischemic inflammatory
stimulus to the contralateral brain. Moreover, the up-regulation of these proteins in
ischemia is prevented by the simvastatin treatment, which is compatible with the block
of the SSAO/VAP-1 release to the circulation that would prevent the soluble molecule

to reach the contralateral brain.

Considering the previous hypothesis, these changes would be difficult to measure in
the cell culture system because it is all the tissue that receives the ischemic stimulus in
this model, and there are no travelling signals towards a non-ischemic area. Actually,
the alterations on the expression of these pro-inflammatory proteins are less evident in
the endothelial cell line model. However, a simvastatin-mediated overall reduction of
the expression of these adhesion molecules is also observed. The OGD and
reoxygenation stimulus induces a reduction in the protein levels of E-selectin, VCAM-1
and ICAM-1 that is only prevented by simvastatin in case of ICAM-1. This decrease
could result from the release of the protein to the culture medium, which is difficult to
analyze in some cases due to the low expression levels of some of these proteins. In
addition, differences in the regulation of the release and expression of these and other
adhesion molecules that have been described among species may be a cause for
these small differences in the effects observed between rat samples and human
endothelial cells (Yao et al. 1999); for example, SSAO/VAP-1-dependent action in
human endothelia increases the E-selectin release and the P-selectin expression,
which are the effects that we observe in our cell line, but they occur in the opposite way
in mice (Jalkanen et al. 2007). Other regulatory signals coming from neighboring cell

types cannot be ruled out, and these ones could not be assessed using our cell model.

All the previous mentioned adhesion molecules are target genes of the transcription

factor NF-xB, which simvastatin has shown to inhibit. In order to investigate the NF-xB-
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dependent transcriptional activity and the simvastatin effects on it in our models, we
analyzed others of its target genes. COX-2 is a pro-inflammatory mediator
overproduced after ischemia that contributes to the oxidative stress by generating
superoxide (ladecola & Alexander 2001). In the same line, NOS-2 increases under
stroke, and is the source of large amounts of NO in these conditions (Moro et al. 2004).
On the other hand, the expression of the antioxidant SOD-1 trends to decrease at long
times after ischemia (Ciancarelli et al. 2015). All them have been found modulated by
statins action on NF-xB (Tu et al. 2014, Moro et al. 2004, Kumagai et al. 2004). In our
results, these proteins behaved in a similar way, being up-regulated by ischemia and
this effect was prevented by simvastatin. Interestingly, by contrast to the adhesion
proteins previously analyzed, the up-regulation of these factors was observed in the IP
brain side. In addition, the results observed with COX-2 and NOS-2 were much more
consistent between the animal and the cell line models than those observed with
VCAM-1 and the others previously analyzed. These results suggest us that changes of
these proteins are more related to local signals, and therefore are observed in the cell
line subjected to ischemia. Thus, the soluble SSAO/VAP-1 may not be related to them,

although it could be its membrane-bound form.

Finally, the confirmation of the involvement of the NF-xB activity to the simvastatin-
mediated actions in our models is derived from results obtained analyzing the 1kB-a, an
endogenous repressor of the NF-kB transcriptional activity. This molecule is up-
regulated in the IP brain side as well as in endothelial cells after ischemia, probably as
a response to the NF-xB activation, and simvastatin treatment increases its expression
both in the basal levels and in response to ischemia, thus resulting in a major inhibition

of the NF-«kB pro-inflammatory signaling.

Taking together all these results, they suggest that part of the beneficial effect of
simvastatin in both experimental models is mediated by a reduction of the inflammatory
process. The coincidence between the results obtained from animal samples and those
observed in cell lines highlights the relevance of the vascular system in the process.
Also, it indicates that the lower levels of soluble SSAO/VAP-1 detected with the
simvastatin-treated animals are not a result of a previous improvement induced by
simvastatin but to a direct blocking of its shedding, as it is revealed from the studies
with the isolated endothelial cells. Moreover, our results suggest that the inflammation
after an ischemic stimulus is differently regulated in the local infarcted area or in the
contralateral brain side. In this aspect, the major change that simvastatin induced on

SSAO/VAP-1 protein was the inhibition of its release. This effect correlated with the
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prevention in the increase of other adhesion proteins on the contralateral side that can
be mediated by SSAO/VAP-1 catalytic activity. Therefore, we believe that upon stroke,
SSAO/VAP-1 is released as a soluble form to travel along the circulation and reach
non-infarcted brain areas, where it induces inflammation, amplifying the damage
directly and locally induced by the ischemic process. Although simvastatin did not
behave as inhibitor of the catalytic activity of SSAO/VAP-1, we cannot rule out that it
could also interfere with its leukocyte adhesion function by other mechanisms, as it was
observed in the endothelial cell model, for example obstructing the binding of
SSAO/VAP-1 with Siglec-10, its counter-receptor on leukocytes (Kivi et al. 2009). We
cannot discard also the participation of the membrane-bound SSAO/VAP-1, which
deserves further studies, although this could be more related to the site of the infarct.
Also, other simvastatin-mediated described mechanisms such as the inhibition of the

NF-«B activity would contribute to its overall beneficial effects.

Inhibitors of SSAO/VAP-1 activity have shown already an improvement in animal stroke
models (Hernandez-Guillamon et al. 2010, Ma et al. 2011, Watcharotayangul et al.
2012, Xu et al. 2015), where the SSAO/VAP-1 activity inhibition would not only prevent
the leukocyte binding but also the release of aldehydes, hydrogen peroxide and
ammonia resulting from its enzymatic activity, which when overproduced can contribute
to the oxidative stress and the disease progression (Yu & Deng 1998, Conklin et al.
1998, Hernandez et al. 2006, Solé et al. 2008). Thus, a possible summation effect of
both simvastatin and SSAO/VAP-1 inhibitors treatment could enhance their beneficial

effects on the pathology development.
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Fig. 1 Simvastatin effects on the infarct volume and neurological score of tMCAO
animals. (a) Infarct volume of vehicle (Veh) and simvastatin (Simva) -treated animals
represented as percentage of the ipsilateral brain side (% IP). (b) Neurological test
assessment in tMCAO-subjected animals in the first 90 min (1-1.3 h), at 24 h and 48 h
after the ischemia. Values are individually represented, with the mean + SEM indicated

for each group. (c) Representative images of TTC staining.
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Fig. 2 Simvastatin suppresses the release of soluble SSAO/VAP1 into the blood
plasma of rats subjected to tMCAO or eMCAO. (a) Soluble SSAO/VAP-1 levels in
plasma of vehicle (Veh) and simvastatin (Simva) -treated rats subjected to tMCAO or
eMCAOQ. (b) Levels of membrane-bound SSAO/VAP-1 in the contralateral (CL) and
ipsilateral (IP) brain tissue sides of Veh and Simva-treated rats undergone tMCAO. The
presence of membrane-bound SSAO/VAP-1 protein in tissue was normalized to the
GAPDH levels. Veh-treated plasma samples and contralateral brains from sham
animals were considered as control (Ctrl) for (a) and (b), respectively. Data in graphs
represent the western blot quantifications and are expressed as mean + SEM; Veh, n =
5 (3 for plasma) and Simva, n = 3 for the sham animals; Veh, n = 8 (6 for plasma) and
Simva, n = 9 for animals subjected to tMCAO; Veh, n = 4 and Simva, n = 3 for animals
subjected to eMCAO. *p<0.05 and **p<0.01 as indicated; *p<0.05 versus the
corresponding sham group, by a one-way ANOVA test and the addition of Newman-

Keuls multiple comparison test.
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Fig. 3 Correlations between infarct volume and soluble SSAO/VAP-1 levels present in
the blood plasma of rats subjected to MCAO. Correlations between infarct volume and
soluble SSAO/VAP-1 in the (a) tMCAO model and (b) eMCAO model, and (c) vehicle
or simvastatin-treated plasma samples of both tMCAO and eMCAO models. Data of
soluble SSAO/VAP-1 is obtained from the western blot quantifications; n = 16 in (a); n
= 8 in (b); vehicle, n = 12, simvastatin, n = 12 in (c). Pearson r coefficient and p value is

shown for each correlation.
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Fig. 4 Simvastatin reduces the levels of P- and E-selectins in brains of rats subjected

tMCAO. (a) Representative western blot images of (b) P-selectin, and (c) E-selectin

quantifications in the contralateral (CL) and ipsilateral (IP) brain sides of tMCAO-

subjected rats treated with vehicle (Veh) or simvastatin (Simva). The presence of P-

and E-selectin was normalized to the (-actin levels. Veh-treated CL brain sides from

sham animals were considered controls (Ctrl). Data are plotted for each sample, and

the mean + SEM is indicated; Veh, n = 5, Simva, n = 3 for sham animals; Veh, n = 8,

Simva, n = 8 for animals undergone tMCAO. **p<0.01 and ***p<0.001 as indicated,;

#p<0.05 versus the homologous sham group; *¥p<0.01 versus the corresponding

vehicle-treated group, by a two-way ANOVA (tMCAO and simvastatin treatment) and

the addition of Newman-Keuls multiple comparison test.
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Fig. 5 Effects of simvastatin on the brain levels of VCAM-1 and ICAM-1, and the
release of soluble VCAM-1 to the plasma, in rats subjected to MCAO. (a) Soluble
VCAM-1 in the plasma of vehicle (Veh) and simvastatin (Simva)-treated rats undergone
tMCAO or eMCAO. (b) VCAM-1 and (c) ICAM-1 protein levels in the CL and IP sides of
Veh and Simva-treated rats brains subjected to tMCAO. VCAM-1 and ICAM-1 in the
brains were normalized to the (-actin levels. Plasma samples from veh-treated rats and
CL brain sides from veh-treated sham animals were considered as Ctrl for (a) and (b,
c), respectively. Data in graphs represent the western blot quantifications. Values are
plotted individually for each animal, and the mean = SEM is indicated in each
experimental group. Veh, n = 5 (3 for plasma), Simva, n = 3 for the sham animals; Veh,
n = 8, Simva, n = 9 for tMCAO-subjected animals; Veh, n = 4, Simva, n = 3 for eMCAO-
subjected animals. **p<0.01 as indicated; *p<0.05 versus the corresponding sham
group; ¥p<0.05 versus the homologous vehicle-treated group; ns, non significant, by a
two-way ANOVA (MCAO and simvastatin) and the addition of Newman-Keuls multiple

comparison test.
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Fig. 6 Simvastatin down-regulates the levels of COX-2, NOS-2, SOD-1 and up-
regulates the expression of IkB-a in the brains of rats subjected to tMCAO. (a)
Representative western blot images of the analyzed proteins. (b) Quantifications of
COX-2, (c) NOS-2 and (d) SOD-1 in the CL and IP sides of vehicle (Veh) and
simvastatin (Simva)-treated rat brains subjected to tMCAO. (e) Western blot images
and their quantifications are also shown for IkB-a under the same experimental
conditions. COX-2 and NOS-2 in the brains were normalized to the B-actin levels.
SOD-1 and IkB-a in the brains were normalized to the GAPDH levels. Veh-treated CL
sides from sham animals were considered as Ctrl. Data are plotted individually showing
the mean + SEM for each experimental group; Veh, n = 5, Simva, n = 3 for sham

animals; Veh, n = 8, Simva, n = 9 for tMCAO-undergone animals. *p<0.05, **p<0.01
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and ***p<0.001 as indicated; *p<0.01, p<0.001 versus the corresponding sham
group; ¥p<0.05 and *¥p<0.01 versus the homologous vehicle-treated group, by a two-
way ANOVA (MCAO and simvastatin) and the addition of Newman-Keuls multiple

comparison test.
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Fig. 7 Simvastatin alleviates the OGD-induced release of soluble SSAO/VAP-1 to the
culture media by brain endothelial SSAO/VAP-1-expressing cells. (a) Presence of
soluble SSAO/VAP-1 in ten-fold concentrated culture media of Simva (100 nM) -treated
or not hCMEC/D3 hSSAO/VAP-1 cells under normoxia or oxygen-glucose deprivation
(OGD, 16h) with reoxygenation (Reox, 24h) (OGD+Reox). (b) Presence of membrane-
bound SSAO/VAP-1 in hCMEC/D3 hSSAO/VAP-1 cell lysates under the same
previously analyzed experimental conditions. The presence of membrane-bound
SSAO/VAP-1 was normalized to the GAPDH levels. Non-treated cells or media under
normoxia conditions were considered as Ctrl. Data in graphs represent the western blot
quantifications and are expressed as mean + SEM from 3 independent experiments.
*p<0.05 as indicated; #p<0.05 versus non-treated OGD+Reox media; ns, non
significant, by a one-way ANOVA and the addition of Newman-Keuls multiple

comparison test.
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Fig. 8 Simvastatin prevents the leukocyte binding to endothelial cells induced by OGD
in presence of the SSAO substrate. Leukocyte-endothelium adhesion assay was
performed to analyze the anti-inflammatory effect of simvastatin against SSAO
mediated pro-inflammatory action. It was quantified the binding of calcein-AM-labelled
THP-1 leukocytes on (a) WT and hSSAO/VAP-1-expressing hCMEC/D3 and (b)
hSSAO/VAP-1-expressing HUVEC cells treated with MA (3 mM) or/and Simva (100 nM)
and subjected to OGD (5h). Non-treated cells under normoxia were considered as Ctrl
for each type of cells in (a). Non-treated WT cells were considered as Cirl in (b). Data
are expressed as mean * SEM from 4 independent experiments. *p<0.05, **p<0.01
and ***p<0.001 as indicated, by a one-way ANOVA and the addition of Newman-Keuls

multiple comparison test.
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Fig. 9 Effects of simvastatin on the expression of the adhesion proteins P-selectin, E-
selectin, VCAM-1 and ICAM-1 in brain endotelial cells after OGD with reoxygenation. (a)
Representative western blot images of (b) quantification of P-selectin, (c) E-selectin, (d)
VCAM-1 and (e) ICAM-1 levels in SSAO/VAP-1-expressing hCMEC/D3 cells treated
with Simva (100 nM) or not, under normoxia or OGD (16h) with Reox (24h)
(OGD+Reox). The presence of all proteins was normalized to GAPDH levels. Non-
treated cells under normoxia conditions were considered as Ctrl. Data are expressed
as mean + SEM from 3 independent experiments. *p<0.05, **p<0.01 and ***p<0.001 as

indicated, by a one-way ANOVA test and the addition of Newman-Keuls multiple
comparison test.
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Fig. 10 Influences of simvastatin on the expression of COX-2, NOS-2, SOD-1 and IkB-
a in endotelial cells subjected to OGD and reoxygenation. (a) Representative western
blot images of (b) quantification of COX-2, (¢) NOS-2 and (d) SOD-1 in hSSAO/VAP-1-
expressing hCMEC/D3 cells treated with Simva (100 nM) or not, under normoxia or
OGD (16h) with Reox (24h) (OGD+Reox). (e) Western blot images and their
quantifications are also shown for IkB-a under the same experimental conditions. The
presences of all proteins were normalized to GAPDH levels. Non-treated cells under
normoxia conditions were considered Ctrl. Data are expressed as mean + SEM from 3
independent experiments. *p<0.05, **p<0.01 and ***p<0.001 as indicated; *p<0.05
versus the corresponding non-Simva treated cells, by a one-way ANOVA test and the

addition of Newman-Keuls multiple comparison test.
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1. Annex chapter lil.

The modulation of the soluble SSAO/VAP-1 levels mediates part of the beneficial

effect of simvastatin in cerebral ischemia
Supplementary Information
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Fig. 81 Simvastatin does not modulate the enzymatic activity of SSAO/VAP-1. (a) The
SSAO inhibitory capacity of Simva was determined by measuring the SSAO activity
remaining in HUVEC hSSAO/VAP-1 cell lysates after being incubated with Simva (107°-
10* uM) for 1 hour; semicarbazide (SC) was used as a positive control of inhibition. (b-c)
Cell death induced by the metabolism of methylamine in normoxia or OGD-Reox
conditions in different endothelial cell types. (b) Cell viability of HUVEC hSSAO/VAP-1

cells treated with MA (3 mM) or/and Simva (100 nM) subjected to 24h-OGD with 7h-
reoxygenation (OGD+Reox). (c) The cell viability of hCMEC/D3 hSSAO/VAP-1 cells
treated with MA (3 mM) or/and Simva (100 nM) subjected to 16h-OGD with 24h-
reoxygenation (OGD+Reox) was also evaluated by MTT reduction assay. Non-treated
cells under normoxia conditions were considered Ctrl. (d) The cell viability of HUVEC
hSSAO/VAP-1 cells treated with H,O, (30-50 pM) or/and Simva (100 nM), and (e)
treated with formaldehyde (FA, 100-500 uM) or/and Simva (100 nM) for 24 hours. Data
are expressed as mean + SEM from 2-4 independent experiments. *p<0.05, **p<0.01

and ***p<0.001 versus Ctrl; *p<0.05 and *p<0.001 as indicated, by a one-way ANOVA

test and the addition of Newman-Keuls multiple comparison test.
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Supplementary Methods

Cell viability assay

MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] reduction assay
was employed to evaluate the cell viability. Briefly, at the end of the treatments, cells
were incubated with 0.5 mg/mL MTT for 3 h in HUVECs and for 1.5 h in hCMECs at
37°C. The medium was then replaced by dimethylsulfoxide (DMSO) to dissolve the
blue formazan precipitate, and it was spectophotometrically quantified at 560 nm and

620 nm in a microplate reader (Labsystems multiscan RC) (Plumb et al., 1989).
SSAO enzymatic activity determination

For SSAO activity determinations, cells were collected and homogenized in 100 mM
Tris-HCI, pH 9, and containing protease inhibitors cocktail. Enzymatic activity was
determined radiochemically by using a modification of the Otsuka and Kobayashi
method (Otsuka et al., 1964). Briefly, ['*C]-Benzylamine hydrochloride (100 uM and 2
mCi/mmol, American Radiolabeled Chemicals) was used as substrate, and 1 yM Dep
(deprenyl) was added to avoid monoamine oxidase (MAO) B interference. A 1-hour
inhibitory pre-treatment of samples was performed at 37°C with 1 uM Dep or Dep plus
simvastatin. Reactions were performed at 37°C for 120 minutes in 100 mM Tris-HCI
buffer, pH 9.0, adding 25 pL of substrate to the 200 pL of reaction. A hundred and fifty
pHg of HUVEC hSSAO/VAP-1 cell lysates were used in each reaction. Reaction was
stopped by adding 100 pL of 2 M citric acid. The [“C]-aldehyde products were
extracted into 4 mL of toluene/ethylacetate (1:1, v/v) solution containing 0.6% (w/v) of
diphenyloxazole. The amount of ["“C]-aldehyde was quantified using a Tri-Carb
2810TR liquid scintillation counter (Perkin Elmer) and the Quanta Smart 3.0 software
(Perkin Elmer).

References of the Supplementary Information

Plumb, J. A., Milroy, R., Yaye, S. B. (1989) Effects of the pH dependence of 3-(4,5-
dimethylthyazol-2-yl)-2,5-diphenyl-tetrazolium bromide-formazan absorption on
chemosensitivity determined by a novel tetrazolium-based assay. Cancer Res,
49, 4435-4440.

Otsuka, S., Kobayashi, Y. (1964) Radioisotopic assay for monoamine oxidase

determinations in human plasma. Biochem Pharmacol, 13, 995-1006.
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Study of the role of SSAO/VAP-1 as a possible nexus between
ischemic stroke and Alzheimer’s disease by using SSAO/VAP-1-
expressing human brain endothelial cells (hRCMEC/D3)

Ping Sun, Montse Solé, Mercedes Unzeta

Institut de Neurociéncies i Departament de Bioquimica i Biologia Molecular.
Edifici M, Facultat de Medicina. Universitat Autbonoma de Barcelona (UAB),

Bellaterra, Barcelona (Spain).

Introduction

Ischemic stroke and Alzheimer’'s disease (AD) are common diseases which
mostly affecting elderly people. Increasing evidences suggest that these two
diseases are associated and that there is an interaction among each other.
Stroke-related cerebrovascular disease occur in AD, precede AD and can
enhance the risk for developing AD (Murray et al. 2011). Stroke-induced lesions
co-exist with hallmarks of dementias, and subcortical infarcts are co-incidents
with AD pathology. Moreover, injuries such as stroke or ischemia increase the
risk of amyloid pathology, by increasing AB levels. During ischemia, amyloid
precursor protein (APP) (Makinen et al. 2008, Hiltunen et al. 2009) and B-site
amyloid precursor protein cleaving enzyme-1 (BACE-1) (Zhang et al. 2007,
Guglielmotto et al. 2009) are elevated. Thus, this cerebrovascular disorder can
increase the AD risk and to contribute to the neurodegenerative disease. On the
other hand, AD is also able to augment the onset of stroke (Zhou et al. 2015) or
increase the susceptibility to stroke injuries (Milner et al. 2014). Both the
oxidative stress and inflammatory responses generated by the AB deposition in/
around the cerebral vascular wall and ischemia-reperfusion injuries contribute to
the degeneration and dysfunction of the cerebral vasculature and the
surrounding brain tissue. In this context, the neurovascular unit, consisting by

glial, vascular and neuronal cells plays an important role in controlling the
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exchange of molecules across the blood-brain barrier (BBB) and regulating the
neuronal microenvironment homeostasis (ladecola 2010). Disruption of the
neurovascular unit and BBB occur in both stroke and AD, which result in the
impairment of the microenvironment homeostasis and the exacerbation of

outcome in both diseases.

Interestingly, vascular adhesion protein 1 (VAP-1), which is highly expressed in
the cerebral blood vessels, has been found altered in both stroke and AD. It
mediates the rolling and transmigration of leukocytes through its semicarbazide-
sensitive amine oxidase (SSAO, EC 1.4.3.21) activity (Smith et al. 1998,
Jalkanen & Salmi 2008), generating aldehyde, hydrogen peroxide and ammonia
as potential harmful by-products. In this regard, we hypothesize that SSAO/VAP-
1 may be a possible link between stroke and AD promoting the progression from
one of these disorders to the other, since we have demonstrated that it is
involved in the pathogenesis of both diseases. We have considerable evidences
proving that plasmatic SSAO/VAP-1 increases in ischemic and hemorrhagic
stroke patients, and that its activity predicts the appearance of parenchymal
hemorrhages after tPA treatment in ischemic stroke patients (Airas et al. 2006,
Hernandez-Guillamon et al. 2012, Hernandez-Guillamon et al. 2010).
Furthermore, SSAO/VAP-1 is increased as well in AD patients’ plasma and
cerebrovascular tissue (Ferrer et al. 2002, Unzeta et al. 2007, Valente et al. 2012,
del Mar Hernandez et al. 2005).

Taking into account all the cerebral alterations in these two diseases and the
effects of SSAO/VAP-1 on the brain microvasculature, we hypothesize that
SSAO/VAP-1 may function as a link between ischemic stroke and AD. Therefore,
the amyloidogenic-related proteins have been investigated in both wild type (WT)
and hSSAO/VAP-1-expressing human cerebral microvascular endothelial cells
(hCMEC/D3) treated with B-amyloid and subjected to OGD conditions as an

experimental model of ischemic stroke.
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Material and methods
Cell culture

The human cerebral microvascular endothelial cell line hCMEC/D3 was obtained
from Dr. Couraud’s lab (Paris, France) (Weksler et al. 2005). The hCMEC/D3 cell
line stably expressing the human SSAO/VAP-1 (hCMEC/D3 hSSAO/VAP-1) was
generated as described (submitted manuscript to BJP). hCMEC/D3 cells were
cultured as recommended, on 150 ug/mL collagen type | (Rat Tail, Corning) —
coated plates in EBM-2 (Lonza) medium supplemented with 5% FBS (Foetal
Bovine Serum, Life Technologies), 1.4 uM Hydrocortisone (Sigma), 5 pg/mL
Ascorbic Acid (Sigma), 1% Chemically Defined Lipid Concentrate (Life
Technologies), 10 mM HEPES (Life Technologies) and 1 ng/ml human bFGF
(Fibroblast Growth Factor-basic, Sigma). All cells were maintained at 37°C in a

humidified atmosphere containing 5% CO..
OGD models and cell treatments

Combined oxygen and glucose deprivation (OGD) and reoxygenation have been
used as an experimental approach to ischemic stroke. For hCMEC/D3 cells, the
OGD was performed in glucose-free DMEM (Life Technologies) after washing
cells with glucose-free PBS, and then introducing the cells into a temperature-
controlled (37£1°C) Invivo, hypoxia workstation (RUSKINN) containing a gas
mixture composed of 5% CO,;, 95% N, and 0.5% O,. Control cells were
maintained in DMEM (5 mM glucose) under normoxia conditions (5% CO2/95%
air). For reoxygenation treatment, cells that have undergone OGD were returned
to normoxia conditions after replacing glucose-free DMEM by serum-free DMEM
(5 mM glucose) and adding the same treatments present during OGD. MA
(methylamine), SC (semicarbazide) and AB140D (AB140 peptide containing the
Dutch mutation, Bachem) were added into DMEM before OGD starting. In the
reoxygenation process, the compounds were maintained at the same
concentrations than during OGD. For the preparation of AB440D, it was
pretreated with 1,1,1,3,3,3-hexa-fluoro-2-propanol (HFIP, Sigma-Aldrich) for
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more than 4h but less than 6h, then aliquoted, evaporated at room temperature,
and stored at -80°C until using, then being dissolved in sterile PBS containing 0.1%

ammonium hydroxide.
Cell viability assay

MTT [3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide] reduction
assay was employed to evaluate the cell viability. Briefly, at the end of the
treatments, cells were incubated with 0.5 mg/mL MTT for 1.5 hours at 37°C. The
medium was then replaced by dimethylsulfoxide (DMSO) to dissolve the blue
formazan precipitate, and it was spectophotometrically quantified at 560 nm and

620 nm in a microplate reader (Labsystems multiscan RC) (Plumb et al. 1989).
Western blot analysis

Cells were collected and homogenized in 50 mM Tris-HCI (pH 7.5), containing 1%
Triton X-100, 10 mM EDTA and protease inhibitors cocktail (Sigma) (1:100) and
were sonicated for 10 seconds. Equal amounts of protein (20 pg/lane)
determined by the Bradford method, were separated by SDS/PAGE and
transferred onto nitrocellulose membranes. Membranes were blocked for 1 h with
TBS/0.1%-Tween buffer containing 5% (w/v) non-fatty milk and incubated
overnight at 4°C with the corresponding primary antibodies. After incubation with
the secondary antibodies, blots were developed using ECL® Chemoluminiscent
detection reagents and High Performance Chemiluminiscence Films (GE
Healthcare). The Imaged software was used to quantify the western blot signal.
The antibodies used were: rabbit anti-BACE1 (Abcam, 1:1000), rabbit anti-LRP-1
(Epitomics, 1:1000), rabbit anti-RAGE (Epitomics, 1:1000), mouse anti-APP 20.1
(W.E. Van Nostrand, Stony Brook University, NY, USA; 1:1000), mouse anti-(-
actin (Sigma-Aldrich, 1:5000), mouse anti-GAPDH (Ambion-Invitrogen, 1:20000),
HRP (horseradish peroxidase)-conjugated anti-rabbit IgG (BD Biosciences,
1:1000); HRP anti-mouse IgG (Dako, 1:1000).

Statistical analysis
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Results are given as mean + SEM of independent experiments. Statistical
analysis was performed by one-way ANOVA and further Newman-Keuls multiple
comparison test. P<0.05 was considered to be statistically significant. Statistical
analyses and graphic representations were obtained with the Graph-Pad Prism

6.0 software.

Results

OGD with reoxygenation induces the expression of BACE1 in hSSAO/VAP-

1-expressing brain endothelial cells

In order to check whether the presence of SSAO/VAP-1 alters the amyloidogenic
pathway-related proteins under different OGD conditions, WT and hSSAO/VAP-
1-expressing human brain endothelial cells hCMEC/D3 were subject to 4-16
hours OGD and 16-hour OGD with 24-hour reoxygenation (OGD+Reox), and the
expression of BACE1 was analysed by western blot (Fig 1). Results showed that
neither OGD nor OGD with reoxygenation increased the protein levels of BACE1
in hCMEC/D3 WT cells. By contrast, in the hCMEC/D3 hSSAO/VAP-1 cells,
OGD conditions progressively up-regulated the expression of BACE1 with the
OGD treating time lasting, which was significantly higher than WT cells under the
same treatment separately. Moreover, OGD with reoxygenation significantly
increased the BACE1 protein levels compared with the rest of the treatments in
hCMEC/D3 hSSAO/VAP-1 cells. Looking at these results, the fact that only the
SSAO/VAP1-expressing cells induce an expression of BACE-1 comparing with
wild type cells, suggests that SSAO/VAP-1 presence may be the responsible of
this effect in OGD and OGD with reoxygenation conditions.
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Fig 1. Oxygen and glucose deprivation (OGD) with reoxygenation (Reox) induces the
expression of BACE1 in hSSAO/VAP-1-expressing hCMEC/D3 cells. Representative
western blot images and quantification of BACE1 present in WT (wild type) and
hSSAO/VAP-1-expressing hCMEC/D3 cells subjected to OGD 4-16 hours or 16-hour
OGD with 24-hour reoxygenation (Reox). The presence of BACE1 was normalized to the
B-actin levels. Cells without OGD treatment and under normoxia conditions for 16 hours
were considered control (Ctrl). Data are expressed as mean + SEM from 3 independent
experiments. ***P<0.001 versus WT hCMEC/D3 cells with the same treatment; *#P<0.01

as indicated, by one-way ANOVA and further Newman-Keuls multiple comparison test.

The influence of SSAO substrate and inhibitor on the expression of BACE1

under OGD with reoxygenation

With regard to assess whether the SSAO catalytic activity versus methylamine
(MA) as specific substrate further contributes to the up-regulation of BACE1, the
substrate effect under nomoxia and OGD with reoxygenation was analysed by
western blot, and semicarbazide (SC) was used as a specific SSAO inhibitor (Fig

2). Since the oxidation of SSAO substrate can lead to the generation of hydrogen
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peroxide, which is a major oxidative stress contributor, and oxidative stress under
hypoxia can trigger the expression of BACE1 (Guglielmotto et al. 2009), we
thought that the catalytic action of SSAO/VAP-1 may contribute to the BACE1
enhancement. As expected, there was not change in the WT cells in any of the
treatments, while in the hSSAO/VAP-1-expressing hCMEC/D3 cells, the
expression of BACE1 in all the treatments was higher than in WT hCMEC/D3
cells. Moreover, in hCMEC/D3 hSSAO/VAP-1 cells, the metabolism of
methylamine (MA) tended to enhance the protein levels of BACE1 under
normoxia, although SC didn’t reduce this trend. Also, there was a high basal level
of BACE1 in hCMEC/D3 hSSAO/VAP-1 cells under the insult of OGD with
reoxygenation compared with nomoxia, however, neither MA or SC significantly

changed significatively the BACE1 protein levels under this condition.
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Fig 2. Effects of methylamine (MA) and semicarbazide (SC) on the expression of BACE1
in WT and hSSAO/VAP-1-expressing hCMEC/D3 cells under OGD with reoxygenation.
Representative western blot images and quantification of BACE1 present in WT (wild
type) and hSSAO/VAP-1-expressing hCMEC/D3 cells treated with 3 mM MA or/and 1
mM SC subjected to 16-hour OGD with 24-hour reoxygenation (OGD+Reox). The
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presence of BACE1 was normalized to the B-actin levels. Cells without OGD treatment
and under normoxia conditions for 40 hours were considered control (Ctrl). Data are
expressed as mean + SEM from 3 independent experiments. **P<0.01 and ***P<0.001
versus WT cells with the same treatment, by one-way ANOVA and further Newman-

Keuls multiple comparison test.

The metabolism of SSAO substrate up-regulates the protein levels of APP
in hSSAO/VAP-1 hCMEC/D3 cells under OGD with reoxygenation

Since cerebral ischemia can increase the accumulation of APP at the region of
ischemic injury (Hiltunen et al. 2009), it was also interesting to assess whether
the expression of SSAO/VAP-1 or the catalytic activity of SSAO/VAP-1 could
mediate this enhanced expression of APP under ischemic conditions. Hence,
there were analysed the protein levels of APP in both WT and hSSAO/VAP-1-
expressing hCMEC/D3 cells treated with MA and SC under OGD with
reoxygenation conditions (Fig 3). Results revealed that there was no difference
among all the treatments in WT cells, while the metabolism of MA significantly
increased the expression of APP in hCMEC/D3 hSSAO/VAP-1 cells subjected to
OGD with reoxygenation, compared with WT or with the non-treated
hSSAO/VAP-1 hCMEC/D3 cells; SSAO inhibitor SC successfully suppressed this

enhancement.
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Fig 3. The metabolism of methylamine (MA) by SSAO/VAP-1 up-regulates the
expression of APP in hSSAO/VAP-1-expressing hCMEC/D3 cells under OGD with
reoxygenation. Representative western blot images and quantification of APP present in
WT (wild type) and hSSAO/VAP-1-expressing hCMEC/D3 cells treated with 3 mM MA
or/and 1 mM SC subjected to 16-hour OGD with 24-hour reoxygenation (OGD+Reox).
The presence of APP was normalized to the B-actin levels. Cells without OGD treatment
and under normoxia conditions for 40 hours were considered control (Ctrl). **P<0.01
versus WT cells with the same treatment; *P<0.05 as indicated, by one-way ANOVA and

further Newman-Keuls multiple comparison test.

The influence of SSAO substrate and inhibitor on the protein levels of LRP-

1 and RAGE under OGD with reoxygenation

The clearance of B-amyloid across the blood-brain barrier (BBB) is also a crucial
process for maintaining the homeostasis of B-amyloid in the brain. The
accumulation of B-amyloid in the AD brain normally results from the imbalance of
the production and clearance of A peptides (Blennow et al. 2006). In this sense,

LRP-1, the main receptor responsible for the AB transportation from brain to
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blood, and RAGE, the main receptor responsible for the AR transportation from
blood to the brain, were assessed under OGD with reoxygenation treated with
MA or/and SC. Fig 4A showed that no changes were observed in WT cells again,
while there were significantly higher expressions of LRP-1 in hSSAO/VAP-1-
expressing hCMEC/D3 cells. Additionally, OGD with reoxygenation reduced the
levels of LRP-1 compared with nomoxia conditions, but no differences were
found by the addition of SSAO substrate or inhibitor. Moreover, as showed by Fig
4B, there was no difference of RAGE expression among all the treatments
between WT and hSSAO/VAP-1-expressing hCMEC/D3 cells.
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Fig 4. Methylamine (MA) processing or semicarbazide (SC) do not modulate the
expression of LRP-1 or RAGE in WT and hSSAO/VAP-1 expressing hCMEC/D3 cells
under OGD with reoxygenation. (A) Representative western blot images and (B)
quantifications of LRP-1 and (C) RAGE present in WT and hSSAO/VAP-1 expressing
hCMEC/D3 cells treated with 3 mM MA or/and 1 mM SC subjected to 16-hour OGD with
24-hour reoxygenation (OGD+Reox). The presence of LRP-1 and RAGE were

normalized to the GAPDH levels. Cells without OGD treatment and under normoxia
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conditions for 40 hours were considered as control (Ctrl). Data are expressed as mean +
SEM from 3 independent experiments. ***P<0.001 versus WT cells with the same
treatment, *#P<0.001 versus hSSAO/VAP-1-expressing hCMEC/D3 cells under
normoxia conditions for 40 hours with the same treatment, by one-way ANOVA and

further Newman-Keuls multiple comparison test.

The metabolism of SSAO substrate induces additional cell death when co-
treated with AB1.40D in hCMEC/D3 hSSAO/VAP-1 cells undergone OGD with

reoxygenation

In order to confirm whether the presence of AR and SSAO/VAP-1 accelerates
vascular damage under ischemic conditions, as we previously described in
normoxia conditions (Solé et al. 2014), SSAO/VAP-1 expressing cells under
normoxia and OGD with reoxygenation were incubated in the presence of AB;.
40D and cell viability was determined (Fig 5). The co-treatment of MA with AB140D
induced an increased loss of the cell viability compared with that produced
separately by one of the two toxics under OGD with reoxygenation. The addition

of SSAO inhibitor SC in the presence of both toxics significantly increased the

cell viability.
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Fig 5. The metabolism of methylamine (MA) by SSAO/VAP-1 activity induces additional
cell death when co-treated with AB4D in hCMEC/D3 hSSAO/VAP-1 cells under OGD

with reoxygenation. MTT reduction assay was used to evaluate the cell viability of

189



HCMEC/D3 hSSAO/VAP-1 cells subjected to 16-hour OGD with 24-hour reoxygenation
(OGD+Reox) in the presence of AB14 containing the Dutch mutation (AB1.4D, 5 pM),
MA (1 mM) or/and SC (1 mM). AB440D, MA and SC were added at the same time before
OGD. All treatments were maintained during reoxygenation. Non-treated cells under
normoxia were considered control (Ctrl). Data are expressed as mean + SEM of three
independent experiments. ***P<0.001 versus Ctrl; #P<0.05 and *#P<0.001 versus non-
treated cells under OGD+Reox; ¥P<0.05 as indicated, by a one-way ANOVA test and

the addition of Newman-Keuls multiple comparison test.

Discussion

Increasing evidences reveal that ischemic stroke and Alzheimer’s disease are
related cerebral disorders. Ischemic injuries such as stroke play an important role
in the onset and progression of neurological disorders like AD (Grammas 2011,
Marchesi 2014), and in turn, AD can also increase the risk of intracerebral
haemorrhages (Zhou et al. 2015) and the susceptibility to cerebral ischemic
injury (Milner et al. 2014). The dysfunction of cerebral blood vessels and
restricted brain perfusion constitute the most common features among all the
overlaps between these two diseases, which ultimately lead to the neuronal
injury and cognitive impairment (Attems & Jellinger 2014). Several studies have
shown that hypoxia induces the up-regulation of BACE1 transcription, expression
and activity, hence increasing the B-amyloid generation in non-endothelial cells
or animal brain tissues (Guglielmotto et al. 2009, Sun et al. 2006, Zhang et al.
2007). In this work, by using human brain endothelial cells (hRCMEC/D3), which
proved to be a good model of BBB (Weksler et al. 2013), transfected with human
SSAO/NVAP-1, we were able to assess the possible contribution of the
cerebrovascular-originated B-amyloid to different ischemic conditions, where the
involvement of SSAO/VAP-1 was investigated. In our results, different OGD
conditions didn’t induce changes of BACE1 protein levels in WT cells, however,
the SSAO/VAP-1-expressing cells exhibited high levels of BACE1 expression
when subjected to OGD with reoxygenation. This may be related with the

hypoxia inducible factor 1a (HIF-1a), since treatment of hypoxia can induce the
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expression of BACE1 by HIF-1a activation (Guglielmotto et al. 2009, Zhang et al.
2007), although a possible underlying interaction between SSAO/VAP-1 and HIF-
1a, if any, needs to be further elucidated. Also, we can’t rule out the contribution
of oxidative stress introduced by the reoxygenation process, which can up-

regulate BACE1 as well under hypoxic conditions (Guglielmotto et al. 2009).

Since SSAO/VAP-1 can deaminate its endogenous substrates such as
methylamine (MA), generate toxicity products such as formaldehyde and
hydrogen peroxide, it was also necessary to investigate the substrate effect on
the expression of BACE1. Results indicated that hCMEC/D3 SSAO/VAP-1 cells
expressed significantly higher levels of BACE1 than WT, and MA treatment
tended to exhibit more expression of BACE1 in nomoxia rather than in OGD with
reoxygenation. Given that oxidative stress also contributes to the expression of
BACE1 under hypoxia (Guglielmotto et al. 2009), elevated levels of BACE1 in
normoxia condition could be triggered by the production of hydrogen peroxide.
There was a high basal level of BACE1 protein under OGD with reoxygenation,
and less time for the metabolism of MA (only in reoxygenation part) compared
with nomoxia condition, which may explain why we didn’'t observe additional
elevation of BACE1 when treated with MA. However, the ineffectiveness of SC in
down-regulation of BACE1 under this special situation may need more

investigations to carry out in order to understand the underlying mechanism.

In addition, the amyloid precursor protein (APP) evaluation revealed that the
metabolism of MA by SSAO/VAP-1 catalytic activity can significantly enhance the
protein levels of APP in the transfected cells under OGD with reoxygenation, and
SC completely inhibited the overexpression of APP induced by MA. It is well
implicated that focal cerebral ischemia and MCAO insult can stimulate the
expression and accumulation of APP in the animal brain tissues (Makinen et al.
2008, van Groen et al. 2005). Here we found by the first time that the
deamination of SSAO/VAP-1 substrate by its catalytic activity can lead to the
overproduction of APP in the brain endothelial cells under OGD with
reoxygenation condition, since its inhibitor can totally abolish this induction.
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Taken together the previous results, that there are higher levels of BACE1 in
OGD with reoxygenation conditions, there exists a high risk for the
overproduction of AP peptides under this ischemic/reperfusion condition,
compared with the WT or non-treated transfected endothelial cells. Considering
the inhibition of APP overexpression by SC, a SSAO inhibitor therefore could
contribute at least partially to the reduction of AR generation and to improve the

neurological outcome for these two related diseases.

Moreover, endothelium constitutes one of the important continents of BBB which
is responsible for the clearance of AR peptides and then to maintain the balance
of AB in the brain microenvironment homeostasis (Deane et al. 2009). LRP-1
(Deane et al. 2004) and RAGE (Deane et al. 2003) are two main receptors in the
control of the AR peptides efflux or influx across the BBB, respectively. In this
sense, they were also evaluated under same condition as previous. Results
indicated higher basal levels of LRP-1 in hSSAO/VAP-1-expressing hCMEC/D3
cells, which probably because of the presumably high levels of AB production into
the media trigger the self-defence system to eliminate the overproduced AR.
However, with the limitation of cell culture performance, AB cannot be
transported out of the cells, which in turn could explain again the high expression
of LRP-1 in this type of cells. In addition, OGD with reoxygenation treatment
down-regulated the expression of LRP-1, which may result in less efflux of AB
across the BBB under ischemic conditions, thus exacerbating the AP
overproduction-induced neurological dysfunction. During this analysis, the
substrate and inhibitor exhibited inefficacy in the modulation of LRP-1 in all the
conditions. No change in the expression of RAGE in this ischemic stroke model
between WT and hSSAO/VAP-1 hCMEC/D3 cells was observed.

Since cerebral amyloid angiopathy (CAA), characterized by beta amyloid (AB)
deposits in the cerebrovascular tissue, occurs in the 80% of AD patients, we at
last investigated the possible contribution of SSAO/VAP-1 on the cell damage
when co-treated with AB under OGD with reoxygenation conditions. Results
indicated that, when AB+.49D treatment was introduced in this experimental model
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of ischemia simulating a pre-existing AD pathology, a synergic damage induced
by MA and AB1.40D was observed, and SC significant enhanced the cell viability
in the presence of both toxics. These results allow us concluding that ABq40D
together with the catalytic action of SSAO/VAP-1 induces more vascular damage
under OGD with reoxygenation conditions, and that SSAO inhibitor can attenuate

the cell damage caused by both toxics.

Taking into account all the results, we can conclude that, the presence of
SSAO/VAP-1 in the brain endothelium under ischemic stimulation in addition to
SSAO/VAP-1 substrate may facilitate the generation of B-amyloid, hence
increasing the risk and neurological worsening of AD. It has been widely reported
that the neurovascular unit plays a role in the AD pathology; in this context, the
results herein described allow us to conclude that SSAO/VAP-1 could be a

possible nexus between ischemic stroke and Alzheimer’s disease.
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V. DISCUSSION

Cerebrovascular diseases and mainly stroke, affect each year 15 million people
worldwide, leading to a high number of deaths and permanently disabled people,
and implying large economic costs. Contributions aimed to prevent or improve its
effects are urgently needed. Increasing evidences also reveal that stroke and
Alzheimer’s disease (AD) are related cerebral disorders. Ischemic injuries such
as stroke play an important role in the onset and progression of neurological
disorders like AD (Grammas, 2011; Marchesi, 2014), and in turn, AD can also
increase the risk of intracerebral haemorrhages (Zhou et al., 2015) and the
susceptibility to cerebral ischemic injury (Milner et al., 2014). The dysfunction of
cerebral blood vessels and restricted brain perfusion constitute the most common
features among all the overlaps between these two diseases, which ultimately
lead to the neuronal injury and cognitive impairment (Attems et al., 2014). In this
context the SSAO/VAP-1, highly present in human cerebrovascular tissue
(Castillo et al., 1998b; Castillo et al., 1999; Smeraldi et al., 2001) makes this
enzyme a very interesting protein to be studied in brain vascular disorders, such
as stroke (Airas et al., 2008) and AD (Ferrer et al., 2002b). It has been described
that SSAO/VAP-1 mediates leukocyte adhesion and transmigration (Salmi et al.,
2001b; Koskinen et al., 2004; Stolen et al., 2005) that can participate in the
stroke and AD pathologies progression, and its activity is elevated in ischemic
and hemorrhagic stroke (Hernandez-Guillamon et al., 2010; Hernandez-
Guillamon et al., 2012), as well as in AD (Ferrer et al., 2002b; del Mar Hernandez
et al., 2005; Unzeta et al., 2007; Valente et al., 2012).

In this context, the role of SSAO/VAP-1 was first studied at the molecular level in
the stroke physiopathology, in order to provide new knowledge on the
mechanisms for which SSAO/VAP-1 participates in stroke, as well as to propose
it as a new therapeutic target to fight this disease. Moreover, it was studied the
possibility of SSAO/VAP-1 being a link between stroke and its progression to AD.
However, some proteins expression is lost when cells are cultured, as it is the
case for SSAO/VAP-1 (Salmi et al., 1995; Jaakkola et al., 1999). Therefore,

199



DISCUSSION

human SSAO/VAP-1-expressing cells are ideal approaches to study the
mechanisms of its involvement in vascular diseases. In this work, two
hSSAO/VAP-1-expressing endothelial cells have been used, which are HUVEC
hSSAO/VAP-1 (Sole et al., 2011) and hCMEC/D3 hSSAO/VAP-1 (manuscript
submitted to BJP).

First, by using WT cells, non-expressing the protein, and hSSAO/VAP-1-
expressing HUVECs, the OGD with reoxygenation conditions were standardized.
Results showed that HUVEC hSSAO/VAP-1 display a higher sensitivity to the
OGD and reoxygenation-mediated cell damage compared to WT cells, especially
when reoxygenation was applied. Notably, a similar effect was also observed in
livers of SSAO/VAP-1-overexpressing mice, displaying increased expression of
oxidative state-sensor proteins (Stolen et al., 2004). More interestingly, when an
SSAO substrate was added, the cell death after OGD and reoxygenation
significantly increased, while it did not happen under normoxia. This data
confirmed the SSAO activity involvement in this experimental ischemic condition,
but also suggested that SSAO enzymatic activity could be punctually enhanced
under ischemic conditions in humans, maximizing its effects. In the in vivo
situation, it is reasonable to think that the formaldehyde and H,O, generated by
SSAO activity could contribute to the oxidative stress, a key deleterious factor in
brain ischemia and reperfusion (Pradeep et al., 2012), and directly contribute to
the apoptosis or necrosis (Manzanero et al., 2013). When analyzing cell death-
activated pathways with HUVEC hSSAO/VAP-1, an increase in caspase-3
cleavage was observed, indicating the activation of an apoptotic cell pathway.
The mitochondria or the reticular stress pathway seemed not to be relevant in the
process, since proteins associated to these molecular pathways such as Bax/Bcl-
2 ratio, or GRP78 and caspase-12 varied their levels at longer times after
caspase-3 activation occurred. On the other hand, caspase-8 cleavage was
detected at comparable times at which cleaved caspase-3 increased, suggesting

a possible contribution of the death receptor-associated pathway to the cell death
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observed in this model, which may secondarily activate the mitochondrial

pathway.

Peripheral endothelial HUVECs cannot totally simulate the properties of cerebral
endothelial cells, which possess important and distinct genes involved in several
processes as vasculo- and angiogenesis (VEGF), immunoregulation (decorin, IL-
6) or have growth-supporting properties (BDNF, transforming growth factor-§3)
(Kallmann et al., 2002). Therefore, the hCMEC/D3 cell line was chosen for the
transfection of human SSAO/VAP-1 gene, because it is the first stable, well
differentiated and well characterized human brain endothelial cell line (Weksler et
al., 2005) in terms of expression of endothelial markers, up-regulation of
adhesion molecules in response to inflammatory cytokines, as well as BBB
characteristics. This hSSAO/VAP-1-expressing hCMEC/D3 cell line was
characterized and compared with previously developed endothelial and smooth
muscle cell lines expressing SSAO/VAP-1 described previously in our group
(Sole et al., 2007; Sole et al., 2011). Then, a new experimental model of
ischemic stroke by subjecting these brain endothelial cells to OGD and
reoxygenation conditions was established. Cell viability under OGD with
reoxygenation conditions was also observed significantly decreased in the
presence of SSAO/VAP-1 substrate, and it was restored by SSAO/VAP-1
inhibitor. These results together with previous findings, confirm that this enzyme

plays an important role enhancing the endothelial cell death under ischemia.

SSAO/VAP-1 exists in two isoforms, the membrane-bound and the soluble one
that is presumably originated by a shedding process in humans. One study
reported that 3T3-L1 adipocytes are able to release the soluble SSAO/VAP-1 by
a metalloproteinase (MMP)-dependent shedding mechanism (Abella et al.,
2004), where batimastat, a broad spectrum MMP inhibitor, avoided the
SSAO/VAP-1 release. In the peri-infarcted region of stroke patients’ brains, a
decrease in the frequency of SSAO/VAP-1-containing vessels has been found
(Hernandez-Guillamon et al., 2010; Hernandez-Guillamon et al., 2012). In this

regard, it has been suggested that mediators present in cerebrovascular
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pathologies such as stroke could become a stimulus to activate the SSAO/VAP-1
shedding process from the membrane-bound form. Interestingly, the maximal
plasma SSAOQO activity increase was observed in hemorrhagic stroke patients at
4-6 hours after the symptoms onset (Hernandez-Guillamon et al., 2012). In the
two hSSAO/VAP-1-expressing endothelial cell models used in this work, a
soluble SSAO/VAP-1 release was also observed after reoxygenation, matching
with the highest endothelial cell death. In this context, SSAO/VAP-1 present in
plasma is increased in some diseases associated with vascular complications,
where both its pro-inflammatory action and its toxic catalytic products can be
related to vascular damage (Conklin et al., 1998; Hernandez et al., 2006; Unzeta
et al., 2007). Therefore, the released SSAO/VAP-1 may be not only able to
contribute to the local vascular cell damage through its catalytic action, as
previously described by our group (Hernandez et al., 2006), but also bring it to
other cerebral regions through the circulation, and contribute to the BBB

breakdown.

By using HUVEC hSSAO/VAP-1 cells, the involvement of MMPs in the
SSAO/VAP-1 shedding under OGD was assessed, since they can be activated
during stroke, where they are associated with the appearance of hemorrhagic
transformation events. The exact cellular source of MMPs remains unknown,
however, MMP-2 seems to be more associated to endothelial cells (Reuter et al.,
2012), so it was particularly studied. Identical results were obtained using
different MMP inhibitors, the unspecific batimastat-BB94, and the specific MMP-2
inhibitor, which points out that MMP-2 could be partly responsible of the
SSAO/VAP-1 shedding in our experimental model. However, it is reasonable to
not rule out the possible involvement of MMP-8 or others, given that the inhibitor
concentrations used are close to the ICsy values for both MMP-2 and MMP-8,
and the fact that SSAO/VAP-1 shedding was not completely abolished.

The BBB degradation and hemorrhage occurrence in stroke have been
associated to the binding of inflammatory cells to endothelia for their infiltration to

brain tissue after stroke (Rosell et al., 2008). In this context, inhibition of the
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leukocytes adhesion and transmigration could have a beneficial effect on the
post-ischemic damage. Given that VAP-1 can mediate leukocyte extravasation
through its SSAO activity, leukocyte binding assay was studied with
hSSAO/VAP-1-expressing HUVEC and hCMEC/D3 cells under OGD conditions.
Results showed an increased THP-1 leukocytes binding after 5h OGD in
presence of its substrate, which was prevented by the SSAO inhibitor. Thus, this
data introduces SSAO/VAP-1 as a new target to be considered in the prevention

of the leukocyte infiltration and subsequent damage in stroke.

Thereby, two useful endothelial cell models of ischemic stroke have been
established, where the involvement of SSAO/VAP-1 has been assessed in this
work, which involved cell damage, inflammation and leukocyte adhesion
processes under ischemic conditions. The SSAO/VAP-1-expressing endothelial
cells can help to investigate new SSAO/VAP-1 functions, and the screening and
evaluation of potential molecules as specific SSAO/VAP-1 inhibitors, aimed to
obtain a beneficial effect on ischemic stroke or other pathological conditions. In
this regard, the protective effects of two promising compounds, DPH-4 and

simvastatin, have been studied in this work for the treatment of stroke.

DPH-4 belongs to the donepezil + propargylamine + 8-hydroxyquinoline (DPH)
family, which is a novel multitarget-directed ligands (MTDL) family designed for
the therapy of Alzheimer’'s disease (AD) (Wang et al., 2014). This approach,
based on the “one drug, multiple target” paradigm, has been suggested to be
more appropriated for the treatment of AD, and we think it may be also helpful for
other pathologies (Buccafusco et al., 2000; Youdim et al., 2005; Bolea et al.,
2013b). The derivatives of DPH family have been evaluated as inhibitors of
cholinesterases (AChE and BuChE) and monoamine oxidases (MAO A and MAO
B), as biometal-chelators versus Cu?* and Fe?*. DPH-4 shows ADMET properties,
brain penetration capacity and it shows as well a significant protection against
scopolamine-induced learning deficits in healthy adult mice (Wang et al., 2014).

Moreover, DPH-4 is able to inhibit bovine SSAO activity at low micromolar range
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(ICsp value of 2.8 £ 0.7 yM) and it also inhibits human SSAO activity at around 1
M .

With our cellular models of cerebral ischemia, at the concentrations assayed,
DPH-4 pre-treatment showed a protective effect on hSSAO/VAP-1-expressing
hCMEC/D3 cells in presence of MA in both normoxia and in OGD with
reoxygenation conditions. This protection was found to be even more significant
when the same experiment was carried out on hSSAO/VAP-1-expressing
HUVEC cells. This different behaviour might be explained because cerebral
endothelial cells constitute a firm barrier formed by tight junctions joining plasma
membranes of neighbouring cells that may hinder DPH-4 access on hCMEC/D3
cells. The beneficial effect of DPH-4 was also noticeable in terms of inflammation,
since it significantly reduced the leukocyte adhesion to the endothelia subjected
to different OGD conditions as a result of its inhibitory effect on the SSAO/VAP-1
activity. This anti-inflammatory effect may also contribute to the protective effect
observed in this experimental model of stroke. In addition, when AR1.40D
treatment was performed in this experimental model of ischemia simulating a
pre-existing AD pathology, DPH-4 showed a protective effect on the synergic
damage induced by MA and AB1.40D. These results allow us concluding that AR .
40D together with the catalytic action of SSAO/VAP-1 induces more vascular
damage under OGD with reoxygenation conditions, and that the protective effect

of DPH-4 is higher than that observed using separately both toxics.

Thus, DPH-4, as a donepezil + propargylamine + 8-hydroxyquinoline hybrid, able
to protect both HUVEC hSSAO/VAP-1 and hCMEC/D3 hSSAO/VAP-1 cells
under hypoxia conditions through its inhibitory and anti-inflammatory effect on
SSAO/VAP-1, could be considered as a promising drug with high therapeutic

interest to be used for both AD and ischemic stroke.

Another compound that has been studied in this work is simvastatin, one
member of statins family, which has demonstrated to improve both the incidence

and outcome in acute ischemic stroke, showing thus good perspectives of
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therapeutic efficacy (Montecucco et al., 2012; Ni Chroinin et al., 2013). It was
chosen in this work among all the statins because a meta-analysis study
revealed that it induced the most potent effects in experimental stroke models
(Garcia-Bonilla et al., 2012; Campos-Martorell et al., 2014). Since the beneficial
effects of statins include the reduction of the infarct volume, so does it the
SSAO/VAP-1 inhibition, as well as the amelioration of the inflammation and the
endothelial adhesion molecules activation, we studied whether the beneficial
effects of simvastatin on stroke could be mediated by the modulation of the
SSAO/VAP-1 levels with the hSSAO/VAP-1-expressing hCMEC/D3 cells under
OGD conditions and also with two different animal models of stroke (eMCAO and
tMCAO).

Simvastatin treatment significantly suppressed the release of soluble
SSAO/VAP-1, both observed in two MCAO animal models and in OGD with
reoxygenation-insulted hSSAO/VAP-1-expressing hCMEC/D3 cells. This can
bring about beneficial effects against ischemia since the ischemic condition can
trigger the release of plasmatic SSAO/VAP-1, found in both this current work and
in the previously observed results from human samples (Hernandez-Guillamon et
al., 2010), which significantly correlates with the infarct volume. Moreover, the
suppression of the SSAO/VAP-1 release would also be beneficial since this
protein is largely related with the inflammation process, and the soluble plasma
SSAO/VAP-1 could augment the lymphocyte binding to endothelial cells as well,
presumably by triggering the up-regulation of other functional adhesion

molecules on lymphocytes (Jalkanen et al., 2001).

In addition, we found that simvastatin anti-inflammatory action was partly
mediated by the inhibition of the SSAO/VAP-1-dependent expression of other
adhesion molecules, rather than through the inhibition of SSAO/VAP-1 enzymatic
activity, because it doesn’t behave as an inhibitor of SSAO. Other inflammatory
leukocyte-endothelial cell adhesion molecules play as well an important role in
ischemic cerebrovascular pathology such as ICAM-1 and VCAM-1 (Frijns et al.,
2002). In this regard, the oxidase activity of SSAO/VAP-1 is able to induce the
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expression of E- and P-selectins, VCAM-1 and ICAM-1 (Jalkanen et al., 2007;
Lalor et al., 2007), all of them contributing to the leukocyte adhesion cascade in
inflammation. Our results showed that simvastatin treatment prevented the
contralateral E-selectin and VCAM-1 enhancement as well as reduced the overall
expression of these adhesion molecules. Similar trends were also observed for
P-selectin and ICAM-1. The up-regulation of these adhesion molecules in the
contralateral brain may be explained by the stimulation of soluble SSAO, which
release is triggered by ischemia and can travel to the non-ischemic brain region.
Simvastatin can inhibit the release of soluble SSAO to the circulation, hence
attenuating the pro-inflammatory effects mentioned above. Furthermore, results
also showed that simvastatin can reduce the overall expression of these
adhesion molecules in the hSSAO/VAP-1-expressing hCMEC/D3 cells under
normoxia and OGD conditions, which are concordant with simvastatin induced
down-regulation of SSAO/VAP-1 mediated leukocyte adhesion on our brain
endothelial cells under OGD condition. All these results allow us confirming that
the anti-inflammatory effect of simvastatin can be partly mediated by the

SSAO/VAP-1 and its associated adhesion molecules.

Additionally, our results also suggested that simvastatin can prevent the
transcription factor NF-kB activity stimulated at ischemic brain region, which can
induce by itself the expression of leukocyte adhesion molecules and other pro-
inflammatory proteins, such as COX-2 or NOS-2 (ladecola et al., 2001; Moro et
al.,, 2004). The involvement of the NF-kB activity to the simvastatin-mediated
actions was confirmed by the up-regulation of IkB-a, in both brain sides and in
human brain endothelial cells after ischemia. This SSAO/VAP-1-independent
effect of simvastatin is accordant with the reported inhibition action of statins on
NF-kB activity (Kumagai et al., 2004; Moro et al., 2004; Tu et al., 2014).

Therefore, all the simvastatin results from both experimental models suggest that
the beneficial effect of simvastatin is partially mediated by a reduction of the
inflammatory process. The major change that simvastatin introduced on
SSAO/VAP-1 was the inhibition of its release, which correlated with the down-
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regulation of other adhesion proteins on the contralateral side that could be
presumably mediated by SSAO/VAP-1 catalytic activity. Therefore, we conclude
that SSAO/VAP-1 is released as a soluble form by the stimuli of ischemia, and
may travel along the circulation and reach non-infarcted brain areas, where it

induces inflammation, amplifying the consequent damage in the infarcted brain.

Besides the role of SSAO/VAP-1 under ischemic conditions, the role of
SSAO/VAP-1 as a possible nexus between ischemic stroke and AD was also
investigated during this work, in consideration of the high relevance of
SSAO/VAP-1 in both diseases, the high expression of SSAO/VAP-1 in the brain

microvasculature and its functions under pathological conditions.

Firm evidences confirm that hypoxia can induce the up-regulation of BACE1
transcription, expression and activity, hence increasing the 3-amyloid generation
in non-endothelial cells or in animal brain tissues (Sun et al., 2006; Zhang et al.,
2007; Guglielmotto et al., 2009). However, the possible contribution of
SSAO/VAP-1 to the production of the cerebrovascular-originated (-amyloid
under different ischemic conditions had not been studied. By using hCMEC/D3
WT and hSSAO/VAP-1 cells, we found that the SSAO/VAP-1-expressing cells
exhibited high levels of BACE1 expression when subjected to OGD with
reoxygenation, compared with WT cells or cells in normoxic condition. MA
treatment tended as well to induce more expression of BACE1 under nomoxia
conditions in SSAO/VAP-1-expressing hCMEC/D3 cells. In both cases, the
hypoxia inducible factor 1a (HIF-1a) and oxidative stress probably function as
contributors for the up-regulation of BACE1 under hypoxic conditions (Zhang et
al., 2007; Guglielmotto et al., 2009). HIF-1a induced overexpression of BACE1
maybe because hSSAO/VAP-1-expressing cells are more susceptible to OGD
with reoxygenation insult. Oxidative stress induced overexpression of BACE1 by
SSAO/VAP-1-expression cells can be mediated by H,O,, that is generated by the
metabolic function of SSAO. This effect was found more clear under normoxia
condition than OGD with reoxygenantion, which could be related with longer time

oxidation of substrate by SSAO, hence more production of H,O, than in OGD
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conditions. However, more investigations should be done to confirm this

explanation.

Moreover, SSAO/VAP-1 catalytic activity can mediate the overexpression of
amyloid precursor protein (APP) under OGD with reoxygenation in the
SSAO/VAP-1-expressing cells, since SSAO inhibitor completely inhibited the
enhancement of APP induced by the metabolism of its substrate. Thus, there
exists a high risk for the overproduction of AB peptides under this
ischemic/reperfusion condition. It is well implicated that focal cerebral ischemia
and MCAO insult can stimulate the expression and accumulation of APP in the
animal brain tissues (van Groen et al., 2005; Makinen et al., 2008). Here we first
describe that the metabolic function of SSAO/VAP-1 can also contribute to the
AB generation under stroke condition, which may increase the risk of AB-related
pathologies and exacerbate the worsening of the neurological outcome for both
stroke and AD.

The neurovascular unit is responsible for regulating blood flow and controlling the
exchange of substances across the BBB (ladecola, 2010). Endothelial cells are
essential components of both neurovascular unit and BBB, hence they also
contribute to the clearance of AB peptides and then to maintain the balance of A
in the brain microenvironment homeostasis (Deane et al., 2009) under
pathophysiological conditions. Our results pointed out that OGD with
reoxygenation treatment down-regulates the expression of LRP-1, which is a
main receptor in the control of the AR peptides efflux across the BBB, thus it may

also contribute to the AB over-accumulation induced under ischemia.

At last, when AB140D treatment was introduced in this ischemic experimental
model simulating a pre-existing AD pathology, a synergic damage induced by MA
and AB140D was further observed, and SSAO inhibitor significantly enhanced the
cell viability in the presence of both toxics. Cerebral amyloid angiopathy (CAA),
characterized by beta amyloid (AB) deposits in the cerebrovascular tissue, occurs
in 80% of the AD patients (Ellis et al., 1996). In this context, SSAO/VAP-1
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present on the cerebrovascular tissue could induce more vascular damage by its
catalytic activity under hypoperfusion or an ischemic attack, which actually often

occur in AD pathology.

Therefore, the presence of SSAO/VAP-1 in the brain endothelium under ischemic
stimulation in addition to the SSAO/VAP-1 substrate may facilitate the generation
of B-amyloid, hence increasing the risk and neurological worsening of AD. It has
been widely reported that the neurovascular unit plays a role in the AD pathology;
in this context, the results herein described allow us to conclude that SSAO/VAP-
1 could be a possible nexus between ischemic stroke and Alzheimer’s disease.
Taking toghter all the results of this work, we believe that SSAO inhibitors can be
considered as new potential therapeutic approaches aimed to gain beneficial

effects for both ischemic stroke and AD pathologies.
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The results obtained in this work allow us to draw the following conclusions:

1. SSAO/VAP-1 expression increases the susceptibility of endothelial cells to
OGD-induced damage, and the oxidation of its substrates through its
enzymatic activity increases this vascular cell damage. Caspase-3 and

caspase-8 are activated during the death process.

2. OGD constitutes a stimulus for the soluble SSAO/VAP-1 release in vitro,

partly mediated by metalloproteinase-2-dependent shedding.

3. SSAO/VAP-1 activity-dependent leukocyte binding can further exacerbate the

cell damage by augmenting inflammation in cerebral ischemia.

4. The inhibition of SSAO/VAP-1 activity by DPH-4 can protect both SSAO/VAP-
1-expressing endothelial cells, decrease the SSAO-dependent leukocyte
adhesion, and ameliorate the cell damage induced by OGD and
reoxygenation in the presence of beta amyloid as a model of AD pathology.
Therefore, it can provide a therapeutic benefit to the delay and/or prevention

of ischemic stroke as well as its progression to AD.

5. Simvastatin can block the release the soluble SSAO/VAP-1 after an ischemic
stimulus, thus preventing its pro-inflammatory-associated effects. Soluble
SSAO/VAP-1 could reach non-infarcted brain areas through the blood
circulation and induce the expression of the adhesion molecules E-selectin
and VCAM-1, amplifying the inflammation and the consequent damage in the

infarcted brain.

6. In the presence of SSAO/VAP-1, OGD with reoxygenation induces the
expression of BACE1 and decreases the expression of LRP-1, and the
substrate of SSAO/VAP-1 can further up-regulate the levels of APP, which
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may facilitate the generation of (-amyloid and increase the risk and

neurological worsening of AD.

7. Taken all together these results, we conclude that SSAO/VAP-1 could be the
nexus of both AD and stroke pathologies reinforcing the important role that

brain vasculature can play in these neurodegenerative diseases.

8. The design and synthesis of new specific SSAO/VAP-1 inhibitors, would allow
us to go further in the elucidation of the important role of this enzyme in
vascular disorders and to advance in the therapeutical treatment of AD and

Stroke.

214



BIBLIOGRAPHY

VIi. BIBLIOGRAPHY

215



BIBLIOGRAPHY

216



BIBLIOGRAPHY

VII. BIBLIOGRAPHY

Aalto K, Autio A, Kiss EA, Elima K, Nymalm Y, Veres TZ, et al. (2011). Siglec-9 is a novel leukocyte
ligand for vascular adhesion protein-1 and can be used in PET imaging of inflammation and
cancer. Blood 118(13): 3725-3733.

Abbott NJ, Patabendige AA, Dolman DE, Yusof SR, Begley DJ (2010). Structure and function of
the blood-brain barrier. Neurobiol Dis 37(1): 13-25.

Abella A, Garcia-Vicente S, Viguerie N, Ros-Baro A, Camps M, Palacin M, et al. (2004). Adipocytes
release a soluble form of VAP-1/SSAO by a metalloprotease-dependent process and in a
regulated manner. Diabetologia 47(3): 429-438.

Airas L, Lindsberg P, Karjalainen - Lindsberg ML, Mononen |, Kotisaari K, Smith D, et al. (2008).

Vascular adhesion protein - 1 in human ischaemic stroke. Neuropathology and applied
neurobiology 34(4): 394-402.

Airas L, Mikkola J, Vainio JM, Elovaara I, Smith DJ (2006). Elevated serum soluble vascular
adhesion protein-1 (VAP-1) in patients with active relapsing remitting multiple sclerosis. Journal
of neuroimmunology 177(1-2): 132-135.

Altieri M, Di Piero V, Pasquini M, Gasparini M, Vanacore N, Vicenzini E, et al. (2004). Delayed
poststroke dementia: a 4-year follow-up study. Neurology 62(12): 2193-2197.

Anand R, Gill KD, Mahdi AA (2014). Therapeutics of Alzheimer's disease: Past, present and future.
Neuropharmacology 76 Pt A: 27-50.

Andrés N, Lizcano JM, Rodriguez MJ, Romera M, Unzeta M, Mahy N (2001). Tissue activity and
cellular localization of human semicarbazide-sensitive amine oxidase. Journal of Histochemistry
& Cytochemistry 49(2): 209-217.

Anelli T, Sitia R (2008). Protein quality control in the early secretory pathway. The EMBO journal
27(2): 315-327.

Anthony DC, Miller KM, Fearn S, Townsend MJ, Opdenakker G, Wells GM, et al. (1998). Matrix
metalloproteinase expression in an experimentally-induced DTH model of multiple sclerosis in
the rat CNS. Journal of neuroimmunology 87(1-2): 62-72.

Areosa SA, Sherriff F, McShane R (2005). Memantine for dementia. The Cochrane database of
systematic reviews(3): CD003154.

Arumugam TV, Woodruff TM, Lathia JD, Selvaraj PK, Mattson MP, Taylor SM (2009).
Neuroprotection in stroke by complement inhibition and immunoglobulin therapy. Neuroscience
158(3): 1074-1089.

Aruoma Ol (1998). Free radicals, oxidative stress, and antioxidants in human health and disease.
Journal of the American Oil Chemists' Society 75(2): 199-212.

Asahi M, Sumii T, Fini ME, Itohara S, Lo EH (2001a). Matrix metalloproteinase 2 gene knockout
has no effect on acute brain injury after focal ischemia. Neuroreport 12(13): 3003-3007.

217



BIBLIOGRAPHY

Asahi M, Wang X, Mori T, Sumii T, Jung JC, Moskowitz MA, et al. (2001b). Effects of matrix
metalloproteinase-9 gene knock-out on the proteolysis of blood-brain barrier and white matter
components after cerebral ischemia. The Journal of neuroscience : the official journal of the
Society for Neuroscience 21(19): 7724-7732.

Aspinall Al, Curbishley SM, Lalor PF, Weston CJ, Blahova M, Liaskou E, et al. (2010). CX(3)CR1
and vascular adhesion protein-1-dependent recruitment of CD16(+) monocytes across human
liver sinusoidal endothelium. Hepatology 51(6): 2030-2039.

Attems J, Jellinger KA (2014). The overlap between vascular disease and Alzheimer’s disease—
lessons from pathology. BMC medicine 12(1): 206.

Azfer A, Niu J, Rogers LM, Adamski FM, Kolattukudy PE (2006). Activation of endoplasmic
reticulum stress response during the development of ischemic heart disease. American journal
of physiology. Heart and circulatory physiology 291(3): H1411-1420.

Badan I, Dinca I, Buchhold B, Suofu Y, Walker L, Gratz M, et al. (2004). Accelerated accumulation
of N- and C-terminal beta APP fragments and delayed recovery of microtubule-associated
protein 1B expression following stroke in aged rats. The European journal of neuroscience 19(8):
2270-2280.

Ballabh P, Braun A, Nedergaard M (2004). The blood-brain barrier: an overview: structure,
regulation, and clinical implications. Neurobiol Dis 16(1): 1-13.

Barrand MA, Callingham BA (1984). Solubilization and some properties of a semicarbazide-
sensitive amine oxidase in brown adipose tissue of the rat. Biochem. J 222: 467-475.

Bederson JB, Pitts LH, Germano S, Nishimura M, Davis R, Bartkowski H (1986). Evaluation of 2, 3,
5-triphenyltetrazolium chloride as a stain for detection and quantification of experimental
cerebral infarction in rats. Stroke; a journal of cerebral circulation 17(6): 1304-1308.

Bell RD, Zlokovic BV (2009). Neurovascular mechanisms and blood-brain barrier disorder in
Alzheimer's disease. Acta neuropathologica 118(1): 103-113.

Bergeret B, Blaschko H, Hawes R (1957). Occurrence of an amine oxidase in horse serum. Nature
180: 1127-1128.

Bird MI, Nunn PB, Lord LA (1984). Formation of glycine and aminoacetone from L-threonine by
rat liver mitochondria. Biochimica et Biophysica Acta (BBA)-General Subjects 802(2): 229-236.

Blennow K, de Leon MJ, Zetterberg H (2006). Alzheimer's disease. Lancet 368(9533): 387-403.

Blennow K, Mattsson N, Scholl M, Hansson O, Zetterberg H (2015). Amyloid biomarkers in
Alzheimer's disease. Trends in pharmacological sciences.

Bolea |, Gella A, Monjas L, Perez C, Rodriguez-Franco MI, Marco-Contelles J, et al. (2013a).
Multipotent, permeable drug ASS234 inhibits Abeta aggregation, possesses antioxidant
properties and protects from Abeta-induced apoptosis in vitro. Current Alzheimer research 10(8):
797-808.

218



BIBLIOGRAPHY

Bolea I, Gella A, Unzeta M (2013b). Propargylamine-derived multitarget-directed ligands:
fighting Alzheimer's disease with monoamine oxidase inhibitors. Journal of neural transmission
120(6): 893-902.

Bolt HM (1987). Experimental toxicology of formaldehyde. Journal of cancer research and
clinical oncology 113(4): 305-309.

Bonita R (1992). Epidemiology of stroke. Lancet 339(8789): 342-344.

Boomsma F, Bhaggoe UM, van der Houwen AM, van den Meiracker AH (2003). Plasma
semicarbazide-sensitive amine oxidase in human (patho)physiology. Biochimica et biophysica
acta 1647(1-2): 48-54.

Boomsma F, Derkx F, van den Meiracker A Man in ‘t Veld AJ, Schalekamp MA (1995) Plasma
semicarbazide-sensitive amine oxidase activity is elevated in diabetes mellitus and correlates
with glycosylated haemoglobin. Clin Sci (Lond) 88: 675-679.

Boomsma F, Van den Meiracker A, Winkel S, Aanstoot H-J, Batstra M, Man A, et al. (1999).
Circulating semicarbazide-sensitive amine oxidase is raised both in type | (insulin-dependent), in
type Il (non-insulin-dependent) diabetes mellitus and even in childhood type | diabetes at first
clinical diagnosis. Diabetologia 42(2): 233-237.

Boomsma F, van Dijk J, Bhaggoe UM, Bouhuizen AM, van den Meiracker AH (2000). Variation in
semicarbazide-sensitive amine oxidase activity in plasma and tissues of mammals. Comparative
Biochemistry and Physiology Part C: Pharmacology, Toxicology and Endocrinology 126(1): 69-78.

Boomsma F, van Veldhuisen DJ, de Kam PJ, Mosterd A, Lie Kl, Schalekamp MA (1997). Plasma
semicarbazide-sensitive amine oxidase is elevated in patients with congestive heart failure.
Cardiovascular research 33(2): 387-391.

Bour S, Caspar-Bauguil S, Iffiu-Soltész Z, Nibbelink M, Cousin B, Miiluniemi M, et al. (2009).
Semicarbazide-sensitive amine oxidase/vascular adhesion protein-1 deficiency reduces
leukocyte infiltration into adipose tissue and favors fat deposition. The American journal of
pathology 174(3): 1075-1083.

Broughton BR, Reutens DC, Sobey CG (2009). Apoptotic mechanisms after cerebral ischemia.
Stroke; a journal of cerebral circulation 40(5): e331-e339.

Buccafusco JJ, Terry AV, Jr. (2000). Multiple central nervous system targets for eliciting
beneficial effects on memory and cognition. The Journal of pharmacology and experimental
therapeutics 295(2): 438-446.

Butcher EC, Picker LJ (1996). Lymphocyte homing and homeostasis. Science 272(5258): 60-67.

Campos-Martorell M, Salvador N, Monge M, Canals F, Garcia-Bonilla L, Hernandez-Guillamon M,
et al. (2014). Brain proteomics identifies potential simvastatin targets in acute phase of stroke in
a rat embolic model. Journal of neurochemistry 130(2): 301-312.

Carson JA, Turner AJ (2002). B - Amyloid catabolism: roles for neprilysin (NEP) and other
metallopeptidases? Journal of neurochemistry 81(1): 1-8.

219



BIBLIOGRAPHY

Castillo V, Lizcano JM, Unzeta M (1999). Presence of SSAO in human and bovine meninges and
microvessels. Neurobiology 7(3): 263-272.

Castillo V, Lizcano JM, Visa J, Unzeta M (1998a). Semicarbazide-sensitive amine oxidase (SSAQ)
from human and bovine cerebrovascular tissues: biochemical and immunohistological
characterization. Neurochemistry international 33(5): 415-423.

Castillo V, Lizcano JM, Visa J, Unzeta M (1998b). Semicarbazide-sensitive amine oxidase (SSAQ)
from human and bovine cerebrovascular tissues: biochemical and immunohistological
characterization. Neurochemistry international 33(5): 415-423.

Cavalli A, Bolognesi ML, Minarini A, Rosini M, Tumiatti V, Recanatini M, et al. (2008). Multi-
target-directed ligands to combat neurodegenerative diseases. Journal of medicinal chemistry
51(3): 347-372.

Chan PH (2001). Reactive oxygen radicals in signaling and damage in the ischemic brain. Journal
of Cerebral Blood Flow & Metabolism 21(1): 2-14.

Chen GJ, Xu J, Lahousse SA, Caggiano NL, de la Monte SM (2003). Transient hypoxia causes
Alzheimer-type molecular and biochemical abnormalities in cortical neurons: potential
strategies for neuroprotection. Journal of Alzheimer's disease : JAD 5(3): 209-228.

Chen K, Maley J, Yu PH (2006). Potential implications of endogenous aldehydes in B - amyloid
misfolding, oligomerization and fibrillogenesis. Journal of neurochemistry 99(5): 1413-1424.

Chi NF, Chien LN, Ku HL, Hu CJ, Chiou HY (2013). Alzheimer disease and risk of stroke: a
population-based cohort study. Neurology 80(8): 705-711.

Chioua M, Sucunza D, Soriano E, Hadjipavlou-Litina D, Alcazar A, Ayuso |, et al. (2011). a-Aryl-N-
alkyl nitrones, as potential agents for stroke treatment: synthesis, theoretical calculations,
antioxidant, anti-inflammatory, neuroprotective, and brain—blood Barrier permeability
properties. Journal of medicinal chemistry 55(1): 153-168.

Cho BB, Toledo-Pereyra LH (2008). Caspase-independent programmed cell death following
ischemic stroke. Journal of investigative surgery : the official journal of the Academy of Surgical
Research 21(3): 141-147.

Cimino M, Gelosa P, Gianella A, Nobili E, Tremoli E, Sironi L (2007). Statins: multiple mechanisms
of action in the ischemic brain. The Neuroscientist 13(3): 208-213.

Cole S, Vassar R (2007a). The basic biology of BACE1: a key therapeutic target for Alzheimer’s
disease. Current genomics 8(8): 509.

Cole SL, Vassar R (2007b). The Alzheimer's disease B-secretase enzyme, BACE1l. Molecular
neurodegeneration 2(1): 22.

Conklin D, Langford S, Boor P (1998). Contribution of serum and cellular semicarbazide-sensitive
amine oxidase to amine metabolism and cardiovascular toxicity. Toxicological Sciences 46(2):
386-392.

220



BIBLIOGRAPHY

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, et al. (1993).
Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer's disease in late onset
families. Science 261(5123): 921-923.

Crack PJ, Taylor JM (2005). Reactive oxygen species and the modulation of stroke. Free radical
biology & medicine 38(11): 1433-1444.

Culmsee C, Zhu C, Landshamer S, Becattini B, Wagner E, Pellecchia M, et al. (2005). Apoptosis-
inducing factor triggered by poly(ADP-ribose) polymerase and Bid mediates neuronal cell death
after oxygen-glucose deprivation and focal cerebral ischemia. The Journal of neuroscience : the
official journal of the Society for Neuroscience 25(44): 10262-10272.

Dar M, Morselli P, Bowman E (1985). The enzymatic systems involved in the mammalian
metabolism of methylamine. General Pharmacology: The Vascular System 16(6): 557-560.

Davis SM, Donnan GA (2009). 4.5 Hours The New Time Window for Tissue Plasminogen Activator
in Stroke. Stroke; a journal of cerebral circulation 40(6): 2266-2267.

Deane R, Bell R, Sagare A, Zlokovic B (2009). Clearance of amyloid-pB peptide across the blood-
brain barrier: implication for therapies in Alzheimer’s disease. CNS & neurological disorders drug
targets 8(1): 16.

Deane R, Du Yan S, Submamaryan RK, LaRue B, Jovanovic S, Hogg E, et al. (2003). RAGE mediates
amyloid-beta peptide transport across the blood-brain barrier and accumulation in brain. Nature
medicine 9(7): 907-913.

Deane R, Wu Z, Sagare A, Davis J, Du Yan S, Hamm K, et al. (2004). LRP/amyloid B-peptide
interaction mediates differential brain efflux of AB isoforms. Neuron 43(3): 333-344.

DeGracia DJ, Montie HL (2004). Cerebral ischemia and the unfolded protein response. Journal of
neurochemistry 91(1): 1-8.

del Mar Hernandez M, Esteban M, Szabo P, Boada M, Unzeta M (2005). Human plasma
semicarbazide sensitive amine oxidase (SSAO), beta-amyloid protein and aging. Neuroscience
letters 384(1-2): 183-187.

DiNapoli VA, Huber JD, Houser K, Li X, Rosen CL (2008). Early disruptions of the blood—brain
barrier may contribute to exacerbated neuronal damage and prolonged functional recovery
following stroke in aged rats. Neurobiology of aging 29(5): 753-764.

Donnan GA, Fisher M, Macleod M, Davis SM (2008). Stroke. Lancet 371(9624): 1612-1623.

Doyle KP, Simon RP, Stenzel-Poore MP (2008). Mechanisms of ischemic brain damage.
Neuropharmacology 55(3): 310-318.

Duan SR, Wang JX, Wang J, Xu R, Zhao JK, Wang DS (2010). Ischemia induces endoplasmic
reticulum stress and cell apoptosis in human brain. Neuroscience letters 475(3): 132-135.

Duyckaerts C, Delatour B, Potier MC (2009). Classification and basic pathology of Alzheimer
disease. Acta neuropathologica 118(1): 5-36.

221



BIBLIOGRAPHY

Easton JD, Saver JL, Albers GW, Alberts MJ, Chaturvedi S, Feldmann E, et al. (2009). Definition
and Evaluation of Transient Ischemic Attack A Scientific Statement for Healthcare Professionals
From the American Heart Association/American Stroke Association Stroke Council; Council on
Cardiovascular Surgery and Anesthesia; Council on Cardiovascular Radiology and Intervention;
Council on Cardiovascular Nursing; and the Interdisciplinary Council on Peripheral Vascular
Disease: The American Academy of Neurology affirms the value of this statement as an
educational tool for neurologists. Stroke; a journal of cerebral circulation 40(6): 2276-2293.

Ekblom J, Gronvall J, Garpenstrand H, Nillson S, Oreland L (1999). Is semicarbazide-sensitive
amine oxidase in blood plasma partly derived from the skeleton? Neurobiology (Budapest,
Hungary) 8(2): 129-135.

El Hadri K, Moldes M, Mercier N, Andreani M, Pairault J, Feve B (2002). Semicarbazide-Sensitive
Amine Oxidase in Vascular Smooth Muscle Cells Differentiation-Dependent Expression and Role
in Glucose Uptake. Arteriosclerosis, thrombosis, and vascular biology 22(1): 89-94.

Ellis R, Olichney J, Thal L, Mirra S, Morris J, Beekly D, et al. (1996). Cerebral amyloid angiopathy
in the brains of patients with Alzheimer's disease The CERAD experience, part XV. Neurology
46(6): 1592-1596.

Endres M, Wang Z-Q, Namura S, Waeber C, Moskowitz MA (1997). Ischemic brain injury is
mediated by the activation of poly (ADP-ribose) polymerase. Journal of Cerebral Blood Flow &
Metabolism 17(11): 1143-1151.

Enrique-Tarancén G, Marti L, Morin N, Lizcano J, Unzeta M, Sevilla L, et al. (1998). Role of
semicarbazide-sensitive amine oxidase on glucose transport and GLUT4 recruitment to the cell
surface in adipose cells. Journal of Biological Chemistry 273(14): 8025-8032.

Enrique-Tarancon G, Castan I, Morin N, Marti L, Abella A, Camps M, et al. (2000). Substrates of
semicarbazide-sensitive amine oxidase co-operate with vanadate to stimulate tyrosine
phosphorylation of insulin-receptor-substrate proteins, phosphoinositide 3-kinase activity and
GLUT4 translocation in adipose cells. Biochem. J 350: 171-180.

Ferrer |, Lizcano J, Hernandez M, Unzeta M (2002a). Overexpression of semicarbazide sensitive
amine oxidase in the cerebral blood vessels in patients with Alzheimer’s disease and cerebral
autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy.
Neuroscience letters 321(1): 21-24.

Ferrer |, Lizcano JM, Hernandez M, Unzeta M (2002b). Overexpression of semicarbazide
sensitive amine oxidase in the cerebral blood vessels in patients with Alzheimer's disease and
cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy.
Neuroscience letters 321(1-2): 21-24.

Ferri CP, Prince M, Brayne C, Brodaty H, Fratiglioni L, Ganguli M, et al. (2006). Global prevalence
of dementia: a Delphi consensus study. The Lancet 366(9503): 2112-2117.

Finkel T (1998). Oxygen radicals and signaling. Current opinion in cell biology 10(2): 248-253.

Finney J, Moon HJ, Ronnebaum T, Lantz M, Mure M (2014). Human copper-dependent amine
oxidases. Archives of biochemistry and biophysics 546: 19-32.

222



BIBLIOGRAPHY

Fischer Y, Thomas J, Sevilla L, Mufioz P, Becker C, Holman G, et al. (1997). Insulin-induced
Recruitment of Glucose Transporter 4 (GLUT4) and GLUT1 in Isolated Rat Cardiac Myocytes
EVIDENCE OF THE EXISTENCE OF DIFFERENT INTRACELLULAR GLUT4 VESICLE POPULATIONS.
Journal of Biological Chemistry 272(11): 7085-7092.

Fisk L, Nalivaeva NN, Boyle JP, Peers CS, Turner AJ (2007). Effects of hypoxia and oxidative stress
on expression of neprilysin in human neuroblastoma cells and rat cortical neurones and
astrocytes. Neurochemical research 32(10): 1741-1748.

Fiskum G, Murphy AN, Beal MF (1999). Mitochondria in Neurodegeneration&colon; Acute
Ischemia and Chronic Neurodegenerative Diseases. Journal of Cerebral Blood Flow &
Metabolism 19(4): 351-369.

Floyd RA (2006). Nitrones as therapeutics in age - related diseases. Aging Cell 5(1): 51-57.

Foot JS, Yow TT, Schilter H, Buson A, Deodhar M, Findlay AD, et al. (2013). PXS-4681A, a potent
and selective mechanism-based inhibitor of SSAO/VAP-1 with anti-inflammatory effects in vivo.
Journal of Pharmacology and Experimental Therapeutics 347(2): 365-374.

Francis PT, Palmer AM, Snape M, Wilcock GK (1999). The cholinergic hypothesis of Alzheimer's
disease: a review of progress. Journal of neurology, neurosurgery, and psychiatry 66(2): 137-147.

Frijns C, Kappelle L (2002). Inflammatory cell adhesion molecules in ischemic cerebrovascular
disease. Stroke; a journal of cerebral circulation 33(8): 2115-2122.

Garcia-Bonilla L, Campos M, Giralt D, Salat D, Chacon P, Hernandez-Guillamon M, et al. (2012).
Evidence for the efficacy of statins in animal stroke models: a meta-analysis. Journal of
neurochemistry 122(2): 233-243.

Garcia-Bonilla L, Sosti V, Campos M, Penalba A, Boada C, Sumalla M, et al. (2011). Effects of
acute post-treatment with dipyridamole in a rat model of focal cerebral ischemia. Brain research
1373: 211-220.

Gella A, Sole M, Bolea |, Ventriglia M, Siotto M, Durany N, et al. (2013). A comparison between
radiometric and fluorimetric methods for measuring SSAO activity. Journal of neural
transmission 120(6): 1015-1018.

Gokturk C, Nilsson J, Nordquist J, Kristensson M, Svensson K, Soderberg C, et al. (2003).
Overexpression of semicarbazide-sensitive amine oxidase in smooth muscle cells leads to an
abnormal structure of the aortic elastic laminas. The American journal of pathology 163(5):
1921-1928.

Gong B, Boor PJ (2006). The role of amine oxidases in xenobiotic metabolism. Expert opinion on
drug metabolism & toxicology 2(4): 559-571.

Gong C, Qin Z, Betz AL, Liu XH, Yang GY (1998). Cellular localization of tumor necrosis factor
alpha following focal cerebral ischemia in mice. Brain research 801(1-2): 1-8.

Gonzalez R (2006). Imaging-guided acute ischemic stroke therapy: from “time is brain” to
“physiology is brain”. American journal of neuroradiology 27(4): 728-735.

223



BIBLIOGRAPHY

Gronvall-Nordquist JL, Backlund LB, Garpenstrand H, Ekblom J, Landin B, Peter HY, et al. (2001).
Follow-up of plasma semicarbazide-sensitive amine oxidase activity and retinopathy in Type 2
diabetes mellitus. Journal of Diabetes and its Complications 15(5): 250-256.

Grammas P (2011). Neurovascular dysfunction, inflammation and endothelial activation:
implications for the pathogenesis of Alzheimer's disease. Journal of neuroinflammation 8: 26.

Green AR (2008). Pharmacological approaches to acute ischaemic stroke: reperfusion certainly,
neuroprotection possibly. British journal of pharmacology 153 Suppl 1: S325-338.

Guglielmotto M, Aragno M, Autelli R, Giliberto L, Novo E, Colombatto S, et al. (2009). The up-
regulation of BACE1 mediated by hypoxia and ischemic injury: role of oxidative stress and
HIFlalpha. Journal of neurochemistry 108(4): 1045-1056.

Hacke W, Brott T, Caplan L, Meier D, Fieschi C, Von Kummer R, et al. (1998). Thrombolysis in
acute ischemic stroke: controlled trials and clinical experience. Neurology 53(7 Suppl 4): S3-14.

Harding HP, Novoa |, Zhang Y, Zeng H, Wek R, Schapira M, et al. (2000). Regulated translation
initiation controls stress-induced gene expression in mammalian cells. Molecular cell 6(5): 1099-
1108.

Hardy J, Selkoe DJ (2002). The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics. Science 297(5580): 353-356.

Hardy JA, Higgins GA (1992). Alzheimer's disease: the amyloid cascade hypothesis. Science
256(5054): 184-185.

Heck HD, Casanova M, Starr TB (1990). Formaldehyde toxicity--new understanding. Critical
reviews in toxicology 20(6): 397-426.

Hernandez-Guillamon M, Garcia-Bonilla L, Sole M, Sosti V, Pares M, Campos M, et al. (2010).
Plasma VAP-1/SSAO activity predicts intracranial hemorrhages and adverse neurological
outcome after tissue plasminogen activator treatment in stroke. Stroke; a journal of cerebral
circulation 41(7): 1528-1535.

Hernandez-Guillamon M, Sole M, Delgado P, Garcia-Bonilla L, Giralt D, Boada C, et al. (2012).
VAP-1/SSAO plasma activity and brain expression in human hemorrhagic stroke. Cerebrovascular
diseases 33(1): 55-63.

Hernandez M, Sole M, Boada M, Unzeta M (2006). Soluble semicarbazide sensitive amine
oxidase (SSAQ) catalysis induces apoptosis in vascular smooth muscle cells. Biochimica et
biophysica acta 1763(2): 164-173.

Hiltunen M, Makinen P, Peraniemi S, Sivenius J, van Groen T, Soininen H, et al. (2009). Focal
cerebral ischemia in rats alters APP processing and expression of Abeta peptide degrading
enzymes in the thalamus. Neurobiol Dis 35(1): 103-113.

Honig LS, Kukull W, Mayeux R (2005). Atherosclerosis and AD: analysis of data from the US
National Alzheimer's Coordinating Center. Neurology 64(3): 494-500.

224



BIBLIOGRAPHY

Huang J, Upadhyay UM, Tamargo RJ (2006). Inflammation in stroke and focal cerebral ischemia.
Surgical neurology 66(3): 232-245.

Hussain I, Powell D, Howlett DR, Tew DG, Meek TD, Chapman C, et al. (1999). Identification of a
novel aspartic protease (Asp 2) as B-secretase. Molecular and Cellular Neuroscience 14(6): 419-
427.

ladecola C (2004). Neurovascular regulation in the normal brain and in Alzheimer's disease.
Nature reviews. Neuroscience 5(5): 347-360.

ladecola C (2010). The overlap between neurodegenerative and vascular factors in the
pathogenesis of dementia. Acta neuropathologica 120(3): 287-296.

ladecola C, Alexander M (2001). Cerebral ischemia and inflammation. Current opinion in
neurology 14(1): 89-94.

ladecola C, Anrather J (2011). The immunology of stroke: from mechanisms to translation.
Nature medicine 17(7): 796-808.

Imfeld P, Bodmer M, Schuerch M, lJick SS, Meier CR (2013). Risk of incident stroke in patients
with Alzheimer disease or vascular dementia. Neurology 81(10): 910-919.

Jaakkola K, Kaunismaki K, Tohka S, Yegutkin G, Vanttinen E, Havia T, et al. (1999). Human
vascular adhesion protein-1 in smooth muscle cells. The American journal of pathology 155(6):
1953-1965.

Jaakkola K, Nikula T, Holopainen R, Vahasilta T, Matikainen MT, Laukkanen ML, et al. (2000). In
vivo detection of vascular adhesion protein-1 in experimental inflammation. The American
journal of pathology 157(2): 463-471.

Jakobsson E, Nilsson J, Ogg D, Kleywegt GJ (2005). Structure of human semicarbazide-sensitive
amine oxidase/vascular adhesion protein-1. Acta Crystallographica Section D 61(11): 1550-1562.

Jalkanen S, Karikoski M, Mercier N, Koskinen K, Henttinen T, Elima K, et al. (2007). The oxidase
activity of vascular adhesion protein-1 (VAP-1) induces endothelial E- and P-selectins and
leukocyte binding. Blood 110(6): 1864-1870.

Jalkanen S, Salmi M (2001). Cell surface monoamine oxidases: enzymes in search of a function.
The EMBO journal 20(15): 3893-3901.

Jalkanen S, Salmi M (2008). VAP-1 and CD73, endothelial cell surface enzymes in leukocyte
extravasation. Arteriosclerosis, thrombosis, and vascular biology 28(1): 18-26.

Jiang ZJ, Richardson JS, Yu PH (2008). The contribution of cerebral vascular semicarbazide-
sensitive amine oxidase to cerebral amyloid angiopathy in Alzheimer's disease. Neuropathol
Appl Neurobiol 34(2): 194-204.

Johns Hopkins Medicine Health Library (2015). Types of Stroke Vol. 2015.

Jones J, Brunett P (1975). Creatinine metabolism and toxicity. Kidney international.
Supplement(3): 294-298.

225



BIBLIOGRAPHY

Kalaria R, Bhatti S, Palatinsky E, Pennington D, Shelton E, Chan H, et al. (1993). Accumulation of
the [beta] amyloid precursor protein at sites of ischemic injury in rat brain. Neuroreport 4(2):
211-214.

Kalaria RN (2000). The role of cerebral ischemia in Alzheimer's disease. Neurobiology of aging
21(2): 321-330.

Kallmann BA, Wagner S, Hummel V, Buttmann M, Bayas A, Tonn JC, et al. (2002). Characteristic
gene expression profile of primary human cerebral endothelial cells. FASEB journal : official
publication of the Federation of American Societies for Experimental Biology 16(6): 589-591.

Kalyanaraman B, Joseph J, Parthasarathy S (1991). The spin trap, alpha-phenyl N-tert-
butylnitrone, inhibits the oxidative modification of low density lipoprotein. FEBS letters 280(1):
17-20.

Karadi I, Mészaros Z, Csanyi A, Szombathy T, Hosszufalusi N, Romics L, et al. (2002). Serum
semicarbazide-sensitive amine oxidase (SSAO) activity is an independent marker of carotid
atherosclerosis. Clinica chimica acta 323(1): 139-146.

Kaufman RJ (1999). Stress signaling from the lumen of the endoplasmic reticulum: coordination
of gene transcriptional and translational controls. Genes & development 13(10): 1211-1233.

Kawai M, Kalaria RN, Cras P, Siedlak SL, Velasco ME, Shelton ER, et al. (1993). Degeneration of
vascular muscle cells in cerebral amyloid angiopathy of Alzheimer disease. Brain research 623(1):
142-146.

Kinemuchi H, Jinbo M, Tabata A, Toyoshima Y, Arai Y, Tadano T, et al. (2000). 2-
Bromoethylamine, a suicide inhibitor of tissue-bound semicarbazide-sensitive amine oxidase.
The Japanese Journal of Pharmacology 83(2): 164-166.

Kinemuchi H, Sugimoto H, Obata T, Satoh N, Ueda S (2004). Selective inhibitors of membrane-
bound semicarbazide-sensitive amine oxidase (SSAQO) activity in mammalian tissues.
Neurotoxicology 25(1-2): 325-335.

Kinemuchi H, Ueda T, Morikawa F (1983). Inhibition of benzylamine oxidase by some selective
and reversible MAQ inhibitors. L'Encephale 9(Suppl 1): 63A.

Kiss J, Jalkanen S, Fiillop F, Savunen T, Salmi M (2008). Ischemia - reperfusion injury is
attenuated in VAP - 1 - deficient mice and by VAP - 1 inhibitors. European journal of
immunology 38(11): 3041-3049.

Kivi E, Elima K, Aalto K, Nymalm Y, Auvinen K, Koivunen E, et al. (2009). Human Siglec-10 can
bind to vascular adhesion protein-1 and serves as its substrate. Blood 114(26): 5385-5392.

Kivipelto M, Helkala E-L, Laakso MP, Hanninen T, Hallikainen M, Alhainen K, et al. (2001). Midlife
vascular risk factors and Alzheimer's disease in later life: longitudinal, population based study.
Bmj 322(7300): 1447-1451.

Klinman JP, Mu D (1994). Quinoenzymes in biology. Annual review of biochemistry 63: 299-344.

226



BIBLIOGRAPHY

Koistinaho M, Kettunen MI, Goldsteins G, Keindnen R, Salminen A, Ort M, et al. (2002). B-
amyloid precursor protein transgenic mice that harbor diffuse AR deposits but do not form
plaques show increased ischemic vulnerability: role of inflammation. Proceedings of the
National Academy of Sciences 99(3): 1610-1615.

Kokmen E, Whisnant JP, O'Fallon WM, Chu CP, Beard CM (1996). Dementia after ischemic stroke:
a population-based study in Rochester, Minnesota (1960-1984). Neurology 46(1): 154-159.

Koskinen K, Nevalainen S, Karikoski M, Hanninen A, Jalkanen S, Salmi M (2007). VAP-1-deficient
mice display defects in mucosal immunity and antimicrobial responses: implications for
antiadhesive applications. The Journal of Immunology 179(9): 6160-6168.

Koskinen K, Vainio PJ, Smith DJ, Pihlavisto M, Yla-Herttuala S, Jalkanen S, et al. (2004).
Granulocyte transmigration through the endothelium is regulated by the oxidase activity of
vascular adhesion protein-1 (VAP-1). Blood 103(9): 3388-3395.

Kumagai R, Oki C, Muramatsu Y, Kurosaki R, Kato H, Araki T (2004). Pitavastatin, a 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor, reduces hippocampal damage after
transient cerebral ischemia in gerbils. Journal of neural transmission 111(9): 1103-1120.

Kumar A, Singh A (2015). A review on Alzheimer's disease pathophysiology and its management:
an update. Pharmacological Reports 67(2): 195-203.

Kumar R, Azam S, Sullivan JM, Owen C, Cavener DR, Zhang P, et al. (2001). Brain ischemia and
reperfusion activates the eukaryotic initiation factor 2alpha kinase, PERK. Journal of
neurochemistry 77(5): 1418-1421.

Kunsch C, Medford RM (1999). Oxidative stress as a regulator of gene expression in the
vasculature. Circulation research 85(8): 753-766.

Kurkijarvi R, Adams DH, Leino R, Motténen T, Jalkanen S, Salmi M (1998). Circulating form of
human vascular adhesion protein-1 (VAP-1): increased serum levels in inflammatory liver
diseases. The Journal of Inmunology 161(3): 1549-1557.

Kurkijarvi R, Yegutkin GG, Gunson BK, Jalkanen S, Salmi M, Adams DH (2000). Circulating soluble
vascular adhesion protein 1 accounts for the increased serum monoamine oxidase activity in
chronic liver disease. Gastroenterology 119(4): 1096-1103.

Kuroda S, Tsuchidate R, Smith M-L, Maples KR, Siesjo BK (1999). Neuroprotective effects of a
novel nitrone, NXY-059, after transient focal cerebral ischemia in the rat. Journal of Cerebral
Blood Flow & Metabolism 19(7): 778-787.

Lakhan SE, Kirchgessner A, Hofer M (2009). Inflammatory mechanisms in ischemic stroke:
therapeutic approaches. J Transl Med 7(1): 97.

Lalor PF, Edwards S, McNab G, Salmi M, Jalkanen S, Adams DH (2002). Vascular adhesion
protein-1 mediates adhesion and transmigration of lymphocytes on human hepatic endothelial
cells. Journal of immunology 169(2): 983-992.

227



BIBLIOGRAPHY

Lalor PF, Sun PJ, Weston CJ, Martin-Santos A, Wakelam MJ, Adams DH (2007). Activation of
vascular adhesion protein-1 on liver endothelium results in an NF-kappaB-dependent increase in
lymphocyte adhesion. Hepatology 45(2): 465-474.

Langford S, Trent M, Balakumaran A, Boor P (1999). Developmental vasculotoxicity associated
with inhibition of semicarbazide-sensitive amine oxidase. Toxicology and applied pharmacology
155(3): 237-244.

Langford SD, Trent MB, Boor PJ (2002). Semicarbazide-sensitive amine oxidase and extracellular
matrix deposition by smooth-muscle cells. Cardiovascular toxicology 2(2): 141-150.

Lee M, Saver JL, Hong KS, Wu YL, Liu HC, Rao NM, et al. (2014). Cognitive impairment and risk of
future stroke: a systematic review and meta-analysis. CMAJ : Canadian Medical Association
journal = journal de I'Association medicale canadienne 186(14): E536-546.

Lehotsky J, Urban P, Pavlikova M, Tatarkova Z, Kaminska B, Kaplan P (2009). Molecular
mechanisms leading to neuroprotection/ischemic tolerance: effect of preconditioning on the
stress reaction of endoplasmic reticulum. Cellular and molecular neurobiology 29(6-7): 917-925.

Levy-Lahad E, Wasco W, Poorkaj P, Romano DM, Oshima J, Pettingell WH, et al. (1995).
Candidate gene for the chromosome 1 familial Alzheimer's disease locus. Science 269(5226):
973-977.

Lewinsohn R (1977). Human serum amine oxidase. Enzyme activity in severely burnt patients
and in patients with cancer. Clinica chimica acta; international journal of clinical chemistry 81(3):
247-256.

LEWINSOHN R (1981). Amine oxidase in human blood vessels and non - vascular smooth muscle.
Journal of Pharmacy and Pharmacology 33(1): 569-575

Lewinsohn R (1983). Mammalian monoamine-oxidizing enzymes, with special reference to
benzylamine oxidase in human tissues. Brazilian journal of medical and biological research=
Revista brasileira de pesquisas medicas e biologicas/Sociedade Brasileira de Biofisica...[et al.]
17(3-4): 223-256.

Li Q, Zhuang Q, Yang J, Zhang Y (2014). Statins excert neuroprotection on cerebral ischemia
independent of their lipid-lowering action: the potential molecular mechanisms. Eur Rev Med
Pharmacol Sci 18(8): 1113-1126.

Liaskou E, Karikoski M, Reynolds GM, Lalor PF, Weston CJ, Pullen N, et al. (2011). Regulation of
mucosal addressin cell adhesion molecule 1 expression in human and mice by vascular adhesion
protein 1 amine oxidase activity. Hepatology 53(2): 661-672.

Lindsberg PJ, Carpen O, Paetau A, Karjalainen-Lindsberg ML, Kaste M (1996). Endothelial ICAM-1
expression associated with inflammatory cell response in human ischemic stroke. Circulation
94(5): 939-945.

Lizcano JM, Fernandez de Arriba A, Tipton KF, Unzeta M (1996). Inhibition of bovine lung
semicarbazide-sensitive amine oxidase (SSAO) by some hydrazine derivatives. Biochemical
pharmacology 52(2): 187-195.

228



BIBLIOGRAPHY

Lizcano JM, Tipton KF, Unzeta M (1998). Purification and characterization of membrane-bound
semicarbazide-sensitive amine oxidase (SSAO) from bovine lung. The Biochemical journal 331
(Pt 1): 69-78.

Lo EH, Dalkara T, Moskowitz MA (2003). Mechanisms, challenges and opportunities in stroke.
Nature Reviews Neuroscience 4(5): 399-414.

Love S (2003). Apoptosis and brain ischaemia. Progress in neuro-psychopharmacology &
biological psychiatry 27(2): 267-282.

Lucas SM, Rothwell NJ, Gibson RM (2006). The role of inflammation in CNS injury and disease.
British journal of pharmacology 147 Suppl 1: S232-240.

Lucke-Wold BP, Turner RC, Logsdon AF, Simpkins JW, Alkon DL, Smith KE, et al. (2015). Common
mechanisms of Alzheimer's disease and ischemic stroke: the role of protein kinase C in the
progression of age-related neurodegeneration. Journal of Alzheimer's Disease 43(3): 711-724.

Lyles G, Bertie K (1987a). Properties of a semicarbazide-sensitive amine oxidase in rat articular
cartilage. Pharmacol Toxicol 60(Suppl 1): 33.

Lyles GA (1996). Mammalian plasma and tissue-bound semicarbazide-sensitive amine oxidases:
biochemical, pharmacological and toxicological aspects. The international journal of
biochemistry & cell biology 28(3): 259-274.

Lyles GA, Marshall CS, McDonald IA, Bey P, Palfreyman MG (1987b). Inhibition of rat aorta
semicarbazide-sensitive amine oxidase by 2-phenyl-3-haloallylamines and related compounds.
Biochemical pharmacology 36(17): 2847-2853.

Ma Q, Manaenko A, Khatibi NH, Chen W, Zhang JH, Tang J (2011). Vascular adhesion protein-1
inhibition provides antiinflammatory protection after an intracerebral hemorrhagic stroke in
mice. Journal of Cerebral Blood Flow & Metabolism 31(3): 881-893.

Macleod MR, van der Worp HB, Sena ES, Howells DW, Dirnagl U, Donnan GA (2008). Evidence
for the efficacy of NXY-059 in experimental focal cerebral ischaemia is confounded by study
quality. Stroke; a journal of cerebral circulation 39(10): 2824-2829.

Makinen S, van Groen T, Clarke J, Thornell A, Corbett D, Hiltunen M, et al. (2008).
Coaccumulation of calcium and beta-amyloid in the thalamus after transient middle cerebral
artery occlusion in rats. Journal of cerebral blood flow and metabolism : official journal of the
International Society of Cerebral Blood Flow and Metabolism 28(2): 263-268.

Manzanero S, Santro T, Arumugam TV (2013). Neuronal oxidative stress in acute ischemic stroke:
sources and contribution to cell injury. Neurochemistry international 62(5): 712-718.

Maples KR, Ma F, Zhang Y-K (2001). Comparison of the radical trapping ability of PBN, S-PBN and
NXY-059. Free radical research 34(4): 417-426.

Marchesi VT (2014). Alzheimer's disease and CADASIL are heritable, adult-onset dementias that
both involve damaged small blood vessels. Cellular and molecular life sciences : CMLS 71(6): 949-
955.

229



BIBLIOGRAPHY

Markesbery WR (1997). Oxidative stress hypothesis in Alzheimer's disease. Free radical biology
& medicine 23(1): 134-147.

Markus H (2008). Stroke: causes and clinical features. Medicine 36(11): 586-591.

Marttila-Ichihara F, Auvinen K, Elima K, Jalkanen S, Salmi M (2009). Vascular adhesion protein-1
enhances tumor growth by supporting recruitment of Gr-1+ CD11b+ myeloid cells into tumors.
Cancer research 69(19): 7875-7883.

Marttila - Ichihara F, Smith DJ, Stolen C, Yegutkin GG, Elima K, Mercier N, et al. (2006). Vascular
amine oxidases are needed for leukocyte extravasation into inflamed joints in vivo. Arthritis &
Rheumatism 54(9): 2852-2862.

Matyus P, Dajka-Halasz B, Foldi A, Haider N, Barlocco D, Magyar K (2004). Semicarbazide-
sensitive amine oxidase: current status and perspectives. Current medicinal chemistry 11(10):
1285-1298.

Mayeux R (2003). Epidemiology of neurodegeneration. Annual review of neuroscience 26: 81-
104.

McGuirl MA, Dooley DM (1999). Copper-containing oxidases. Current opinion in chemical biology
3(2): 138-144.

Mercier N, Moldes M, El Hadri K, Feve B (2001). Semicarbazide-sensitive amine oxidase
activation promotes adipose conversion of 3T3-L1 cells. Biochem. J 358: 335-342.

Merinen M, Irjala H, Salmi M, Jaakkola I, Hanninen A, Jalkanen S (2005). Vascular adhesion
protein-1 is involved in both acute and chronic inflammation in the mouse. The American journal
of pathology 166(3): 793-800.

Mestre H, Cohen-Minian Y, Zajarias-Fainsod D, lbarra A (2013). Pharmacological Treatment of
Acute Ischemic Stroke.

Meszaros Z, Karadi I, Csanyi A, Szombathy T, Romics L, Magyar K (1999). Determination of
human serum semicarbazide-sensitive amine oxidase activity: a possible clinical marker of
atherosclerosis. European journal of drug metabolism and pharmacokinetics 24(4): 299-302.

Meyer DM, Dustin ML, Carron CP (1995). Characterization of intercellular adhesion molecule-1
ectodomain (sICAM-1) as an inhibitor of lymphocyte function-associated molecule-1 interaction
with ICAM-1. The Journal of Immunology 155(7): 3578-3584.

Michaelis ML, Dobrowsky RT, Li G (2002). Tau neurofibrillary pathology and microtubule stability.
Journal of molecular neuroscience : MN 19(3): 289-293.

Milner E, Zhou ML, Johnson AW, Vellimana AK, Greenberg JK, Holtzman DM, et al. (2014).
Cerebral amyloid angiopathy increases susceptibility to infarction after focal cerebral ischemia in
Tg2576 mice. Stroke; a journal of cerebral circulation 45(10): 3064-3069.

Montecucco F, Quercioli A, Mirabelli-Badenier M, Luciano Viviani G, Mach F (2012). Statins in
the treatment of acute ischemic stroke. Current pharmaceutical biotechnology 13(1): 68-76.

230



BIBLIOGRAPHY

Morikawa F, Ueda T, Arai Y, Kinemuchi H (1986). Inhibition of monoamine oxidase A-form and
semicarbazide-sensitive amine oxidase by selective and reversible monoamine oxidase-A
inhibitors, amiflamine and FLA 788 (+). Pharmacology 32(1): 38-45.

Morin N, Lizcano J-M, Fontana E, Marti L, Smih F, Rouet P, et al. (2001). Semicarbazide-sensitive
amine oxidase substrates stimulate glucose transport and inhibit lipolysis in human adipocytes.
Journal of Pharmacology and Experimental Therapeutics 297(2): 563-572.

Moro MA, Cardenas A, Hurtado O, Leza JC, Lizasoain | (2004). Role of nitric oxide after brain
ischaemia. Cell calcium 36(3-4): 265-275.

Mudher A, Lovestone S (2002). Alzheimer's disease-do tauists and baptists finally shake hands?
Trends in neurosciences 25(1): 22-26.

Murray IV, Proza JF, Sohrabji F, Lawler JM (2011). Vascular and metabolic dysfunction in
Alzheimer's disease: a review. Experimental biology and medicine 236(7): 772-782.

Nagaraj RH, Shipanova IN, Faust FM (1996). Protein cross-linking by the Maillard reaction.
Isolation, characterization, and in vivo detection of a lysine-lysine cross-link derived from
methylglyoxal. The Journal of biological chemistry 271(32): 19338-19345.

Nakao S, Noda K, Zandi S, Sun D, Taher M, Schering A, et al. (2011). VAP-1-Mediated M2
Macrophage Infiltration Underlies IL-1f—but Not VEGF-A-Induced Lymph-and Angiogenesis. The
American journal of pathology 178(4): 1913-1921.

Nakka VP, Gusain A, Raghubir R (2010). Endoplasmic reticulum stress plays critical role in brain
damage after cerebral ischemia/reperfusion in rats. Neurotoxicity research 17(2): 189-202.

Nalivaevaa NN, FISK L, KOCHKINA EG, PLESNEVA SA, ZHURAVIN IA, Babusikova E, et al. (2004).
Effect of Hypoxia/lschemia and Hypoxic Preconditioning/Reperfusion on Expression of Some
Amyloid - Degrading Enzymes. Annals of the New York Academy of Sciences 1035(1): 21-33.

Namura S, Zhu J, Fink K, Endres M, Srinivasan A, Tomaselli KJ, et al. (1998). Activation and
cleavage of caspase-3 in apoptosis induced by experimental cerebral ischemia. The Journal of
neuroscience : the official journal of the Society for Neuroscience 18(10): 3659-3668.

National Institutes of Health (2014). Types of Stroke Vol. 2015.

Ni Chroinin D, Asplund K, Asberg S, Callaly E, Cuadrado-Godia E, Diez-Tejedor E, et al. (2013).
Statin therapy and outcome after ischemic stroke: systematic review and meta-analysis of
observational studies and randomized trials. Stroke; a journal of cerebral circulation 44(2): 448-
456.

Nickischer D, Laethem C, Trask 0J, Jr., Williams RG, Kandasamy R, Johnston PA, et al. (2006).
Development and implementation of three mitogen-activated protein kinase (MAPK) signaling
pathway imaging assays to provide MAPK module selectivity profiling for kinase inhibitors: MK2-
EGFP translocation, c-Jun, and ERK activation. Methods in enzymology 414: 389-418.

Nihashi T, Inao S, Kajita Y, Kawai T, Sugimoto T, Niwa M, et al. (2001). Expression and
distribution of beta amyloid precursor protein and beta amyloid peptide in reactive astrocytes
after transient middle cerebral artery occlusion. Acta neurochirurgica 143(3): 287-295.

231



BIBLIOGRAPHY

Noda K, Miyahara S, Nakazawa T, Almulki L, Nakao S, Hisatomi T, et al. (2008). Inhibition of
vascular adhesion protein-1 suppresses endotoxin-induced uveitis. The FASEB Journal 22(4):
1094-1103.

Norgvist A, Oreland L (1989). LOCALIZATION OF A SEMICARBAZIDE-SENSITIVE SEROTONIN-
OXIDIZING ENZYME FROM PORCINE DENTAL-PULP. Biogenic Amines 6(1): 65-74.

O'Rourke AM, Wang EY, Miller A, Podar EM, Scheyhing K, Huang L, et al. (2008). Anti-
inflammatory effects of LIP 1586 [Z-3-fluoro-2-(4-methoxybenzyl) allylamine hydrochloride], an
amine-based inhibitor of semicarbazide-sensitive amine oxidase activity. Journal of
Pharmacology and Experimental Therapeutics 324(2): 867-875.

O'Sullivan J, Unzeta M, Healy J, O'Sullivan MI, Davey G, Tipton KF (2004). Semicarbazide-
sensitive amine oxidases: enzymes with quite a lot to do. Neurotoxicology 25(1-2): 303-315.

Oida Y, Shimazawa M, Imaizumi K, Hara H (2008). Involvement of endoplasmic reticulum stress
in the neuronal death induced by transient forebrain ischemia in gerbil. Neuroscience 151(1):
111-119.

Olney JW (1969). Brain lesions, obesity, and other disturbances in mice treated with
monosodium glutamate. Science(164): 719-721.

Otsuka S, Kobayashi Y (1964). Radioisotopic Assay for Monoamine Oxidase Determinations in
Human Plasma. Biochemical pharmacology 13: 995-1006.

Pérez-Asensio FJ, Hurtado O, Burguete MC, Moro MA, Salom JB, Lizasoain |, et al. (2005).
Inhibition of INOS activity by 1400W decreases glutamate release and ameliorates stroke
outcome after experimental ischemia. Neurobiology of disease 18(2): 375-384.

Pan C, Prentice H, Price AL, Wu JY (2012). Beneficial effect of taurine on hypoxia- and glutamate-
induced endoplasmic reticulum stress pathways in primary neuronal culture. Amino acids 43(2):
845-855.

Peter HY, Lu L-X, Fan H, Kazachkov M, liang Z-J, Jalkanen S, et al. (2006). Involvement of
semicarbazide-sensitive amine oxidase-mediated deamination in lipopolysaccharide-induced
pulmonary inflammation. The American journal of pathology 168(3): 718-726.

Pichiule P, Chavez JC, Schmidt AM, Vannucci SJ (2007). Hypoxia-inducible factor-1 mediates
neuronal expression of the receptor for advanced glycation end products following
hypoxia/ischemia. The Journal of biological chemistry 282(50): 36330-36340.

Pirisino R, Ghelardini C, De Siena G, Malmberg P, Galeotti N, Cioni L, et al. (2005). Methylamine:
a new endogenous modulator of neuron firing? Medical science monitor 11(8): RA257-RA261.

Pizzo P, Pozzan T (2007). Mitochondria-endoplasmic reticulum choreography: structure and
signaling dynamics. Trends in cell biology 17(10): 511-517.

Plumb JA, Milroy R, Kaye SB (1989). Effects of the pH dependence of 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide-formazan absorption on chemosensitivity determined by a
novel tetrazolium-based assay. Cancer research 49(16): 4435-4440.

232



BIBLIOGRAPHY

Poirier J, Davignon J, Bouthillier D, Kogan S, Bertrand P, Gauthier S (1993). Apolipoprotein E
polymorphism and Alzheimer's disease. Lancet 342(8873): 697-699.

Pradeep H, Diya JB, Shashikumar S, Rajanikant GK (2012). Oxidative stress--assassin behind the
ischemic stroke. Folia neuropathologica / Association of Polish Neuropathologists and Medical
Research Centre, Polish Academy of Sciences 50(3): 219-230.

Precious E, Gunn CE, Lyles GA (1988). Deamination of methylamine by semicarbazidesensitive
amine oxidase in human umbilical artery and rat aorta. Biochemical pharmacology 37(4): 707-
713.

Rallidis LS, Zolindaki MG, Vikelis M, Kaliva K, Papadopoulos C, Kremastinos DT (2009). Elevated
soluble intercellular adhesion molecule-1 levels are associated with poor short-term prognosis
in middle-aged patients with acute ischaemic stroke. International journal of cardiology 132(2):
216-220.

Reth M (2002). Hydrogen peroxide as second messenger in lymphocyte activation. Nature
immunology 3(12): 1129-1134.

Reuter B, Rodemer C, Grudzenski S, Couraud P-O, Weksler B, Romero IA, et al. (2012). Temporal
profile of matrix metalloproteinases and their inhibitors in a human endothelial cell culture
model of cerebral ischemia. Cerebrovascular diseases (Basel, Switzerland) 35(6): 514-520.

Revesz T, Holton JL, Lashley T, Plant G, Rostagno A, Ghiso J, et al. (2002). Sporadic and familial
cerebral amyloid angiopathies. Brain pathology 12(3): 343-357.

Rosell A, Cuadrado E, Ortega-Aznar A, Hernandez-Guillamon M, Lo EH, Montaner J (2008). MMP-
9—Positive Neutrophil Infiltration Is Associated to Blood—Brain Barrier Breakdown and Basal
Lamina Type IV Collagen Degradation During Hemorrhagic Transformation After Human
Ischemic Stroke. Stroke; a journal of cerebral circulation 39(4): 1121-1126.

Rosenberg GA, Estrada EY, Dencoff JE (1998). Matrix metalloproteinases and TIMPs are
associated with blood-brain barrier opening after reperfusion in rat brain. Stroke; a journal of
cerebral circulation 29(10): 2189-2195.

Saccani A, Saccani S, Orlando S, Sironi M, Bernasconi S, Ghezzi P, et al. (2000). Redox regulation
of chemokine receptor expression. Proceedings of the National Academy of Sciences of the
United States of America 97(6): 2761-2766.

Salmi M, Jalkanen S (1992). A 90-kilodalton endothelial cell molecule mediating lymphocyte
binding in humans. Science 257(5075): 1407-1409.

Salmi M, Jalkanen S (1995). Different forms of human vascular adhesion protein-1 (VAP-1) in
blood vessels in vivo and in cultured endothelial cells: implications for lymphocyte-endothelial
cell adhesion models. European journal of immunology 25(10): 2803-2812.

Salmi M, Jalkanen S (1996). Human vascular adhesion protein 1 (VAP-1) is a unique
sialoglycoprotein that mediates carbohydrate-dependent binding of lymphocytes to endothelial
cells. The Journal of experimental medicine 183(2): 569-579.

233



BIBLIOGRAPHY

Salmi M, Jalkanen S (1997a). How do lymphocytes know where to go: current concepts and
enigmas of lymphocyte homing. Advances in immunology 64: 139-218.

Salmi M, Jalkanen S (2001a). VAP-1: an adhesin and an enzyme. Trends in immunology 22(4):
211-216.

Salmi M, Jalkanen S (2005). Cell-surface enzymes in control of leukocyte trafficking. Nature
reviews. Immunology 5(10): 760-771.

Salmi M, Jalkanen S (2012). Ectoenzymes controlling leukocyte traffic. European journal of
immunology 42(2): 284-292.

Salmi M, Kalimo K, Jalkanen S (1993). Induction and function of vascular adhesion protein-1 at
sites of inflammation. The Journal of experimental medicine 178(6): 2255-2260.

Salmi M, Tohka S, Berg EL, Butcher EC, Jalkanen S (1997b). Vascular adhesion protein 1 (VAP-1)
mediates lymphocyte subtype-specific, selectin-independent recognition of vascular
endothelium in human lymph nodes. The Journal of experimental medicine 186(4): 589-600.

Salmi M, Tohka S, Jalkanen S (2000). Human vascular adhesion protein-1 (VAP-1) plays a critical
role in lymphocyte—endothelial cell adhesion cascade under shear. Circulation research 86(12):
1245-1251.

Salmi M, Yegutkin GG, Lehvonen R, Koskinen K, Salminen T, Jalkanen S (2001b). A cell surface
amine oxidase directly controls lymphocyte migration. Immunity 14(3): 265-276.

Salminen TA, Smith DJ, Jalkanen S, Johnson MS (1998). Structural model of the catalytic domain
of an enzyme with cell adhesion activity: human vascular adhesion protein-1 (HVAP-1) D4
domain is an amine oxidase. Protein engineering 11(12): 1195-1204.

Salter-Cid LM, Wang E, O'Rourke AM, Miller A, Gao H, Huang L, et al. (2005). Anti-inflammatory
effects of inhibiting the amine oxidase activity of semicarbazide-sensitive amine oxidase. The
Journal of pharmacology and experimental therapeutics 315(2): 553-562.

Schayer RW, Smiley RL, Kaplan E (1952). The metabolism of epinephrine containing isotopic
carbon. Il. Journal of Biological Chemistry 198(2): 545-551.

Schleiffenbaum B, Spertini O, Tedder TF (1992). Soluble L-selectin is present in human plasma at
high levels and retains functional activity. The Journal of cell biology 119(1): 229-238.

Schneider JA, Wilson RS, Cochran EJ, Bienias JL, Arnold SE, Evans DA, et al. (2003). Relation of
cerebral infarctions to dementia and cognitive function in older persons. Neurology 60(7): 1082-
1088.

Schroeter M, Jander S, Witte OW, Stoll G (1994). Local immune responses in the rat cerebral
cortex after middle cerebral artery occlusion. Journal of neuroimmunology 55(2): 195-203.

Schwelberger HG (2007). The origin of mammalian plasma amine oxidases. Journal of neural
transmission 114(6): 757-762.

Seiler N (1995). Polyamine oxidase, properties and functions. Progress in brain research 106:
333-344.

234



BIBLIOGRAPHY

Selkoe DJ (2001). Alzheimer's disease: genes, proteins, and therapy. Physiological reviews 81(2):
741-766.

Sherrington R, Rogaev El, Liang Y, Rogaeva EA, Levesque G, lkeda M, et al. (1995). Cloning of a
gene bearing missense mutations in early-onset familial Alzheimer's disease. Nature 375(6534):
754-760.

Shi J, Yang SH, Stubley L, Day AL, Simpkins JW (2000). Hypoperfusion induces overexpression of
beta-amyloid precursor protein mRNA in a focal ischemic rodent model. Brain research 853(1):
1-4.

Sies H (1997). Oxidative stress: oxidants and antioxidants. Experimental physiology 82(2): 291-
295.

Sinha S, Anderson JP, Barbour R, Basi GS, Caccavello R, Davis D, et al. (1999). Purification and
cloning of amyloid precursor protein B-secretase from human brain. Nature 402(6761): 537-540.

Smeraldi C, Castillo V, Lizcano J, Unzeta M (2001). Some properties of semicarbazide-sensitive
amine oxidase (SSAO) from human cerebrovascular tissues. Inflammation Research 50(2): 144-
145.

Smith DJ, Salmi M, Bono P, Hellman J, Leu T, Jalkanen S (1998). Cloning of vascular adhesion
protein 1 reveals a novel multifunctional adhesion molecule. The Journal of experimental
medicine 188(1): 17-27.

Solé M, Hernandez-Guillamon M, Boada M, Unzeta M (2008). p53 phosphorylation is involved in
vascular cell death induced by the catalytic activity of membrane-bound SSAO/VAP-1.
Biochimica et Biophysica Acta (BBA)-Molecular Cell Research 1783(6): 1085-1094.

Solé M, Mifiano-Molina AJ, Unzeta M (2014). A cross-talk between AP and endothelial
SSAO/VAP-1 accelerates vascular damage and AP aggregation related to CAA-AD. Neurobiology

of aging.

Sole M, Hernandez M, Boada M, Unzeta M (2007). Characterization of A7r5 cell line transfected
in a stable form by hSSAO/VAP-1 gene (A7r5 hSSAO/VAP-1 cell line). Journal of neural
transmission 114(6): 763-767.

Sole M, Unzeta M (2011). Vascular cell lines expressing SSAO/VAP-1: a new experimental tool to
study its involvement in vascular diseases. Biology of the cell / under the auspices of the
European Cell Biology Organization 103(11): 543-557.

Springer TA (1994). Traffic signals for lymphocyte recirculation and leukocyte emigration: the
multistep paradigm. Cell 76(2): 301-314.

Stephenson DT, Rash K, Clemens JA (1992). Amyloid precursor protein accumulates in regions of
neurodegeneration following focal cerebral ischemia in the rat. Brain research 593(1): 128-135.

Stolen CM, Marttila-Ichihara F, Koskinen K, Yegutkin GG, Turja R, Bono P, et al. (2005). Absence
of the endothelial oxidase AOC3 leads to abnormal leukocyte traffic in vivo. Immunity 22(1):
105-115.

235



BIBLIOGRAPHY

Stolen CM, Yegutkin GG, Kurkijarvi R, Bono P, Alitalo K, Jalkanen S (2004). Origins of serum
semicarbazide-sensitive amine oxidase. Circulation research 95(1): 50-57.

Strolin-Benedetti M, Dostert P, Boucher T, Guffroy C (1982). A new reversible selective type B
monoamine oxidase inhibitor: MD 780236. Monoamine Oxidase: Basic and Clinical Frontiers,
Edited by Kamijo, K., Usdin, E. and Nagatsu, T: 209-220.

Sugawara T, Fujimura M, Noshita N, Kim GW, Saito A, Hayashi T, et al. (2004). Neuronal
death/survival signaling pathways in cerebral ischemia. NeuroRx : the journal of the American
Society for Experimental NeuroTherapeutics 1(1): 17-25.

Sun X, He G, Qing H, Zhou W, Dobie F, Cai F, et al. (2006). Hypoxia facilitates Alzheimer's disease
pathogenesis by up-regulating BACE1 gene expression. Proceedings of the National Academy of
Sciences of the United States of America 103(49): 18727-18732.

Sun Y, Jiang J, Zhang Z, Yu P, Wang L, Xu C, et al. (2008). Antioxidative and thrombolytic TMP
nitrone for treatment of ischemic stroke. Bioorganic & medicinal chemistry 16(19): 8868-8874.

Sun Y, Zhang G, Zhang Z, Yu P, Zhong H, Du J, et al. (2012). Novel multi-functional nitrones for
treatment of ischemic stroke. Bioorganic & medicinal chemistry 20(12): 3939-3945.

Swanson RA, Ying W, Kauppinen TM (2004). Astrocyte influences on ischemic neuronal death.
Current molecular medicine 4(2): 193-205.

Sydserff S, Borelli A, Green A, Cross A (2002). Effect of NXY - 059 on infarct volume after
transient or permanent middle cerebral artery occlusion in the rat; studies on dose, plasma
concentration and therapeutic time window. British journal of pharmacology 135(1): 103-112.

Tajiri S, Oyadomari S, Yano S, Morioka M, Gotoh T, Hamada J, et al. (2004). Ischemia-induced
neuronal cell death is mediated by the endoplasmic reticulum stress pathway involving CHOP.
Cell Death & Differentiation 11(4): 403-415.

Tanzi R, Moir R, Wagner S (2004). Clearance of Alzheimer's AR peptide: the many roads to
perdition. Neuron 43(5): 605-608.

Tatemichi TK, Paik M, Bagiella E, Desmond DW, Stern Y, Sano M, et al. (1994). Risk of dementia
after stroke in a hospitalized cohort: results of a longitudinal study. Neurology 44(10): 1885-
1891.

Tipton KF, Strolin Benedetti M (2001). Amine oxidases and the metabolism of xenobiotics.
Enzyme systems that metabolise drugs and other xenobiotics: 95.

TOHKA S, LAUKKANEN M-L, JALKANEN S, SALMI M (2001). Vascular adhesion protein 1 (VAP-1)
functions as a molecular brake during granulocyte rolling and mediates recruitment in vivo. The
FASEB Journal 15(2): 373-382.

Tolppanen AM, Lavikainen P, Solomon A, Kivipelto M, Soininen H, Hartikainen S (2013).
Incidence of stroke in people with Alzheimer disease: a national register-based approach.
Neurology 80(4): 353-358.

236



BIBLIOGRAPHY

Tu Q, Cao H, Zhong W, Ding B, Tang X (2014). Atorvastatin protects against cerebral
ischemia/reperfusion injury through anti-inflammatory and antioxidant effects. Neural
regeneration research 9(3): 268.

Unzeta M, Sole M, Boada M, Hernandez M (2007). Semicarbazide-sensitive amine oxidase (SSAQ)
and its possible contribution to vascular damage in Alzheimer's disease. Journal of neural
transmission 114(6): 857-862.

Valente T, Gella A, Sole M, Durany N, Unzeta M (2012). Immunohistochemical study of
semicarbazide-sensitive amine oxidase/vascular adhesion protein-1 in the hippocampal
vasculature: pathological synergy of Alzheimer's disease and diabetes mellitus. Journal of
neuroscience research 90(10): 1989-1996.

van Dijk J, Boomsma F, Alberts G, in't Ve AJM, Schalekamp MA (1995). Determination of
semicarbazide-sensitive amine oxidase activity in human plasma by high-performance liquid
chromatography with fluorimetric detection. Journal of Chromatography B: Biomedical Sciences
and Applications 663(1): 43-50.

van Groen T, Puurunen K, Maki HM, Sivenius J, Jolkkonen J (2005). Transformation of diffuse
beta-amyloid precursor protein and beta-amyloid deposits to plagues in the thalamus after
transient occlusion of the middle cerebral artery in rats. Stroke; a journal of cerebral circulation
36(7): 1551-1556.

Van Nostrand WE, Davis-Salinas J, Saporito-lrwin SM (1996). Amyloid beta-protein induces the
cerebrovascular cellular pathology of Alzheimer's disease and related disorders. Annals of the
New York Academy of Sciences 777: 297-302.

Vassar R (2004). BACE1: the beta-secretase enzyme in Alzheimer's disease. Journal of molecular
neuroscience : MIN 23(1-2): 105-114.

Vaughan CJ, Delanty N (1999). Neuroprotective properties of statins in cerebral ischemia and
stroke. Stroke; a journal of cerebral circulation 30(9): 1969-1973.

Vaughan CJ, Gotto AM, Jr. (2004). Update on statins: 2003. Circulation 110(7): 886-892.

Venketasubramanian N, Chan BP, Chang HM, Chua HC, Gan RN, Hui F, et al. (2011). Brain attack:
needing resuscitation. Singapore medical journal 52(8): 620-630.

Wang L, Esteban G, Ojima M, Bautista-Aguilera OM, Inokuchi T, Moraleda |, et al. (2014).
Donepezil+ propargylamine+ 8-hydroxyquinoline hybrids as new multifunctional metal-chelators,
ChE and MAQO inhibitors for the potential treatment of Alzheimer's disease. European journal of
medicinal chemistry 80: 543-561.

Wang Q, Yan J, Chen X, Li J, Yang Y, Weng J, et al. (2011). Statins: multiple neuroprotective
mechanisms in neurodegenerative diseases. Experimental neurology 230(1): 27-34.

Wang XZ, Harding HP, Zhang Y, Jolicoeur EM, Kuroda M, Ron D (1998). Cloning of mammalian
Irel reveals diversity in the ER stress responses. The EMBO journal 17(19): 5708-5717.

237



BIBLIOGRAPHY

Watcharotayangul J, Mao L, Xu H, Vetri F, Baughman VL, Paisansathan C, et al. (2012). Post -
ischemic vascular adhesion protein - 1 inhibition provides neuroprotection in a rat temporary
middle cerebral artery occlusion model. Journal of neurochemistry 123(s2): 116-124.

Watkins PB, Zimmerman HJ, Knapp MJ, Gracon S|, Lewis KW (1994). Hepatotoxic effects of
tacrine administration in patients with Alzheimer's disease. Jama 271(13): 992-998.

Weiss HG, Klocker J, Labeck B, Nehoda H, Aigner F, Klingler A, et al. (2003). Plasma amine
oxidase: a postulated cardiovascular risk factor in nondiabetic obese patients. Metabolism:
clinical and experimental 52(6): 688-692.

Weksler BB, Subileau EA, Perriere N, Charneau P, Holloway K, Leveque M, et al. (2005). Blood-
brain barrier-specific properties of a human adult brain endothelial cell line. FASEB journal :
official publication of the Federation of American Societies for Experimental Biology 19(13):
1872-1874.

Wen Y, Yang S, Liu R, Brun-Zinkernagel AM, Koulen P, Simpkins JW (2004). Transient cerebral
ischemia induces aberrant neuronal cell cycle re-entry and Alzheimer's disease-like tauopathy in
female rats. The Journal of biological chemistry 279(21): 22684-22692.

Weston CJ, Shepherd EL, Claridge LC, Rantakari P, Curbishley SM, Tomlinson JW, et al. (2014).
Vascular adhesion protein-1 promotes liver inflammation and drives hepatic fibrosis. The Journal
of clinical investigation 125(125 (2)): 0-O0.

Wilcock GK (2003). Memantine for the treatment of dementia. The Lancet. Neurology 2(8): 503-
505.

Willam C, Schindler R, Frei U, Eckardt KU (1999). Increases in oxygen tension stimulate
expression of ICAM-1 and VCAM-1 on human endothelial cells. The American journal of
physiology 276(6 Pt 2): H2044-2052.

Wilmot CM, Hajdu J, McPherson MJ, Knowles PF, Phillips SE (1999). Visualization of dioxygen
bound to copper during enzyme catalysis. Science 286(5445): 1724-1728.

Xin Q, Ji B, Cheng B, Wang C, Liu H, Chen X, et al. (2014). Endoplasmic reticulum stress in
cerebral ischemia. Neurochemistry international 68: 18-27.

Xu H-L, Garcia M, Testai F, Vetri F, Barabanova A, Pelligrino DA, et al. (2014). Pharmacologic
blockade of vascular adhesion protein-1 lessens neurologic dysfunction in rats subjected to
subarachnoid hemorrhage. Brain research 1586: 83-89.

Xu H, Testai FD, Valyi-Nagy T, Pavuluri MN, Zhai F, Nanegrungsunk D, et al. (2015). VAP-1
blockade prevents subarachnoid hemorrhage-associated cerebrovascular dilating dysfunction
via repression of a neutrophil recruitment-related mechanism. Brain research 1603: 141-149.

Xu HL, Salter-Cid L, Linnik MD, Wang EY, Paisansathan C, Pelligrino DA (2006). Vascular adhesion
protein-1 plays an important role in postischemic inflammation and neuropathology in diabetic,
estrogen-treated ovariectomized female rats subjected to transient forebrain ischemia. The
Journal of pharmacology and experimental therapeutics 317(1): 19-29.

238



BIBLIOGRAPHY

Yamasaki Y, Matsuo Y, Zagorski J, Matsuura N, Onodera H, Itoyama Y, et al. (1997). New
therapeutic possibility of blocking cytokine-induced neutrophil chemoattractant on transient
ischemic brain damage in rats. Brain research 759(1): 103-111.

Yang W, Li H, Luo H, Luo W (2011). Inhibition of semicarbazide-sensitive amine oxidase
attenuates myocardial ischemia—reperfusion injury in an in vivo rat model. Life sciences 88(7):
302-306.

Yilmaz G, Granger DN (2008). Cell adhesion molecules and ischemic stroke. Neurological
research 30(8): 783-793.

Yoshida H, Haze K, Yanagi H, Yura T, Mori K (1998). Identification of the cis-acting endoplasmic
reticulum stress response element responsible for transcriptional induction of mammalian
glucose-regulated proteins. Involvement of basic leucine zipper transcription factors. The
Journal of biological chemistry 273(50): 33741-33749.

Youdim MB, Buccafusco JJ (2005). CNS Targets for multi-functional drugs in the treatment of
Alzheimer's and Parkinson's diseases. Journal of neural transmission 112(4): 519-537.

Yu P, Deng Y (1998). Endogenous formaldehyde as a potential factor of vulnerability of
atherosclerosis: involvement of semicarbazide-sensitive amine oxidase-mediated methylamine
turnover. Atherosclerosis 140(2): 357-363.

Yu P, Deng Y (2000). Potential cytotoxic effect of chronic administration of creatine, a nutrition
supplement to augment athletic performance. Medical hypotheses 54(5): 726-728.

Yu P, Zuo D (1996a). Formaldehyde produced endogenously via deamination of methylamine. A
potential risk factor for initiation of endothelial injury. Atherosclerosis 120(1): 189-197.

Yu PH (1998). Deamination of methylamine and angiopathy; toxicity of formaldehyde, oxidative
stress and relevance to protein glycoxidation in diabetes. Journal of neural transmission.
Supplementum 52: 201-216.

Yu PH, Wright S, Fan EH, Lun ZR, Gubisne-Harberle D (2003). Physiological and pathological
implications of semicarbazide-sensitive amine oxidase. Biochimica et biophysica acta 1647(1-2):
193-199.

Yu PH, Zuo DM (1993). Oxidative deamination of methylamine by semicarbazide-sensitive amine
oxidase leads to cytotoxic damage in endothelial cells. Possible consequences for diabetes.
Diabetes 42(4): 594-603.

Yu PH, Zuo DM (1996b). Formaldehyde produced endogenously via deamination of methylamine.
A potential risk factor for initiation of endothelial injury. Atherosclerosis 120(1-2): 189-197.

Zaremba J, Skrobanski P, Losy J (2001). Tumour necrosis factor-alpha is increased in the
cerebrospinal fluid and serum of ischaemic stroke patients and correlates with the volume of
evolving brain infarct. Biomedicine & pharmacotherapy 55(5): 258-263.

Zeisel SH, Wishnok JS, Blusztajn J (1983). Formation of methylamines from ingested choline and
lecithin. Journal of Pharmacology and Experimental Therapeutics 225(2): 320-324.

239



BIBLIOGRAPHY

Zhang F, Eckman C, Younkin S, Hsiao KK, ladecola C (1997a). Increased susceptibility to ischemic
brain damage in transgenic mice overexpressing the amyloid precursor protein. The Journal of
neuroscience : the official journal of the Society for Neuroscience 17(20): 7655-7661.

Zhang R, Chopp M, Zhang Z, Jiang N, Powers C (1998). The expression of P- and E-selectins in
three models of middle cerebral artery occlusion. Brain research 785(2): 207-214.

Zhang RL, Chopp M, Zhang ZG, Jiang Q, Ewing JR (1997b). A rat model of focal embolic cerebral
ischemia. Brain research 766(1-2): 83-92.

Zhang X, Le W (2010). Pathological role of hypoxia in Alzheimer's disease. Exp Neurol 223(2):
299-303.

Zhang X, Zhou K, Wang R, Cui J, Lipton SA, Liao FF, et al. (2007). Hypoxia-inducible factor 1alpha
(HIF-1alpha)-mediated hypoxia increases BACE1 expression and beta-amyloid generation. The
Journal of biological chemistry 282(15): 10873-10880.

Zhao Z, Cheng M, Maples KR, Ma JY, Buchan AM (2001). NXY-059, a novel free radical trapping
compound, reduces cortical infarction after permanent focal cerebral ischemia in the rat. Brain
research 909(1-2): 46-50.

Zheng H, Fridkin M, Youdim M (2015). New approaches to treating Alzheimer's disease.
Perspectives in medicinal chemistry 7: 1-8.

Zhou J, Yu J-T, Wang H-F, Meng X-F, Tan C-C, Wang J, et al. (2015). Association between Stroke
and Alzheimer's Disease: Systematic Review and Meta-Analysis. Journal of Alzheimer's Disease
43(2): 479-489.

Zhu X, Smith MA, Honda K, Aliev G, Moreira PI, Nunomura A, et al. (2007). Vascular oxidative
stress in Alzheimer disease. Journal of the neurological sciences 257(1-2): 240-246.

Zlokovic BV (2008). The blood-brain barrier in health and chronic neurodegenerative disorders.
Neuron 57(2): 178-201.

Zotova E, Nicoll JA, Kalaria R, Holmes C, Boche D (2010). Inflammation in Alzheimer's disease:
relevance to pathogenesis and therapy. Alzheimer's research & therapy 2(1): 1.

Zreika M, McDonald IA, Bey P, Palfreyman MG (1984). MDL 72145, an Enzyme - Activated
Irreversible Inhibitor with Selectivity for Monoamine Oxidase Type B. Journal of neurochemistry
43(2): 448-454.

240



ANNEXES

VIIl. ANNEXES

241



ANNEXES

242



ANNEXES

Annex |I: Information of antibodies used in this work

243



ANNEXES

244



ANNEXES

Information of primary antibodies used in this work

Antigens Hosts | Applications | Dilution Companies References
APP 20.1 mouse WB 1:1000 W.E. Van :
Nostrand
BACE1 rabbit WB 1:1000 Abcam ab2077
Bax rabbit WB 1:1000 Cell Signaling 2772
Bcl-2 mouse WB 1:1000 | BD Biosciences 610538
. . _ (Lizcano et al.,
bovine SSAO rabbit WB 1:1000 1998) -
Caspase-12 rabbit WB 1:1000 Abcam ab62484
Caspase-8 mouse WB 1:1000 | BD Pharmingen 551242
Cleaved caspase-3 | rabbit WB 1:1000 Cell Signaling 9661
COX-2 rabbit WB 1:1000 Santa Cruz sc-1747R
E-selectin rabbit WB 1:500 Santa Cruz sc-14011
Flotillin-1 mouse WB 1:1000 | BD Biosciences 610820
GAPDH mouse WB 1:20000 Ambion 4300
GRP78 mouse WB 1:1000 | BD Biosciences 610978
ICAM-1 rabbit WB 1:1000 GeneTex GTX100450
IGF1-R rabbit WB 1:1000 Santa Cruz sc-713
IkB-a rabbit WB 1:1000 Santa Cruz sc-371
LRP-1 rabbit WB 1:1000 Epitomics 2703-S
NOS-2 rabbit WB 1:1000 Santa Cruz sc-651
P-selectin rabbit WB 1:1000 BioVision 3633R-100
RAGE rabbit WB 1:1000 Epitomics TO769
SOD-1 goat WB 1:1000 Santa Cruz sc-8637
Tf Rec mouse WB 1:1000 ZYMED 136800
VAP-1 rabbit WB 1:1000 Abcam ab42885
VCAM-1 rabbit WB 1:1000 Epitomics 3540-S
B-actin mouse WB 1:5000 Sigma-Aldrich A1978

Information of secondary antibodies used in this work

Antigens Conjugate | Applications | Dilution Companies References
goat IgG HRP WB 1:2000 Pierce HB987316

mouse 1gG HRP WB 1:1000 Dako P0161
rabbit 1IgG HRP WB 1:1000 | BD Biosciences 554021
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Abstract Herein, we report the biological evaluation of a
series of indole substituted hydrazides and hydrazines
throughout the assessment of their multipotent inhibitory
potency towards monoamine oxidase (MAO) A and B,
semicarbazide-sensitive amine oxidase/vascular adhesion
protein-1 (SSAO/VAP-1), and the cholinesterases, acetyl-
cholinesterase (AChE) and butyrylcholinesterase (BuChE).
Hydrazine JL72 (3-(3-hydrazinylpropyl)-1H-indole) showed
a potent, reversible and non-time-dependent inhibition of
MAO-A, which suggests its capacity in restoring seroto-
ninergic neurotransmission being devoid of the side effects
observed for classic MAO-A inhibitors. In addition, JL72
behaved as a moderate BuChE inhibitor. Finally, both
hydrazines and hydrazides derivatives showed high affinity
towards SSAO/VAP-1. Among them, JL72 behaved as a
noncompetitive and the most potent inhibitor (ICsq =
0.19 £ 0.04 pM), possessing also a significant anti-inflam-
matory activity. The combined inhibition of SSAO/VAP-1,
MAO (A and B), AChE and BuChE appear as an important
therapeutic target to be considered in the treatment of cere-
brovascular and neurological disorders such as Alzheimer’s
disease.
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Abbreviations

Ach Acetylcholine

AChE Acetylcholinesterase

AChEI Acetylcholinesterase inhibitor
AD Alzheimer’s disease

BuChE Butyrylcholinesterase

CAA Cerebral amyloid angiopathy

DTNB 5,5'-Dithiobis-2-nitrobenzoic acid

5-HT 5-Hydroxytryptamine

MAO Monoamine oxidase

MAOI Monoamine oxidase inhibitor

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

MA Methylamine

SSAO/VAP-1 Semicarbazide sensitive amine oxidase/
vascular adhesion protein-1

Introduction

Alzheimer’s disease (AD) is a progressive neurodegener-
ative disorder of the central nervous system, associated
with cognitive impairment and dementia (Goedert and
Spillantini 2006). B-Amyloid (AB) accumulation in the
brain parenchyma produces senile plaques, a characteristic
hallmark of AD and also produces the vascular deposits of
cerebral amyloid angiopathy (CAA) (Castro et al. 2006).
CAA is present in most cases of AD and it is characterised
by the deposition of AP in the tunica media and adventitia
of leptomeningeal vessels and intracortical microvessels,
thus producing the degeneration of vascular smooth muscle
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cells and endothelial cells (Vinters et al. 1988). The fact
that AD and cerebrovascular diseases share risk factors
supports the common view that there is a link between
vascular degeneration and AD. It has been suggested that
the accumulation of AP in the vessel wall causes the
functional deterioration of the blood brain barrier, which is
essential for the correct transport and clearance of Ap from
parenchyma (Deane et al. 2004; Zlokovic 2005).

Semicarbazide-sensitive amine oxidase, also called
vascular adhesion protein-1 (SSAO/VAP-1, E.C 1.4.3.21)
is a multifunctional enzyme involved in the metabolic
deamination of primary amines, the functions of which
depend on the tissue where it is expressed (Jalkanen and
Salmi 2008). SSAO/VAP-1 shows some overlap with
monoamine oxidase [E.C.1.4.3.4], which is responsible of
the primary, secondary and tertiary amine metabolism in
human brain. MAO is present in most mammalian tissues
and exists as two distinct enzymatic isoforms, MAO-A and
MAO-B, based on their substrate and inhibitor specificities
(Johnston 1968). SSAO/VAP-1 is a circulating and mem-
brane-bound ectoenzyme, present in vascular tissue local-
ised in two different types of cells such as smooth muscle
cells and endothelial cells being these involved in the
leukocyte and neutrophil recruitment through its SSAO
catalytic activity (Koskinen et al. 2004). Alterations of
SSAO/VAP-1 levels in human plasma have been related to
several pathological situations, such as AD (Ferrer et al.
2002) and ischaemic stroke, where abnormally high plasma
VAP-1/SSAO activity has been found in patients with
certain vascular and/or inflammatory conditions with bad
prognosis (Hernandez-Guillamon et al. 2012, 2010). In this
context, the inhibition of SSAO/VAP-1 and/or MAO-A and
MAO-B activities, appears as an important therapeutic
target to be used in the treatment of these cerebrovascular
disorders. On the other hand, low levels of acetylcholine
(ACh) (Geula and Mesulam 1999) are thought to play
significant roles in the pathophysiology of AD (Perry et al.
1977). The cholinergic theory of AD suggests that the
selective loss of cholinergic neurons in this disorder results
in a deficit of ACh in specific brain regions that mediate
learning and memory functions (Davies and Maloney
1976). However, alterations in other neurotransmitter sys-
tems, especially the serotoninergic and dopaminergic, are
also thought to be responsible for the behavioral distur-
bances observed in patients with AD (Garcia-Alloza et al.
2005; Terry et al. 2008). Thus, in addition to cholinesterase
enzymes (acetylcholinesterase, AChE and butyrylcholin-
esterase, BuChE) and SSAO/VAP-1, monoamine oxidases
also (MAO; EC 1.4.3.4) appear as an important target to be
considered for the treatment of specific features of this
complex and multifactorial disease.

Herein, we report the biological evaluation (MAO-A,
MAO-B, SSAO/VAAP-1, AChE and BuChE inhibitory
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profile) of a number of indole substituted hydrazides and
hydrazines. These compounds were designed and synthe-
sized for the first time by Prof. Fernandez-Alvarez’s lab-
oratory in the IQOG (CSIC, Madrid, Spain) as potential
in vitro bovine MAO inhibitors (Alemany et al. 1966,
1975; Bernabé et al. 1971; Monge et al. 1985). In the
present work, we have found that some of them and
especially JL72 (3-(3-hydrazinylpropyl)-1H-indole) are
able to interact with human SSAO/VAP-1, MAO (A and
B), as well as AChE and BuChE, showing an interesting
pharmacological profile and suggesting their potential to be
used in the therapy of cerebrovascular and cognitive
decline disorders.

Materials and methods
HUVEC and HUVEC hSSAO/VAP-1 cell culture

These cell lines were prepared in our laboratory as previ-
ously described (Sole et al. 2011). Cells were cultured
in M199 (Invitrogen), supplemented with 5 % FBS,
1.2 mM L-glutamine and antibiotics (50 U/ml penicillin/
0.05 mg/ml streptomycin). The selected antibiotic geneticin
(G418) was added at a final concentration of 100 pg/ml to
maintain the SSAO/VAP-1 expression in HUVEC hSSAO/
VAP-1 cells. Cells were maintained in an incubator at
37 °C, 5 % CO,, and were subcultured every 5-7 days.

Chemistry

The indole substituted hydrazides and hydrazines JL34,
JL40, JL71, JL87, JL317, JL432, JL72, JL411, and
JL418 (Fig. 1) were synthesized and purified according to
the methods described in the literature (Alemany et al.
1966, 1975; Bernabé et al. 1971; Monge et al. 1985).

Inhibition experiments of MAO (A and B)
and SSAO/VAP-1

Mitochondria from rat liver homogenates were used as
source for MAO activities (Gomez et al. 1986). The
inhibitory activity of the compounds towards MAO-A and
MAO-B was determined as previously described (Fowler
and Tipton 1981), using [14C]—1abelled substrates (Perkin
Elmer, USA). For comparative purposes, phenelzine was
used as reference compound. MAO-B activity was deter-
mined towards 20 uM ['*C]-phenylethylamine (PEA)
(2.5 mCi/mmol) and MAO-A activity towards ['*C]-(5-
hydroxy-triptamine) (5-HT) 100 pM (0.5 mCi/mmol).
SSAO/VAP-1 activity was measured towards [14C]-ben-
zylamine 100 pM (2 mCi/mmol) using microsomes from
bovine lung as source (Lizcano et al. 1996). Inhibition
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Fig. 1 Structures of the indole
substituted hydrazides and
hydrazines, and the reference
compounds donepezil and
phenelzine
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curves were made by pre-incubating the enzyme with at
least nine concentrations of each compound for 30 min in
50 mM phosphate buffer (pH 7.2). A sample without
compound was always present to determine the 100 %
enzyme activity. The reaction was carried out at 37 °C
adding 25 pL of substrate in a final volume of 225 uL
and stopped by the addition of 100 pL in 2 M citric
acid. Radiolabelled aldehyde products were extracted into
toluene/ethyl acetate (1:1, v/v) containing 0.6 % (w/v) 2,5-
diphenyloxazole before liquid scintillation counting (Tri-
Carb 2810TR). The inhibition curves were expressed in
percentage of total activity and the ICs, values were cal-
culated by using the GraphPad Prism program (Prism 3.0,
GraphPad Software Inc). Total protein was measured by
the method of Bradford (1976) using bovine—serum albu-
min as standard. Data are the mean & SEM of at least three
different experiments realised in triplicate.

Inhibition experiments of AChE and BuChE

To assess the inhibitory activity of the compounds towards
AChE (E.C.3.1.1.7) and BuChE (E.C.3.1.1.8), we followed
a spectrophotometric method (Ellman et al. 1961), using
purified AChE from Electrophorus electricus (Type V-S),
or BuChE from equine serum (lyophilized powder)
(Sigma-Aldrich, Madrid, Spain). For comparative pur-
poses, donepezil was used as reference compound. The
reaction took place in 96-well plates in a final volume of
300 pL in 0.1 M phosphate-buffered solution (pH 8.0)
containing 0.035 U/ml AChE or 0.05 U/ml BuChE and
0.35 mM of 5,5'-dithiobis-2-nitrobenzoic acid (DTNB,
Sigma-Aldrich, Madrid, Spain). Inhibition curves were
made by pre-incubating this mixture with serial dilutions of

N NHz
\HN- N N
N
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HN N/
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N O
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JL71 />7 JL418 NH3
\_HN-N \ HOOC-CH=CH-COO
N O N
\ H
JL432 JL72
N
@N "NH
Phenelzine

Donepezil

each compound for 20 min. The activity in the absence of
compounds was always performed to determine the 100 %
of enzyme activity. After the mentioned pre-incubation
period, 0.35 mM acetyltiocholine iodide or 0.5 mM buty-
rylthiocholine iodide (Sigma-Aldrich) were added, allow-
ing five more minutes of incubation, where the DTNB
produces the yellow anion 5-thio-2-nitrobenzoic acid along
with the enzymatic degradation of both substrates. Changes
in absorbance were detected at 405 nm in a spectrophoto-
metric plate reader (FluoStar OPTIMA, BMG Labtech).
Compounds inhibiting AChE or BuChE activity would
reduce the colour generation, thus, ICsy values were cal-
culated as the concentration of compound that produces
50 % AChE or BuChE activity inhibition. Data are
expressed as mean = SEM of at least three different
experiments in triplicate.

Reversibility and time-dependence inhibition studies

To study the nature of the MAO-A enzymatic inhibition
exerted by JL72, the derivative with the most interesting
pharmacological profile, the activity of the enzyme was
determined in the presence and in the absence of the inhibitor
before and after three consecutive washings with buffer.
Enzyme samples were preincubated for 30 min at 37 °C
with 100 nM JL72 or 40 nM clorgyline, the latter used as
control of irreversible inhibition. Samples were then washed
with 50 mM phosphate buffer (pH 7.2) and centrifuged at
25,000g for 10 min at 4 °C consecutively three times.
Finally, total protein was measured and MAO-A activity was
determined as described above. We next evaluated the time-
dependence inhibition of the reaction. Samples of enzyme
plus JL72 at the indicated concentration range (107 to
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1073 M), were preincubated for 0, 30, 60, 120, and 180 min
before MAO-A activity determination as described above.

Kinetic analysis of MAO-A and SSAO/VAP-1
inhibition

To obtain estimates of the mechanism of action of JL72 on
MAO-A and SSAO/VAP-1, reciprocal plots of 1/V versus
1/[S] were constructed at different concentration of the
substrate 5-HT (10-500 uM) for MAO-A and benzylamine
(10200 uM) for SSAO/VAP-1, as previously described
(Fowler and Tipton 1981). The plots were assessed by a
weighted least-squares analysis. Data analysis was per-
formed with GraphPad Prism 3.0 software. Slopes of the
reciprocal plots were then plotted against the concentration
of JL72 (0-1 uM for SSAO and 50-500 uM for MAO-A)
to evaluate Ki data.

Leukocyte (THP-1)-endothelial (HUVEC) cell
adhesion assay

HUVEC and HUVEC transfected hSSAO/VAP-1 mono-
layers were prepared, as previously reported (Sole et al.
2011). For leukocyte adhesion assays, cells were pre-trea-
ted with JL72 or phenelzine at 10 uM for 1 h. Then,
1 mM methylamine (MA), a SSAO/VAP-1 specific sub-
strate, was added to the media for the next 24 h. At the end
of the treatment, calcein/AM-dyed THP-1 cells were added
to the HUVEC monolayer, and were allowed to bind to the
endothelial cells for 30 min at 37 °C. After this period,
plates were successively washed in order to discard non-
bound THP-1 cells. Leukocyte-binding ability was deter-
mined by the emitted fluorescence of bound THP-1 cells,
measured at ex/em 495/530 nm. Non-treated cells were
used as control.

Results and discussion
MAO-A, MAO-B and SSAO enzymatic inhibition

The indole substituted hydrazines and hydrazides were first
evaluated as inhibitors of MAO-A and MAO-B (from rat
liver mitochondria), and SSAO (from bovine lung micro-
somes). Values were compared with the inhibition exerted
by the reference compound phenelzine (Table 1).
Although compounds JL87, JL71, JL432, JL411, JL418
were not active for MAO-A, compounds JL40, JL34,
JL317 showed a significant MAO-A inhibitory profile,
acting in the micromolar range (ICso = 3.3 + 0.9 to
80.3 £ 14.7 uM) (Table 1). Interestingly, JL72 showed
the highest potency (ICsy = 0.12 £ 0.03 uM) and gave a
similar value than that observed for the reference
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compound phenelzine (ICsy = 0.13 & 0.02 pM). Inter-
estingly, we observed that only compounds JL40 and
JL317 were able to interact with both MAO-A and MAO-
B enzymes. Conversely, all analysed compounds showed
high affinity towards SSAO/VAP-1 enzyme, showing ICs
values ranging from 0.19 £ 0.04 pM for JL72 to
79.2 £ 10.5 pM for JL40.

From the structure—activity relationship (SAR) study
some conclusions can be drawn. First of all, and comparing
compounds bearing a substituent at the indole C2 position,
it is clear that the N'-alkylidene-1H-indole-2-carbohydra-
zides JL87, JL71, and JL432 are very weak towards
MAO-A, but moderate towards MAO-B inhibitors, while
the N'-alkyl-1H-indole-2-carbohydrazides JL34 and JL317
are moderate and selective MAO-A inhibitors. Also note
that the substitution of a methyl by a phenyl group in JL40
to render JL34 increases the inhibitory effect on MAO-A,
but strongly drops its inhibitory potency on MAO-B.
Comparing with compounds bearing substituents at C3
position of the indole ring, such as JL411 and JL418 the
presence of the carbonyl group loses the inhibitory activity
drastically in both MAO-A and MAO-B isoforms. On the
other hand, JL72 is the only compound that does not have
carbonyl group in its molecule. This could be the structural
feature responsible for the facilitation of the interaction
with the active centre showing its high inhibitory potency
towards MAO-A and MAO- B comparing with the rest of
molecules. It is worth to remark the high selectivity of
JL72 towards MAO-A, comparing with MAO-B.

Concerning the effects on SSAO inhibition, very sur-
prisingly, the presence of such substituents on the C2 and
C3 position does not affect the inhibitory activity of these
compounds. Among them, the most potent are JL34,
JL411, JL418 and JL72, the more active being 3-(3-hy-
drazinylpropyl)-1H-indole (JL72). It is worth to remark
that the presence of the indole ring in all these hydrazine
analogs can induce the inhibitory interaction towards
MAO-A because of the similarity towards serotonin, its
specific substrate. Furthermore, they could act as potential
pharmacological agents stimulating the monoaminergic
and catecholaminergic transmission, showing the JL72 the
highest affinity towards MAO-A inhibition. The potency of
JL72 as SSAO inhibitor, suggests that this compound may
also possess a good anti-inflammatory profile.

AChE and BuChE inhibition

To complete the study of the biological profile of the indole
substituted hydrazides and hydrazines, the inhibitory
activity against AChE (from Electrophorus electricus,
EeAChE) and BuChE (from equine serum, eqBuChE) was
determined by using Ellmans method (Ellman et al. 1961)
and compared with that of the reference compound
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Table 1 EeAChE, eqBuChE, rMAO-A, rMAO-B and bSSAO/VAP-1 Inhibitory activities of indole substituted hydrazides and hydrazines

JL34, JL40, JL71, JL87, JL317, JL432, JL72, JL411, and JL418

Compound ICso (LM)*

rMAO-A rMAO-B bSSAO/VAP-1 EeAChE eqBuChE
JL40 80.3 £ 14.7 5.0 79.2 £ 10.5 >100 >100
JL34 33£09 >100 10.6 £ 0.4 86.4 £ 15.8 >100
JL317 55+15 332 45.8 £ 43 >100 16.1 = 1.1
JL87 >100 47.1 31.6 £ 8.1 >100 >100
JL71 >100 84.0 29.7 £ 8.5 >100 492 +11.3
JL432 >100 54.3 372 £ 55 >100 >100
JL411 >100 >100 133 +£29 >100 >100
JL418 >100 >100 172 £ 42 >100 >100
JL72 0.12 £+ 0.03 >100 0.19 + 0.04 46.3 £ 2.9 253 £ 65
Phenelzine 0.13 £ 0.02 2.3 £ 041 0.011 & 0.002 >100 >100
Donepezil >100 >100 - 0.022 £ 0.003 3.6 £0.53

% Values are expressed as the mean = SEM of at least three independent experiments performed in triplicate

donepezil. The obtained ICs, values are summarised in
Table 1. According to these values, the derivatives are poor
inhibitors of EeAChE, with the exception of JL34 and
JL72 that showed activity in the micromolar range
(ICsp = 86.4 £ 15.8 uM  and 46.3 £ 2.9 uM, respec-
tively). Nevertheless, these values are very far from the
ICsp value determined for donepezil (Table 1), one of the
most potent AChE inhibitors used in AD therapy. Similar
trends were observed when the inhibitory potency was
determined towards eqBuChE. In this case, only com-
pounds JL317, JL71 and JL72 proved to be active in the
micromolar range showing ICsy from 16.1 £ 1.0 uM to
49.2 £ 11.3 pM, being the most potent 3-(3-hydrazinyl-
propyl)-1H-indole (JL 317), almost equipotent with
donepezil. Note that, whereas compounds JL.317 and JL71
are selective towards eqBuChE, JL72 is almost equipotent
for both enzymes.

Concerning the SAR study, the best inhibitor for both
enzymes (EeAChE and eqBuChE) is the indole hydrazine
JL72, bearing the substituent at C3 position on the indole
ring. Taking all these results into account, JL72 (3-(3-hy-
drazinylpropyl)) was selected as the most interesting
compound to follow up with its biological evaluation as an
indole-2-carbohydrazyde able to interact with five different
enzymatic systems, all of them involved in Alzheimer’s
disease pathology.

Reversibility and time-dependence inhibition

To study the type of inhibition of JL72, the most potent
inhibitor of the series, towards MAO-A, we analysed the
reversibility/irreversibility of the binding. We observed
that JL72 reversibly inhibited MAO-A, since the inhibition
was significantly reverted (from 34.1 to 19.1 %) after three

consecutive washings and centrifugations with buffer
(Fig. 2a). Clorgyline was used under the same experi-
mental conditions for comparative purposes and, in
agreement with data reported in literature, behaves as an
irreversible inhibitor. The reversibility of MAO-A inhibi-
tion by JL72 was also confirmed by the time-dependent
inhibition analysis (Fig. 2b), where identical inhibition was
observed in spite of the different periods of incubation-time
(0—180 min). The observed slight shift of the curve from
zero time could be explained by the small delay in adding
the substrate. This was considered not significant, since the
time-independent inhibition was confirmed by finding
similar inhibitory behavior at the other analysed times.
Thus, these results allowed us to conclude that JL72
behaves as a reversible and non time-dependent inhibitor of
MAO-A.

In this regard, and because of the structural similarity
with serotonin, a specific MAO-A substrate, JL.72 can be
considered a potent inhibitor of this MAO isoform with
potential benefit in restoring and enhancing the serotonin-
ergic transmission altered in depression and other psy-
chological disorders.

Kinetic analysis of SSAO and MAO-A

To gain further insight into the kinetic behavior of this
family of compounds on SSAO and MAO-A, a kinetic
study was carried out with JL72, the most promising
compound investigated. Graphical analysis of the recipro-
cal to Lineweaver—Burk plots (Fig. 3), showed increased
slopes (decreased V,.x) and constant K, values in both
enzymes analysed, indicating that JL72 behaves as a
noncompetitive inhibitor and thus it binds to a different site
from the active site in both MAO-A and SSAO enzymes.
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Fig. 2 Reversibility studies of MAO-A inhibition by JL72. a MAO-
A was inhibited at 100 nM JL72 and 40 nM clorgyline for 30 min.
Then, three consecutive washings were performed with buffer.
b Time-dependence inhibition was studied at several times of pre-
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Fig. 3 Kinetic behavior of SSAO and MAO-A inhibition by JL72.
a Double reciprocal plots (Lineweaver—Burk transformation) of
SSAOQ inhibition by JL72 towards (10-200 pM). b Double reciprocal
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Replots of the slope versus concentration of JL72, gave an
estimate of the inhibition constant Ki towards MAO-A of
163.2 + 12.1 and 60.8 £ 12.5 nM towards SSAO. These
results confirm the high inhibitory potency of JL72
towards both MAO-A and SSAO.

Inhibition of SSAO activity in HUVEC hSSAO/VAP-1
cells by JL72 and phenelzine

The toxicity of JL72 and phenelzine on HUVEC trans-
fected hSSAO/VAP-1 cells was assessed as a previous step
to determine their inhibitory behavior. Thus, the viability
of cells treated with JL.72 and phenelzine at concentration
range of (0.1-100 uM) was analysed after 30-min pre-
incubation by the MTT method (Mosmann 1983). Phe-
nelzine did not affect cell viability at all concentrations
assayed, whereas 10 pM JL72 induced a loss of cell via-
bility of the 20 %. Thus, the concentrations used were
always lower than 10 puM. Then, in order to determine the
enzymatic inhibition of hSSAO/VAP-1 expressed in
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JL72 towards 5-HT as a substrate (10-500 uM). Data are the
mean £+ SEM of three different experiments

HUVEC cells, treatments with JL72 and phenelzine at
concentrations of 0.1, 1 and 10 uM for 30 min were carried
out. SSAO/VAP-1 activity was determined in cell lysates
radiometrically as previously stated in “Materials and
methods”, and expressed as percentage activity compared
to non-treated cells. A complete inhibitory effect was
observed at concentrations higher than 1 pM in both cases
(Fig. 4), showing that both compounds behave as potent
SSAO inhibitors on HUVEC human transfected hSSAO/
VAP-1 cells model.

Leukocyte (THP-1)-endothelial (HUVEC) cell
adhesion assay

Concerning cerebrovascular diseases, where the inflam-
mation is one of the most significant factors involved,
finding a molecule capable of inhibiting leukocyte adhe-
sion to the endothelial wall has an important therapeutic
value. The high inhibitory potency of JL72 towards SSAO
enzymatic activity (ICso = 0.19 £ 0.04 nM) led us to
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Fig. 4 HUVEC hSSAO/VAP-1 lysates were treated with JL72 and
phenelzine (0.1, 1 and 10 pM) for 30 min. SSAO activity was
radiometrically measured and expressed as percentage activity
compared to non-treated cells. Data are the mean + SEM of three
independent experiments
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Fig. 5 Leukocyte (THP-1)-endothelial (HUVEC) cell adhesion
assay. Higher THP-1 adhesion was observed in hSSAO/VAP-1 cells
treated with MA compared to WT cells. As shown in the figure, both
phenelzine and JL72 significantly reduced THP-1 adhesion after MA
addition in hSSAO/VAP-1 cells. Data are the mean £ SEM of five
independent experiments **p < 0.01 compared to non-treated
hSSAO/VAP-1 cells, and ###p < 0.001 versus non-treated cells

consider whether this molecule can possess a potential anti-
inflammatory effect. Consequently, endothelial HUVEC
wild type cells, that do not express SSAO/VAP-1, and
transfected hRSSAO/VAP-1 cells were cultured as described
in “Materials and methods”. When cells were treated with
methylamine (MA), a specific substrate of SSAO/VAP-1,
the adhesion of leukocytes significantly increased when
compared with the HUVEC wild type cells. One of the
functions of this multifunctional enzyme through its cata-
Iytic action is to mediate the leukocyte-adhesion in
inflammatory processes (Salmi et al. 1993). As expected,
this effect disappears when transfected cells were

pre-treated with JL72 or Phenelzine, confirming the anti-
inflammatory effect of these drugs on inhibiting the SSAO/
VAP-1 activity (Fig. 5).

Conclusion

To sum up, some of the hydrazides and hydrazines studied
here show a wide enzymatic inhibitory profile towards the
two MAO isoforms, SSAO/VAP-1 and both AChE and
BuChE, all them involved in Alzheimer’s disease pathol-
ogy. Among them, JL34, JL317, and JL72, are good and
selective MAO-A inhibitors, thus possible modulators of
the monoaminergic neurotransmission. In this regard, these
molecules could act as potential antidepressant, and
behavior enhancers, especially JL72 a highly potent and
selective MAO-A inhibitor. Then, JL72, may be able to
stimulate the serotoninergic, catecholaminergic and nor-
adrenergic transmission. Some other derivatives, such as
JL34, JL411, JL418, and JL72 were potent and selective
inhibitors of SSAO/VAP-1. The involvement of this mul-
tifunctional enzyme in different pathologies, especially
regarding Alzheimer and stroke (Ferrer et al. 2002;
Hernandez-Guillamon et al. 2010, 2012), suggest that
inhibitors of this enzyme can be a good therapeutic approach
to solve these neurological disorders. Furthermore, the fact
that JL72 is able to block the leukocytes adhesion in
human endothelial cells, transfected with human SSAO/
VAP-1, confers to this molecule an additional anti-
inflammatory profile. On the other hand, JL317, JL71 and
JL72 were moderate and selective BuChE inhibitors. Only
the hydrazine JL72 showed a moderate non selective
AChE inhibitory behavior. According to the Cholinergic
hypothesis of Alzheimer’s disease (Geula and Mesulam
1999), the cholinergic transmission is affected in this dis-
order. The ICs, values of JL72, herein, reported show that
this compound could be able to restore cholinergic trans-
mission by inhibiting AChE and at the same time to inhibit
BuChE present in glia and both involved in Alzheimer’s
pathology. Recently it has been reported that the hydrazine
type phenelzine, besides its antidepressant profile, it has a
neuroprotective effect on neurons and astrocytes against
formaldehyde-induced toxicity (Song et al. 2010). On the
other hand phenelzine provided robust neuroprotection in
the gerbil model of transient forebrain ischaemia (Wood
et al. 2006).

Herein, we report a new hydrazine, JL72, that behaves
as a multitarget ligand able to modulate monoaminergic
transmission and besides showing an anti-inflammatory
profile, both pathways known to be altered in neurological
disorders. Further experimental work should be done to
definitively confirm the neuroprotective effect of this novel
hydrazine, JL72. The interesting pharmacological profile
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of JL72, together with the observation of a significant anti-
inflammatory activity, suggests that JL72 is a promising
lead compound for further development of drugs to be used
in the therapy of cerebrovascular and neurological diseases.
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The possible modulatory effect of the functional LMN diet, rich in theobromine, polyphenols and poly-
unsaturated fatty acids, on the catecholaminergic and cholinergic neurotransmission, affecting cognition
decline during aging has been studied. 12951/SvimJ mice were fed for 10, 20, 30 and 40 days with either
LMN or control diets. The enzymes involved in catecholaminergic and cholinergic metabolism were
determined by both immunohistological and western blot analyses. Noradrenalin, dopamine and other
metabolites were quantified by HPLC analysis. Theobromine, present in cocoa, the main LMN diet com-
ponent, was analysed in parallel using SH-SY5Y and PC12 cell lines. An enhanced modulatory effect on
both cholinergic and catecholaminergic transmissions was observed on 20 day fed mice. Similar effect
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was observed with theobromine, besides its antioxidant capacity inducing SOD-1 and GPx expression.
The enhancing effect of the LMN diet and theobromine on the levels of acetylcholine-related enzymes,
dopamine and specially noradrenalin confirms the beneficial role of this diet on the “cognitive reserve”
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Introduction

Aging is a highly complex process that can affect multiple
organs and induce changes that will disturb the correct func-
tioning of the organism over time, leading to different
pathologies." In this respect, neurological disorders such as
Alzheimer’s disease (AD), are deeply related to the aging
process®® and research in this area is becoming promising
especially regarding the implications for both public health
and social policies.

AD is a progressive neurodegenerative disorder character-
ized by memory loss and cognitive impairment. AD is a multi-
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and hence a possible reducing effect on cognitive decline underlying aging and Alzheimer’s disease.

factorial disease in which oxidative stress, mitochondrial
dysfunction, inflammation, metal dyshomeostasis, accumu-
lation of miss-folded proteins, deficit of cholinergic trans-
mission or apoptosis, among others play an important role.*”

AD histological hallmarks such as the deposition of
f-amyloid protein or the neurofibrillary tangle formation have
been widely reported.®” However, the correlation between the
biological measurement of the pathology markers that are
shown in the brain at middle age and the real loss of cognitive
function that appears at advanced life stages has not yet been
found. This gap between symptoms and pathology has been
explained by the “cognitive reserve” theory, in which a set of
variables such as education, training, intelligence or mental
stimulation allow the brain to adapt or mask the pathology,
maintaining the cognition in spite of the neuronal loss. It has
been hypothesised that these key elements of “cognitive
reserve” normalize the otherwise declining noradrenergic
system during aging, and therefore the optimization of
noradrenergic activity may reduce the risk of AD.®

The complexity of AD is corroborated by the fact that
currently no drug is able to prevent this neurodegenerative
process. To date, only five drugs have been approved by the
Food and Drug Administration to enhance cholinergic trans-
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mission related to cognitive deficits associated with AD,’
leaving a vast majority of other potential AD targets nearly
unaffected by current therapies.

Diet has been extensively reported to play an important role
in cognition'® and at present, there is mounting evidence that
certain components of diet intake, especially those exhibiting
antioxidant properties, could be beneficial for preventing and
delaying neurodegenerative disorders such as AD.'“' Fish,
vitamins and methionine-rich proteins have been identified to
confer protection against AD."

In this regard, polyphenolic compounds present in dry
fruits, nuts and almonds, wine, tea, berry fruits, cocoa and
fish oils, have shown anti-aging and neuroprotective effects."*
All of them are potent antioxidant agents that could be useful
as a nutritional approach against the oxidative stress and
inflammation associated with AD.'> Therefore, diet sup-
plementation may offer an alternative or supplementary
therapy to the use of acetylcholinesterase inhibitors.

It has been previously reported that LMN cream intake,
[Patent ref W02007063158 A2], based on cocoa, hazelnuts,
polyphenols, vegetable oils rich in polyunsaturated fatty acids
and flours rich in soluble fiber, is able to reduce the cardio-
vascular risk factors that are underlying AD.'® Moreover, the
LMN diet has been described as an inductor of neurogenesis
in the adult mouse brain by promoting the proliferation and
differentiation of neuronal cells in both the olfactory bulb and
the hippocampus, being the latest one of the most highly
affected brain regions in AD."”

Besides, the LMN diet is able to decrease the behavioural
deterioration caused by aging in both wild type and in
Tg2576 mice and diminish the AP plaque formation. LMN also
reduces the AP (1-40 and 1-42) plasma levels in adult mice."®
Taking all these results into account, the increasing impor-
tance of polyphenols as human dietary supplements playing a
potential role in ameliorating the cognitive impairment during
aging and neurological disorders is corroborated.

The objective of the present work was to evaluate the poss-
ible modulatory effect of the LMN diet on both cholinergic
and catecholaminergic systems in 129S1/Svim] mice fed for 10,
20, 30 and 40 days by immunodetection and high-performance
liquid chromatography (HPLC) approaches.

Results

AChE and ChAT immunohistochemical analysis in the
striatum of LMN fed mice

The effect of the LMN diet on AChE and ChAT as the main
enzymes involved in acetylcholine (ACh) metabolism has been
studied since ACh is a depleted neurotransmitter in AD. Fig. 1
shows representative immunohistochemistry images for AChE
and ChAT in basal ganglia (striatum) of 4-month old 12951/
SvIm] mice fed with the LMN diet for 10, 20, 30 and 40 days.
The LMN diet induced a decrease of the AChE levels immuno-
staining in the striatum at early times, which was significantly
different at 20 day feeding. However, AChE levels were reestab-
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lished at longer times. In contrast, ChAT levels showed an
opposite pattern, being increased at 20 days and returning to
normal values afterwards.

Immunohistochemical quantification of TH expression in
basal ganglia of LMN fed mice

The effect of the diet on the TH expression, as a key enzyme in
the synthetic pathways of catecholamines DA and NA was ana-
lysed. TH expression was determined in the catecholaminergic
circuits of both striatum and substantia nigra as shown in
Fig. 2. The corresponding quantification of the immunofluo-
rescence signal showed a significant increase of TH expression
in the catecholaminergic fibers of the striatum at 20 and 30
day feeding. In the substantia nigra, a progressive increase of
the TH expression was observed in the neurons and fibers of
catecholaminergic circuits. It was significant at 30 and 40 day
feeding. The different periods of time observed on the
expression of TH in the striatum and substantia nigra could be
explained by the fact that different components of the LMN
diet are probably not processed by the gastro-intestinal track
with the same efficacy and furthermore, they can cross the
blood-brain barrier with different accessibilities and hence to
reach the selected cerebral locations at different rates."’

LMN cream modulates COMT expression in the hippocampus

The expression of Catechol-O-Methyl Transferase (COMT) was
analysed in the hippocampus of 129S1/Svlmj mice fed with the
LMN diet for 10, 20, 30 and 40 days. This brain region is
involved in memory and learning processes and it is severely
affected in AD. As shown in Fig. 3, the highest COMT
expression was observed at 20 days while it progressively
decreased at longer times.

HPLC analysis of the catecholaminergic neurotransmitters DA
and NA in the striatum

The levels of DA, NA, their metabolites DOPAC and HVA, and
5HIAA were determined by HPLC in basal nuclei of 4-month
old mice fed with the LMN diet for 10, 20, 30 or 40 days. Fig. 4
shows an increase in the levels of DA and NA at 20 day
feeding. In the case of their metabolites DOPAC and HVA, the
same trend was observed. However, no effect on the levels of
the serotonin metabolite 5-HIAA was detected.

Theobromine, the main component of the LMN cream shows
similar antioxidant effects on SH-SY5Y cells

It was also analyzed the antioxidant effect of theobromine
(TBr) and compared to that of LMN cream. Theobromine is
present in cocoa, the main component of LMN cream. Fig. 5a
shows a similar protective effect of both the LMN cream and
TBr on SH-SY5Y cells lesioned with 150 uM H,O, for 24 h. Pro-
tection was observed in all doses, the highest effect being
detected with 10 pug ml™" LMN cream. An increase in the
protein levels of the antioxidant enzymes Superoxide Dismu-
tase-1 (SOD-1) (Fig. 5b) and Glutathione Peroxidase (GPx)
(Fig. 5c) was observed after TBr and LMN cream treatment
without H,0, addition.

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Immunohistochemical analysis of AChE and ChAT in the striatum of 12951/SvimJ mice fed with the LMN diet. (a) Representative images for
acetylcholinesterase (AChE, 2x) and (b) for choline acetyltransferase (ChAT, 10x) immunohistochemistry in basal nuclei of 4-month old 129S1/SvimJ
mice fed with the control or the LMN diet for 10 (n = 4), 20 (n = 4), 30 (n = 4) or 40 (n = 4) days. Graphs at the bottom show the IHC quantifications
carried out in 10x images. Data are related to each representative control. *p < 0.05 vs. its own control (C), by Student's t-test; #p < 0.05, ##p < 0.01
by one-way ANOVA and the addition of Newman—Keuls multiple comparison test.

In order to corroborate this antioxidant effect, Nrf2 acti-
vation, the transcription factor that activates the gene
expression of these antioxidant enzymes, was determined after
LMN or TBr treatments without the addition of H,O,. Fig. 5d

This journal is © The Royal Society of Chemistry 2015

shows representative images for Nrf2 immunofluorescence
analysis in LMN or TBr-treated SH-SY5Y cells for 24 h. These
results clearly show a translocation of Nrf2 to the nucleus as a
response to LMN and TBr treatments.
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Fig. 2 Quantification of TH expression in nucleus basalis of the LMN fed mice. Representative images for tyrosine hydroxylase (TH) immunofluore-
scence in the striatum and substantia nigra of 4-month old 12951/SvimJ mice fed with the LMN diet for 10 (n = 4), 20 (n = 4), 30 (n = 4) or 40 (n = 4)
days. Graphs show the quantification for each brain area. *p < 0.05, ***p < 0.001 vs. control diet fed animals; #p < 0.05, *#p < 0.01, *##p < 0.001 vs.
LMN 20D in striatum or vs. LMN 30D in substantia nigra, by one-way ANOVA and the addition of Tukey’s multiple comparison test.

Theobromine as a modulator of catecholaminergic
metabolism in undifferentiated PC12 cells

Undifferentiated PC12 cells, derived from rat pheochromo-
cytoma adrenal medulla, were treated with TBr (1-100 pM) for
24 h and catecholamine levels were subsequently quantified
by HPLC-ED analysis. Broadly, the levels of NA, .-DOPA, DA
and DOPAC increased after treatments with all concentrations
of TBr used (Table 1). However, no changes were observed in
3-MT or HVA levels.

Significant increase in the levels of NA (60.6%), DOPAC
(65.3%) and DA (78.5%) were only detected at 10 pM TBr
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versus non-treated cells. These results are in agreement with
those previously determined in the mice fed with LMN for
20 days.

Discussion

The main component of the LMN cream is cocoa that contains
a large amount of polyphenols, natural substances that are
present in plants, coloured fruits and vegetables as well as in
olive oil, tea and red wine. This wide family of natural products

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Quantification of COMT in the hippocampus from LMN fed mice. Representative western blots for catechol-O-methyltransferase (COMT) in
hippocampi from 4-month old mice fed with the control or the LMN diet for 10 (n = 3), 20 (n = 4), 30 (n = 4) or 40 (n = 4) days. Graph shows the
data corresponding to the western blot densitometric analysis. *p < 0.05 vs. its respective control by Student's t-test. #p < 0.05 by one-way ANOVA

and the addition of Newman—Keuls multiple comparison test.

contains flavonoids, the largest group of polyphenols includ-
ing subclasses of flavones, isoflavones, flavonols, or flavans,
among others. Because of their antioxidant properties, some
of them are able to promote physiological benefits especially
regarding the cognitive function and memory impairment.>°
The most abundant polyphenol present in green tea, the
EGCG, also present in the LMN cream, has been reported to
possess beneficial effects on cancer and cardiovascular
function, with anti-inflammatory and antioxidant properties.*!
Furthermore, the importance of long-chain polyunsaturated
fatty acids in neural development and neurodegeneration has
been widely reported,”” such as omega-3, present in dry fruits
like hazelnuts, one of the LMN cream components.

According to the cholinergic hypothesis of AD, this
neurological disorder is characterized by a loss of cholinergic
neurons present in nucleus basalis, responsible for learning
and memory functions.

Moreover, the existing gap between symptoms and patho-
logy in AD has been explained by the concept of “cognitive
reserve” in which both cognition and memory are maintained
despite the progress in the pathology. Cognitive reserve has
been hypothesized to help people to avoid greater brain
pathology and it has been considered a preventive factor for
dementia. Compensatory adjustments, such as an enhance-
ment on the noradrenergic transmission, have been proposed
to be involved.® Regarding nutritional aspects, some authors
report that the Mediterranean diet does not support a beneficial
effect on cognitive function, irrespective of educational level,
which is the strongest indicator of cognitive reserve.>® These
results are in contrast with other studies which conclude that
the Mediterranean diet is associated with lower risk of demen-

a.>* In line with this, other authors have provided support for
the hypothesis that cognitive reserve moderates the relation-
ship between brain structure and cognition at middle age well
before the onset of dementia.>

This journal is © The Royal Society of Chemistry 2015

Neurotransmitters NA, DA and ACh are considered neuro-
modulators released by neurons, whose cell bodies are found
in specific nuclei in the brainstem. The function of many
brain regions can be influenced through their wide spread pro-
jections. Dopaminergic neurons innervate the striatum, pre-
frontal cortex and hippocampus. Noradrenalin has multiple
effects on cellular excitability, intracellular cascades or synap-
tic plasticity of its target neurons. It is also able to enhance/
block excitatory responses to glutamate depending on its
concentration. The effect of NA on synaptic plasticity in the
hippocampus promotes long-term potentiation (LTP) in both
dentate gyrus through the action on p-receptors and in the pre-
frontal cortex improving working memory in primates.”®

In this respect, the search for some natural products able to
modulate cholinergic and noradrenergic systems could help
delaying the loss of cognition. In this work, adult male 12951/
SvIm] mice were selected as a mid-age model in which
strengthening of this neurotransmission could have beneficial
effects during aging.

Basal nuclei, containing striatum, were selected as a rich
area in both cholinergic as well as catecholaminergic term-
inals. The expression of both ChAT and AChE, the two main
enzymes involved in the ACh metabolism, was modulated after
LMN diet intake. The increase of ChAT expression indicates a
stimulation of ACh synthesis, a neurotransmitter that is dimin-
ished in AD. Furthermore, the expression of AChE, the enzyme
responsible for ACh degradation at the synaptic cleft, was sig-
nificantly decreased after LMN feeding. Taken together, these
results strongly suggest that the LMN diet shows a beneficial
modulatory effect on the cholinergic
transmission.

stimulation of

The previous results were correlated with the increasing TH
expression in the dopaminergic fibers of both striatum and
substantia nigra. This is the key enzyme responsible for the
regulation of the catecholamine synthesis pathway, which
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Fig. 4 HPLC analysis of catecholaminergic neurotransmitters: DA and NA in the striatum. Quantification of noradrenaline (NA), dopamine (DA), the
metabolites DOPAC and HVA and 5-HIAA in basal nuclei of 4-month old mice fed with the LMN diet for 10 (n = 3), 20 (n = 4), 30 (n = 4) or 40 (n = 4)
days. Data are related to each respective control. “p < 0.05 by one-way ANOVA and the addition of Bonferroni's multiple comparison test.

controls reward-induced neurotransmitter change in cognitive
brain regions and learning processes.”” Therefore, the LMN
diet enhances the dopaminergic system and consequently, cat-
echolamine production. COMT is the enzyme responsible for
dopamine metabolism rendering HVA after its -catalytic
action on DOPAC, a metabolite of DA generated by both alde-
hyde dehydrogenase and monoamine oxidase activities. The
increased expression of COMT in the hippocampus, the
specific area related to memory and cognition, strongly con-
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firms the stimulatory effect of the LMN diet on catecholamine
metabolism. All these data obtained by immunohistological
assays were corroborated by the metabolite quantification by
HPLC analysis. The levels of NA, DA and their metabolites
were also found to be increased in PC12 cells treated with TBr.

The antioxidant properties of the LMN cream previously
reported'”?® were also observed with TBr. This main com-
ponent of cocoa is able to stimulate the Nrf2 activation, a tran-
scription factor responsible for the expression of both SOD-1

This journal is © The Royal Society of Chemistry 2015
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with the LMN cream or with theobromine (TBr) and then lesioned with 150 pM hydrogen peroxide (H,O,) for 1 h. Cell viability was determined by
the MTT method. Data are the mean + S.E.M. of three independent experiments. *p < 0.05 vs. H,O, by one-way ANOVA and the addition of
Newman—Keuls multiple comparison test. (b, c) Effect of the LMN diet (0.1 pg ml™) or TBr (0.001-1 uM) on the expression of Superoxide Dismu-
tase-1 (SOD-1, b) or Glutathione Peroxidase (GPx, c) in 72 h-treated SH-SY5Y. Tubulin (Tub) or $-actin (Act) was used as loading control. Graphs rep-
resent the western blot quantification of three independent experiments. ***p < 0.001 by one-way ANOVA and the addition of Tukey's multiple
comparison test (TBr in SOD-1 analysis) or by Student’s t-test (LMN treatment in GPx analysis). (d) Representative images for Nrf2 immunofluore-
scence analysis in LMN or TBr-treated SH-SY5Y cells for 24 h. Red staining represents Nrf2 whereas nuclei are stained in blue (DAPI).
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Table 1 Modulation of the levels of catecholaminergic neurotransmit-
ters in PC12 cell lysates treated with theobromine®

[Theobromine] (pM)

Metabolite NT 1 10 100

Noradrenalin  100.0 + 6.6  151.8 + 15.5 160.6 + 22.8* 138.2 + 12.0

-DOPA 100.0 £14.3 131.1+7.9 135.8+27.1 104.8+9.7
DOPAC 100.0+5.1  105.0+11.4 165.3 +23.5* 120.6 +9.3
Dopamine 100.0 +4.3  142.6 +21.5 178.5+35.0* 124.9+16.8
HVA 100.0 + 4.4 83.1+4.3 92.7 £5.9 96.2 £ 6.2
3-MT 100.0 £6.7 123.8+16.6 119.8+10.5 113.8+11.4

“PC12 cells were treated for 24 h with theobromine (TBr) (1-100 pM).
The levels of the catecholamines were quantified by HPLC analysis.
Values are expressed as the mean of the percentage increase from at
least four independent experiments; *p < 0.05 vs. NT.

and GPx by themself, in the absence of any oxidant
contaminant.

All these results suggest that TBr may be one of the main
components responsible for the modulatory effects on cat-
echolaminergic and cholinergic observed with the LMN cream.
The effects observed only in a short-time window could be
explained by the activation of compensatory mechanisms that
need to be further elucidated.

Only male mice were used in this study due to their homo-
geneity. However, since females also experience aging and
show higher AD prevalence, further studies carried out in
females would also be interesting in order to confirm these
results.

Experimental
Animals and diets

Mice were bred under controlled temperature and light con-
ditions and were fed with control diet prior to the experiments.
Animal care and experimental procedures were performed in
accordance with European Community Council Directive 86/
609/ECC. Four-month 129S1/Svim] adult male mice were fed
either with control diet (Harlan Global Diet 2014, Mucedola
SRL, Milano, Italy) or control diet supplemented with the LMN
cream (LMN diet, Harlan Global Diet 2014 containing 9.27%
LMN cream, Mucedola SRL, Milano Italy) for 10, 20, 30 or 40
days. The LMN cream consists of a mixture containing at least
one ingredient from each of the following four groups: dry
fruits, cocoa, vegetable oils rich in unsaponifiable lipids and
flours rich in soluble fibers [Patent ref W02007063158 A2].
After predetermined feeding periods, all mice were killed by
decapitation and their brains were immediately removed.
Right hemispheres were dissected into regions and frozen in
liquid nitrogen at —80 °C for subsequent western blot and
HPLC analyses. Left hemispheres were fixed in 4% paraformal-
dehyde (PFA) for 24 hours. Then, tissue was cryoprotected in
30% sucrose/PBS solution for 48 hours at 4 °C, frozen in dry
ice and cut into sagittal sequential 30 pm sections using a
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Leica cryostat. These sagittal slices were used for immuno-
histochemistry and histological techniques.

Cell lines and treatments

Human neuroblastoma SH-SY5Y cells were purchased and cul-
tured as previously described.'® PC12 cell line was purchased
from the American Type Culture Collection (ATCC) and grown
in DMEM containing 7% FBS, 7% foetal horse serum (FHS),
1.14 mM HEPES pH 6.8, 60 U ml™" penicillin and 60 pg ml™*
streptomycin. Both cell lines were maintained at 37 °C under a
saturating humidity atmosphere containing 5% CO,.

For treatments, both SH-SY5Y and PC12 cells were seeded
at a density of 2.5 x 10* cells mL™" in full media onto collagen
type I (BD Biosciences)-coated plates until 70-80% confluence
was reached. Before treatments, full medium was replaced by
1% FBS-medium overnight except for HPLC analysis. Both
theobromine (TBr) and the LMN cream were dissolved in PBS
at 37 °C and added to the media for desired times. Non-toxic
TBr concentrations (1, 10 or 100 uM) were used for 24 h. At the
end of each treatment, cells were collected in PBS, centrifuged
at 3000g for 5 minutes and the pellets resuspended in 100 pL
of homogenization solution (0.25 M HClIO4, 100 pM sodium
bisulfate and 250 pM EDTA). Samples were sonicated for
10 seconds on ice and lysates kept at —80 °C for at least 24 h
prior to the HPLC analysis.

Histochemistry and immunohistochemistry

The brain sections were permeabilized in PBS-0.3% Triton
X-100 for 30 min and blocked in PBS-Triton X-100 containing
10% FBS, 0.2 M glycine and 1% BSA for 10 minutes. After-
wards, the slides were incubated with goat anti-Choline Acetyl-
transferase (ChAT, 1 :200, Millipore AB144P) overnight at 4 °C,
washing with PBS-Triton X-100 and incubated with donkey
anti-goat HRP (1:200; Thermo PA 1-28664) for 1 or 2 hours at
room temperature. After washing, sections were incubated
with the streptavidin-HRP (1:1250; Sigma, S5512) for one
hour and developed with DAB/H,0, (0.5 mg/0.22 ul ml™";
Sigma). Acetylcholinesterase (AChE) histochemistry was per-
formed according to the Geneser-Jensen procedure.>’

Quantification of ChAT and AChE was carried out in the
striatum. Brain sections from 4 animals per group were used
and pictures were taken at 2x and 10x magnifications using
the software ACT-1 version 2.70 (Nikon Corporation). They
were examined with a Nikon Eclipse 90i microscope interfaced
to a DXM 1200F camera. Three to five pictures per section
were evaluated and quantified in 10x images using image
analysis software Image].

Immunofluorescence

For tyrosine hydroxylase (TH) immunohistofluorescence, the
brain sections were rinsed in PBS, treated with 2% H,O, in
methanol for 15 minutes, rinsed in PBS-0.5% Triton X-100,
blocked with 10% of normal goat serum in PBS-0.5% Triton
X-100 and incubated overnight at 4 °C with polyclonal rabbit
anti-TH (1:1000; Millipore). After rinsing in PBS-0.5% Triton
X-100, sections were incubated for 2 h at room temperature

This journal is © The Royal Society of Chemistry 2015
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with goat anti-rabbit Alexa 546 (1:500; Molecular Probes).
Finally, the sections were counterstained with DAPI and after
being washed in PBS, were mounted in Mowiol medium
(Sigma-Aldrich). For quantification of TH immunofluores-
cence, photographs of four sequential histological sections per
animal were acquired with a Zeiss Axio observer Z1 microscope
(Carl Zeiss) and a digital camera (QImaging Retiga Exi, QIma-
ging). Using Image] software and Paxinos brain mouse atlas,
the striatum and substantia nigra areas were delimited
(striatum: lateral 1.32 to 2.04 mm; substantia nigra: lateral
0.84 to 1.68 mm) and relative TH immunofluorescence densi-
tometry was obtained for each individual section, as well as for
relative Alexa 546 immunofluorescence. The quantification of
TH immunofluorescence was obtained by its normalization
with Alexa 546 tissue background.

SH-SY5Y cells fixed in 4% PFA were incubated with the
primary antibody against Nrf2 (1:100; Santa Cruz) diluted in
PBS containing 0.2% gelatin, 0.1% Triton X-100, 20 mM
glycine and 5% FBS overnight at 4 °C. Secondary anti-rabbit
conjugated to Alexa Fluor® 594 (1:1000; Invitrogen) and
0.5 mg ml™" Hoechst were then incubated for 1 h at room
temperature and cells were mounted in Fluorescent Mounting
Medium (Dako). Preparations were observed under a Nikon
Eclipse TE 2000-E inverted fluorescence microscope with
a Hamamatsu C-4742-80-12AG camera and Metamorph®
Imaging System software.

Western blot analysis

SH-SY5Y cells were lysed in RIPA buffer, centrifuged at 3000g
for 10 min at 4 °C and the supernatants were kept at —80 °C
until their use. Protein concentration was determined using
Bradford reagent (Bio-Rad). Twenty-five pg of total protein
extract were resolved by SDS-PAGE according to standard pro-
tocols. Primary antibodies used were: Catechol-O-Methyl
Transferase (COMT) (1:1000; Santa Cruz), Superoxide Dismu-
tase-1 (SOD-1) (1:1000; Santa Cruz), Glutathione Peroxidase
(GPx) (1:1000, Abcam), B-tubulin (1:50000; Sigma) and
B-actin (1:40000; Sigma). Secondary antibodies used were
horseradish peroxidase-conjugated goat anti-mouse IgG
(1:2000; Dako) or goat anti-rabbit IgG (1:1000; BD Bio-
sciences). Densitometry analyses were performed using
Quantity One® software (Bio-Rad) following manufacturer’s
instructions.

Cell viability analysis

Cell viability was determined by the MTT [3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyltetrazolium bromide] reduction assay.
MTT solution was added at a final concentration of 0.5 mg
ml™" for 45 min. DMSO was used to dissolve the formazan
blue precipitate formed, which was quantified at 560-620 nm
using a microplate reader (Labsystems Multiskan RC).

Determination of catecholamine levels by HPLC

Catecholamine levels were determined by HPLC coupled to an
electrochemical detector. The mobile phase consisting of
0.1 M citric acid, 0.05 mM EDTA and 1.2 mM sodium octylsul-

This journal is © The Royal Society of Chemistry 2015
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phate (SOS) was adjusted at pH 2.75 with triethylamine (TEA).
Acetonitrile was added to reach 10% (v/v). Elution was per-
formed at a flow rate of 1 mL per minute. A Coulochem 5100A
Electrochemical Detector (ESA) with a Model 5011 dual-
electrode analytical cell with porous graphite electrodes was
used. The potential of the electrodes 1 and 2 was set at 70.05 V
and +0.4 V, respectively.

PC12 cell lysates were thawed and centrifuged at 12 000g for
10 min at 4 °C. Next, 20 pL of each sample supernatant was
injected into the HPLC system for analysis. Catecholamine
analysis was performed at room temperature (20-25 °C). The
level of metabolites was expressed in pg of metabolite per mg
of protein.

Frozen samples from basal nuclei were homogenized in
RIPA buffer. After that, samples were split into two parts and
diluted (1:1) in homogenization solution containing 2000 pg
ml ™" of 3,4-dihydroxybenzylamine (DHBA) as an internal stan-
dard for catecholamine determination and 4000 pg ml™" of
NW-5-met-5HT as an internal standard for serotonin determi-
nation. After homogenization, the samples were sonicated and
centrifuged (15000g, 10 min, 4 °C) and supernatants were
injected into the HPLC system for analysis of 3,4-dihydroxy-
phenylacetic acid (DOPAC), noradrenalin (NA), homovanillic
acid (HVA), dopamine (DA), serotonin (5-HT) and serotonin
metabolite 5-hydroxyindoleacetic acid (5HIAA). DHBA was
used as an internal standard.

Statistics

Graphs were plotted and data were analysed using the Graph-
Pad Prism 4.02 software. Values of p < 0.05 were considered to
be statistically significant.

Conclusions

At present, there are few reports on the beneficial effect of
nutrients on the stimulation of cholinergic and catecholamin-
ergic transmission.>® In this work, we report for the first time
the enhancement of cholinergic and catecholaminergic trans-
missions, both of which are highly impaired in neurodegen-
erative disorders such as AD, by some natural nutrients
present in the LMN cream. These results will give an insight
into the possible contribution of the LMN cream in the “cogni-
tive reserve”® and its beneficial effect on the cognitive decline

related to aging and neurological disorders.
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