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ABSTRACT
Neuroinflammation is the hallmatk of neurodegenciative diseases which, causes dementia and
ata teducing the quality of life in the aged population. Com‘cntional treatments are nol very
cflective m largeting the underlying pathology of the diseases. Aforinga oleifera (MO) has been
| used for centurics to treat a variely of diseases whose pathogenesis have Intely been established to
be inflammatory. The study was designed to evaluate the entincuroinflartunetory mechantsms of
! ethanol extract of MO leaves (EMOL).

| Moringa oleifera obtained from a domeslic garden at Ojoo Ibadan was authenticated ot Forest
! Herbarium lbadan with voucher number FHI 109601. Pulverized leaves (S00 g) of MO were
extracted by maceration in 50% aqueous ethanol al room tempeiature. Twenty-live Swiss male
| mice (18-22 p) were allotted into 5 treatment goups (n=5); 5% Tween80 (10 ml/kg), EMOL (250,
| 500, 1000 and 2000 mg/kg) were used for central nervous syslem studies. in Lipopolysaccharide

(LPS) cognitive deticit (LCD), thitty mole mice were distributed into groups 1-5 (n=6) and treated
| orally for 7 days: 5% Tween80 (10 mL/kg), LPS and EMOL (i00. 200, 400 mg/kg) belore
intraperitoncal administintion of 250 pgrkg LPS to groups 2-5. The LCD was assessed by Y-maze
test. The EMOL was partitioned into 20%, 50%, 80% nnd 100% methanol fractions (F20, F50.
80, and F100), respectively. Bioactivities of the fractions were evaluated using MTT and nitrite
assays. The FS0 was further puritied to isolate compounds using HPLC, 'H NMR and ’C NMR.
Isolated compounds were screened by MTT assay in the presence of compounds on murine
microglia (BV-2) and macrophages (RAW 264.7). Lipopolysaccharides was used lo induce
inflammotion either in the presence and absence of various EMOL (100, 150 and 200 p&/ml-),
fractions (12.5, 25 and SO pg/mL) and three compounds (12.5, [2.5 and 25uM) in BV-2 cells.
Nitlic oxide (NO), cytokine (TNF-«) and PGE; production were evaluated in the supematants
using spectiophotometty and ELISA. Expression of cyclooxygenasc-2 (COX-2), inducible nittic
oxide (INOS) and p38 proteins were detetmined using westemn blots, The effect of the isolated

compounds on NF-xB transactivation was cvalualed using [uciferose reporier gene assay. Dala

were analysed using descnptive statistics aod ANOVA al @ ggs

The EMOL (100-400 mg/kg) significantly increased %o altermation in LCD (61.55+1 162,
59.68+1.9.18, 64.254£1.938) compared with LPS (49.13+1.225). The MTT assay revealed thot
EMOL., fractions (F20 and F50) end the compounds (kaemp{e¢rol, quercetin and rutin), had no

!
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effect on viability of BV-2 and RAW 264.7 cells. The EMOL (150 and 200 pg‘ml) and
kaempferol (12.5 uM) significantly redused NO (33.82+4.23, 38.68+12.71), (1639:1.48); PGE;
(45.052130, 59.30+320), (51.7321.48); and TNF-a (57.67£2.38, 60.432807), (42.3145.1)
compaged with LPS. Kasmpferol. quercetin and rutin inhibited COX.2 and INOs protein
expressions in LPS stimulated BV-2 cells. Kaempferol, quescctin and nitin significantly reduced
NF-xB tmanscriptional activation (40.49£10.01, 20.74x7.53, 41.68+8.32) in HEK 293 cells
compared with TNF-a¢, and olso significantly inhibited p-38 expression (58.06£18.17,
52.78+11.81,26.86£3.96) in RAW 264.7 cells, respectively.

The antineuroinflammatory effect of Moringa oleifera leaves was mediated vin inhibition of p-38

protcin expression, nuclear factor kappa-B ganssctivation and tumor necrosis factor-a release.
Keywords:  Moringa oleifero. Antincuoinflammatory effect, Cyclooxygenase, Cognitive deficit
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CHAPTER ONE

INTRODUCTION

I.1  Globa! burden of Ncurodegencrative diseascs
Ncurodegencrative diseases include a wide range of incurable and debilitating conditions that

tesult in progressive degeneration or death of nerve cells in human brain, The global burden
of neurodegenerative diseases has continued 10 increasc yeasly accounting for ot least 15% of
the burden of discases (Shrestha e¢r af. 2014). Most ncurodegenerative diseases cause
problems with movement (ataxias). or mental functioning (dementias). Alzhcimer’s diseasc
(AD), o neurodegcnciative disease is the world’s most common decmenting illness, alfecting
over 50 million people worldwide (Hcncka er al.. 3015). This debilitoting discase has
remained incurablc afler scveral decades of research. It is the [fh leading cause of death for
people of agc 265 and a leading cause of moibidity (Aizhcimcer's-Association. 2015).
Although rescarch has sevealed a great deal about AD, much is yet 10 be discovered about the
precise biologic chanpes that cause the discase. Epidemiologic and laboratoly evidence
atiribute the progression of the disease to inMammation (Sasire e/ al.. 2003). The pathogenic

impanance of neuroinflammation in AD is becoming increasingly evident.

Neuroinflammation is n defense mechanism aimed at protecting the cential nervous system

(CNS) against infectious insults and injury {Spencer ¢t af,, 2012), It constitutes a beneficial

process in most cases and ccases once the thicat has been climinoted and homcosiasis has

been restored (Gloss es af., 2010). However, susioined neuroinflammototy processes may

contribute to the caseade of events culminating in the progressive neuronal damage obscncd

in many ncurodegencrative disorders, most nofably Parkinson’s disease (’D) ond

Alzheimer's disease (AD) (McGeer and McGecr, 2003; Hirsch er al., 2005).

Acute inflammatory diseases in the brain are coused by injuty or trauma, while the chronic

ones also referred to as ncurodegenceative discases in most cascs do not have specific causc

but some have ecstablished outoimmunity involvemcnt. [nflammaloiy process has a

significam participation in host defense opoiost infectious ogents and injury, but it is

implicated in pathophysiology of many chronic diseases. The innate immune cells mediate

acute inflammation and intetact with adaptive immune cells via the inlammato:y mediators

to orchestrate aspects of the acutc and chionic inflammation that undetlic many: discases

including AD.
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Putative anti-inflammotory and neuroprotective ogents that can affect the neuropathology of
vorious ncwrodegencrative diseoses oic confounding. This could be os o result of the
ombiguities and gops in knowledge of ncwoinflammation and ncurodegeneration. Although
ncuroinflammation is evident in many chronic ncurodegenciative discases such as epilepsy,
Alzhemiers diseasc (AD), Parkinson’s disease (PD), omyotrophic loterat sclerosis (ALS) and
stroke, itisthe inflammatory response that predisposes or cxacerbotes the neuropathology. As
b result. the use of non-ste:oidol anti-inflammatory drugs, such as ibuprofen, has been
proposed to deloy or even prevent the onset of such neurodegenciotive disorders (Cosper ¢/
al., 2000; Chen er ai, 2003). Epidemiologic studics have indicated that the risk for
developing AD was reduced in regular users of anti-inflammatory drugs (Viad et ai., 2008).

However, majority of drug trcotments only ameliorate the symptoms of these

newodegenerative disorders rather thon preventing the undetlying degenerntion of neurons.

Consequently there is o desirc 10 develop novel therspies capoble of preventing the

progressive loss of spccific neuronal populations that underlie pathology in these discascs

(Legoser af.. 2002; Noraynn et el., 2002),

1.2 Study rationale
The therapeutic approaches for ncurodegencrative discases are symptomatic; in AD

cholinergic tronsmission ts enhanced using cholincsicease inhibitors (donepezil, rivastigmine
and galanthominc), All ol the approaches elude the holy grail of neurodegenerntive diseases
which is the retordotion or inhibition of neurodegeneration. This &s parily due to the inability
of the intervention 10 affect the underlying couese of the discase, Most of the current theropies
for ncurodegenerative discases ace symptomatic and the therapy for AD is parficularty much
less ef¥ective (Standacrt and Young, 2012). Current diug trcatments for ncurodegcncrative
diseases including NSAIDs (non-steroidal onti-inflammatory drugs) only treat the symptoms
or can delay the onset of discosc ratiier thon picventing the underlying degeneration of
neurons (Casper ef ai, 2000; Chen ¢t af, 2003).

With the increasing burden of AD’s morislity and mordibity, there is a geeat need for the
deveclopment of novet theropeutics. The ideal therapeutic torget for AD should torget the

tightly controlled kinetics of amyloid-p peptides in the broin parenchyma. Af} oligomers are
considered 10 be the most neurotoxic foim when added directly 1o neuronol cultures (\Valsh ef

al., 2002), The toxicity observed due to oggregation of Ap &t vivo could be mediated partly

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT




via proinflammatory’ cytokines dcrived from activated micsoglio. Microglia cells are
principally involved in clcaranee of AB. Microglial celis are the primary immune ce¢lls in the
CNS and have similar actions 1o that of peripheral macrophages (Kreutzbeig, 1996). Being
immune cells, their primary functions are to promote host defense by’ destroying inveding
potkopens, removing deleterious debris, promoting tissue repair and facilitating tlissue
homeostasis, partly through their influence on surrounding astrocytes and neurons (Glass e/
al.. 2010). However, sustained, uncontrolled activation of microglia can lead to eNcess
production of various factors thot coniribute o neuronal injury, most notably, nitric oxide,
pro-inflammatory cytokines (IL-18, TNF-a) (Gibbons and Dragunow, 2006), 1eactive oxygen
species (ROS) (Wanp ¢t al., 2006) ond plutarmate (Fakeuchi e/ «f.. 2006). As impaired
microglial clearancc has been identified as o discase-promoting fnctor, sevesa! altcmpls have
been made lo positively influence microglia by phammacological, vaccine-based or pene-
therapy strategics (Henekn er al, 2015), The same receplors that sense pathopen-associolcd
molecular patterns (PAMPs) such as baclcnal lipopolysaccharide (LPS) and viral surface
proteins ore instsumental for responses triggercd by AP. Combating AD by pharmacological
modulation of microglia would have a great impact on the progression of neuroinflammation
and consequently ncurodcpencrstion. However. the development of such drug scting on
mieroglie cells will proposc a mixed oppo:tunity of studying the interference of adaplive
immune cells in AD.
During neurodegenerative diseases, peripheral immune cells, such as T cells, and CNS
resident immune competent cells such as microglia as well as neurons, astrocytes and
oligodendrocytes, release inflammatoiy mediatoss to recruit more periphcral immune cells
including lymphocytes leading to CNS inflammatlion (Btock and iong, 2005). The key
featurcs of ncuroinflammetion are microglio activation, local production of inflammatory
mediators, expression of Major Histocompatibiity Complex (MHC) and adhesion molecules,
rclease of free-radicals and recruitment of immune cells (Lucas ¢f af, 2006). Microglio
activated via toll like receplor (TLR4) produce several medistors (TNF-q, IL-6, iINOS, COX
ond PGE;) via NFxB. Macrophages ond other cells of the innele immune system aclivale
NE:B via triggering of toll like receplors (TLR) expressed on them by various molecules
including components of the bacterial cell wall (lipopolyseccharide LS). microbial nucleic
acid (pathogen essocisted molecular patiem. PAMP or damage associated tnolecular paticrn
(DAMP) (Medzhitov, 2001; Tokeda ¢t al.. 2003). NFxB is essential for the induction of a
wide variety of genes impottent for immune tesponse including genes for TNF-w. JL-1 and

[1.-6, chemokines (macrophage inflammatory protein-la, MIP-la), RANTES (regulated upon
]
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via proinflammotory cytokines derived from activated microglio. Microglia cells are
principally involved in clcasance of AP. Microglial cells are the primary immune cells in the
CNS and have similar actions 1o that of peripheral maciophages (Kreutzberg, 1996). Being
immune cells, their primary fiinctions oic 10 promote host defense by destioying invading
pathogens, removing delcteiious debris, promoting tissue repair ond facililating tissue
homeostasis, partly thtough their influcnce on surrounding astrocytes and neurons (Glass ef
al, 2010). Howevcr, susinined, uncontrolled activation of microglia can lead to cxcess
production of varions lactors thot contribute to neuronal injury, most notably, nitric oxide,
pra-inflammatory cytokines (IL-1p, TNF-a) (Gibbons and Dragunosw, 2006), reactive oxygen
species (ROS) (Wang ¢r af, 2006) and plutamate (Tokeuchi er «l. 2006)., As impaired
microglial clearance has been identified as o disease-promoting factor, severn! altempls have
been made 1o positively influence microglia by pharmacological. vaccinc-based or gene-
therapy strategies (Heneke ¢f al, 2015), The same reccptors thot sense pathogen-associatcd
molecular patterns (PAMPs) such as bacterial lipopolysaccharide (LPS) ond viial surface
proteins are instiumental for responses triggercd by AB. Comboting AD by pharmacological
modulation of microglia would have a greatimpact on the progression of ncuroinflammation
and consequently ncurodcgencration. Howcever, the development of such drug acting on
microglio cells will propose a mixed opportunity of studying the interference of adaptive
immune cells in AD.
During ncurodcgenerative diseases, peripheral immune cells, such as T cells, and CNS
resident immune competent cells such o microglia as well as neuions, astrocytes and
oligodendracytes, release inflammatory mediotors to recruit more periphesal immunc cells
including lymphocytes leading to CNS inf.ammation (Block and Hong, 2005). The key
features of ncuroinflammation arc microglia aclivation. local production of inflommatory
mediotors, cxpression of Major Hislocomgpatibiity Complex (MHC) and adhesion molecules,
rclease of free-radicals and recruitment of immune cells (Lucas ef af, 2006). Microglia
activated vio tol} like receptor (TLRY) ptoduce several mediators (TNF-a, 1L-6, iNOS, COX
ond PGE;} via NFxB. Macrophages ond other cells of the innote immune system activate
NFxB via triggering of 1oll like receptors (TLR) expressed on them by various molecules
including components of the baeterinl eell wall (lipopolysaccharide LPS), microbial nucleic
acid (pothogen associated molecular patiem. PAMP or domage associated molecular patiern
(DAMP) (Medzhitov, 2001: Takeda ¢ al.. 2003). NI'xB js cssential for the induction of a
wide variety of genes important for immune response including genes for TNF-g. IL-) and

IL-6, chcmokines (macrophage inllommatory protein-la, MIP-la), RANTES (reguloted upon
3
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activation. nortnal T-cell expressed and secreted) and adhesion molccules [E-sclectin and
VCAM-l(vascular ccll odhesion molecule-1)] which collectively' segulate recruitment of
immune cells to sites once NFxB is activated (Zhang and Ghosh, 2001). Apart from TLR
activation, stimulation of the receptors for TNF-a and IL-1 amplifies and extends the duration
of iuiaic sesponse by strongly activating NFxB (O'Neil and Dinarello, 2000). NFxB
transcriplionally induce enzymes which generates eeactive intcrmediotes (iNOS, inducible
nitric oxide synthasc) Beinkc and Ley, 2004). NFxB activation also upregulaics MHC
proteins and CD80/86 on APC which is involved in the activation of T and B lymphocyics in
adaptive immune response (Li and Veima, 2002). Additionally, NFxB is required for LTPR
(lymphotoxin B receptor) segulation of peripheral lymphoid organogencsis and stimulation of
B-cell difTerentiation and survival by B.cell activating factor (BAFF) (Claudio et al., 2002).
NFxB plays an important role in reguloting the expression of antiopoplotic proteins (c-1AP-
172, Al, Bcl-2 ond Bel-X;) and cell cycle regulator eyclin (D1) which increase cellulor
survival and proliferation respectively (Karin ef ai., 2002). Dysrcgulation of NFxB can lead
10 the constitutive overproduction of proinflammatory cytokines, which are associaled with
chronic inflammatory disorders and has been implicatcd in cell transformation (Girardin e/
al. 2003). 11 is the link between chronic inflammation and some caoncers (Nonnark ¢f al,
2003).

Also, activation of microglia causes expression of MHC and adhesion molecules leading to
recruilment of lymphocytes. Lymphocytes, particularly T cells have been delected in the
biain of AD patients (Togo ¢ al, 2002). Studies have also shown that uprcgulation of T
cells, with incseased activity of Th-17 and Th-9 subsets and the cylokines ({L-9, 1L-21 and
iL-23) released fiom these T cells in AD (Saresclla, 2011).

The idea of a protective outoimmunity of the brain has been developed in the fasl few ycars
ond has brought the devise of immunomedulatory therapies for neurodcgcncralive diseases. [1
involves the augmenting of the protective and 1egenerative aspects of the immune sysiem for
ncuroprolcction in brain diseases (Polazzi and Monti, 2010),

There is o growing interest in the neuroprotective eflects of flavonoids which have been
shown to be effective in protecting against both age-refaled cognitive and motor decline
neurodegencrative disease in-vivo (Joseph er al, 1999; Vauzour ¢t al., 2007; \Villiams e al,
2008). Neuroprotective potentiol moy teside in o number of physiological functions,
including their antioxidant propettics and ability 1o modulate intraccllulor signaling pathways
including rcgulation of cell susvival/apoptotic genes and mitochondnal function (Bastianelto
et al, 2000; Williams ¢t al.. 2004; Spencer, 2009a; Spencer ¢/ al.. 2009b). Flavonoids and
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their in-vivo metabolites have been shown to modutate signaling through phosphoinositide 3-
kinase (P13 kinasc) and mitogen activated proteia kinase (MAP kinase) pathways that ate
also critical signaling cascades for the contio} of inilammatory processes in the brain
including the activation of microglia in respanse to cytokines and the induction of iNOS and
nitric o%ide production (Bhalt et af,, 1998; Kaminska ¢t af.. 2009; Spencer, 2008b); Wen ¢/
al.. 2011). As a conscgquence, {lavonoids have been suggested as nove! therapeutic agents for
the reduction of the deleterious effects of neuroinflammation in the brain and thus also as

polcntial preventive drugs for ncurodcgenerative disesse development

Flavonoids arc sccondary mctabolites derived from plants. The anecdotal use of Moringa
olcifera has taken a new dimension in Nigeria in the last few ycars. Various parts of the plant
ore uscd in ethnopharmacology and Traditional African \ledicine (TAM) for cenluries in
treatment of diseases ranging frem infectious diseases to chronic ncurodegenerative diseases
(Fahey 2005; Patel er al, 20(0; Mishm er of.. 2011). In recent ycors thc World Health
Orgonization (WHQ), National Institute of Health (NIH) and many pcer revicwed joumnals
have published many articles indicating that AMoringa oleifera might contsin many promising
immunity boosting principles. Of the 418 orticles on Moringa on Pubmced, nbout 21 are on
diabetcs, 1 8 on cancer ond 12 on immunity. Most of the sighted works tends Lo measure the
prolective ability of the plant in discase conditions. These are in tandem with the exorbitant

usc of the plant lately.

The Moringa tree has great use medicinally both as preventative and tieatment. it is folk
remedy for stomach complaints, catansh, cancer, gastric ulecrs. skin discases and lowering
blood sugar (Mishra eral.. 2011). [t is also used in diabetes, fatigue, increase lactation. hay
fever, impalence, edema, cramps, hemorshoids, headaches, cpilepsy. respiratoty discases,
immunc system booster., blood cleanses ond blood buitder (Fahey, 2005). Quile a number of
patients also use it in the managemem of specific diseases like hypertension, diabetes,
cpilepsy among others. Convulsion is one of the many disorders which Aoringa ofeifera is
used for suggesting that it may have centrally mediated effect.

Moringa oleifera. otheiwise known as the ‘milacle plant® is just one of the many herbal
remedies claimed o have severa benefits with veiy little information on scientific prools.
These herbal dtugs scem to be making their way to otshodox medical practice as the) are no
madec into various pharmaccutical dosage forms ard sold almost at every comer as Over The
Counter (OTC) drups.

5

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT




Moringa oleifera is used as food and drug by many people for many reasons, it is very
important to know the effect the piant has on beliavior and other CNS parameters. With the
significant advances over the past two decades in 1he fields of immunology and neurobiology:,

new avenues to explore the mechianism of these diseases have been provided.
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1.3 Aim aod objectives of the study

The aim of this study is to idemify and isolate active principles with antincuroinflammatoly
property from the lcaves of Aforinga oleifera
The specific objectives are to:

[ Evaluate the ncurophannacological activities of the cthanol extract of AMorimga

ofeifera leaf.

1. Investigate bioactivity guided isolation of compounds from the exiracl of Moringa
oleifera.

1ll,  Evaluate the mechanisms of antincuroinflammatory and immunomodulatory actions
of isolated compounds on microglia and macrophage cell lines i LPS-induced
neuroinflammation,

[v. Evaluate the effect of the extiact of Aoringa oleifera on prolifcralion, apoptosis. and

homing paliem in pre-stimulated T-cells.
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CHAPTER TWO

LITERATURE REVIEW

2.1  Inflammation

Inflammation has been known and documented as far back as the 1® centuty AD. Then, it
was undersiood that tissue response to injuty fesulted in rubor (redncss, due to hyperemia),
rumor (swelling, caused by increased permeability of the microvasculaturc and leakage of
protcin into the interstitial spsce). calor (hcat, associated with the increased blood flow and
the metabolic activity of the cellular mediators of inflammation), and dolor (pain, in part duc
o changes in the pcrivasculature and associaled nerve endings). Loss of function or
dysfunction of the organs (Finctio laesa), the filh characteristic of inflammalion as
included by Rudolf Virchow in the 1850s. By the late 19th century, Elie Meichnikolf
introduced the concept of phagocytosis, a fundamental aspect of innate immunity in
inflammation after watching protozoa enpulf particulate matter and cxamining blood

lcukocytes ingest foreipn bodies. Metchnikolf laler received Nobe) Prize for Physiology or

Medicine in 1908 for this discovery, jointly with Paul Ehrlich for his work on humoral

immunity, a key component of adaptive immunity.

Inflammation provides a unifying pathophysiologicel mechanism underlying many chronic

discase including diabetes, cardiovascular disease, certain cancers ond bowel diseases,

aithritis, ncurodcgeneratives, cpilepsy to mention just a few. A common pathophysiologic

sccnano applies in the progression of many of these diseases (Libby et al,, 2002). Some of

the predispositions to chronic inflammation diseases are aging in population, conquest by

communicable diseases and changing lifestyles.

2.2 Innate and Adiaptive Immunity
The perspective of inflammation in the 21st ccntuiy provides a detsiled knowledge of the

cells and mediators that produce the chiaracteristic signs of inflammation as observed by the
ancients, The response mechanisms of the host can be divided into two distinct, but
incxiricably linked, pathways; innate and adaptive pathways (Hansson et al, 2002). The

innate response detect a broad range of moYecular paticms (pathopen-associated molecular
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CHAPTER TwO

LITERATURE REVIEW

2.1  Inflammation

Inflammation has been known and documented as far back as the 1* century AD. Then, it
was understood that tissue response 0 injuty resulted in rubor (redness, due to hyperemia),
tumor {swelling, caused by increased permeability of the microvasculoture and leakage of
protein into the interstitial space). calor (heal, associatcd with the increased blood flow and
the mctabolic activity of the ccliular mediators of inflammation), and dolor (pain, in part due
o changes in the perivasculolure and associated nerve endings). Loss of function or
dysfunction of the organs {Functio faesa), the fifth characteristic of inflommation iwas
inctuded by Rudolf Virchow in the 1850s. By the fate [9th century, Elie Metchnikoft
introduced the concept of phogocytosis, a fundomental ospect of innate immunily in
inflammotion after watching prolozoa engulf pariiculate matier and examining blood

Teukocyles ingest foreign bodies. Meltchnikoft laler received Nobel Prize for Physiology or

Medicine in 1908 for this discovery, jointly with Poul Ehrlich for his work on humoral

immunity, a key component of adaplive immunily.

Inflammation provides a unifying pathophysiological mechanism underlying many chionic

discasc including diabetes, cardiovascular discase, ccrtain caoncers ond bowel diseases.

arthratis, ncurodcgenerntives, cpilepsy to mention just o few. A common pathophysiologic

scenario applies in the progression of many of these diseases (Libby ef o, 2002). Some of

the piedispositions (o chronic inflammation diseases are aging in population, conquest by

communicable diseascs and changing lifestyles.

2.2  innate and Adeptive Immaunity
The perspective of inflammation tn the 21st century provides a detatled knowledge of the

cells and mediators that produce the characteristic signs of inflammation as observed by the
anciests. The tesponse mechanisms of the host can be divided into two distinct, but
inextricably linked, pathways; innate and adoplive pathways (l4ansson et al. 2002). The

innate response delect a broad range of molecular patierns {pathogen-associated molecular
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patterns, PAMPs) and (damage associaied molecular patten. DAMP). Macrophages usually
over express these receptors which detects this molecular pattems; including Toll-like
receptors. Engagement of Toll-like receptors 1esults in activation of nuclear factor-kappa B
(NFxB) and mitogen-activated protein kinase (MAPK) pathways (Karin, 2009). Ligation of
Toll-like receplors can also heighten phagocytosis, production of reactive oXygen species,
and release of cytokincs, autacoids, and lipid mediators that coordinate and amplify the local
inlammatory response. Innate immune response is tapid but lacks structural speciftcity and
memory while the adaptive immune response, mounts a slower and specific response with
memoty (Tufecki ef al,, 2011). The adaptive immune respoase requires the recognition of
specific molecular structures which depends on the generation of Jarge numbers of antigen
receptors expressed oa T and B-cclls. Immunoglobullins are free B cell receptors, T cell
receptors (TCR) becomes activated when they recognize the foreign antigen presented to
them, and initiate responses that tatgel precisely that antigen, including a direct attack againsl
the entigen presenting cell by cytotoxic T-cells, stimulation of more antibody production by
Bclls, and induction of a local inflammatoty response ie neciosis. T ficlper cells can
diffcrentiate into at least two subtypes of T helper (Th) cells (Th1 and Th2). Th] cells release
several cytokines including interferon-gamma (IFNy), a piominent cytokine which
coordinales crosstalk betwcen immunity (both innate and adaptive) and snflansmatory
respoases by stimulating the macrophage to incrcase its praduction of a broad range of
mediators including autacoids, reactive oxygen species, lipid species, and pro-inflammatory
cytokines. Also, Th2 cells releasc scveral cytokines which are involved in stimulating Bcell
maluration into entibody-producing plasms cells and promotion of B-celi class-switching to
incrcase production of immunoglobin £ (IgE) antibodies. Although, Th2 cells aids the
recruitment end activation of mast cells involved in pathophysiology of chronic inflammation
it also produces cytokines with antiinflammatory properties such as interleukin-10 (IL-10)
(Hansson ef af., 2002),

2.3 ludeal Modcl of Chronic Inllammatory DMscuse
Accoiding 10 this model, signals from the innate and adaptive immune systems interact and

eonverge on {wo prolotypic cell types: an cpitheliol cell and o mesenchymal cell of the
offectcd organs. These signals orchestrate a repertoire of tissue responses such as reciuitment
of eukocytcs involved in chronic inflammation, extracellular matrix remodeling, cellular
proliferation or death, and angiogenesis. While the diseases may manifest in very different

ways based on organ involved, the seme fundomental mechanisms and mcdiators drive the
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patterns, PAMPs) and (damage associated molecular paticm, DANIP). Macrophages usually
over express thesc receplors which detects this molccular patterms: including Toll-like
receptors. Engogement of Toll-like receptors iesults in activation of nuclear factor-kappa B
{NExB) and mitogenactivaied protein Kinase (MAPK) pathways (Karin. 2009). Ligation of
Toll-like receptors can also heighten phagocylosis, production of reactive oxygen species,
and release of cytokines, autacoids, and lipid mediators that coordinate and amplify the local
inflammatory response. Innate immune response is rapid but lacks structural specificity and
memoly while the adaplive immune response. mounis a stower and specific response with
memory (Tufecki es al,, 2011). The adaplive immune response rcquires the recognition of
specific molecular structures which depends on the generation of large numbers of antigen
receplors cxpressed on T and Bcells. Immunoglobullins are &ce B cell receptors, T cell
receptots (TCR) becomes activated when they recognize the foreign antigen presented ©
them, antl initiate responses that targel precisely that entigen, including a direct atlack against
the antigen presenting cell by cytotoxic T-ceils, stimulation of more antibody pioduction by
B-cclls, and induction of a local inflammaloty response ie necrosis. T helper cells can
differentiate into at leasl two subtypes of T helper (Th) cells (Th1 and Th2). Thl cells rclease
sevcral cytokines including interferon-gamma (IFNY), a prominent cytokinc which
coordinatles crosslalk between immunily (both innate and adaplive) and inflammalory
responses by stimufaling the macrophage o increase its productlion of a broad range of
mediatois including autacoids, rcaclive oxygen species, lipid species, and pro-inflammatory
cylokines. Also, Th2 cells release several cytokines which are involved in stimulating Bcell
maturalion into antibody-producing plasma cells and promotion of B.cell ctass-switching to
increase production of immunoglobin £ (IgE) antibodies. Although, Th2 cells aids the
recruitment and activation of mast cells involved in pathophysiology of chronic inflammation
it also produces cytokines with antiinflammalory propenties such as interleukin-10 (f1.-10)
(Hansson et af,, 2002),

2.3 ldeal Model of Chronic InfAammatory Discase
According 1o this model. signals from the innate and adaptive immune systems inleract and

converge on two prolotypic cell types: an cpithelial cell and a mesenchymal cell of the
afTecicd organs. These signals orchestrate a repertoire of lissue respanses such as rectuitment
of leukocytes involved in chronic inflammation, extracellular matrix remodeling, cellutar
proliferalion or death, and angiogencsis. While the diseascs may manifest in very diffierent

ways based on organ involved, the same fundamental mechanisms and mediators drive the
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disease process. Helper T-cefls abound in the lesions of chronic inflammnation in many
organs. The mononuciear phagocyte, cloaked variously as a foam cell, osteoclasi, histiocyte,
microglia, or alveolar macrophage. also characteristically populates such lesions. The basic
aspects of infammation involve selective and sequential migration of blood cells into tissues
and then local activation and interaction of thesc blood-based cells with resident tissue cells
(fufecki es al, 2011). Some conditions display only limited elements of the classic
inflammatoty processes while in other conditions, key inflammatozy mediators dominate but
without the context of the classic inflammatory mechanisms. For example, in Alzheimer's
disease, blood cells do not rnigiate into the brain tissue, but a resident monocytic cell
{micioglia celf) is activated locally expressing pro-inflammatory mediators. The microglia
participates prominently in innale immune responscs of Alzheimers. The resultant responses

in cither case can, in time, impair the function of the oigan or lissue involved.

octivalion g0 MMP-3

Figure 2.1: Simplified schematic representation of the link between LPS-induced mictoglia
aclivation, inllammatory mediators, and dopamincrgic ncurodegenerstion. hlicroglia

responds Vo pathogens, proinflammatory cytokines. neuronal dysfunction, and cellular debris

afer injury or necrosis (Tufekci et af., 201 1).
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2.4 Immune and Iaflamm:tory Mechanisms in the Initiation and Progression of
Chronic Diseases

The cells of the immune system are imolved in the initiation of most chronic discases.
However, most neurodegenerative discases atvribute their progression to these cells of
immunity. Once present and aclive in lissues, these cells of the innale immune system
claborate reactive oxygcn species. cytokines, procoagulants, and other small molecules that
amplify and sustain the inflammatory response. The resident local epithelial and
mesenchymal cells both respond lo pro-infRammatory signals elaborated by the mononuclear
phagocytes and, when thus activated, can actively pastieipate in propagating the inflammatory
response by generaling a similar specirum of mediators as the “professional” phagocytes
(McGceer and McGceer, 2003). The paletie of the cytokines and other pathogenic proteins
expressed in response include IL-1, [L-6, IL-18, TNF, M-CSF, MCP-1, intercellular adhesion
molecule-1 (ICAM-1) etc, The inflammatory mediator CD40 ligand (CD4OL or CD154) hasa
particular place in perpeluating the inflammatory and immune responses during the
development and progression of chronic discases (Sareselln, 2010), More recent work

lecalized CD40 to macrophages and its ligand 1o T cells (Shrestha et af. 2014)

2.5  Neurolnflammution
Neuroinflammation is a defense mechanism aimed at protecting the ceniral nervous sysiem

(CNS) against infectious insulls aad injury. En most cases, il constitules a beneficial process
that ceascs once the threat has been eliminaied and homcostasis has been restored (Glass et
ai., 2010). However, sustained neurcinflammatoty processes may conltribute to the cascade of
events culminating in the progressive ncuronal dainage obscrved in many ncutodcgenerative
disorders, moslt notably Paskinson’s diseasc (PD)and Alzheimer’s discase (AD) (McGeerand
McGecer, 2003; Hitsch er af,, 2005), and also with neuronal injury associated with stroke
(Zhang ¢r al, 2006). The process principally involve activation of astrocytes and microglia
by inflammatory mediators as proven in various CNS pathologies, including brain
inflammation, rrouma, ischemia, stroke. brain infections, and neurodepcncrative CNS
disorders such as multiple sclerosis (MS), Alzheimer's disease (AD), Parkinson’s discase
(PD), Huntington’s disease (HD) and amyotrophic lateral sclerosis (ALS) (Amor ef al,
2012).

Microglia are the resident immune eells in the centml nervous system and nte now considered
10 be the primaiy component of the brain immune system. In neuroinfiammation, microglia

become aclivated, undergo a change in motphology. and release various cytotoxic mediators,
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24  Immunc and Iaflammatory Mcchanisms in the lniliation and Progression of
Chronic Diseascs

The cells of thec immune system aie involved in the initiation of most chronic diseascs.
However, most neurodegencrative discases attribute their progression 1o these cells of
immunity. Once present and active in tissues, these cells of the innale immune system
claborate reactive oxygen species, cytokines. procoagulants, and other small molecules that
omplify and sustain thc inflammatory respoase. The resident local epithelial and
mesenchymal cells beih respond 10 pro-infiaramatory signals elaborated by the mononuclear
phagocytes and, when thus nctivated, can actively participate in propagating the inflammatory
response by gencerating a similor spectrum of mediatois as the *“professional™ phagocytes
(McGeer and McGecer, 2003). The palenc of the cytokines and other pathogenic proteins
expressed in response include IL-1, IL-6, 1L-18, TNF, M-CSF. MCP-1, interccllular adhesion
molecule-1 (ICAM-1) etc, The inflammatory mediator CDH0 ligand (CD40L or CD154) has o
particulor place in perpetunting the inflammoatory and immune responses during the
development and progression of chronic diseases (Saresclla, 2010). More recent work

localized CD40 o macrophages and its ligand 10 T cells (Shrestha et af., 2014)

2.5  Newrolnfl;smmation

Ncuroinflammation is o delense mechanism aimed at protecling the central nervous system
(CNS) against infectious insulis and injury. In mosl cases. it constitulcs 8 benclicial process
that ceases once the threal has been eliminaled and homcostasis has been restored (Glass er
al.. 2010). However, sustaincd neuroinflammatoly processes may contribute 1o the cascade off
cvents culminating in the progressive ncuronal domage obscrved in many neurodcgencralive
disorders, most notably Paskinson's discasc (I'D) and Alzheimer’s discase (AD) (McGeerond
McGecer, 2003; Hirsch et af, 2005), and also with neuronal injury associatcd with stroke
(Zhang et af., 2006). The process principally involve activation of astrocytes and microglia
by infammatory medialors as proven in various CNS pathologies. including brain
inflammation, trauma, ischemio, stroke, brmin infections, ond ncurodegencrative CNS
disorders such as multiple sclerasis (MS), Alzhcimer's disease (AD), J'arkinson’s discase
(PD), Hunlington's disease (FHD) and amyotrophic lateral sclerosis (ALS) (Amor e al,
2012).

Microglia arc the residentimmune cells in the central nervous system and are now considered
to be the primaiy component of the brain immune system. ln ncuroinfiammation, microglin

become activated, undergo o change in motphology, and 1elcase various cytotoxic medialors,
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2.4 Immusec aad Inflammalory Mechanisms in the laitiation and Propression of
Clironic Discases

The cells of the immune system are involved in the iniliation of most chronic discases.
However, most ncurodcgencralive discases attribute their progression 1o these cells of
immunity. Once present and aclive in tissues, these cells of the innale immune syslem
claborate reactive oxygen species. cytokines, procosgulants, and other small molecules that
amplify and sustoin the inflammatory response. The resident local cpithelial and
mesenchymal cells boih respond 10 peo-inflammatory signals elaborated by the mononuclcar
phagocytes and, when thus activated, can actively paiticipate in propagating the inflammatoly
rcsponse by generating a similar spectmim of mediators as the *professional” phagocytes
(McGeer and McGecr, 2003). The paletie of the cytokines and other pathogenic proleins
expressed in response include IL.-1, IL-6, 1L-18, TNF. M-CSF, NCP-1, intcrcellular adhesion
molecule-1 (ICAM-1) elc. The inflammaltory mediator CD40 ligand (CD40L or CD154) has o
particular place in perpetuating the inflammatory and immune responses during the
development and progression of chronic diseascs (Sarescllo, 2010). More recent work

localized CD40 lo macrophages and its ligaad 10 T cells {(Shrestha et af, 2014)

2.5  Neuroinflammation

Ncuroinflammation is a defensc mechanism aimed at protecling the ccniral nefvous system
(CNS) against infectious insulis ond injury. In most cases, i1 constitutes o benclicial process
that ceases once 1he threat has been eliminated and homcostasis has been restored (Glass cf
al., 2010). However, sustained ncurcinftammatory processes may conlribute to the cascadc of
events culminating in the progressive ncuronal damage obscrved in many ncurodcgencrative
disorders, most notably Parkinson's discase (PD}and Alzheimer's discase {AD) (McGeer and
McGecr, 2003; Hirsch ¢ af, 2005), sod also with neuronal injury ossocioted with stroke
(Zhang et af,, 2006). The process principally involve aclivalion of astrocyles and microglia
by inflammatory medialors as proven in various CNS pathologies, including brain
inflammation, trauma, ischemia, stroke, brain inlcctions, and neurodegencmtive CNS
disorders such as multiple sclerosis (MS), Alzheimer's disecase (AD), parkinson's discase
(PD), Hunlinglon's diseasc (HD) ond amyotrophic laterad sclerosis (ALS) (Amor e al,
2012).

Microglia are the 1csident immune cells in the ccntral nervous system and are now considered
to be the primary component of the brain immune system. In neuroinflonimaltion, microglis

become activated, undergo o change in morphology, andrelease various cylotoxic mediators,
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such os nittic oxide (NO). wmour necrosis factor-alpha (TNFa), tnlcrleukin-18 (1L-18),
prostaglandin E2, (PGE;), and reaclive oxygen species (ROS). Oveiproduction of these
mediators has been shown to be toxic to neurons and results in a vicious and sclf-propagating
¢ycle of neurona! death (Olajidc er al, 2013). As such, the usc of non-stetoidal anti-
inflammatory drugs, such as ibupiofen, has been proposed to delay of even prevent the onsel
of such necurodegencrative disorders (Caspes et af, 2000; Chen et al, 2003) and
epidemiologic studies have indicated that the risk for developing AD was icduced in regular
users of anti-inflammatory drugs (Viad et al., 2008).

However. till date, most indicated drugs trest the symptoms of these ncurodcgenerative
disordeis rathcr than preventing the underlying degeneration of neurons. Consequently theie
is o desire 1o develop novel therapies capable of preventing the progressive loss of specific
neuronal populations that underlie pathology in these diseascs (Legos et af., 2002; Narayan et
al, 2002). Microglial inflammation thercfore serves as an important model for investigating
potential therapeutic entities for slowing the progression of necuronal cell death in
ncurodegenerativc disorders.

The transciiption factor. nucleor factor kapps B (NFxB), has been shown to control
inflammatory responses in microglia cells, Activation of NF-xB is triggered by
phosphorylation and subscquent degradation of inhibitor of AB (IxB). This process
subsequently leads 10 tanslocation of the free NFxB 10 the nucleus where it promotes the
expression of proinflammatoly genes such es the proinflammatoty eytokines (TNFa, 1L-6,
IL-18, elc), eyclooxygcnase-2 (COX-2), and inducible nitric oxide synthase (iNOS).
Mitogen-activatcd protein kinases (MAPK) are critical regulators of pro-inflammatory
cytokincs (TNFa. JL-6 and IL-1§) during inflammation (Soliman e/ wl. 20t2). Of the
MAPKs, the p38 has been central to anti-inflammatory drug discovery for years due to its
impostance in the production of the proinflammatory cytokines and other mediators
(Schlapbach and Huppertz, 2009), p38 produces inflammation by acting on MAPK-activatcd
protein kinase-2 (MAPKAPK2 or MK2), MAPKAPK2 is stimulated in o wide rangc of
infiammatory conditions and is a potential target for anti-inflammatoty drug development

(Duraisamy ¢¢ ¢/, 2008). MK2 activation and expression have been shown to be increased in

microglia cells stimulated with LPS and gamma interferon (Culbert es ai.. 2006).
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such as nittic oxide (NO), umour necrosis {actor-alpha (TNFa), interleukin-1f (IL-18),
prosteglandin E2, (PGE31). and reactive oxygen species (ROS). Oveiproduction of these
mediators has been shown fo be toxic to neusons and results in a vicious and sell-propagating
cycle of neuronal death (Olajide er al, 2013). As such. the use of non-steroidal anti-
infammatory drugs, such as ibuprofen. has been pioposed to delay or even prevent the onset
of such neurodegenerstive disorders (Casper esr al, 2000; Chen er al. 2003) and
epidemiologic studies have indicated that the risk for dcveloping AD was 1educed in regular
uscts of anti-infiommatory drugs (Viad e7 af., 2008).

However, till date, most indicated drigs 1reat the sytnptoms of these ncurodegenerstive
disorders rather than preventing the underlying degeneration of neurons. Consequently there
is a desire to develop novel therapies capable of preventing the progressive loss of specilic
neuronal populstions that underlie pathology in thcse discascs (Lcgos ¢ al., 2002; Noraysn et
dl., 2002). Micsoglial inflammation thercfore scrves as an imponant model for investigating
potential therapeutic entities for slowing the progression of neuronal cell death in
ncurodegencrative disorders.

The tianscription factor, nuclear factor koppa B (NFxB), hos been shown 1o control
inflasnmotory responses in  microglio cells. Activation of NF-xB Is triggered by
phosphoiylation ond subsequent degtodotion of inhibitor of xB (IxB). This process
subsequently leads to translocation of the free NFxB 10 the nucleus where it promotes the
expression of proinflammoaloly genes such as the proinf-ammatory cytokines (TNFa. [3.-6,
[L-18, etc.), cyclooxygenase-2 {(COX-2), and inducible nitric oxide synthasc (iNOS).
Mitogcn.activated protein kinases (MAPK) ate critical regulators of pro-inflammotory
cytokines (INFa, IL-6 ond IL-18) during infammation (Soliman et af., 2012). OFf the
MAPKs, the p38 has been central to onti-inflarnmatosy drug discovery for ycars due to its
importance in the production of the proinfiammatory cytokines and other mcdiators
(Schlapbach and Huppertz, 2009). p38 produces inflammation by acting on MAPK-activated
protein kinasc-2 (MAPKAPK2 or MK2). MAPKAPK2 is stimulatcd in 0 wide range of
inflammatosy conditions and is o potential target for anti-inflammatosy dnsg dcvclopment
(Duroisamy et af, 2008). MK2 activation and expression have been shown 10 be increased in

microglio cells stimulated with LPS and gomma interferon (Culbeit e al., 2006).

12

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT




such as nitric oxide (NO), umour necrosis factor-alpha (TNFa), interleukin-18 (IL-18),
prostaghindin E2, (PGEj). and resclive oxygen species (ROS). Overproduction of these
mediators has been showit 1o be toxic 1o neurons and results in a vicious and sell-propagating
cycle of ncuronal death (Olaide et al, 2013). As such, the use ol non-steroidal anti-
inflammatosy drugs, such as ibupiofen, has been pioposed to delay or even prevent the onset
of such ncuiodegenemtive disorders (Casper er al, 2000; Chen er af.. 2003) and
epidemiologic studies have indicated that the risk for developing AD was rcduced in regular
users of anti-inflammatoty drugs (Vlad et al., 2008),

However, till date. most indicated drugs treat the symptoms of these ncurodegenerative
disorders rather than preventing the underlying degeneration of neurons. Consequently there
is a desire to develop novel therapies capable of preventing the progressive loss of specific
ncuronal populations that underlie pathology in these diseases (Legos ef al.. 2002; Nomyan ef
al, 2002). Microglial inflammation thercfore serves as an important model for investigating
potential thcrapeutic entities for slowing the progression of neuronal cell death in
ncurodegencrative disorders.

The transcription factor, nuclcar foctor kappa B (NFxB), has been shown to control
inilammatoly rcsponses in microglia cells. Activation of NF-xB is triggered by
phosphoryfation and subsequent degradation of inhibitor of xB (IxB). This proccss
subsequently lcads 10 tianslocation of the frec NFxB 10 the nucleus where it promotes the
expression of proinflammatoiy genes such as the proinffammatory cytokines (TNFa, (L-6.
[L-1f0. etc)), cyctooxygenase-2 {COX-2), and inducible nitric oxide synthase (iNOS).
Mitogen-activated protein kinases (MAPK) are critical regulators of pro-inflaimmatory
cytokines (TNFa, IL-6 ond !L-18) during inflammation (Soliman er af., 2012). Of the
MAPKs, the p38 has been central to anti-inflammatoty drug discovery for years due to its
impor:ance in the production of the proinflammatory cytokines and othcr mediators
(Schlapbach iand Huppertz, 2009). p38 produccs inflammation by acting on MAPX-activated
protein Kinase2 (MAPKAPK2 or MK2). MAPKAPK2 is stimulated in a wide range of
inflammatory conditions and is a polentiat target for antiinflammatory drug development
(Ouraisomy ¢! al.. 2008). MK2 activation and expiession have been shown to be increascd in

microglia cells stimulated with LPS and gamma interferon (Culbert ez af,, 2006).
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such as nitric oxide (NO), tumour necrosis factor-alpha (TNFa), interleukin-18 (IL-12),
prostaglandin E2, (PGE»), and reactive oxygen species (ROS). Overproduction of these
mediators has been shown 10 be toxic to neusons and sesults in o vicious and self-propagating
cycle of neuronal death (Olsjide et al, 2013). As such. the use of non-sleroidal amti-
inflammatosy drugs, such as ibupsofen. has been pioposed to deloy or evcn prevent the onset
of such neusodegenertive disoiders (Casper er al, 2000; Chen er al. 2003) and
cpidcmiologie studies have indicaled that the risk for developing AD was reduced in reguiar
users ofanti-inflammatory drugs (Vlad et al.. 2008).

However, till dote, most indicoted drugs treat the symptoms of these ncurodegeneiative
disorders sather than preventing the underlying degeneration of neurons. Consequently there
is a desire lo develop novel therapies capable of preventing the progressive loss of specific
neuronal populations that underlie pathology in these diseases (Lcgos er al., 2002; Norayan er
al., 2002). Microglisl inflammation therefore serves as an imporiant model for investigating
potential therapeutic entities for slowing the progression of neuronal cell death in
neurodcgeaerative disorders.

The transcription factor. nuclear [nctor koppa B (NFxB), hos been shown to conlrol
inflommatory responses in  microglia cells. Activation of NF-xB is triggered by
phosphorylation and subsequent degradation of inhibitor of xB (1xB). This process
subsequently leads o translocation of the free NFaB 1o the nucleus where it promotes the
expression of proinflammaotory genes such as the proinflammatory cylokines (TINFa, [i.-6,
IL-10, elc.), cyclooxygenase-2 (COX-2), and inducible nisic oxide synthase (iNOS),
Mitogen-activated protein kinases (MAPK) ore critical regulators of pro-inflammotory
cywokines (TNFa, 1L-6 and 1L-18) during inflarnmation (Soliman ef al., 2012). Of the
MAPKs, the p38 has been central to anti-inflammatory drug discovery for years due 1o its
importance in the production of the proinflommotory cytokines and other medialors
(Schlapbach and Huppertz, 2009). p38 produces iaflammation by acting on MAPK-activated
protein kinase2 (MAPKAPK2 or MK2). MAPKAPK2 is stimulated in o wide range of
inflammatosy conditions and is a polentio} target for anti-inflammatoly drig development
(Duraisamy et al., 2008). MK2 activation and expiession have been shown to be increased in
microgliacells stimulated with LPS and gamma interferon (Culbert ez al, 2006).
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2.6 Neurodegeneration and Inflammation

Tic adult bsain contains 10''-10" neurons supported by ot least twice as many ncuroglial
cells (Emerit er @f, 2004). There are ditferent types of glial cells: oligodendrocytes,
mictoglial, and astrocytes. Thiese cells, especinlly microglin, arc the cquivalent
monocyles/mactophages of the ccneral nervous system (CNS). Recent studies have
demoastralcd a strong link between chronic inflammation ond ncutodcgencration.
Alzheimer's disease (AD) is characlerized by the death of cells in the hippocampus and the
frontal costex secondary to chronic inflammation. In Patkinson's discase (PD), chronic
inflammation lcads to loss of dopamincrgic receptors in the substantia nigre. Amyotrophie
lateral sclerosis (ALS) is another inflommatory condition in which motor neurons are
ultimately destroyed. Multiple sclerosis (MS) is on autoimmune disorder in which
inflammatory cells attack the myclin sheath. Although activation of an aculc inllammatory
cvent is a nceessasy sclf-de ense mechanism of the CNS against foreign antigens, prolonged
activation of the jallammalory response can lead to chronic inllammation and cell death
(Campbell, 2004). The CNS has vety limited, if any, regenerative capacity; therelore, it is
vety important 1o limit cell death in that region (Rossi and Cattanco, 2002). Neural cell death
occurs by cither nectosis or apoplosis (Kanduc er al, 2002). In necrosis, there is oftcn o
definitive lemporal cause of the death of the cell. In apoptosis, the stimulus for dcath initiates
a cascade of cvents that ultimatcly leads 10 cell destruction. Necrosis in the CNS gencrally
foliows an acute ischcmic or traumatic injury 1o the brain (Emety ¢f ai, 1998). Abrupt
biochemical collapse in an area of the CNS leads to the generation of reactive oxygen species
(ROS) and excitotoxins such as glutamate, calcium, and cytokines. The hallmark histologic
{eatuces of necrotic ccll death are mitochondrial and nuclear swelling, and chromatin
dissolution, This ultimatcly leads to nuctear and cytoplasmic membrane degencration (Kers et
al, 1972). Apoptosis is also known as progismmed cell death and oflcn dcmionstmilcs
histologic features of acute and chronic ncurologic diseases (Yuan and Yanker, 2000). Aficr
an acute insult in the CNS, apoptosis often occurs in arcas that are not as sevcrely: affccted by
the acule injuty. Apoptosis is the secondaiy cause of the neuronal cell death aficr an acute
CNS injury, such os ischemia (MacManus ¢; al, 1993). In contrast, in chronic
ncurodegenerative diseases; apoptosis is the predominant form of cell death (Smale et i,
1995). 1n an apoptotic event, a cascade of biockemical reaclions occurs, aclivaling proteases
thot destroy molecules necessary for cell survival. listologically. the cytoplasm condcnses,
mitochondria and ribosomes aggregotc, the nucleus condenses, and chromatin aggregates.

Within the apoptotic process, intracellulor acidification occurs and ROS are generated. The
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major executioners in apoplosis are pioteases known as caspases (Alncmri er @, 1996).
Upsticam caspases are activated by cell-death signals (cg. tumor necrosis factor). The
upstream caspases activate downsiream caspases that directly lcad to the desth of the cell
(Shi, 2002). In the cascade of apoptosis, cytochrome T (from the mitochondrial electron
transport chain) is released. Members of a group of proteins, known as the BCL-2 family. are
either apoptotic or antiapopiotic. The balance of these proteins is crucial in stimulating or
blocking the release of cytochrome T and initiating or blocking the apoptosis cycle (Gross ¢
al., 1999). In chronic neurodcpcneralive diseases, caspase-mcdiated apoptotic pathwnys have

the dominant role in causing cell dysfunction and cell death (Fricdlander, 1997)

2.7  Rodent Models of Ncuroinflammalioo

[n conventional transgenic animal models of AD, ncuroinflammation is mainly known as a
secondary responsc 10 sustaincd amyloid-B (AB) overproduction and deposition. It includes
microglia aclivation and variable involvement of the complement system and production of
cytokines (\Vyss-Coray, 2006; Schwab er al., 2010; Krslic and Knuescl, 2013). Altogether. in
these models, the inflammatory response is incomplete and less severe compared to AD in
humans (Wyss-Coray, 2006). Janclsins and colleapues detected carly activation of
inflmnmatoly processes in the entothinal cortex (but not hippocampus) of the tiple
transgenic model (3xTg) of AD at 3 months of ape (Janclsins ¢t af.. 2005). Interestingly, the
ncuroinflammation process was concument wilh the production and accumulation of
intracellular AP but occurred prior 10 any significant cxtracellular AR plaque deposition,
which manifests at about 12 months of age in the 3IxTp mice (Janelsins ¢t al., 2005). Of note,
this ncuroinfiammatory process was characterized by n selective trend of increasing
expression of TNF-a and monocyte chcmoatiractant protein-1 (MCP-1), which was not
detected for 21 other cylokines tested (Janclsins es o, 2005). Moreover., a substantial
microgliosis was detectable at 6 months of apc. Although, this study provided valuable
cvidence for a contribulory role of inflammatoty factors like TNF-x and MCP-1 in AD
pathology, the model sysiem replicates the [amilial but not sporadic type of AD (Yanclsins e
ai., 200S).

An ideal disease model should recapitulate causes, lesions, and sympioms in a chronological
order similar to the aclual disease (Duyckaerts ¢t al, 2008). A (aithful model to the
infllammation hypothesis of AD should be an aged animal that recapitulates early chronic
neuroinflammation prior to hyperphosphorylation of tau and Ap plaque deposition. 1n rats, o

neurcinflammatory process lasting moie than 7 days is considered chionic
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neuroinflammation (Mooie ¢t al,, 2009); and rodents older than 22 months are considcred
senescent (Burion and Johason. 2012). The following 1able presents potential rodent models

of AD that present carly neurcinflammation in the discase piocess and are no1 genetically
manipulated by mutations 1elated to Af or tau production.
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newoinflammation (Moore er al. 2009); and rodents older than 22 momhs are considered
senescent (Burton and Johnson, 2012). The following fable presents potential todent models

of AD that present early neuroinflammation in the disease process and arc not genctically
manipulaicd by mutations rebaied to A or tau production.
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Nlodels Predisposing factois/causcs Time of appearance of lesions Sm
hp-Tau AP
LPS Peripheral immune challenge, ? ? FFear mcmory (?) -
chronic Spatial memory (?)
ncuroinflainmation
Polyl:C Peiipheral immune challenge. 3m 12m Spatial memory (20 m)
chronic (PHF, but not NFTs) (APP depositions)
ncuroinflammation
ICV.STZ Diseuptcd insulin signaling. 6-7w 12w Spatial memory
chronic Visual recognition mcinoty (3w)
ncuroinflammation
ICV-OKA Inhibition of serin¢/threoninc 2w bw Spa[ial mcmory (7)
phosphalascs 1 and 2A (PHF, but not NFI's)  (Non-fibrillar A deposits)
ICV- Inhibition of tubulin formation/ ?(Tau 7 (Amyloid plaque) Spatial memosy (14d 10 21d)
colchicine microtubule breakdown dephosphorylation)
p25 Tg Upregulation of cPLA2, 4w 8w Contcxtugl fear mcniory (6w)
ncuroin(lammation
IL-1p Tg Cliroaic ncuroinflammation ? ? (Increased clcarance of Contextual fear memory (12w)
amyloid plaques)
A{)ﬁ-NGF Blockade of NGF signaling ? (Neurolibrillary ? (Amyloid plagues) Visual recognition memoty (4 m);
antibodyTg pathway pathology)

Spatial memory (9 m)

This table suwynan z¢s the suggested models of latc-onsct AD (LOAD) displaying ncuroinflammation as onc of thc promincnal pathological tvents—
(Abbreviations: ? unavailable data; LPS: lipopolysaccharidc; Polyl:C: polyriboinosinic-polyribocytidilic acid; p25 Tg :p25 transgenic model;
NGF:acrve growih factor; 1L-18 Tg: interlcukin- 1 vansgenic model; ICV: intraccrcbroventricular; STZ: streptozotocin: OKA: okadaic acid; lip-

Fau: hypeiphosphoryfaticd 1au; AB: amyloid-f; PHF:paited helical filaments; NFT:ncurofibrillary tangles; cPLA2: cytosolic phospholipase 2; w:
acck; m:month). (Nazcm ¢f al, 2015).
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Nodels

Predisposing factors/causcs

Time of appearance of lesions

LPS

Polyl:C

ICV-STZ

ICV.OKA
ICV-
colchicine
p25 Tg

IL-IB Tg

Anu-NGF
antibody Tg

Peripheral immune challenge,

chronic
ncuroinflammation

Peripheral immunc challenge,
chronic
ncuroinflammation
Disrupted insulin signaling,
chronic
ncuroinflammation

Inhibition of serinc/thrconine
phosphalascs 1 and 2A

Inhibition of wbulin formation/
microtubule breakdown

Uprcgulation of cPLA2,
neurvinflammation

Chronic neuroinflammation

Blockade of NGF signaling
pathway

hp-Teu AB
? ?
3m 12m
(PHF, but not NFTs) (APP depositions)
6-7w 12w
2w 6w

(PHF, but not NFTs)

7 (Tau
dcpbosphosylation)

4w

? (Ncurolibrillary
pathology)

(Non-fibrillar AP dcposits)

? (Amyloid plaquc)
Sw
? (Increased clcasance of

amyloid plaques)

? (Amyloid plaques)

FFear memory (?)
Spatial mcmory (?)

Spatial memory (20 m)

Spatial memory
Visual recognition memory (3w)

Spatial memory (?)

Spatial memoty (14d 10 21d)

Contextual fear mcmory (6w)

Contcxtual fear memory (12w)

Visual trecognition memory (4 m);
Spatial memoty (9 m)

This table summanizes the suggested models of late-onsct AD (LOAD) displaying ncuroinflammat ion as onc of the prominent pathotogicalevents—
{Abbieviations: ? uasvailable daia; LPS: lipopolysacchatide; Polyl:C: polyriboinosinic-polyribocytidilic acid; p25 Tg :p25S transgenic model;
NGF:ncrve growth factor; [L- [f Tg: interleukin-I B transgenic modcl; ICV: intracercbrovcntricular; STZ: streptozotocin, OKA: okadaic acid; hp-
Tau: hypeiphosphorylated tau; Af: amyloid-B: PHF:paired helical filamcnis; NFT:ncurofibrillary tangles; cPLA2: cytosolic phospholipase 2: w:

week: m:month). (Nazem ¢/ al.. 2015).
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2.7.1 LPS INDUCED NEURODEGENERATION

Toll like 1cceptors (TLRS) recognize invariant microbial molecules, including components of
the bacterial cell wall such as lipopolyssccharide (LPS) and miciobial nuclei¢ acids (Fakedn
et al, 2003). The proinflammatory cytokine, TNF-a kills neurons and is clevated in the brains
of patients with ncuroinflammatory diseases. LPS is a potent inducer of TNF-a and its
administration results in significant microglia activation and sustained elevation of TNF-a in
both the substantia nigra and the corpus striotum, even several weeks aficr the soic initial
exposure. {Ling e af.,, 2004). Microglia, the sentincl cell of the brain 1esponds 10 pathogens,
proinflammatory cytokines, ncuronal dysfinction, and cellular debris after injury or necrosis.
These cells are a1 the forefront of the defense mechanisms that could set the conditions for
repair or contribute to ncuronal darnage. Such equilibrium might depend on the expression
and fitnction of specific TLRs and how they are activated by endogenous and exogenous
ligands and signals. Recognition of such signals lcads to transciiptional activation of innate
immune genes. Bacterial endotoxin LPS is a TLR4 potent stimulator of macrophages,
monocytes, microgfio, and astiocytes causing release of various immunoregulatory and
proinflammatosy cytokincs and free radicals. Neurons do not express functional TLR4. Thus,
LPS docs not appear to have a direct effect on neurons, making i1 an ideal activator to study
indirect neuronal injury medioted by microplia activation (Dutta er af., 2008). LPS binds to
its intenmediate receptor CO14 and in concert with TLR4 and accessory adaptor protcin MD2
causing a tripgers the activation of Kinases of various intraccllular signaling pathways. The
MyD88-dependcnt cascade initiates NFxB activation through the IKKs andfor the MAPK
pathway, leading to the uprepulaicd expression of proinfinmmatosy cytokines (¥NFa, IL-1P)
and increased production of other inflammatory mcdiators (NO and PGE=, synthesized by
INOS and COX-2, respectively.). These soluble mediators collectively damage neuron.

MMP-Jand aSYN released by stressed neurons aggravate microglial activation.

The inflommatoiy process in the brain, accompanied by changes in the levels of
prointiammatory cytokines and ncurotrophins, along with the presence ol activated microglia,
has gained much attention in the area of ncurdegencrative discases. Activated microglia
produce cither ncuropiotective or necurotoxic foctors. Unlike the direct death of ncurons
caused by ncurotoxins, endotoxin mediated ncurodegencration seems 1o result from indircct
ncuronal death due (o inflommatory reactions. Bacterial endotoxin LPS is capable of
activating glial cells, predominantly microglia, to release a wide varicty of proinflammator),

and neurotoxic lactors that include reactive oxygen and nitrogen species, pioinflammatory
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cytokines, and lipid mediators (Long-Smith ¢f a/., 2009), Cell culture studies have a number
of mechanisms by which inflammatory-activated microglia and astrocytes kill neurons
(Brown and Neher, 2010). Studies employing enzyme inhibitors. neutralizing antibodies,
specific inhibitors of inflammatory signaling pathways, and knockout animals have identifted
the soluble factors and signaling molecules involved in microglia activation as major
contributors 1o the endotoxin mediated neuiodegeneration (Dutta ¢f al.. 2008). The 1ol
encading ge ne was first identified in Drosophila emb)yos. where it has o role in dorsoventral
axis dctcrmination (Anderson ¢ al, 1985; Hashimoto ct al,, 1988). Many organisms have
multiple homologues of the Drosophila toll gene, which is highly conserved among species
(Medzhitov er al. 1997). [n vertcbmtes, TLR (Toll-like teceptors) secognize paihogen
associated molecular patterms of bacteria. fungi, and viruses and play roles in host defense
mechanism. TLR4 1akes part in recognition of stiongly conserved pattems of gramn-negalive
cell wall components, LPS and discriminates indigenous from foreign molecules (Ganglo e!
al., 2003). In TLR4 signaling, TLRA must fiest associate with its extiacellulor binding
partner, myeloid diffctentiotion factor 2 (MD-2), before ligands can bind 1o the TLR4-MD-2
complex (Shimazu et af, 1999; Naga: er al,, 2002). The TLR4-MD-2-Ligond complex forms
a hctcrodimer with anothcr TLR4-MD-2 ligand complcx and thc signal is transicrred to the
TLR4’s Toll/interleukin-1 receptor (TIR) domain. The signal is then further imnsduccd via an
unknown mechanism (Ganglo er af, 2003; Kobayashi & al. 2006). The signal is then
transmiticd 1o hwo separate pathways; My[D88 path activating NF-xB aad 1FN-B (TRIF) path
induced by adaptor for Toll/ll.-1 receptor. In the MyD88 paih, MyD88 adaptor-like protein
(Mal or TIRAP) mediates the TIR-TIR association between TLR4 and MyD88 (Homg, ¢t af.,
2002), This 1esults in on inteiaction between IL-1 recepior-associated kinase (JRAK) and
MyD88 cousing activation of the cascade that leads to the phosphorylation of NF-kB
transcription |actors (RelA and p50 heterodimers) and Activator Protein-1 (AP-1) which
regulates cxpression of proinflammatory cytokines (Akira et al, 2006. Kawai and Akia.
2007). in the other pathway, TRIF and TLR4 require on adaptor molecule called TRAM
(1RAT3- or TRAT6) for ttansduction of its signal {cndocytosis of the TLR4 receptor
complex) (Rowe er al, 2006; Tanimures et af.. 2008). Aficr incorporation of TRAF3- or
TRAF6, TRIF forwards the signal 1o the TRAM adaptor molecules (TRIF-binding kinase-
(TBK-) IKK or RIP) (Hacker er al. 2006). TBK-IKK terminates interferon regulatory factor-
3 (IRF-3) dimerization and tianstocation into nucleus 1o induce [FNf} synthesis: in this woy,

TBK-IKK tegulates ceilular response 1o inflammation (Poikoncn ¢! al., 2009). On the other
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hand, RIP which interacts witb TRAF6 activates NF-xB thcough TAK [, which operates the
same as in the MyD88 pathway, causing late phase NF-xB activation (Hacker ¢/ al.. 2006).

211 Nitric Oxide

Nitric oxide (NO) is an important messenger molecule involved in many normal
physiological functions such vasodilation of blood vessels and medialing communication
between cells of the nervous system. [l is o gas produced from L-arginine by different
isofoims of nitric oxide synthase (NOS) involved in variety of physiological systems. In
addition to its physiological actions, free radical activity of NO can cause cetluiar damage
through a phenomenon known as nitrosative stress (Knott and Bossy-\Yetzel, 2009). Therc
are several evidence from studies supporling the notion that excessive produciion and
accumulation of NO in the LPS-induced ncuroinflasimation leads to neurodegenerstion
(Dutta er af.. 2008). Thus, increased NO ovailobility subsequent %o iNOS induction seems 10
play an important role in the initin} phasc of neurodegeneration. Hunter e/ @l (2009) have
suggested that permunent expression of the iNOS plays a rofe in the progressive loss of
neurons but not the initial loss induced by LPS. Although the mechanism of NO medioted
ncurodegenerstion still remains unceriain, it hos been suggested 1hat NO eontribulcs to LPS-
induced ncurodegeneration through several meehanisms. NO has been shown to modify

piotein fiinction by nitrosylation and nitiotyrosination, coniribute 1o glutamate excitatoxicity,

inhibit mitochondrial respiratory complexes, puticipate in organelle [r@ncntotion, and

mobilize zinc fiom intermal stores (Knott and Bossy-\WVcizel, 2009; Tsong and Chung, 2009),

NO can ceact with supcroxide radicaols to form peroxynitritc radicals that are shon-lived

oxidants and highly domaging 1o neurons (Szab'o e¢f al. 2007: Dults er al., 2008),

Mitochondrial injury is prevenicd by treatment with L-N(6)-(liminoethyl) lysine, an iNOS

inhibitor, suggesting that iNOS-derived NO is also associated with the mitochondrial

impairment (Choi er al., 2009), NO inhibits cytochrome oxidasc in competition with oxygen,

resulting in glutarnate release and excitotoxicity (Broswn and Neher, 2010). The main cellular

source of NO in the CNS is microglio whercas astcoglio constitute the main defense sysiem

ogainst oxidative stress. However, under patbological or chsonic infflammatory conditions,

astroglial cetls may also relcase neurotoxic mediators.
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2212 Reactive Oxygen Species

A hige body of evidence supports the involyement of oxidative stress in the pathogenesis of
ncurodcgenerative discases (Tsang and Chung, 2009). Besides NO, ROS generated by
activatcd glia, especially microglia are major mediatois of the ncurodegcneration caused by
inAammation (Dutta er aZ., 2008). ROS can causc lipid peroxidation, protein oxidation. DNA
domage. and mitochondrial dysfunction. LPS-induced ROS production in microglis is
mediated by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. a multisubunit
enzyme (Brown and Neher, 2010). This complex is responsible for the production of both
extracellufar and intisceltular ROS by microglla. Activation of microglia NADPH oxidase
causes neurotoxicity through two mechanisms, Firstly. extracellulor ROS reicased fiom
activated microglia are directly toxic to neurons. Secondly. inuaccliular ROS amplifies the
production of several proinflammatory and neurotoxic cylokines compounds such as TNFa,
prostaglandin E2 (PGE;), COX-2, and IL-1p (Wang e# al, 2003). The activetion of the
phagocyte NADPH oxidase (PHOX) by cytokines, LPS. or arachidonic acid metabelites
causes microglia proliferation and inflammotory activation. PHOX is a key regulator of
inflammation. Pharmacologic inhibition of NADPH oxidase provides protection against LPS-
induccd ncurotoxicity and PHOX knockout mice have been shown to be resistant (o LPS-
induccd loss of neuroas (Qin cf al.. 2004 2005a). Gene expression and relcase of TNFo was
much lower in PHOX-/- mice tian incontrol PIHOX+/+ tnice (Qin ef al.. 2004). By injecting
LPS into 1he striatum of wild type and Nox| knockout mice, it has been shown that Noxl, a
subunit of NADPH oxidase, also eniiances microglia production of cytotoxic nitrite specics
and promotes loss of prcsynaptic proteins in striatal ncurons (Ch'cret er af., 2008). Activation
of PHOX alone causes no cell death, but when combined with expressed iNOS, it results in
extensive neuronal cell death via the production of peroxyitrite (Brown and Neher. 2010).
The relotionship between the signaling pathway downstream of TLR4, aller LPS stimulation,
and the activation of the oxidose remains elusive. Using mice lacking a functional TLR4. it
hos been demonstrated thet TLR4 oand ROS work in concert to mediate microglia activation
(Qin er al. 2005b). Both TLR4(—/—) and TLR4(+/+) microglia display a similar increase in
extracellular superoxide production when exposed 10 LPS. These data indicate that LPS-
induccd superoxide production in microglia is independent of TLR and that ROS derived
from the production of extrsocllular supcroxide in microglia mediates the LPS-induccd TNF-
a response of both the TLR4-dependent and independent pathway (Qin et af., 2005b).

The intcgrin CDLIb/CD18 (MAC!, macrophage antigen complex-1) pattern recognition
receptor mediates LPS induced pioduction of superoxide by microglia (Pei er al. 2007).
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MACI isa TLR4-independent receptor for the endotoxin LPS. MACI is essential for LI'S-
induction of supeioxide in microglia. implicating that MACI acts as a critical trigger in

microglia-dcrived oxidative stiess during inflammation mediated ncurodegencration.

133 Proinflammntory Cytokines

Cytokincs are small, nonstructural proteins with motecular weights ranging fiom 8 to 40,000
d. Originally called lymphokines and monokines 1o indicate their celiufar sources, it became
clear that the term “cytokine™ is the best description, since ncarly all nucleated cells are
capable of synihesizing these proteins and, in tum, of responding to them. There is no amino
acid sequence molif or thiee-dimensional structure that links cytokines. Rather, their
biological activities aflow grouping them into diffcrent classcs. For the most part, cytokines
are piimarily involved in host responses 10 discase or infection, and any involvement with
homeostatic mechanisms has been fess than dramatic. Although cytokines are similar to
hormones, they differ in that they are synihesized by ncarly nii cells accounting for less
amount of the synthetic output. whereas hormones are produced by highly specialized cells
accounting for primasily all the cells synthetic output. Also, hormones are expressed in
responsc to homeostatic control signals, many of which are part of a daily cycle, but in
contrast, most cytokine genes are not cxpressed (al least at the translational level) untess
specifically stimulated by noxious events. 1n foct, it has become clear that the triggering of
cytokine gene expiession is nearly identical to “cell steessors.” IFor cxamplc, ultraviolct light,
heat-shock, hyperosmotarity, or adhereace to a foreign surface activate the mitogen-activated
protein Kinascs (MAPKs), which phosphorylate transcription factors for cytokine gene
cxpression, Of course, infection and inflnmmalory products also use the MAPK pathway for
initioting cytokinc gene expsession. One concludes then that cylokines themselves are
produced in response 10 “stress,” whereas most hormoncs are produced by a daily intrinsic
clock (Janeway e7 al., 2001).

There are presently 18 cytokines with the namce interleukin (IL). Other cytokincs have
retnined their original biological description. such as tsmor necrosis {octor (TNF). Another
way to look at some cytokines is their sole in infection andfor intlammation. Some cytokines
clearly promote inf ammation and arc called proinflammatory cyiokines, whereas other
cytokines suppress the activity of proinflammatory cytokines and are called aati-
inflammatory cytokincs. For cxample, 1L.4, IL-10, ond IL-I3 are polent activators of B

lymphocytes. However, [L-4, IL-10, and IL-13 are also potent anti-inflammatory agents

AFRICAN DIGITQ IiEALTH REPOSITORY PROJECT




MACI is a TLR4-independent receptor for the endotoxin LPS. MACH is essential for LPS-
induction of superoxide in microglia, implicating 1har MAC] acts as a critical trigger in

microglia-derived oxidative stress dwing inflammation medioted neurodegeneration.

LS Proinflammatory Cytokines

Cytokines sre smoll, nonstructural proteins with molecular weights ranging from 8 to 40,000
d. Originolly colled lymphokines and monokines to indicate their cellular sources, it became
clear thet the term “cytokine™ is the best descripiion, since ncarly all nuclcatled cells are
capable of synthesizing these proteins and, in tum, of responding to them. There is no &nino
acid sequence motil or three.dimensional structurc that links cytokines. Rather, their
biological activities allow giouping them into difierent classes. For the most poit, cytokines
are primarily involved in host responses 10 disease or infection. and any involvement with
homeostatic mechanisms has been less thon dramatic. Although cytokines arc similar to
hormones, they diflier in that they arc synthesized by nearly all cells accounting for less
amouni of the synthctic output, whereas hormones are produced by bighly specialized cells
accounting for primarily all the cells synthetic output. Also, hormones are expressed in
response lo homeostatic control signals, many of which are part of a daily eycle, but in
contrast, most cytokine genes are not expresse:l (at least ot the translational level) unless

specifically stimulated by noxious events. In fact, it has become cleor that the triggering of
cylokine gene expitession is nearly identical to “cell stressors.” For cxample. ultraviolet light,

heat-shock, hyperosmolarity. or adhereace 1o a foreign surface activate the mitogen-activated

proicin Kinases (MAPKs), which phosphoiylate transcription factors for cytokine gene

expeession, Of course. infection and inflammatory products also use the MAPK pathway for

initioting cytokinc gene cxpression. One coneludes then that cytokines themselves are

produced in response to “steess,” whereas most hormones are ptoduced by a daily intrinsic

clock (Jancway et al.. 2001}

Thiere arc presently 18 cytokines with the nome interleukin (TL). Other cytokincs have

retained their original biological description. such as tumor necrosis factor (TNF). Another

way to look ot some cytokines is their role in infection and/or inflammation. Some cytokines

clearly promote inflammation and arc colled proinflammotory cytokincs, whereas other

cytokines suppress the activity of proinfllammatory cytokines and are called anti-

inflammatory cytokines. For exomple, IL-4, IL-10, and iL-13 mre potent activatoss of B

lymphocytes. However, IL-4, [L-10, ond IL-13 are also potent snii-infloammatory. agents.
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They arc anti-inflammulory eytokines by virtue of their ability o suppress genes for
proinflammaltory cytokines such as IL-1, TNF, and the chemokincs (Owen er af., 2013).

Interferon (LEN)-y is another example of the pleiotropic nature of cytokines. Like IFN-a and
IFN-§. LIFN-y possesses antiviral activity, | F Ny is also an activator of the pathway thot leads
to cytotoxic T cells. IHowever, IFN-y is considered o proinflammaiory cytokinc because il
augments TNF aclivily and induces nitric oxide (NO). Therefore, listing cytokines in various
cotcgorics should be done with an open mind, in that, depending on the biological piocess,

any cytokine may function differentiolly (Janeway et af., 2001).

The concept that some cytokincs function primarily 1o induce inflammation while others
suppresses inflammation is fundamental 10 cytokine biology and nlso to clinical medicine.
The concept is based on the genes coding for the synthesis of small mediator molecules that
are up-regulated during inflammation. For example, genes that are proinflammaloty arc lype
Il phospholipase (PL) A2, cyclooxygcnase (COX)-2, and inducitle NO synthase, Thesc
genes code for enzymes that incrcase the synthesis of platelet-activating (actor ond
Icukotriencs, prostonoids. and NO. Another class of genes that are proinflammalory arc
chemokines, which are amall peptides (8,000 d) that facilitalc the passage of leukocytes from
the circulation into the tissues. The prototypical chemokinc is the ncutrophil chemoattractant
IL-8. IL-8 also activates neutrophils to dcgranulate and causc lissue damage. lE-1 and TNF
ore inducers of endothelial adhesion molecules, which orc essential for the adhesion of
leukocytes 10 the endothelial surface prior 1o cmigeoation into the lissues. Taken together,
proinflammatory cytokinc-mcdtalcd inflammation is o cascade of gene products usually not
produced in hcalthy peisons. \Whaot triggers the expression of these genes? Although
inflammatory producls such as cndotoxins Irigger it, the cytokines IL-l and TNF are
particularly cffcctivc in stimulating the cxpression of these genes. Morcover. IL-1 and TNF
act syncrgistically in this process. Whethcr induced by an inlection, trauma, ischcmia,
immunc-activated T cells, or toxins, IL-1 ond TNF initiote the cascadc of inflammatory
medintors by targcting the endothelium (Owen ¢¢ af., 2013).

Anti-inflammaloty cytokincs block this process or al least suppress the intensily of the
cascode. Cytokines such as fL<d. IL-10, IL-13, and transfoiming growth factor (TGF)-p
suppress the production of IL-1, TNF, chemokines such as IL-8, and vascular adhesion
motecules. Therefore, a “balance™ between the elfects of proinflanmaolory and anti-
inflammatory cylokincs is thaught to determine the outcome of diseasc, whether in the short

term or long tcm. In facl, some studies havc suggest that susceplibility lo discase is
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genetically determined by the balance or expression of either proinflammatory or anti-
inflammatory cytokines. However, gene linkage studies arc ofien difficult to interpret.
Nevertheless, the deletion of the 1L-10 gene in mice results in the spontaneous development
of & fatal inflammototy bowe! disease. Deletion of the TGF-Bl gene nlso results in a
spontaiteous inflammatory disease. In mice deficient in IL-1 receptor antagonist (IL.-Ra),
spontaneous disease that is nearly identical to sheumatoid arthritis is observed (Owen ¢7 af,
2013).

The synergism of IL-1 and TNF is a commonly reported phenomenon. Clearly, both
cytokines are being produced at sites of local inflammation, ond, hence, the net effect should
be considesed when making correlations between cytokine levels and severity of discase.
There is niso syncrgism between IL-1 and bradykinin as well as between IL-l or TNF and
mesenchymal growth factors. Most relevasit to pain is the increase in prostaglandin (PG)-E;

stimulated by IL-1 or the combination of .-} and TNF. IL-1 also lowess the threshold of
pain primarily by increasing PGE2 synthesis (Schweizer et al.. 1988}

Humans injected with JL-]1 experience fever, headache, myalgios, and arthralgias, each of
which i s reduced by the coadministration of COX inhibitors (Smith ef af. 1991). One of the

more universal activities of IL-} is the induction of genc expression for type |l PLA> and

COX-2. ll.-1 induces the transcription of COX-2 and seems to have little effect on the

increased production of COX-1. Moreovcr. once triggered, COX-2 production is elevated for

several hows and large amounts of PGE2 aic produced in cells stimulated with fL-1.

Therefore, it comes as no suiprisc thot many biological activities of IL-1 are actually due to

increased PGE; production. There appears 1o be selectivity in COX inhibitors, in that some

nonsteroidal anti-inflammntory agents are better inhibitors of COX2 than of COX-). Similar

to COX-2 induction, IL-1 preferentially stimulates new transcripts for the inducible type I}

form of PLA2. which cleaves the [atty acid in the number 2 position of cell membrane

phospholipids. In most cases, this is erachidonic acid. The release of arachidonic acid is the

tate-limiting step in the synthesis of PGs and Icukotricnes. IL.l also stimulates increased

leukotricne synthesis in many cells.

¥ A Cyclo-Oxygcnase-2 nod Prostaglandin E;

Prostaglandins are potent autocrine and paracrine oxygcenated lipid molecules that contribute
appreciably to physiologic and pathophysiologic respanses in brdin and other orgens
(Climino er al. 2008). Emerging data indicate that PGE; plays a central role in

neurodegeneintive diseases. PGE; signaling is mediated by intcractions with four distinct G
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protein-coupled receptors, EPI -4, which are dilTerentially’ cxpressed on neutonal and glial
cells thitoughout the CNS (Climino er al.. 2008). EP2 activation hos been shown to mediate
microglin-induced paractine ncurotoxicity as well as to suppress the intcenalization of
aggregated ncutotoxic peptides in microglia (Jin er af.. 2007). PGE; is produced at high
levels in the injured CNS, shere it is gencrally considered a cytotoxic mecdiator of
inflammation. LPS upregulates 1he expression of COX-2 and increase the release of PGE; in
cultured microglia (Dutta ef of, 2008). Double labeling using immunohistochemisuy
identified that activated micioglia ruthcr thon inlact testing microglia are the main
intracel lular locations of COX-2 expression (Dutta er al, 2008; Sui es af., 2009). ln vivo
pharmacological inhibition of COX-2 activity protects nigral dopaminergic neuronal loss and

decreases microglial activation induced by inteacerebral LPS injection, supporting the role of
COX-2 in the pathogenesis of ncuroinflammation-mcdiated neurodcgeneration (Hunter ¢f af,

2007; Lies al, 2008; Sui eral., 2009). Furthcrmore, there is in-vitro and in-vive evidence that

microsomal ptostaglandin E synthase (mPGES-1) ond COX-2 through concerted dc-novo

synthesis nccessitate PGE; production in activated microglia. Activation of cultured spinal

microglia via TLRY produces PGE ; and causes NO rclease from these ceils, showing that

COX-PGE; pathway is regulated by p38 and iNOS (Moisui e al. 2010). These findings

emphasize that p38 in spinal microglia is a key player among inflammatory mediators, such

as PGE; and NO.

2.8 Microgllal Cells

The adult human bsin contains scvceal illions of neurons supported by at least twice as
much ncuroglial cell. There are a least three diflerent types of glial or suppoiting cells:
oligodcndrocytcs, microgliaol and astrocytes. The micioglia cells ore the equivalent of
monocycs/macrophages in the cential nervous systcm. Microglia cells represent 10% of the
cells in the adult central nervous system (CNS) and are motphologically charactcrized by
small somas and ramified processes. Following activation in response to infection, or during
inflammation that occursns part of the pathogenesis of diseases such as multipte sclerosis or
as o result of CNS injury, local microglin cells undergo motphological changes thot include
shortening of ce llular processes and enlargement of their somas. Microglia cells also respond
to *foreign* materinl such as ageregated amyloid-f (El Khoury et 6. 1996: Akiyara es al,
2000; McGeer and McGecr. 2001). Parenchymol mictoglia cells are mycloid progenitor cells
that can di'Ycrentiate into macrophage-likc or dendritic-likc cells when stimulated with

macrophage colony-stimulating fector (M-CSF) and thercfore scquire antigcn-presenting
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pioperties (Minghetti, 2005). Activated microglia cells up-regulate the expression of cell-
siuface proteins (MHC class 1l molecules, CD1Ib and scavenger seceptors) and produce
cytokines (tumor-necrosis factor (I'NF), interlcukin:6 ([1.-6) and IL-1) ond chemokines
(CXC-chemokine ligand 8 (CXCL8) and CC-chemokinc ligand 3 (CCL3). In response to
omyloid-p deposition in Alzheimer's disease, microglia cells express different cell-surfoce
receptors and can differcntiate into cells with varying propetties. For example, they can gain
phagocytic properties by expressing cell-surface scavenger receptor molecules or neurotoxic
properties by increasing the production of reactive oxygen species (ROS), /n-vitro, librillar
amyloid-f, alone or with other activatots, can stimulate the production of neurotoxic ROS by
inducing the expression of NADPH oxidase and inducible nitric-oxide synthase (iNOS) by
microglia cells and macrophages (Van Muiswinkel es al., 1999; [shii, et al. 2000). Amyloid-
B can also indircctly stimulatc iINOS exprcssion by neuronal cells and subsequent nitric oxide
(NO)-mediatcd neuronal<ce!l apoptosis in response to microglial-ccll-sccretcd TNF-a

(Hcnecka et al., 1998. Combs ¢t al.. 2001). Both lipopolysaccharide (LPS) and amyloid-p-

activoted microglia cells cause neuronal-celt death in hippocampal sections. Nevertheless,

therc is no clear evidence for microglia celi neurotoxicity in vivo. [t has been propased that

the clinical symptoms that occur as par: of Alzheimer's disease pathogenesis are due to a

gaduol increase of amyloid-f levels above a threshold that is no longer controlled by

endogenous microglia cell clearance. Elowever, it is possible that dysfunction of microglia

cells could also have a pathological role at early phases of the disease (Streit, 2004). There

are several studies of Alzheimer's disease showing that mictoglia-ccll activation can lead to

smyloid-§ clcarance supporting the concept thot an important immunothernpcutic avenue is

through microglincel! activation in a manner that leads to amyloid-§ removal without

toxicity (Nicoll es al, 2003; Akiyama and McGccer, 2004). During and after phagocytosis of

amyloid-P, microglia cells might express cell-surface MHC class 11 molecules and has been

observed for amyloid-fi-fibril-associated microglin cells from patients with Alzheimer’s

disease (Akiyama e af. 2000; McGecr and McGeer, 2001). Furtheninore, compared with

control brain tissue, microglia cells from post mortem samples token from patients with

Alzheimer's disease have increased expression of the pro-inf'ammatoty cytokines fL-1P. [ L.

6. 1L-8. IL-12 and TNF-a (McGeer and McGeer, 2001),
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properties (Minghetti, 2005). Activated microglia cells up-regulate the expression of cell-
surface proteins (MHC class 11 molecules, CDIIb and scavenger receptors) and produce
cytokines (tumor-necrosis factor (INF), interleukin-6 (IL-6) and IL-1) and chemokines
(CXC-chemokine ligand 8 (CXCK.8) and CC-chemokine ligand 3 (CCL3). In response ©
amyloid-p deposition in Alzheimer's disease, microglio cells express different cell-surface
receplors and con difleientioteinto cells with vaying propertics. For cxarmnple, they coan gain
phagocytic properties by expressing celi-surface scovcnger receptor molecules or neurotoxic
properties by increasing the production of reactive oxygen species (ROS). fn-vitro, fibriltar
amyloid-p, olone or wilh other activatoss, can stimulate the production of neurotoxic ROS by
inducing lhe expression of NADPH oxidasc ond inducible nitric-oxide synthase (iNCS) by

microglia cells ond macrophages (Van Muiswinkel et al.. 1999; Ishii, ¢t al. 2000). Amyloid-
pcan also indirectly stimulate SINOS expression by neuronal cells and subsecquent nitric oxide

(NO)-medinted ncuronal-cetl opoptosis in response o microglial-cell-s¢escted TNFa

(Hencka et al., 1998. Combs ¢t al.. 2001). Both lipopolysaccharide (LPS) and amyloid-p-

activated microglio cells cause neuronal-cell death in hippocampal sections. Ncvcrtheless,

there is no clear evidence for microglia cell ncuiotoxicity in vivo. It has been proposed thot

the clinical symptoms that occur as part of Alziicimer's discasc pathogencsis are due 10 o

graduo} increase of amyloid-p levels above a threshold that is no longer controlied by

endogenous microglio cell clearoncc. lowevcr, it is possible that dysfunction of microglio

cells could also have o pathological role at carly phases of the disease (Streit, 2004). There

ore several studies of Alzheimer's discase showing that microglia-cell activation can lcad to

omyloid-p clesrance supporting the concept thot an importartt immunotherapeutic avenue is

through microglio-ceil activation in a monner that leads 10 amyloid-p removal without

toxicity (Nicoll es af, 2003; Akiyama and McGeer, 2004). During and after phogocytosis of

amyloid-P, microglio cefls might express cell-surfoce MHC class 1T molccules and has been

observed for amyloid-B-fibril-associated microglio cells from patients with Alzheimer’s

discase (Akiyoma et ai, 2000: McGecr and McGeer, 2001). Furthcrmore, compared with

control brain tissue, microglia cells from post mortem samplcs taken from patients with

Alzheimer's disease have increased expression of the pro-inflammatory cytokincs IL- . IL-

6, {L-8, 1L-12 ond TNF-a (McGecr and McGees. 2001).
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29 T Cellsin Neuroinflammation

T cells ase required for an cllective immune response agains! a wide range of pathogens and
for the generation of immunological memoty. T cell activation can be divided into two
phases: an antigen-specific signal delivered theough the T cell antigen receptor, and a
costimulatory signal delivered through accessoiy molcculces on the T cell surfece. Following
activation, T cells differentiate to acquire distinct effcctor fiuictions depending on the
costimulatory signal. cylokine cnvironment, and the pathogen itself. Although CD28 has been
identificd as the dominant costimulatory molecule, seveial other molecules have been
described as having a costimulatory function e.g CD54 or ICAM. Both have been shown to
be readily resident on human naive CD4+ T cells. A controlled study comparing the
participation of both in T cell diffcrentiation, and with no added cytoKines, showed that co-
stimulation thiough cither CD3+CD28 or CD3+ICAM-| induced differentiation 10 T effector
and T memory cells, but costimulation through CD3+ICAM-| also induced differentiation to
Treg cells whereas costimuletion through CD3+4+CD28 did not (Koblmeier and Benedict,
2003).

The response to antigen stimulotion In-vive of nalve T cells is clonal expansion and
diffcrentiotion into various populations of effector T cetls. Eventually, these population of
cffector T cells contract in number lcaving only a small population of long lived memo:y
cells with signif cantly greater frequency of specificity for that particular antigen (Sprent and
Surh, 2002). Memoty T cells are qualitatively superior to naive cells when that paticular
antigen is encountcred again in that they can respond to much lowcr conccntrations of
antigen, ate less dependent on costimulatory signals and display cf¥cctor functions more
ropidly following activotion than do noive T-cells (Veiga-I'cmandes ¢r ai., 2000).
Development of naive T<cells to the various clfcctor states including mentory T—cell states is
dependent upon signals received during activation and dilTerentiation. It is not yet clear how
many sets of signalling conditlions can contribute to the varied diffeientiation outcomes
available to naive T cells. Early activation of naive T cells requites two distinct signals
(Frouwirih and Thompson, 2002). The first is mediated by interaction of the T-ccll receptor
(TCR) with its cognate antigen in the context of major histocompatibility complex. A naive T
cell that receives only signa! one, will enter a state of anergy or undergo apoptosis (Powell. ¢t
al, 1998). The second, or costimulatory, signa! is delivered through acceseo1y molecules on
the T-cell surfoce and is ontigen-indepcndent. The TCR and vatlous costimulatoty signals
differcntially contribute to T-cell proliferation and the acquisition of clTector functions, ond

also cortelotes with the onset of memofyY matker cxpression and increased cell division
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(Grogen ef al., 2001 Bonnevicr and Mueller. 2002). CD28 is the prototypic costimulatory
molecule, ond its ligands, B7.1 (CD80) and B7.2 (CD86), are expressed on professional
antigenpresenting cells (Riley es al, 2002). Costimulation through CD28 synergizes with
signalling through the TCR. driving T-cell ectivation by enhoncing gene expression,
increasing prolifetation and intcrleukin-2 (11.-2) production. providing protection from signal-
1-induced opoptosis, and effectivcly promoting the progression of T cells from noive to
elfector and memory populations of both the Thl and Th2 phenotypes. [n oddition 10 CD28’s
role in antigen-presenting cell adhesion, stimulation thiough leucocyte function-associoted
antigen-l (LFA-1, CDlla, CD18) olso provides o costimulotory signal for T-ccll activation
(Kohlmeier e# al.. 2006). Costimulation of noive human CO4+ T cetls through L.LFA-1 can
provide on initial burstof profiferation ond [[.-2 production but fails to enhance the expansion
of cell numbers or to promote cell viability (Palmer er al. 2001). The inability of
costimulotion through LFA-t to cause humon T cells to function in the same manner as
CD28. mokes LFA-I on exceltent control for studies. The role of resident intercellulor
odhesion molecule-1 (ICAM-1, CD54) in T-ccll octivation is considerably less well
cborcterized. ICAM-1 is expressed ot low levels on sesting and noive T cells, and is up-
regulated following activation or in response to pro-inflammatory mediators {Roebuck ond
Finnegon, 1999).

Infilication of lymphocytes into the CNS during neurodegencrative discases is well
establishcd and the molecular mechanisms underlying their recruitment into the CNS has also
been well documented (Peterson ond Fujinami, 2007: Rezai-Zadeh 2009; Engclhardt, 2010:
Sorescllo, 201 1; Fumagolli, 201 1). However, the controversy of scientific evidence for the
role of lymphocytes during neurodegeneration hss raged unobated for more than a half
century, It is now evident thot ofier infiliration into the CNS and recognition of cognole
ontigen/MHC, peripherally activated lymphocyles can initiate inflommatory response in the
CNS which con be cither ncuroprolcclive or neurotoxic (Engelhardt and Ransohoff, 2005:
Engelhardt, 2010). The pathogenic role of T cells has bcen  demonstrated in
neurodegencrative discoses cousing neuronal death (Fee, 2003; Appel,2009: Brochard, 2009;
Huang, 2009). The cxtent of the CNS injury during ncurodcgeneration has been correloted
with the incrcase in T cells infiltrotion into the CNS suggesting the greater the inftltcation, the
greoter the ncuronol injury (Popovich ¢ af., 1997). 11 has been suggested that these
infillating T cells cnn also mediate cell death and demyelinotion in neurodegencralive
discases, offecting other cl¥ector cells including microglia and/or inactophoges (Popovich es

of, 1996). The adoptive transfer of T eells from spinal cord injury’ model mice ond EAE-
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induced mice to healthy recipients 1esult in develgpment of Paralytic discasc which futher
supponts the pathogenic role of T cells (Popovich ez al.. 1996). It has been shown that during
neuiodegencration and brain injuty, both T cells and B cells are activated which is icferved to
as auto-reactive T cells or B cells (Wang, 1992; Olsson, 1993). The number o[ auto-1cactive
T cells is increased in ncurodegeneiation and CNS trauma and they predominantly relcase
IFN-Y and TNF-a {(Wang. 1992: Popovich ef al.. 1996; Kil, 1999). Morcover. these cytokines
releascd by these auto-reactivc cells can exacerbate ischaemia and excitotoxicity in the brain
during ncurodegeneration (Viviani. 2004). Studies have also demonstrated that TNF-a
induces cell death via apoptotic pathways and its concentration was also found to be elevated
during neurodegenerative discases (Mogi, 2000). in addition, activated CD4+ T cells express
Fos-ligand (FasL), which has been reporied to induce cell death via apoptosis in
neurodegcnentive  diseases (Dittel, 2000). These Fas ond FasL are type 1 and TI
tronsmembranc receptors belonging to TNF/nerve growth factor ond TNF families’ piotein
respectively (Nagata. 1993). The up-regulotion of Fas and their ligands have been
demonstioted in the CNS during ncurodegencrative discasc resulting in apoptotic cell death
(Sabciko-Downes, 1999). In addition, CD8+ T cells or c¥1otoxie T lymphoeytes (CTL) are
proposed lo be involved in dircet killing of neurons in a MHC-1 dependent manncr (Mcdana,
2001). The induction of MHC-I expression in neurons via IFN-Y has been documented nnd it
has also been reporied that the cytotoxicity of CT1. in these ncurons is mediated via either
FasL-mediated ncuronal apoptosis of perforin-dependent 1ysis of neurons (Ncumann, 1995;
Rensing-Ehl, 1996; Mcdona, 2000). Moreover. both CD4+ T cells ond CD8+ T cells have
been repoited to be equally ncurotoxic and mediated via direct ccll contact mechanism
involving FasL. LFA-{ and CD40 (Giullani. 2003).

Despite the proposed role of T cells in neurodegencration, theie is growing cvidence fora
benelicial or ncuroprotective role of lymphocytes in neuiodegencrative discases (Moalem,
2000: Beer, 2008). Adoptive transfer of auto-reactive T cells from EAE induced mice to
healthy recipient induces pathology (Popovich, 1996). However, when these cells are
ransferred 10 the Inice with panial optic nerve crush, a2 model for secondary

neurodegencration, they were found to be beneficial (Moalem, 1999).

2.10 Components of the Neuroinflammntory Cosende
Nitric oxidc and iNOS pleysa centrol role in microglia celi modulation of ncutodcgeneration.
Microglio cclls being primary immunc cells in the CNS have similor actlons 10 that of

peripheral macrophages (Krcutzberg, 1996). Sustained nnd unconuolled activation of
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microglia can lead to an excess production of various faclors that contribule to neuronal
injury, most notably, nitric oxide, pro-iaflammatory cytokines (IL-1B, TNF-a) (Gibbons and
Dragunow, 2006), reactive oxygen species (ROS) (Wang er af, 2006) and glutamate
(Takeuchi es al., 2006). On activation. microglia may produce excessive levels of nitric oxide
via the increased expression of inducible nitric oxide synthase (iNOS) (Biown, 2007) and
these events can lead 10 a disruption of neuronal mitochondrial electron transport chain
function (Stewait and Heales, 2003). In pasticular, nitric oxide selectively inhibits
mitochondrial respiration at cytochrome C oxidase (complex V), resulting in a disruption of
neuronal ATP synthesis and an increased generation of ROS (Moncada and Bolanos. 2006).
Furthermore. excessive NO production may also be detrimenial as it is capable of inducing
piotein modifications, in posticular S-nitrosylation and nitration (Zhong ef af, 2006).
Therefore, an uncontrolled activation of iINOS in glial cells constitules a critical event in
inflammatory-mediated neurodegencration. In addition to iNOS, the activation of NADPH
oxidasc (Mandcr and Brown, 2005), mediates production of superoxide anion radical, which
reacts with NO leading to the geneiation of neurotoxic peroxynitrite (ONOQO") (Bal- Price ef
al.. 2002), o highly reactive inteimediate that has been observed to inhibit nitochondrial
respiration, induce caspasc dependent neuronal apopiosis, and also induce giutamale rclcase
resulting in excitotoxicily and neuronal death (Bal-Price er af, 2002; Brown and Bal-Price,
2003). Tn addition to these short lived ceactive intermediales, activated microglia also produce
tonger lived cytokines which act to enhance the expression of iINOS and increcase nitric oxide
production, as well as to stimulate the relcase of additional cytokines that activate neuronal
death signaling cascades. Microglia cytokines have been reported 10 induce the expression of
low af¥inity receptor CD23 in glial cells, a protein known to mediate iNOS induction in
macrophages (Dugas ¢/ ai. 1998), resulting in iNOS induction and subsequent increase in
nitric oxide production (Hunot ¢/ al.. 1999). Additionally, microglia ¢ytokine production may
play a deleterious role via their binding to specific cell surface receptors expressed in neurons
that activate pro-apoptotic pathways. TNF-a has been shown to bind to the lumor ncefosis
factor receplor-t (TNFR1), triggering caspase-§ activation via ['as-associated protein with a
dcath domain (FADD). This leads to subscquent cleavage of caspase-3 which resulis in
neuronal apoptosis (MacEwan, 2002; Taylor ¢r af, 2003).

AFRICAN DIGITA??EALTH REPOSITORY PROJECT




2.11 [ntracellular Signaling and Regulation of Neuroinflammation

The rtegulation of inflammatory cytokine production and iNOS expression in activated
microglia is under the eontrol of intra-mictoglia mitogen activated protein kinase (MAPK)
signaling pathwoy ond thc NF-xB signaling cascode, MAP Kinases, which include
extracellular signal-repulated kinase (ERK 172), c-fun N-terminal kinase (JNK1/2/3), and p38
kinase (p38afyS5), are important in the trattsduction of cxtracellufar signals into cellulor
responses. When activated these kinases phosphoiylate both cylosolic and nuclear target
proteins resulting in the activation of transcription factors (i.e. STAT-1/2/3, NF-xB. CREB,
c-jun) that ultimatcly regulate gene expression (Chang and Karin, 2001). The increased
expression of both iNOS and cytokines in microglia is partly regulated by signaling through
the MAPK pathway (Bhat ¢/ aof.1998; Culbert er of., 2006). For instance, aclivation of
microglia cells with [EN-y and LPS has been shown to Jead to increases in INOS and TNF-a
expression via the ERK ond p38 MAPK cascades (Bhat et o/, 1998). Furthermore, JNKI
(Pawatc and Bhat, 2006) and ERK (Marcus ¢t al., 2003) have been shown to modulate iNOS
induction in TNF-a/iL-$-activated astiocytes, supgesting that the MAPK pothways plays a
pivoial role in both LPS- and cytokinc-induced production of pro-inflammatoty molecule.
Various transcription factors, including NF-xB, activator protein-1 (AP-1), and the signal
transducer and activator of transcription-1 (STAT-i) have been shown 1o be involved in pro-
inflammalory responscs in astrocyles ond microglia cells. In tcrms of ncuroinflammation,
NF-xB activation has also been suggested to mediate iNOS induction and thus nilttic oxide
production (Bhat ¢z af, 2002; Davis ¢s al., 2005) and cytokine cxpression (Jana ¢f al., 2002;
Nakajima et al., 2006) in microglio cclls. Furthcrmore, its aclivation is afso implicated in
cyclooxygenase-2 (COX-2) expression in aclivated astrocytes (Dai e/ al., 2006), a molecule
which mediates prostoglandin formetion and seems to play a signilicant sole in
neuroinflammatory processes (Minghetti, 2004). Inappropriate jegulation of AP-1 also
enhances the expression of pro-inflammatory genes such as iNOS, TNF-q, IL-1p and COX-2
in activaied microgliol cells (Kang e¢ al.. 2004; Boe et al.. 2006) and STAT-1 is involved in
controlling iINOS expression (Dell'Albanlet al, 2001). With repards to the latter, suppression
of STAT-1 phosphorylation has been shown to inhibit the expression of inflammatory

molecules in astrocytes (Choi er al., 2005).
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Figure 2.2: Potenlial involvement of MAPK in neuroin{tammation. Activation of MAPK
signaling icads to the induction of proinflammatory ttanscription facto:s (STAT-1, NF-xB}.

which in turn leads to an inceease in the expression of inflommatory molecules such as iNOS.
cytokines and COX-2 (Spencer et of., 2012).

There is significant inteiplay betwesn these signaling pathways. transcription lactors ond the
production of inflammatory molecules ond/or reactive oxygen species in glial cells (Bhat &
al. 2002: Koistinpho and Koistingho, 2002; \WVhitton. 2007) and how these interactions play

out in response to toxins and/or nutrients is pivotal in detenmining the ncuroinflammatory

response in the biain (Figure 2.2).

2.12 Neurodegencrotive Discases
Ncurodegencrative diseascs atc huge and accounts for at least 15% of the global burden of

discascs (Cruz ¢! al, 2006). Although cforts are geored towards reducing the burden. the
lack of complete understanding of the underlying biotogy snd disoriented scarch for reliable
therapeutics might account for the yearly increase of cose$ of ncurodegenermtive discascs,

The progressive loss of ncurons in the CNS and the associated functionat dclicit of the
P

offected regionarc unabatcd in neurodegenerutive diseases.
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Cell death either via apoptosis or necrosis or both accounts for the loss o fneurons (DeLcgge
and Smoke. 2008). Various reasans have been suggesied for the degeneiation of neurons of
the CNS including ogeing. inf.ammation. stress and trauma and genetic predisposition (Amor,
2010; Collier, et al.. 2011; Tollervey, 2011). A number of studies have shown a strong link
between inflammation ond neurodcgeneration but the exact role for inflammation in
neurodegenerative process has not been clearly defined (Compbell, 2004; Lucas e al, 2006;
DeLegge and Smoke, 2008). 1t is not clear whether the inflammation eauses the death of the
neurons or the inflammatory infiltiate are simply a manifestation of the disease process but o
number of possibilitics have been proposed (Peteison and Fujinami, 2007; Shresta ¢/ af,

2014). The possibilities are inflammation causing neurodegeneration or vice verss, other
{actor causing inflammation and/or neurodegeneration or both processes occurs as o cycle

which amplifics one another aid inf ammation might be protcctive.

The key feotures of CNS inflommation are microglia cell activation, production of
inflammatory mediators locally, expression of MHC and adhesion molecules, release of free-

radicals ond recsuitment of immune cells (Lucas er af. 2006). During neutodegenetation

which probably comes afier inf ammation has been initioted, either the recruited peripheral

immune cells, such as T cefls sustoin inflammation in the CNS or CNS resident itnmunc

competent cells such as microglia as well as neurons, astrocytes and oligodcndrocytes,

release inflammatoly mediatois to sustain the inflammatoty pracess including recruiting more

jymphocytes and immunc cells to the CNS (Biock ond llong. 2005; Kivistkk, 2009). Some

other ncurodegencrative process migit be initiated and sustained by infilirating peripheral

immune cells as scen in neurodegerative disease of autoimmurne origin. Most commonly,

inflammation stasts within subarachnoid spacc which disseminates 1o other regions of the

brain (Kiviskk. 2009), During inf ammation of the CNS, endothelial cells of the blood brain

barzier (BBB) express vorious selcctins and adhesion molecules that increase thie migration of

lymphocytes from the systemic circulation to the perivascular spaces of the brain (Engclhardt
ond Wolburg, 2004: Reboldi, 2009), Further, activoted lymphocytes also cxpress various

receptors including chemokines receptors, integrins and sclcctins that help 1o interact with

their respective ligands expressed on the surface of cndothelial cells during
ncuroinlammaotion (Govesman, 2009; Cngelhardt. 2010). Activated lymphocytes and cells of
the CNS including microglia, astrocytcs, neurons and oligodendrocytcs release various pro-
inflammotory cytokines such as IL-1, TNF-, IL-23. INF-y and chemokincs including various
ncurotrophic factors which can contribute to the outcome of the CNS inflommation

(Nevmann, 200]; Kerschenstciner. 2009). There are scveral ncurodegenemtise discoses
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including AD, MS, PD and stioke in which lymphocytes asc actively involved ond believed
to be a Kkey player in the initiation of CNS inflammntion and probably progression of the
diseasc.

2.13 Alzhcimer's Disease (AD)

Alzheimers disease (AD) is chaiacterized by death of cells in the hippocampus ond frontal
cortex secondaty to chronic inflammation. Alzheimer's discase (AD) is a progressive
ncurodegencrative disease that mostly affccts patients in their later stoge of life (Istk. 2010).
Typical symptoms of AD arc loss of cognitive functions including emotion, lenming and
memoty processing sKills leoding to dementia {Mattson, 2004; Jalber: e/ al., 2008), Gradual
progressive shott-tetm memosy {ailure, oricntation problems and word-finding difficultics are
characteristic symptoms for which patients ofien seek medical odvice. In mnny cases this
combinotion of symptoms marks the beginning of clinical Alzheimer’s discase (AD). While
most paticnts present for diagnosis nre ot 65 years of agc ond abosve, evidence suggests that
the pathological processes underlying this devastating ncurodcgencrative disease stais years,
if not decodes, before a clinicnl diagnosis can be made (Jack e ai., 2013).

The current paradigm suggests thot the deposition of amyloid-B (Ap) peptides marks the ficst
detectable stoges of the discase. AP is gcncroted conswuantly through the sequential action of
1wo asparty| protenses, y-secrctase and B-secretase, which cleave amyloid precursor protein
(APP) (Querfuith ond [.aFcrla, 2010). The smount of AP in the cercbral tissue is tightly
controlled, as the processing, secretion and degradation of A and its removal from brain
parcnchymo are all highly reguiated processes.

The tissue concentration of AP seems to be critical for mainienonce of the peptide’s structure,
and o rise in tissue conceniration is the Jikely cause of misfolding ond aggregotion. While
overproduction of A, caused by mutations in the genes encoding APP and the prescnilins
PSt and PS2, occounts for the heieditmy fonn of AD (Betram ¢/ of, 2010), impaired
ciearance mechanisms are thought to be responsible for the mojority of sporndic, non-
hereditary cases of AD (Mawucnyega ef af, 2010) (Figure 2.3). Apgregotion of AP tronsits
the monomeric AP peptide into larger ollgomeric, librillar and aggregnicd species which are
recognized by various receptors that mediote the cndocytosis and phagocytosis of the various
AB forms. AP oligomers are consid¢red 10 be the most neurotoxic form when added disectly
to ncuronal cultutes (Walsh et af. 2002). However, /n vivo there is o dynamic continuum of
AP oggregation forms, ond the observed toxicity and degencrotion could be miediated partly

vio pro-inflammatory cytokines derived from activated microglia. Of note. the samie receplors
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including AD, NiS, PD and stroke in which |ymphocytes are actively invoived ond believed
to be a key player in the initistion of CNS inl‘ammation and probably progression of the

disease.

2.13 Alzlicimer’s Disease (AD)

Alzheimers disease (AD) is characterized by death of cells in the hippocampus and frontal
coriex secondary to chronic inflammation. Alzheimer’s diseasc (AD) is a progressive
neurodegenerative disease that mostly affects paticnts in their loer stage of life (Isik. 2040).
Typical symploms of AD arc loss of cognitive finctions including emotion, {eaming and
memory processing skills leading to dementio (Mattson, 2004; Jalbert et af, 2008). Gradual
progressive short-lerm memory failure, oricntation problems and word-finding difficulties are
characicristic symploms for which paticnts often seek medical advice. In many cases this
combination of symptoms marks the beginning of clinical Alzhcimer's disease (AD). While
mosl patients present for diagnosis are al 65 years of age and above, evidence suggests thal
the pathological processes underlying this devasiating neurodcgencrative disease stait years,
ifnot decades. before aclinical diagnosis con be made (Jack et af, 2013).

The current paradigin suggests that the deposition of amyloid-f} (AP) peptides marks the [irst
detectable stages of the discase. AP is generated constsntly through the sequential action of
two aspariyl proleases, y-sccretase and 3-secretase, which cleave amyloid precursor protein
(APP) (Querfurth and LoFerla, 2010). The amount of AP in the cercbral tissue is tightly
controlled, as the processing, secretion ond degradation of AP and its cemoval from brain
parciichyma arc all highly regulated processes.

‘The tissue concentration of Af} seems to be critical for maintenance of the peptide’s structute,
and a rise in tissue concentration is the likely couse of misfolding and aggregation. While
overproduction of Af}, caused by mutations in the genes encoding APP and the piescnilins
PS{ and PS2, accounts for the hercditary form of AD (Betram v¢ ai. 2010), impairced
clearance mechanisms are thought to be responsible for the majority of sporadic, non-
hereditmy cases of AD (Mawucnyega et al., 2010) (Figure 2.3). Aggregation of AP transits
the monomeric AP peptide into lazger oligomeric, fibrillar and aggregated species which are
recognized by various ieceptors that mediale the endocytosis and phagocytosis of the various
AP fomss. AP oligomers are @onsidered to be the most neurotoxic form when added directly
1o neuronal cultuies (Walsh ¢r al. 2002). However, in vivo there is a dynamic continuum of
AP aggregation foims, and the observed toxicity and degeneiation could be mediated partly

vio pro-infiemmatory cytokines derived from activated microglin. Of note, the same receptors
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ot sense pathogen-associaled molecular pattems such as bactenial lipopolysaccharide and
iral surface proteins are also uiggered by Ap aggregates, It might thus be that misfolded AP
eould represent a conserved molccular pattemn for which the innate immune system has
evolved immunological signaling receptors, indeed, several miciobes, including bacieria and
fngi, express surface amyloids, also called *curli fibers’, that carry out specifc and essential
functions for the microorganisms (Hammcr et al. 2007; Epstein ef al., 2008). Inlerestingly.
Congo red. which still is used to stain Af deposits in postmostem brains from palients with
AD. was originally also used as a stain for bacterial amyloid fibrils, Thus, itis not far-fciched
to hypothesize that the detection of amyloid by panera-recognition receptors such as Toll-like
reccptors (TL.Rs), CD36 ond others on cells of the immune syslem in the brain could have
cvoived as a host response to microbial challenges. Whiie many of the inflammalory
mcdiators relcased upon the activation of such cells might aid in the function of the brain and
instially support the clearance of pathogenic Af, others might directly compromise neuronal
function and survival and adult neurogenesis (Monje ¢t al., 2003). In conlrast to an immunc
response 10 microbes, which is tenninatcd once the stimulating pathogen has been removed,
sustained clevation of AP and continuous A aggregation docs not allow the resolution of
inflammation bul instead fucls a chionic recaction of the innate immune system. Over lime,
chronic ncuroinflammation causes distinct changes in the brain, which probably contribute to
the degeneretion of ncurons and, in um, functional decline,
The pathological impression of AD is characierized by the deposition of amyloid-bcta (Af)
peotein plaques in the broin porenchyma and accumulation of tau proteins \within neurons
(Krause and Muller, 2010). Thiese protein plaques arc thought to intetfere with symaplic
transmission and ncuron-ncuron communication leading lo ncuronal death (Ang, 2010;
Alzheimer's-Association, 2011). Further, high levels of tau proteins within neurons forn
tangles and block transporiation of nutrients or other vital cellular [actors throughout the cell
which has been suggested to be one of the reasons for cell death in AD (Ballatore er al.. 2007;
Iqbal, 2010; Alzheimer's-Association, 2011). In AD, amyloid-beta plaques and tau proteins
arc considered 1o be crucial in the pathology as the resultant inflammatory process might be
in response o the accumulating plaques and tangles. Thic inflammalory responses in AD can
be characterized by the up-1cgulation of cytokines and chemokincs along with activation of
microglia (Akiyama er al., 2000), The activalcd microglia clusiers can be seen near amyloid-
bcta deposition site and these cells also express high levels of MHC.1l. cytokines and

chemokines contributing 10 disease progression (Griffin, 1998; Streit ef af, 1999),
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that sense pathogen-associated molecular patiems such as bacterjal lipopolysaccharide and
viral surface proteins aic also triggered by AP aggiegates. It might thus be that misfolded AP
could represent a conserved molecular pattern for which the innate immune system has
evolved immunological signaling receptors. Indeed, several microbes, including bacteria and
fungi. express surface emyloids. also called “curli fibers’. that carry out specif c and essential
functions for the microorganisms (Hammer ¢/ af.. 2007; Epstein ¢f al., 2008). Inteiestingly.
Congo red, which still is used 1o stain AP deposits in postmoitem brains fiom patients with
AD, was originally also used as a stain for bacterial amyloid fibrils. Thus, it is not far-feiched
lo hypothesize that the detection of amyloid by pattem-recognition receptors such as Toli-like
receptors (TLRs), €D36 and others on cells of the immune system in the brain could have
cvolvcd as o host response 1o microbial chollenges, While many of the inflammatoy
mediators released upon the activation of such cells might aid in the funcsion of the biain and
initially support the clearance of pathogenic Af, others might directly compromise neuronal

function and survival and adult neurogencesis (Monje et af., 2003). In contiast 1o nn iImmune
response to microbes, which is terminated once the stimulating pathogen has been removed,

sustained clevation of AP and continuous AP aggiegation does not allow the resolution of
inflammation bul instead fuels o chronic reaction of the innate immune system. Qver lime,

chronic neuroinflammation causes distinct changesin the brain, which piobably contribute to

the degenemtion of neurons and, in tum, functional decline.

The pathological impression of AD is characierized by the deposition of amyloid-beta (Ap)

protein plaques in the brain paienchyms ond accumulation of 1av proteins within neurons

(Kiause and Muller, 2010). These protein plaques nre thought to interferc with synaplic

trensmission and neuron-neuron communicotion leading 1o neuronat death (Ang, 2010;

Alzheimer’s-Association, 2011). Turthes, high levels of tau proteins within neurons form

tangles and block transportation of nutrients or other vital cellular {actoes throughout the cell

which has been suggested 1o be one of the reasons for cell death in AD (Ballatore es af.. 2007;

igbal, 2010; Aizheimer's-Association, 2011). In AD, amyloid-bcta plagues and tou proleins

are considered to be crucial in the pathology as the resullant inflammatoty process might be

in response 1o the accumulating plaques and tangles. The inflammatory responses in AD con

be choracterized by the up-regulation of cytokines and chemokines along with activation of

microglia (AKiyama ¢ af., 2000). The activatcd microglia clustets can be seen near amyioid-

beta deposition site and these cells also express high levels of MHC-II, cytokines and

chemokines contribuling 10 disease progression (Griffin, 1998; Streit et af, 1999)
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that sense pathogenassociated molecular patiems such as bacterial lipopolysaccharide and
viral surface proteins arc also triggered by AP oggregates. It might thus be that misfolded AP
could represent a conscrved molecular pattem for which the innate immune system has
evolved immunological signaling receptors. Indeed. several microbes, including bacieria and
fungi. cxpress surface amyloids, also called 'curli fibees', thai carry out specific ond ess¢ntial
functions for the microorganisms (Hammer ez al, 2007. Epsicin ef af., 2008). Intcrestingly,
Congo red. which still is used to stain AP deposits in postmortem brains (rom paticnis with
AD, was originally also used as a stain for bactcrial amyloid fibiils. Thus, it is not fer-fetched
to hypothesize that the detcction of amyloid by pattem-recognition receptors such as Toil-like
receptors (TLRs), CD36 and others on cells of the immune system in the brain could have
cvolved os o host 1esponse to microbial challenges. While many of the inflammatoy
mediators released upon the activation of such cells might aid in the function of the brain and

initially support the clcarance of pathogenic AP, others might directly compromise neuronal

function and survival and adult ncurogenesis (Monje ez a., 2003). in contrast 10 an immune

tesponse lo microbes, which is ierminated once the stimulating pathogen has been removed,

sustained clevation of A[} and continuous AP aggregation dees not allow the resolution of
inflammation but instcad fucls a chronic reaction of the innate immune sysiem. Over time,

chronic neuroinflammation causes distinct changes in the brain, which probably contribute to

the degencration of neurons and, in tum, finctional decline.

The pathological impression of AD is characterized by the deposition of amyloid-beta (Af)

proicin plaques in the brain parenchyma and accumulation of tau proteins within neurons

(Krausc and Muller, 2010). These protein plaques arc thought to interferc with synaptic

transmission and ncuron-ncuron communication leading to ncuronal death (Ang, 2010;

Alzhcimer's-Association, 20i1). Further, high levels of tsu proteins within necurons form

1angles and block transpostation of nutrients or other vital cellular factors throughout the cell

which has been suggesied to be one of the reasons for cell death in AD (Ballatore er af, 2007,

Igbal, 2010; Alzheimer's-Association, 2011). In AD, emyloid-beta plaques and tau proicins

are considered 10 be crucial in the pathology as the resultant inflammniory process might be

in responsc to the accumulating plaques and tangles. The inflammatoiy responses in AD can

be characterized by the up-regulation of cytokines and chemokines along with activation of
micioglia (Akiyama ef a/., 2000). The activated inicroglia clusiers can be seen near amyloid-

beta deposition site and these cells also cxpress high levels of MHC-11, cytokines and

chemokines contributing 10 discase progression (Griflin, 1998; Streit e al, 1999),
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Figure 2.3: Clearance of AB, The A} precursor APP undcrgocs processing by protcascs -,
B-. v~ sccrciose. A} monomees can assemble into AB oligomces and fibrils (middle). Af} can
then redistribule into the extracellutor fluid as well as. directly or indirecly, into the blood
circulotion (bottom leRt), Futhcrmor, microglia cclls takc up A and degrade it (bottom

right) and can thereby contribute 10 the clcarance of AB (Hencka et /., 2015).

These microglia cclls are alsg involved in clearing of amyloid-bcta and this function has been
shown to be cnhanced in the prescnce of TGE-p (Wyss-Cormay. 200%: 2006). [n addstion,
reactivc astrocytcs also clusters of sites of amyloid-beta deposilion and olso capressing
various cytokincs, growth lactots, adhesion molecules and prostaglardins which have been
suggesicd to be involyed in inhibition of microglio ability to clcar amyloid beta {Mrak, 1996;

Deivitl, 1998; Hampel, 2005). The analysis of brain autopsy has also reveated thal there is a

signilicant increase in infammatoty morkcrs as well as an increase in complement activation

ond lysis of ncurites in AD subjcct
ment of inflammation in AD (Wecbster, 1997). There ore

s when compared to non-demented subjects. which also

strongly suggests the involve

cvidences for suggestion that it is the inflammaloty respense that 1cads 10 the cecryitment of

stemic circulation into the brain. Also, T cells have been deteclied i

Iyinphocyics from the 5)
(2010; 2011) rcported the up-

the brain of AD poticnts (Togo ¢! af,, 2002). Sorcsctlo.
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tegulation of T cells in the CNS of AD when compared to healthy controls. These studi€s
have revealed an increased activity of various subsets of T cclls such as Th-17 and Th-9 in
AD and cytokines including TL-9. fi.-21 and TL-23 rcleased from these T cells are also
increased in AD which has been suggesied 10 be onc of the factors in AD-associated
ncuroinflammation (Sarcselta, 2010). Ttis evident that T lymphocytes are present and involve
in AD ncurcinfiammation. but the knowledge of its role is stitl emerging, a better
undcrstanding of this phenomenon could help in scarch of novel drug targets.

Further cpidemiologic evidence indicating that inflammation is an imporiant confributor fo
AD pathogenesis has emerged from outcome of prolonged treatment with nonsteroidal anti-
inflammatoty drugs and reduced risk of developing AD (\Veggen ¢f al., 2001; Sasire ¢/ al,
2003). Additionally, several immunological mediators, including complement {actors,
cicosanoids, chemokines and cytokines, are clevated in the bmin and cerebrospinal fluid of
patients with AD, which indicstes that AD is an inflammatoly process. The pathogenic
imporiance of ncuroinflammation in AD is becoming increasingly cvident. Ongoing
ncuroinfinmmation in patients with AD can be visualized with ligands for positron emission
tomogtaphy, such as PK1i1195, which binds to the pcripheral benzodiazepine receptor
expressed on activated microglia cells (Cagnin et af, 2001). Of note, analysis of PKI11195
binding in paticnts sulfering from mild cognitive impainnent, which represents a clinical
precursor phasc of AD. has helped ta identify those patients who wilt probably develop full
AD within a cetain time period (Yasuno ¢ al, 2012). Morcover, genctic and experimentsl
data have further changed the perceplion of ncuroinflammation in AD as a contributor to AD
pathogenesis rather than an extrmncous reaction (1Torold et al., 2013: Karch er af., 2014).

The deposition of AP in the brain commences dccades before clinical memory decline
becomes evident and before the diagnosis of AD (Jack et ai.. 2013). Hence, the thought that
AP deposits can activate microglia, the principal efl’ectorcells of the immune system in the
brain, carly in disease pathogenesis is significant. Microglia form a lattice throughout the
brain and cxpress many inwnunologicat receptors, such as TLR2, TLR4 and TLR®, as well as
their co-receptors, including CD36, CDI4 and CD47 (Weggen e ai., 2001; Liu es al, 201 1).
These receptors often act together and thereby augment the response to AP exposuie, For
cxamplc, recognition of fibrillar AP by CD3é triggers the formation of a TLR4.TLR6
heterodimer that cesults in signaling via the transcription factor NFxB in teansfected HEK293
human embeyonic kidney cells and in microglia (Stewant ¢t al,, 2010). Deletion of MyD38,
the shared signaling adaptor for cytokines of the interlcukin (B (IL-1B) family and TLRs.
improves amyloid pathology in the APP/PS1 mouse mode] of AD (mice that express
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ounsgenes encoding mutent APP and PS1) but results in only minor improvements in
cognitive activity (Lim ¢/ al, 20113 2012). The microglia activation of the mitogen-activated
protein kinosc p38, production of reactive oxygen species and phagocytosis of fibrillar AP
might also depend on the specific interaction of TLR2, TLR4 and CDI 4 because ncutraliZing
antibodics to these receptors attenuate or even block their respective functions in microglio-
like BV2 cells (Reed-Geaghan ef ab. 2009). Microgtin cells can also be activated by AP
oligomers before they form depositsin a process that requires the scavenger receplor SR-A
and the activated potassium channel KCa3.l (Maczawa et o, 2011). Stimulation by AP
oligomcis occurs at low nanomolar concentrations similar 10 those obscrved after stimulation
with lipopolysacchaiide. Hence, focal activation of microglia and astoglia by AP can precede
the deposition of ageregated AP in APP models of AD, and this may begin carlier than
previously anticipated (Hencka er al., 2005, Wiightet of., 2013).

Evidence from neuropathological evaluation and imaging by positron emission tomography
with the amyloid dye PiB suggest that the first activation of the immune system takes place
within the limbic system and in pasticular in the entorhinal coriex and hippocampus (So)kova
and Resnick, 2011). It is conceivable that such activation could also tesult from the other
factors acting as DAMPs, including ATP, chromogranin A or doublc-standcd DNA. lcoking
from damoged or Jegenernting neurons (Davalos e¢ al,, 2005). A complex fonned by two
members of the diveise family of S100 proteins, MRP8 (S100A9) and MRP4 (S100A8), has
been found to be increased in the brain and cerebrospinal fluid of human patients with AD
(Reed-Geaghan e o/, 2009; Maczawa ef al. 2011) . Heterodimers of MRP8 and MRPI4 acl
as DAMPs through the activatlon of TLR4. Moreover, MRPI4-mediated inflammatory
stimuli are responsible for upregulation of the p-site APP—cleaving enzyme BACE!, which is
the rate.limiting enzyme of APP processing. These data suppoit the hypothesis that
inflammatory molecules act as part of a vicious cycle by coniributing to the generation of AB.
Chronic activation of microglia in AD might also lead to microglia demise and subsequent
replacement through proliferation. One hypothesis is that the microglia which proliferate ina
microenvironment ol immunological activation develop a gene-expression pottem difTerent
from that of microglia that 1esided in the afYected brain area before such activation. Over
time, such newly generated. divergent microglis could suslain o chronic type of
neuroinflammetion in AD. While this is an ottmictive hypothesis, the possibility that
peripheial cells of the immune system arc recruited to the broin and contribute (o (he
clearance of AP cannot be completely excluded. Indeed. there is some evidence that eells of

the myeloid lincgge ve attracted from the periphery to the site of plague formation in o
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transgenes encoding mutant APP and PS1) but results in only minor improvements in
cognitive activity (Lim e/ al., 2011: 2012). The microglia activation of the mitogen-activated
protein kinase p38. production of reactivc oxygen species and phagocytosis of librillar Aff
might also depend on the specilic intcraction of TLR2, TLR4 and CD 14 because neutralizing
antibodies (o these receplors attenuate or even block their iespective functions in microglia-
like BV2 cells (Reed-Geaghan ¢t al., 2009). Microglia cells can also be activated by Af
oligomers before they form deposits in a process that requires the scavenger receplor SR-A
and the activaled potassium channel KCa3.) (Maeznwa er af, 2011). Stimulation by AP
oligomers occuis at Jow nanomolar concentintions similar to those observed affer stimulation
with lipopolysaccharide. Hence, focal activation of microglia and astroglio by AP can precede
the deposition of aggregated Af8 in APP models of AD, and this may begin earlier than
prcviously anticipated (Hcneka ¢t af., 2005; Wright e/ al.. 2013).

Evidence from neuropathological evaluation and imaging by positron emission tomogaphy
with the amyloid dye PiB suggest that the fi1st aclivation of the immune system takes place
within the limbic system und in panticular in the catorhinal cortex and hippocampus (Sojkova
and Resnick, 20t1). [t is conceivable that such activation could also result from the other
lactors acting as DAMPs, including ATP, chromogranin A or double-streanded DNA. leaking
from domaged or degenerating nevrons (Davalos ef af, 2005). A complex fonined by two
members of the diveisc fam:ly of SIG0 proteins, MRP8 {ST00A9) and MRPI4 (S100A8). has
been found 10 be incrcased in the biain and cerebrospinal fluid of human patients with AD
(Rccd-Geaghan et al., 2009; Maezawa ¢t o, 201 1) . llcicrodimers of MRP8 and MRPI4 act
as DAMPs through the activation of TLR4. Morcover, MRP|4-mcdintcd inflammatory
stimuli are responsible for uprcgulation of the )-sitc APP—cleaving-enzyme BACEI, which is
the rmte.limiting enzyme of APP processing. These data support the hypothesis that
inflammatoiy molecules actas part of a vicious cycle by contributing to the genertion of AB.
Chronic activation of micioglia in AD might also lead to microglia demise and subsequent
rcplacement through proliferation. One hypothesis & that the microglia which proliferate in a
microcnyvironment of immunological activation develop a genc-cxpression pattemn diflerent
from that of microglin that resided in the afTected biain arca before such activation. Over
time, such newly generated, divergent micioglia could sustein a chronic type of
ncuroinflammation in AD. While this is on attractivc hypothesis the possibility that
periphcral cells of the immune system arc recruited to the brain and contribute 10 the
clcarancc of AP cannot be completely cxcluded. Indeed, there is some evidence that cells of

the myeloid linecage ore atracted from the periphery 1o the site of plaque formation in g
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manner that is dependent on the chemokine recepior CCR2 (El Khoury er al., 2007). Notably,
loss of CCR2 results in gene dose~dependent aggravation of amyloid pathology in Tg2576
mice (which overexpress 3 mutam form of APP), suggesting that the burden of AP clcarance
is shared between central cells of the immune system and peripheral cells of the immune
system under the experimental conditions used in this model (EI Khoury e al. 2007).
Preliminary studies have found that the aging brain shows extensive uprcgulation of genes
associaled with the innate immune system (Cribbs e/ ai. 2012). In neurodegencintive
diseases such as AD. an altered gene-cxpression pattem could be greatly cxaccrbated,

depending on the phase of the discase.

2.13.1 Signal-Transduction Pathways and Inflammatory Mcdiators

The activation of receptors of the innate immune system by microbial PAMPs in microglia
induces a range of signaling pathways that lead to an orchestrated response 1o the pathogens
sensed. It is possible that microglia may not be able to distinguish between an invading
pathogen and oligomeric or fibrillar AP. In lact, many of the signal-transduction pathways
that are elicited by such neuiodegencrative stimuii arc also activated during host defense
against pathogens. The immune sysiem responds (o microbes by mounting a protcoiytic
cascade that reguiales the production of highly proinflammato:y cytokines of the IL-If
lamily. These cytokines, including IL-1p and IL-18, arc leaderless proteins that arc expressed
as biologically inactive precursor forms. Activated caspasc-1 or caspasc-8 proteolytically
activates cytokincs of the IL-1p family and mediates their release into the cylosol. Activation
of caspase-1 itsell ts controlled by large multimolecular signaling complexes called
‘inflammasomcs’ (Laiz et af., 2013). fnflammasomes consist of sensor molecules of the NLR

(Nod-like receptor) family or PYHIN (pyrin and HIN domnin—containing) lamily; these bind

1o the inflammasome adaptor ASC, which in tum multimerizcs and activate caspase-1. The
inflammasome sensor NLRP3 is important for mediating ncuroinllammation. as it can scnse a

range of aggregated substances, including AP aggtegates (Halle ¢t al, 2008). Evidence

abaunds that brains from patients with AD have a greater abundance of active caspase-| than

do those of age-maichcd control subjects. In addition, APP/PS| mice that are deficient in

NLRP3, caspasc-1 or ASC arc lorgely protected from AD (Halle e ol., 2008; Latz ¢f al,

2013). Lack of NLRP3 decrcases the AP-induced formation of IL-1P in the brin and

improves the clearance of AP by micioglia in APP/PS! mice. NLRP3-deficient APP/PS)|

mice show almost noimal cognitive performance (Yasuno ef al., 2012). Moreover, NLRP).-
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deficient APP/PS] mice are completely protecied from Af-induced suppression of Synaptic
plasticity (3 measure of the ability of neurons to modulate their iesponse to stimulation by
changes at the synapse). Synaptic plasticity is particulacly sensitive to IL-1f, as this cytokine
is able (o disnipt the formation of dendritic spines (lhe structures on a neuron’s dendrite that
receive input from a synapse) mediated by brain.derived neurolrophic factor (BDNF) and
tropomyosin-related kinase (TRKB), and thus memory consolidation, by activating p38
(Tong ef al., 2012). Of particular interest, the NLRP3 inflammasome is also an importanl
contributor to normal age-related systemic inflammatoiy fesponses as well as broin
inflammation. Ablation of NLRP3 in aged mice protects them from agc-relatcd cognitive
decline even in the absence of experimcnlal brain amyloidosis (i.e.. without expression of the
tranisgencs encoding APP and PS1). Such studies suggest that NLRP3 is a critical determinant
for the development of low-grade sterile inflammatory responses during aging (Youm et al.,
2013).

The inflammatoty response in the bmin can maintain a dangerous feed-fonvard loop. It has
been dcmonstraicd that stimulation of the immune system in response to AP and
proinflamumatory cytokines impairs microglia cleaiance of AP and necuronal debris (Hcneka es
al.. 20}3). At the same time, activation of the immune system may compromise the microglia
Eencration of neurotrophie factors. Together, phenotypic changes in microglia contribute to
impaired cognitive performance. In line with the hypothesis that proinflammatory molecalcs
such as the IL- 1} 1amily of cytokines or factors that simulate TLRs can impair the clearance
function of microglia arc findings showing that disrupting IRAKY, an essential Kinose
downstream of TLRs and receptors for LL-1p eytokines, improves the ciearance of AP and
shifls micioglia cells from a proinflammatory phenotype toword an anti-inflammatory
phenotype (Cameron ef af,, 2012).

Other proinflammatory foctors may also al¥ect the pathogenesis of AD. For example,
increased levels of p40, a subunit of 1L-23, can be detected in cercbrospinal fluid from
patients with AD, which suggests that the IL-12-and-1L-23 signaling pathway is activaled
(Vom Berg es af. 2012). Indeed, genetic ablation of pA0 itself (or the components p35 and
p19) leads to o decreased cercbral AP lond in APP/PS] mice and ameliorates behavioral
defcits. Likewise, intracercbroventricutar adminisiration of pd0-neutializing antipodies
lowers the concentration of soluble AP peptides and improves spatial memory. Notably, jn
the brain, microglia are the sole source of 1L-12 aad IL-23, and genetic ablation of the [L-12

or 23 pathway does not ajter the processing of APP. Since the receptor for 1L-23 has high

expression on astrocytes, microglial p{0 may stimulsic the astroglial uptake of Ap.
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strocytes ¢an also interfere indirectly with microgllal removal of AfY by relcasing lipidated
apolipoprotein L., which is impotiun for microglial phagocytosis of Afl (Tenwel et al., 2011).
iher [actors, such ps small-molecule medintors. con also influcnee neuvrodegeneralive
processes by influencing the inllammatory state. For example, the rclease of nitrie oxide
(NO). the pnesence of free radicals and the secondary fonnation of peroxynstrite are well-
described features of inllaninatory processes [n various tlssues. During AD. the inducible
isofortn of NO synthase (iNOS) is expresscd by neurons and gliol cells in response 10
proinflaminstory cyiokines (Vodovolz ef of, 1996), Unhanced expression of iINOS during on

inflommatory response can incicase the local production of NO.

TLN @ ryukrd
i i !’L

Figure 2.4: Injlammasomes and the productson of active IL-1f), The activalion of maToglia
with TLR agonist or cytokines leads to the transcripiional induction of genes encoding
components of the NLRP3 inflammasome and pro-IL- (P (ximing siep). Addnional sigrala
including deubiguitination of NLRPJ are fuither required foe activation of NLRP3 (lgomag
step). AP can induce lysosoms! damage thot leads (o assembly of the NURP? inllagmascese
{aclivation sicp) and the aclivallon of caspase-!. Active caspoaas] rads 19 the provess fag of
IL-1B and relcase of the biosctive fonn of IL- 1P (Hencha o of . 2018)
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'rWhilc NO has bcen suggesied to be involved In neurodegencrative processes, Including the
inhibition of mitochondrinl resplention, axonal and synaptlc damage, and the Induction of
ncuronai apoptosis, the AP peplide hiself represents a dlrect target of modification by NO and
petoxynitrite. In fact, the Ty'rl 0 of AP becomes nltraled by INOS33 inhuman AD and In AD
models.

INOS-medinted nitrtion of Af} enhances the peptide’s propensity lo nggregate and to form
seeding corcs of AP plaques. Noinbly, nitrated Al Is more potent in suppressing synaptic
plasticity than Is non-nitrated Af, and both genetic ablatlon and phasmacological inhibitlonof
INOS protects mice ftom spatinl meinory dysfinction, Furihesmore, global genetic
upregulation of hsp70, o major endogencus inhlbitor of NF-kB signaling and iINOS
expression, niso ditninishes the cerebml A load and Improves the cognitive performance of
mice with transgenlc expression of APP. This cffeet might be mcdiated by the upregulation
of mlcroglha and ostroglin production of insulln.dcgrading enzyme (IDC) but might also arise

from the inhibition of INOS, and hcace, o decrease In nitrated Al (Hoshino ez al. 2011;
Hencka et al, 2015).

2.13.2 Dysfunclion and Cell Dcath

The start of ncurodegencration and precise time of initiation of molecular mechanlsms
involved in pathogenesis or dealh of neurons is still highly debated. Microglia is constantly
scanning the dendritic spines for their integrity and continuously involved in shaping and
remodeling its neural conlacts ond neuronal circuits (Paolicelli er al.. 2011), Aclivation of
microglia, however, causes reiraction of microglia processes and is accompanied by swelling
of the cell body. This probably results in the loss of monitoring of neuronal synapses by
microglia during on inflammatory esponse Icading (0 ncuronal changes and dsnption of
relevant circuits. There is increasing evidence supportmg ihe hypotbess that inllammetocy

mediators aifect neumnal functioning long belore stsuciural damage and cell death. ladeed.
scveral cylokines, including iL-1P, IL-18, IFN-) and TNF, have been shown o suppress
long-lem potcntiation In the hippoampus (Yitmiya end Gothen 2011 Lynch, 2019

Moreover exposure of hippocampai slices o Afl aggregates tuppuesses loag-tarmn pocentintion

only: in the presence of NOS2, which suggests that al Icast af some stage NO exerts & negaaive

il luence on neuronal integrity and function (Wang e ol.. 2004). in RPPOA of the notion that

inlammatory signols can caouse ocurons| dysitnction lack of NLRP3 iclicves the

suppression of long-term potentiation in APPPS1 mice (Hencka o1 ol 201)), Tarpet' "¢

Inflammatory cytokines by systemic trestmevd of APEPSI mice with MW01.2.1515R\
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{also called MW-I51; an experimental therapeutic agent that attenuates the production of
proinflarnmatoly cylokines by activated microglia) results in diminished microglia and
astroglia reaclivity, protection from loss of key synaplic proicins and overall improved
synaptic plasticity (Bachstetter e al. 2012). Microglia ncurotoxicity mediated by
pioinflammatory cylokines may be partially influenced by surrounding astrocyltes. Asteocyies
relcase acidic fibroblast growth factor, which substantially incienses microglia-mediated
ncuronal death via activation of the receptor FGFR11Eb{Lec er af.. 201 I in a similar \vay, the
chemokine receptor CX3CR! on microglia has been found to protect against cognitive
deficits in a mouse model of AD (Cho ef a/,, 2011).

The induction of ncurodegeneration by scluble inflammatoty mediators may not be the only
mechanisms by which micioglia contribute to the killing of ncurons. For example. it has been
found that activated microglia can destroy functional ncurons by direct phagocytosis
(Neniskyte, 2001). This microglia cannibalism requires stimulation by Af; this enhances the
presence of phosphatidylserine on ncuronal processcs, which Ieads to increased uptake by
miccoglia. Nolably. this socalled ncuronal ‘phagoptosis® occurs without obvious signs of
ncuronal necrosis or apoptosis. Onc hypothesis is that the mechanisms described above may
exist in pamlicl but operate in specific disease phases and/or depend on the Siate of activation

of the innatle immune system.

2,13.3 Inducing Tau Pathology

Deposition of AP represents the mechanism initiating AD {Jack et al. 2013). The link
between the mechanisms initiated by deposition of Aff and foimation of intrancural
ncurofibrillary tangles (NFTs) another hallmark of the AD remains unclear. NFTs ore self
associalcd hypeiphosphotylated au proteins. The nomnal finction of tau proteins is in
stabilization of microtubules, but the association of hypcrphosphotylatcd tau proteins can
subsequently cause various ccilular changes that lead to ncuronal degencration from inside
the cells. There are quite some evidence linking microglia-driven ncuroinflammaory
response in AD to NFT formation and tau pathology. For example, lipopolysaccharide.
induced systemic inflammation con increase (au patholo8Y (hyperphosphotylaion and
tangling) through a mechanism involving the cyclin-dependent Kinase CDKS (Kitazawa ef
al., 2005), Similar findings have been oblained with various mouse models of systemic

inflammoticn (Lee, 2010; Bhaskar es of. 2010; Sy es af.. 2011). However, such a periphera)
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chailenge might not be required, as tocal microglia. driven responses can be suflicicnt lo drive
tau pathology. Indecd, the activation of microglia precedes NFT formation in young PSt9
mice, which transgenically express mutant 1au with substitution of serine for the proline at
position 301 (a mouse model of tau pathology) (Yoshiyama er al., 2007). Furthermore,
initiating immunosuppression in PSE9 mice as early as 2 months of age leads to diminished
tau pathology and grester lifespan. Such results are consisient with data showing that
activation of micioglia induces phosphorylation oftau in primaiy mousc neusons 2nd that this
action prebably requires activation of the receptor for IL-1P and signal transduction via p38
(Gorlovoy et al.. 2009 Bhaskar e al, 2010). Intesestingly. expression of CX3CR1 on
mictoglia seems to restrict this pathological mechanism, as knockdown of CX3CR 1 increases
the phosphorylation and aggregation of tau cven fiuther, most probably due to increased
release of IL-1P (Bhaskar es al., 2010). Support for the proposal of an NFT-driving role for
cylokincs has been provided by experiments demonstrating that an aeute inceease in [L-1f in
aged 3xTg-AD mice (which transgenically express three mutations associated with familial
AD) further increases tau pathology (Ghosh er al. 2013), Together these data provide
evidence in support of the hypothesis that activation of the innatc immune sysiem represents

an important and accessible link between AP and tau pathology in AD.

2.13.4 Phagocytic Clearance of AP

One of the main cell types responsible for removing cellutar debris and aggregatcd proteins
from bmin parenchyma is microglia. Microglia contributes 1o the clcarance of AP by
phagocytosis and the degiadation of AP and by their release of enzymes that are able 10
degrade AP in the extracellular space, such as IDE. Both mechanisms may be compromised
by genetic predisposition, cxogenous factors or changes in brain metabolism and
neurotransmitter profifes, The phagocyiic clearance function of microglia is greatly impaircd
in responsc 1o degeneration of the locus ceruleus (LC) (tHencka ef al. 2010). This small
midbrain nucleus, locatcd at the tectum of the fourth ventricle, is the chief source of
norcpinephrine in the human brin. Degeneration of the LC, which seems 1o be an corly
phenomenon in AD. enhances the inflammatoly response to the deposition of Af and
compromises microglia phagocytosis due to decicascd norepinephrine levels in LC projection
arcas (Hoshino ef af., 2011). It is likely that sustained exposure to proinflammatery cytokines

or some form of damage-associated inolccular pattems could account for the auenuated
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mictoglia phagocytosis. That hypothesis is firther supported by findings demonstrating that
genetic deficiency in MRP14 increases microglia phagocytosis of AP (Kummer e a/.. 2012).
Several surface receptors have been shown to mediate phagocytic clearance of AB, including
TLR2, TLR4, TLR6, CDJ4 and CD36 (Grommes ¢f ai.. 2008). A role for the tyrosine
phosphatase CD45 has also been demonstrated (Zhu er al.. 2011). Apast fiom receptors on

the microglia, the phagocytic uptake of AP may also bc modulated by neurona) exosomes.
This is largely dependent on the form by which the A} aggregate is delivered. For example,

neuronal exosomes bind Afl and promote its phagocytic clcarance in a phosphatidylserine-

dependent way (Yuyama ef ai., 2012).

2.1).5 Genetic Assocjations

Sueprisingly, several genome-wide association studies of sporndic cases of AD have
identified a set of genes that suggest a pathogenic role for inMlammatoiy processes in AD
(Karch es af 2014). The identified gene variants associated with a risk of developing AD
include the gene encoding complement receptor CRI (I-lasold es al., 2013), the genes encod-
ing MS4A6A and MSJAJAE (Hollingwoith ¢7 al. 2011) (membrane-spanning pioteins
expressed on myeloid cells) (Liang and Tedder, 2001) and the gene encoxling CD33 (Siglce-
3) (2 mycloid<cell-surlace receptor) (Hollingworh es ai. 2011). CD33 is a transmembrane
protein that contains on immune receptor tyrosine-based inhibitory motif; these motifs are
usunlly involved in the inhibition and control of cellulnr responscs. [n keeping with this,
activotion of CD33 has been shown to suppress the pioduction of proinllammatory cytokines
by monocytes (L.ajaunias er af.. 2005). The strongest AD-associated mutation in the focus
encoding CD33 is the single-nucleotide polymorphissn rs3865444, which has now been
linked 10 an increase in imaging by positron emission tomography with PiB. indicative of
increascd individual deposition of AP in mutant carriers (Bradshaw e; aol, 2013),
Fuzthermore, cicculating monocytes (close relatives of brin-resident microglia) thot canry the
rs3865444 mutation of the gene encoding CD33 have o decrcased copacity to ingest
fluorescent dextran ond A by phagocytosis. Paticnts with AD show increascd expression of
CD33 by microglia, which inhibits microglia removal of AP in vitro and it vive (Griciuc e
al. 2013). Together these findings suggest that genetic factors confer an increased risk of
sporadic AD by compromising otherwise benelicial microglia clearance functions, Fugther
support for the imporjance of immune system-iefated genetic factors for AD stems [rom two
independent studies that have associoted ate varionts in TREM2, a wriggering neceptor on

mycloid cells, with an increased risk fos the development of AD (Lee 7 al., 2011 Cho e/ aj.,
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2011). TREM2 is a surface receptor that is responsible for initiating immunc responses of
macrophages and dendritic cells by forming a receplor signaling complex with the Kinasc-
binding protcin TYROBP. In the brain. TYROBP is cxpresscd by microglia cells. and
incieascd TYROBP cxpression at sites of AP deposition in mice with transgenic APP
expression hos been reporied (Frank er al., 2008; Meclchior ef af, 2010). In this particular
location, TREM2 might also be involved in the phagocytic ciearance of cellular debris and in
the downregulation of inflammatory signals in response to TLR ligation (Hamennan er af.,
2006). The ability of TREM2 10 mediate aclivation of cells of the immune system and
phagocytosis witliout increasing proinflammoloty cytokine production suggests that this
receptor is involved in the physiological clearance of AP (Bouehon er af, 2001). The
uprcgulation of TREM2 at AP plaque siles may represent an atlempt to cnhance the
endogenous cleasance capacity. [n this context it should be mentioned (hat the long-known
and most frequent risk variants—helero- or homozygosity for the genc cncoding
apolipoprotein E4—-may also be invoived in the dysiegulotion of phagocytosis and
inflommatory 1esponses. 1n addition to allerations in the aforementioned genes, single-
nucleotide polymorphisms in othes genes found to be associated with AD by genome-wide
associotion studies probably encode molecules involved in the regulation of immune

responses, although their precise mechonisms of interaction has yet to be defined (Karch er

al,2014).

2.13.6 Microgllg-Targeting Theropies
As impaired microglial ¢lcarance bas been identified 8s a discasc-promoting jactor, sevesal

altempts have been made to positively influence this factor by phonnocological, vaccine-
based or genc-therapy strotegies. For example, galontaminc, a drug approved for the
treatment of AD, is on acctylcholinesterase inhibilor that engages the nicotinic acelylcholine
receptor a7 and can thereby increase the microglio uptake of AP (Takata er al, 2010),
Likewise. the nuclear hormone receptor PPAR-Y iepresents another factor that can be
largeted by existing drugs, such as the thiazolidincdione class of antidiabctics (Gorlovoy, e
al. 2009), The treptment of APP/PSI mice with PPAR-y agonists rupidly incieases the
removal of AP by microglio and, presumably, astrocytes (Mandrekas-Colucci et at.,, 2012),
The mechanisms involved mey include direct upicgulation of microglial Cp36 cXpression
and |ipidation of apolipoprotein E dependent on transcription faclors of the LXR family
(Yamanaka, 20)2; Mandrekar-Colucci ¢f al,, 2012).
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3011). TREM2 is a surface receptor that is responsible for initiating immune responses of
macrophages and dendsitic cells by forming a rcceptor signaling complex with the kinase-
binding protein TYROBP. In the brin, TYROBP is expressed by microglia cells, and
increased TYROBP expression at sites of AP deposition in mice with transgenic APP
expression has been reported (Frank e/ af., 2008; Melchior et ai., 2010). In this particular
location, TREM2 might also be involved in the phagocytic clearance of cellular debris and in
the downregulation of inflammatory siguals i a tesponse to TLR ligation (Hamerman er ol.,
2006). The ability of TREM2 to mcdiate activation of cetls of the immune system and

phagocylosis without increasing proinflammatoly cytokine proguction suggests that this

receplor is involved in the physiological clearance of AP (Bouchon er af. 2001). The

spregifation of TREM2 at Afl plaque sites may represent an alempt to enhance the

endogenous clcarance capacity. In this context it should be mentioned that the long-known

and most frequent tisk varionts—hectero- or homozygosity for the genc encoding

apolipoprotein E4-—may also be involved in the dysicgulation of phagocytosis and

inflammatory responses. In addition 10 ahcrations in the aforementioned genes, single-

nucleotide polymorphisms in other genes found (o be associatcd with AD by gcnome-‘ide

association studies probably encode molecules involved in the regulation of immune

responses, although their precise mechanisms of interaction has yet to be defined (Karch e¢

al.. 2014).

2,13.6 Microglia-Targcling Therapies
As impaired microglial clearance has been identif cd as a discase-promoting factor, several

Xlempts have been made o positively influence this lactor by pharmacological, vaccine-
based or gene-therapy strategics. For example, golaatomine, a drug approved for the
treatment of AD, is an acetylcholinestcrase inhibitor that engages the nicotinic acetylcholine
teceplor 47 and can thereby increasc the microglia uptake of AP (Tokets ¢r af, 2010).
Likewise, the nuclcar hormone receptor PPAR-y represenis another factor that can be
targcted by cxisting deugs, such as the thiazolidinedionc class of antidiabetics (Gorlovoy, et
al, 2009). The treatment of APP/PS] mice with PPAR-Y agonists rapidly increases the
femoval of AP by microglia and, presumably, astrocytes (Mundrekar-Colucci er af., 2012).
The mechanisms involved may include direct upregulation of microglia! CD36 expression
and fipidation of apolipoprotcin E dependent on transcription lactors of the LXR family
(Yomanaka, 2012; Mandrekar-Colucci ¢f al. 2012).
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2011). TREM2 is a surf2ce receptor that is sesponsible for injtiating immune responses of
macrophages and denditic cells by forming o rcceplor signaling complex with the kinase:
binding piotein TYROBP. In the brain. TYROBP is expressed by microglia cells. and
increased TYROBP expression a1 sites of AP deposition in mice with transgenic APP
expression has been reported (Frank ¢ af., 2008; Melchior ¢ @/, 2010). In this particular
location, TREM2 might also be involved in the phagocytic cleararce of cellular debrisand in
the downregulation of inflammatory signals in 1esponse to TLR ligation (Hamermon ¢/ df.,
2006). The ability of TREM2 1o mediate aciivation of cells of the immune sysiem and
phagocytosis without increasing proinflammatory cytokine production suggests thai this
receplor is involved in the physiological clearance of AP (Bouchon es al., 2001). The
upregulation of TREM2 at Af plaque sites may represent an atiempt to enhance the
endogenous clearance eapacity. In this context it should be mentioned that the long-known
and mos! frequent risk voriants—heteio- or homozygosity for the gene encoding
apolipoprotein E4—may also be involved in thc dysregulation of phagocylosis and
inflammatory responses. In addition to alterations in the aforementioned genes, single-
nucleotide polymoiphisms in other genes found 10 be associated with AD by genome-wide
association studies probably encode molecules involved in the regulation of immune

responses, although their precise mechanisms of inteiaction has yet o be defined (Karch es

a’-o 20' 4).

2.13.6 Microglio-Targeting Theraples
As impaired microglial clearance has been identilicd os a discase-promoting factor, several

allempts have been made to positively influence this factor by pharmacological, vaccinc-
based or gene.therapy strategics. For example, galantamine, a drug approved for the
treatment of AD, is an acctytcholinesicrasc inhibitor that engages the nicotinic acetyicholine
receptor a7 and can thereby increase the microglia uptake of AP (Takaws es al. 2010).
Likewise, the nuclear hormone receptor PPAR-y represenis another factor thal can be
targeted by existing drugs, such as the thinzolidinedione class of antidiabctics (Gorlovoy, e¢
al, 2009). The treatment of APP/PS] mice with PPAR< ogonists rapidly increascs the
removal of AP by microglia and, presumably, astrocytes (Mandrekar-Colucci e of.. 2012).
The mechanisms involved may include direct upregulation of microglial CD36 expression
and |ipidation of opolipoproicin E dependent on tronscription [actors of the LXR faunily
(Yamanaka, 2012; Mandrekar-Colucci ef al. 2012).
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Fuithermore, scveral nonsteroidal anti-inflammatory dwugs that have been preven
cpidemiologically to Teduce the risk of AD aie potent activators of PPAR-y, an cffect that
might be the molécular mechanism behind their cflicacy (Hencka er al.. 2015). Another
strategy for increasing the removal of AP is passive or active vaccination against Afl.
However, thus far this approasch has been limited by the development of concomitant
inftammation. The development of humanized antibodies to Af of the immunoglobulin G4
subtype might overcome this risk of figation of Fe receplors; as such antibedies could
inciease the uptake of AP oligomers by mictoglia with less nevrotoxicity (Adolfsson ef al.,
1979; Ghosh et al., 2013). Furthermore, the time point of intervention might be critical for
the success of these approaches. So far, most interventiona) studies have been started in
paticnts with substantial clinical signs of AD. a time point at which the discase process can
potentially not be halted anymore. Al present, intecventional nials in asympiomatic paticnisal

risk for the development of AD are under way. In addition. conformation-specific antibodics
that 1ecognize loxic soluble AP oligomers rather than all forms of AP acc being tested for

efficacy. Thc outcomes of these ongoing clinical trials will show whether passive or actlive

AP immunothcrapy can prevent or delay the progression of AD.

Beyond 1heir phagocytic uptake of aggregated protcins and neuronal debris, microglia cells

can also dismantle extracellular proteinaceous debris by releasing proteases such as IDE. This

mechanism has important effects /i vivo, s demonstratcd by the finding that a twofold

increase in IDE expression is sufficicnt to prevent the deposition of AP plagucs in ac AD

model of transgenic expression of APP (Lcissring et al., 2003). While the function of IDE has

been studied, much less is known about the regulation of microglia release of |DE.

Cholesterol-lowering statins ace yet another class of drugs that have received antention in this

context, as they can reduce the risk of developiag AD. Statins stimulate unconventional

secretion of IDE by exosomes and could theieby substantially contribute to the extracellular

degradation of Al (I'amboli ¢f al.. 2010). However, this type of extiacellular degradation is

less efficient once microgtio cells face post-translationally modified forms of AP, as

phosphorylation of AP et Scr restricts its proteolytic clearance by IDE and other pioteases

(Kumar o1 g, 2012). Therefore, it is conccivable that the effectiveness of satins is

influcnced by the stage of the disease.

214 Flavonoids and Neuradegeneration
A vest majority of diug Wrestments of ncurodegencrative disorders 11Tat the symptoms rather

than preventing the undcrlying degenerition of neurens. Consequently there is a desire o
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deyelop novel therapies capable of preventing 1he progressive loss of specific neuronal
populations that undetlic pathology in these diseases (Legos er al, 2002; Narayan ef al.
2002). Flavonoids have been shown to be effective in protecting against both age-rclated
cognitive and molor declinein vivo (Joseph ef atf., 1999; Vauzour et al., 2007; Williams &¢
al.. 2008). This neuroprotective potential may be due to o number of physiological funclions
ottribuwsble to {lavonoids, including their antioxidant pioperties (Bastiancito et ai., 2000).
their interactions with intracellular signaling pothways. the regulation of cell
survival/apoptotic genes and mitochondrial function (Willioms ¢/ af., 2004: Spencer ¢t al.,
2009a; Spencer. 2009b). For example, flavoooids and their in-vho metabolites have been
shown to modulate signaling 1htough tyrosine Kinase, phosphoinositide 3-kinase (PI3 Kinase),
protein kinase C (PKC) ond mitogen octivoted protein kinase (MAP Kinase) pathways
(Spencer, 2009a). These signaling cascades are kmown to critically control inflammatory

processes in the brain, including the activation of microglia in response 10 cytokines and the

induction of iNOS nnd nibiic oXide production (Bhat et of, 1998; Kaminska e/ af, 2009; Wen

et al., 2011). As o consequence. flavonoids have been suggesied as novel therapeutic agents

for the reduction o [ the deleterious cffects of neurninflammation in the brain and thus also as

potential preventive drugs for neurodegencrtive disease development.
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Figure 2.5: Activated glial cells in ncuroinf:ammatory-induced neurodegencration (Spencer
etal, 2012).
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develop novel therapies capable of preventing the progressive loss of specific neuronal
populations that underlie pathology in thesc diseases (Legos er al, 2002; Narayan e/ al.,
2002). Flovonoids have been shown to be elfective in protecting agninst both oge-related
cognitive and motor decline in vivo (Joseph et al., 1999; Vauzour es al., 2007; Willioms <
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Figure 2.5: Activated glial cells in neuroinfiammatory-induced neurodegencration (Spencer
etal, 2012).
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develop novel therapies capable of preventing the progressive loss of specific neurondl
populations that underlic pathology in these diseases (1.egos es ai, 2002; Natayan e! al.,
2002). Flavonoids have been shown to be elfective in protecting against both age-reldied
cognitive and motor decline in vivo (Joseph ef al., 1999; Vauzour ef al., 2007; Williams ¢/
al.. 2008), This neuroprotective potential may be due to a number of physiological functions
atiributable to tlavonoids, including their antioxidant propertics (Baslianetto et al., 2000),
theic interactions with intraccllular signaling pathways, the regulation of cell
survival/apoptotic genes and milochondtial function (Williams ef af., 2004; Spencer e af.,
2009a; Spencer, 2009b). For example. {lavonoids and their in-vivo metabolites have been
shown to modulate signaling through tysosine kinase, phosphoinositide 3-kinasc (PI3 Kinase),
protein kinase C (PKC) and mitogen aclivated protein kinase (MAP Kkinase) pathways
(Spencer, 2009a). These signaling cascades are known to critically control inflammatory
processes in Lthe brain, including the activation of microglia in response 1o cytokines and the
induction of iNQOS and nitric oxide production (Bhater al.,, 1998; Kaminska ¢ al., 2009; Wen
et al., 201 1). As aconsequence, Navonoids have been suggesied as novel therpeutic agents
for the reduction of the deleterious cf¥ects of neuroinflammation in the brain and 1hus also as

potential preventive drugs for ncurodegencrative disease development,

Figure 2.5: Activated glial cells in ncuroinfammotosy-induced ncurodcgencration (Spencer
el al, 2012).
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The intesaction of {lavonoid with signaling pathways involved in ncurodegencration was in
the past linked to their direct (i.c. ctassical) antioxidant cfliects (Rice-Evans et af., 1996).
However, data now suggest that their actions on the brain are more likely to be medioted by
theyr ability to protect vulnerable neurons, enhonce existing neuronal function, stimulate
ncuronal regencration and induce neurogenesis (Spencer. 2009b, 2010). Indced, it has
pecome cvident that flavonoids arc able to exert neuroprotective actions (at low.
physiological concentrations) via their inteiactions with critical ncuronal/glial inttacellular
signoling pathways pivotal in contiolling neuronal resistanee to neurotoxins, including
oxidants (‘indirect’ antioxidont narure) (Levites ¢f al, 2001) and inflammatoiy mediatois
(Spencer, 2009a), or through their chelation of transition metal ions such as iron (Levites er
al., 2002; Mandel cr al.. 2005, 2006). Interestingly, llovonoids have close sirucrural
homology to specilic inhibitors of cell signaling cascades, such as the PD98059, a MAPK
inhibitor and the LY 294002, o phosphatidylinositol-3 kinase (PI3) inhibitor. in the context of
ncurcinflammation, the MAPK inhibitor PD98059 has been shown to effeetively block iNOS
cxpression ond nitric oxide production in activated microglia cells (Bhat er af.. 1998),
suggesting thot flavonoids may also be capable of such enti-inflammatoiy activity through
actions on this signaling pathway. Fur:hermore, LY294002 was modeled on the structure of
the flavonol, quercctin and both compounds fit into the ATP binding pocket of the enzyme
(Viohos e al.. 1994). The ability of various flavonoids to modulate Pt3-kinase is related 10
the number of, and substitution of, hydroxylgroups on the Ravonoid B-ring and the degree of
unsoturation of the C2-C3 bond in the ring (Viahos et al.. 1994).

Consequently, it can be hypothesized that intersctions with PI3 and other signaling pathways
may be structure-dependent. Thus, difterent flavonoids are [ikely to express difTerent cellular
outcomes depending on their degree of intelaction with either receptors or dovwnsircnm
kinases, There is also significant cvidence indicating that flavonoids interact with, and
modulate neuronal signaling (Spencer, 2009,b). For example, epicatechin and its in vive
metabolite 30.Q-methyl-cpicatechin clicit strong proteclive clfects against oxidized LDL.

induced neuronnl cell death by inhibiting JNK, c<jun and caspase-3 activation (Schroeler e

al., 2001).
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Figure 2.6: Flavonoids structures. The major differences between the individua! groups
reside in the hydeoxytation pattern of the sttucture, the degree of saturation of the c-ring and
the substitution in the 3-position (A) general structure of favonoids (B) structure of Navonols
and flavones (C) structure of flavanols. also teffered as Aavan-3-ols (D) siructure of
anthocygnidins (i) structure of flavononcs and favanonols (F) struclure of isoftavones
(Shencer et af., 2012).
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2.15 Aloringa oleifera

2.15.1 Botanicaol descriptioa

Moringo oleifero (Lam.) is a plant indigenous to south Asin, mainly in the sub Himaloyan
tracts of India, Pakistan. Bangladesh and Afghanistan. it is now widely grown and has been
natuialized in many countries of the world including Nigerin. The exponential growth in use
of herbal medicines in many official systems of medicine ns remedies for divesse conditions
is well documented (Buckill. 1985; Ganatra et al.. 2012).

Moaringo oleifera is a perennial, everpreen tece that grows up to 201t (6.1 m) 1ali, with a
straight trunk and corky whitish bark. The trec has tuberous taprool. brittle stem and pale
green compound tripinnate teaves 30-60 cm (11.8 0 23.6 in) in length and many stnoll
leaflets. The lateral leallets are elliptic in shape while the terminal oncs arc obovate and
slighily larger than the lateral ones. The fruit pods are pendulous. green turning greenish
brown, 1riangulae and split lengthwise inlo 3 parts when diy. The pods are | to 4 & (30-120

¢m) long and [.8 cm (0.7 in) wide and tapering a1 both ends. The pods contain about 10 to 20
seeds embedded in the fleshy pith (Patel e af.. 2010).

Kingdom Plantac

Sub Kingdom Tmcheobionta

Super Division Spermatophyta

Division Magnoliophyta

Class Mognoliopsida

Subcloss Dillenitdace

Order Ceapparales

Family Moringacenc

Genus Moringo

Specics aleifero

Current name Hotseradish

Common names Tree of life, drumstick tree, “mother’s best {riend"
Yoruba- Ewe ile, ewe igbole, or idagbo monaye

Vemaoculor nomes  Gowara habiwol houso, konamorade. or rud moka (Fulani),
bagoriwor naka, bogonovar masar. barembo. komukin zailo. shipko hali. shukn

halinko, rimin wacaro, +imin turawo. zogatl, or sogallo-gordt (Housa) and odudu oyibo,

akoclt egbu, okwe ofn okwe oytbo. akughara te, ulse, ikwe beke (bo)
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2.15 Moringa oleifera

2.15.1 Botanical description

Moringa oleifera (Lam)) is a plant indigenous 10 south Asia, mainly in the sub Himalayan
traets of [ndia, Pakistan, Bangladesh and Alghanistan. It is now widely grown and has been
naturalized in many countries of the world including Nigeria. The exponential growth in use
of herbal medicines in many official systems of medicine as 1emedies for diverse conditions
is well documented (Buikill, 1985; Ganaua et a/., 2012).

Moringa oleifcra is a perennial, evergreen trec that grows up to 200 (6.1 m) tall, with a
straight 1runk and corky whitish bark. The sree has tuberous taproot. brittle stem and pale
green compound tripinnate leaves 30-60 cm (11.8 to 23.6 in) in length and many small
lcaflets. The lateral leafiets are elliptic in shape while the tcrminal ones arc obovate and
slightly larger than the lateral ones, The fruit pods are pendulous, gicen tusming grecnish
bsown, triangular and split lengthwise into 3 pans when diy. The pods are | to 4 i (30-120

cm} long and 1.8 ecm (0.7 in} wide and tapering at both ends. The pods contain about 10 to 20
seeds embedded in the fleshy pith (Patel ez al, 200).

Kingdom Plantac

Sub kingdom Tracheobionta

Super Division Spermatophyta

Division Magnoliophyta

Class Magnoliopsida

Subclass Dilleniidae

Order Capparales

Family Adoringaceac

Genus Morinpa

Species oleifera

Current name Horseradish

Common names Tree of life, drumstick tree, “mother’s best friend”
Yoruba- Ewe lle_cwe igbole. or idagbo monoye

Vemacular names  Gawara,  habiwol hausa, konamarade, or rini maka (Fulani).
bagannvar maka, bagaruwor masar, barambo. koroukin zaila, shipka hali, shuks
haltnka, rimin pacara, rimin torawa, zopall, or rogalia-pandt (Hawsa) and odudy oyido,
okochi egbul ohkwe olu, ohwve oyibo, okughara ite, uhe, ikw'e beke (1bo)
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- 2.15.2 Nutritional valuc

The Moringo ofeifera |leaves arc highly nutritious, being a signilicant source of betacasotenc,
Vitmin C, protein, iron, and potassium. The lcaves are commonly dried and crushed into a
powder, and used in soups and sauces. Amino acids in green leafy vegetables vary
considerably, and many that ase stoples. are low in the sulphur bearing amino acids
methionine and cystine (Gassenschmidt er af, 1995), The Bureau of plant industiy, in its
report, stated that weight per weight, Mosinga leaves have the calcium equivalent of four

glasses of milk, the vitamin C content of seven orunges, potassium of three bananas, three

times the iron of spinach, four times the amount of vitamin A in carvots, ond two times the
protein in milk, The Moringa seeds yield 38-40% cdible oil (called ben oil from the high
concentration of behenie acid contained in the oil). The refined oil is clear, odoriess. and

resists rancidity al least as well as any olher botanical oil.

2.15.3 Chemical Constitucnts of AMoringa olelfern leaves

Faizi et ol. (1995) reported the isolation of two nitrile glycosides from the ethanol exuacts of
Moringa olcifera Icaves, niazirin ond niazirinin ond three mustard oil glycosides, 4-{(4'-O-
acctylalpha-1.-thamnosyloxy) benzyl]isothiocyanate, nicziminin A, and niaziminin B. Six
new andthree synthctically known glycosides (Faizi ¢t af,, 1995) were also isolated from the
teaves of Aforinga oleifera, from the ethanolic extract. Most of these compotinds, bearing
thiocarbamate, carbamotc or nitrile groups, are (ully acetylatcd glycosides. which are very
rarc in  nature. Bennet ef ol (2003) isolated 4-(alpha-l-rhamnopyronosyloxy)-
benzylglucosinolate and thrce monoacctyl isomers of this glucosinolate from the cthanolic
extract of the leaves, The {caves also contains qucrcetin-3-O-glucosidc and quercetin<3-O-
(6"-malonyl-glucoside), and lower ainounts o (knempferol-3-O -glucoside ond kaempferol-3-
O-(6"-malonyl-glucosidc), 3-cafleoylquinic acid and S<afTeoylquinic acid. Manguro and
Lemmen (2007) rcpotted the isolation of five flavono! glycosides characterised as
kaempflcride  3-O-(27,3°-diacctylglucoside), kaempferide 3-O-(2"-Ogalloylrha:nnoside).
kaempleride  3-O-(2"-O-galloylrutinoside)-7-O-alpha-rhanmoside, kaempfcrol 3-O-[bela-
glucosyl-(] — 2))-[alpha-rhomnosyl-(] — 6)]-bcta-glucoside-7-Oalphartamnoside and
kaempfcrol 3-O-[alpha-thamnosyl-(| —+ 2))-[alpha-thamnosyl-(l --«4)]-betaglucoside-7.0.
alpha-thamnoside together with benzoic acid 4-O-bew-glucoside, benzoic acid 4-O-alpha.
thamnosyl-(] —» 2).beta-glucoside and benzaldehyde 4-O-beta-glucoside from mejhanolic
extract of Moringa ofeifera lcaves. Also oblained fiom the samne extracl were kpown
compounds, knempferol 3-O-alpha-rhamnoside, kaempferol. sytingic acid, gallie acid, nytin
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2.15.2 Nutritional value

The AMoninga oleifera leaves are highly nuiritious, being & sigificant source of betacasotene,
Vitamin C, protein, iron, and potassium, The leaves are commonly dried and crushed into o
powder, and used in soups and sauccs, Amino acids in green leafy vegetables vary
considerably. and many that arc staples, are low in the sulphur bearing omino acids
methionine and cystine (Gasscnsclunidt ef al, 1995). The Bureau of plont industy, in its
teport, stated that weight per weight, Moringa lcaves have the calcium equivalent of four
glasses of milk, the vilamin C content of scven oranges, potassium of three bananas, three
times the iron of spinach, four times the amount of vilacnin A in carrots, and two times the
protein in milk. The Moringa seeds yicld 38-40% cdible oil (called ben oil from the high
concentration of behenic acid contained in the oil). The refined oil is clear, odorless, and

resists rancidity at teost as welt as ony other botanical oil.

3 2.15.3 Chemienl Constituents of Moringn oleifera leaves

- Faizi ¢t al. (1995) reported the isolation of two nitrile glycosides from the cthanol extracts of

- Moringa oleifera lcoves. niazirin and niazinnin and three mustard oil glycosides, 4-[(4'-O-
acetylolpha-L.rthamnosyloxy) benzyl)isothiocyanote, niaziminin A, and niaziminin B. Six
ncw and 1hree synihctically known glycosides (Faizi ¢t al. 1995) were also isolated from the
leaves of Moringa oleifera, from the cthanolic extmet. Most of these compounds, bearing
thiocarbamate, carbamate or nitrile groups, ore fully acetylated glycosides, which are very
rrc  in nature. Bennet et ol (2003) isoloted 4-(atpho-t-rhamnopyranosyloxy)-
benzylglucosinolate and three monoacelyl isomers of this glucosinoiote from the cthanolic
extract of the leaves. The Icaves oiso contains quercetin-3-O-glucoside and quercetin.3-O-
(6"-malonyi-glucoside), and lower amounts of kaempflerol-3-O -glucoside and kacmpferol-3-
O-(6"-malonyl-glucoside), 3-caffeoylquinic acid and S-<afTeoylguinic acid. Manguro and
Lemmen (2007) repotted the isolation of five flavonol glycosides characterised as
Kacmpleride 3.0-(2".3"-diacetylglucoside), kacmpleside 3-O-(2°-Ogolloylrhamnoside),
kaempferide  3-O-(2"-O-galloylnuitinoside)-7-O-alpha-fiamnoside, kaempferol  3.0-{beta-
glucosyl.(I — 2)]-falpho-thamnosyl-(} — 6)]-bcta-glucoside-7-Oolphachamnoside gnd
kaemplerol 3-O-(alpha-rhamnosyl-(1 — 2)]-{olpho-rhamnosyl(] —4)]-bctaglucaside-7-0.
alpha-rhemnoside together with besizoic acid 4-O-beta-glucoside. benzoic acid 4.0-alpha.
Hiamnosyl.(§ — 2)-bela-glucoside and ben2aldelyde 4-O-bele-glucoside  from methanolic
cxXtract of Aforinga oleifera leaves. Also oblained ftom the some exiract were known
compounds, kaemplero] 3-O.alpha-thamnoside, kaemplerol, syringic acid, gallic acid, ruiin
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and quercelin 3-O-beta-glucoside. Their structures were determined using spectroscopic
methods as well as comparison with data from known compounds. Hueih- Min Chen ef al.,
(2007) using GC-MS isolated 44 compounds from the leaves. Singh er al. (2009) reponcd
presence of gallic acid, chloragenic acid, ellagie acid, ferulic acid, kaempferol, Quercciin and

vanillin fiom the aqueous cxtracts of leaves, fruits and seeds of Aforinga oliefera. All
compounds were analyzed by HPLC and MS/MS techniques.
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Figure 2.7: Structure of soine of phyioconstituents from Moringa oteifera (Mishra e o,

2011
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2.15.4 Some of the Pharmacological Actions of Aforinge oleifera

Methanol extract of Jeaf and toot caused significant reduction in tbermal hyperalgesia,

and mechanical allodynio in complete Fieund's adjuvant induced arthsitis in rots.
(Manaheji ef al.. 2011).

Cthanol extract of the leaves has atbotifacient activity in rats teated witb 175 mg/Kg
from ten days of post mating period (Sethi e/ af,, 1988).

Fresh leave juice, aqueous and cthanol exteacts have bacterioeidal and bacteriostatie
activity against some human pathogenic bacteria (Alam ¢t af,, 2009).

Itydro-cthanol extract of the dried pod ameliorates DMBA induced renal
carcinogenesis in mice by mechanisms related to its antioxidant properiies (Paliwal e
al.. 20f1).

Cikano) extiact of the lcaves changes some CVS parametcrs favorably in a manner
comparablc with atcnolol in adrenalin induced tats (AIR) (Ara ¢/ &f.. 2008).

Winter samplcs of the siem and stalk have higher calcium and phenol compounds, and
also stonger anti-oxidant propestics compaied to the summer sarnples: cxcept the
Icaves (Tsoier al, 2011).

Cthano} cxtract of the icaves shows hcpatoproiective ability on the histology of
paracctamol induced liver damage in rats { Busaimoh ef al.. 201 1).

Methano] cxiract of leaves stimulate both cellular and humoral immune response
(Sudha er af, 2010).

Lipophilic methanol extract of Moringa olcifera has anmiplasmodial activity agains!
chloioquine sensitive straia of ptasmodium falciporum with a mean ICso value
>50pug/ml (Kohler ¢t al, 2002),

Water cxtract of Moringa oleifera seed hos larvicidal activity against Aedes aegypti
(Fereira eral,, 2009).

Lcave powder of Moringa oleifera boost immunity in about 80% of 263 IV patients
and confirms that 43% usage in a survey on mctabolism and teanspoit to improve
clinical outcome (Moncrs and Maponga, 2010).

Moringa oleifera |caves is used for 24 medicinal purposes in Uganda and it conlains
tannins, steroids and triteipenoids, flavonoids, saponins, nnthraqumones, alkaloids
and reducing sugars (Kasolo e/ al,, 2010).

Ethanolic cxtract of AMoringaolelfera leaves prevented ovasicctomy induced bone loss

to a level comparable with cstredio! (Sanganna, 7 al., 2010).
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Finely powdered dried seed kemel of Aoringa oleifera showed significant
improvement in symptoms score and severity of asthmatic attacks (Agrawal and
Mehta, 2008).

Fully acctylated thiocarbamate plycoside isolated from AMoringa oleifera legves
showed hypotcnsive activity (Faizi es of.. 1995).

Moringa oleifera Icave extract increase efficacy of chemotherapy in human with
adcnocarcinoma of the pancreas by inhibiting growih and apoptosis.

Moringa oleifera have broad activities like diurctic (Morton, 1991). puigalive,

antifingal (Terras es af., 1995), antimicrobial (Spiliotis and Lalas 1998), antibacterial

(Doughari et al., 2007),

Anti-inflammatory, entitumor, entioxidant, anti-aging, eswogcnic. anti-progestational,

hypoglycemic. anti-hyperthyroidism (Tehiliani and Kar 2000)

Anti-ulcer (Pal er al. 1995), hypocholesierolemic, antispasmodic, entihypertensive,

relicving headaches and migraines, convulsion (Patel ef ai,, 2010).
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CHAPTER THREE

MATERIALS AND METHODS

List of Materinls

Twcen80

Diazepam
Pentobarbitonc
Pentylenctcimzole
Stychnine
Plciotoxin
Lipopolysaccharide
FI3S

RIPMLE 1640
Glutamine

Trypsin

EDTA

PBS

MTT kit

Methanol

DMSO
Sulphonilamide
NNED

DCFDA assay kit
ELISA kits

Lysis bu(ler

PMST

Nucleor Extraction kit
Rabbit anti-INOS
Rabbit an1i-COX2
Goal onti-rabbit IgG
Rabbit anti-actin antibady
DMEM
Luciferin-luciferose bioluminescent
assay Kit

MAP Kinase Multi-Torget
Sandwich ELISA kit
Penicillin ond sireptomycin
Anti.CD3 (OKT3)
Anti-CDI 1a (HB202)
Anti-CD54 (R6.5D6)
Teypan dblue

CFSE

Annexin V

TAAD

CCRY

Y-inoze

Open ficld opparaltus
i{ole board

Elevoted plus maze
Observation chambers
['reezers

Microscope

Micro plate readers
9 Well plates

24 well plotes

6 well platcs

T 75 euliure flask
l{eamocytometer
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32 Plant collection und nuthentification

e leaves of Moriuga oleifera was collected a1 the domestic garden at Ojoo, Ibadan. Nigeria
in August, 2010. [t was identified and authenticaicd by Mr. O, Oshinyemi. a plant toxonomist
at Forest Flerbariuthy Ibednn (FHI), Forestty Rescarch Institute of Nigeria (FRIN), lbadan
where a voucher specimen (Number FIIl 109601) was deposited

33  Plant Extraction

The lcaves were air-drlcd and powdered, Five hundred grams (500 g) of plonl powder were
maccraled In 50 % cthanol for 72 hours. The cxtract was filtered and solvent removed using
rolaty cvaporator under reduced temperature and pressure (BUCHI Rotavapor R-205).
Percentage yield were calculated and plant extracs storcd in ot 4 °C till needed for analyses.

3.4  Phytochcmical Analysis

The quelitetive deteemination of the phylochemical constiluents was performed at the
Department of Phormacognosy. University of lbadan, Ibadan, it was conducted using the
standord methods described by Famsworth (1989); Sofowors (1993).

3.4.1 Dctermiaation of nlkaloids
Wogner’s test:  Crude ethanol extract (2 mg) wus acidified with 1.5 % v/v of hydrochoric
acid and a fcw drops of Wagner's reagent (iodine in potassium iodide) was added. A yellow

or brown ppt. indicates the presence of alkaloids.

34.2  Dctermioatlon of saponln
Foam Test: The extract (0.5 g portions) was shaken with 2 mL of water. Foam producad

which persisted for ten minutes indicated the prescnce of saponins.

3.4.3 pDetcemination of tannins and phcaolic compounds

Ferric chloride test: To 1 mL aliquot of cach of the extract 34 drops of artre! $% ferric
chlotide so.lution was added. Formation of dark green colow indicanrd the presence of
phenols
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3.4.4 Dctermination of anthraquinones

Test for combined anthraquinones: One gram of powdered exiract was boiled with 2 mL of
10 % hydrochloric acid for 5 mmutes. The mixture was filtered while hot and filtrate was
sllowed 10 cool, The cooled [iltrate was pastitioned against equal volume of chloroform and
the chloroform layer was wrunsferred into o test tube wsing o pipette. Equal volume of 0%
ammonia solution was added into the chloroform layer, shaken ond allowed 1o separate. The
separated aqucous layer was obsenved for any colour change, delicate rose pink colour

showed the presence of an anthraquinone.

3.4.5 Determination of cardenolide (cardiac glycaside)

Keller-Killiani's test: | ml. of of the extract was mixed with 5 mL. of 70% olcohol for 2
minutes. This was [iltered and to the (iltrates was added [0 mL of water and 0.5 mL of lead
acctate, This was filtered and the [iltrate was shoken with S mL of chloroform, The
chloroform layers were separated ina porcelain dish and the solvent removed by evaporstion.
This was cooled and dissolved in 3 mL glacial acid containing 2 drops of 5 % fesric chloride
solution The solution was careflully transferred to the surface of 2 mL concentrated sulphuric
acid. A reddish brown loyer formed at the junction of the 1wo liquids and the upper layer
which slowly became bluish green and dukemng with sianding indicnted the presence of

casdiac plycosides.

3.4.6 Test for Coumarins

Crude extract (1 g) was placed in a test tude and covered wilh filter paper moistened with
dilute sodium hydroxide (NaOH), then heated oa water bath for a few minutes. The (ilter
paper was cxamined under UV light, ycllow fluorescence indicated the presence of

coumarins

35  Animals
Male mice, weighing between 20-25 g purchased from the Cemral Animal Iouse, University

of Ibadan, |badan, Nigeria. were used to cvaluate the acute toxicity of ethanol extract of
Moringa oleifera leaves (EMOL). The animals were Kept in a well ventilated ¢ mvironment
with free gecess 10 food (1odent pellets fiom Ladokun Feeds) ond water ad tibitum
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3.6  Acule Toxicity Study

The method described by Lorke (1983) was used to dctermine the LD s of cthanol extract.
Initial dosc finding procedurc involved administering 10. 100 and 1000 mg/Kg of extract
otally using canula to three groups of three mice each. The trested animals were monitored
for 24 h mortality nnd gencial behavior. From the resulis of the above step. 4 dilferent doses
of (800, 1600. 3200 and 6400 mg/Kg) were chosen and adminisicred p. o. respectively (o +
groups of onc mouse per group. The trested animals were monitored for 24 h. The LDso was
then calculated as the gecometric mean of the lowest dose showing death and the highesi dose

showing no death.

3.7 Prepacatlon of working salution of c¢thanol cxtract of Moringa oleifera leaves
(EMOL)

The dark brown coloured EMOL (1 g) was weigiicd out and dissolved in S mL of 5% tween
80. The S % 1ween 80 uscd as vehicle was prepared by adding 0.5 mL of tween 80 t0 9.5 mL
of distilled water. Using appropriatc formu!la and calculation, dilutions were made from the

working solution prepared such thot < | mL was administesed osally to the animals.

3.8  Distribution of animals and admIalstration of extract
Animals were randomly distributed into groups and orslly administered either EMOL or

vehicle. Control mice were given 10 mL/Kg 5% Tween 80 (Oyemitaner al,, 2008).

3.9  Bcehavioral Studics

3.9.1 Animals

Animals were 1andomly divided into six groups of live cach. Alalc mice, weighing betwcen
18-22 g were used to cvaluate the ctlect of ethanol extract of Moringa oleifera leaves

(EMOL) on beliavior. The mice were provided food and watcr ad fibtum,

3.9.2 pistribution of nnimals and administration of cxtrnct

Thirty mice were randoinly distributed into six (6) groups of live ($) cach. Animals in 4 out
of the 6 groups were ticated with 250 mp/Kg. 500 mg/Kg, 1000 mg/Kg and 2000 my/Kg
EMOL orally. The remaining groups received either 10 mL/Kg 5% Tween 80 (Oycmitan ef
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l.. 2008) or 3 mg/Kg diozepam (Oyemitan er of, 2008) 10 serve as control and standa:d
respectively.

3.9.3 Novelty Induced Ochavior (N1B)
NIB was assessed by the method described by Ajoyi and Ukponmwan (1994) with some

modifications in an open ticld. The open field is a rectangulor arena composed of a hardboard
floor (36 = 36 cm’) with o susrounding wall 30 cm high made of white painted wood. The
floor is divided into squares of 9 cm®. The mice were allowed 6 - 10 minutes epochs during
which locomotion, rearing and grooming were observed and seored.

This ollowed for characterization of drug-induced alicrations. The mice were then tctumned to
their home cages. Each test session involved allowing the mice to acclimatize fo the testing
environment (2 quict well ventilated room) for 30 mins. All behavioural testing was corried
out berween 9 nm and 2 pm. The extract was administered to the mice before placing in the
open field arena. One hour afler administration each mouse was introduccd into the arena and
frequency of grooming (the number of body cleoning with paws picking of the body and
pubis with mouth and face washing actions) ond rearing frequency (number of times animal
stands on its hind legs or with its forcann against the wall of cage or in frce air) \as scored
for 30 mins. The procedure was repeated for all the micein the different groups. There are six
groups of five mice cach, The groups are vehicle (10 ml/Kg: 5% Tween 80), 250. 500, 1000
ond 2000 mg/Kg EMOL, and diazepam (3 mg/Ng). After cach session, the floor of the
apporatus was wipcd with 70 % cthonol ond dricd thoroughly 1o remove traces of previous
Pth,

3.94 Exploratory Activity (Head Dlp)
The hole board test was uscd 1o assay polcntial sedative eflccts. The hole board is a wooden

box. 40 % 40 cm, with sixteen holes with (diameter 3 cm) cvenly spaced on the Moor (Hui er
al., 2001). One hour afler oral administration cach mouse wos placed a1 the centre of the
board and the number of head dips into the holes scored over a S min period. Results obtained
were expressed o's mean total number of head dips {Lister, 1987). The procedure was repeated
for all the mice in the diffezent groups. There afe siX groups of five micccach. The groups are
vehicle (10 m1/Kg; $% Tween 80), 250. 500 1000 and 2000 meKg EMOIL., and diaz¢pan
(3 mp/Kg). Afer each trial, the floor of the opparotus Was wiped with 70% cthanol and dried

thoroughly to remove traces of previous path.
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',19,5 Lcarning and memory (Y-maze)

Y-mazc was used to assess the effect of the extact on short term memory. The Y-maze is
composed of three equally spaced amms (120° 41 cm long x 15 cm high x 5 cm wide). The
palometers asscssed are am entries (locomotor activity) and spontancous altemation
performance (memoiy). One hour af:er oral administration each mouse was placed in one of
the arm compartments and alloy vedto move freely for $ min. Entry was defined as when
body except t1ail of a mouse completely enters into an arm compartment. The sequence of
enuy was recorded manually. Alternation is defined as emwry into all three arnms
consceutively. The asms were labeled A, B. and C. thus consecutive entries is ABC, BCA,
and CAB.

Percentage altcrnalions was calculated as

Actual alternation
| faximum alternation

]xwo

Where the maximum number of spontaneous afternations was lhen calculated as

[Total number of arms entered] — 2

The procedure was repeated for all the mice in the diflierent groups. The groups are vehicle
(10 ml/Kg: 5% Tween 80). 250, 500, 000 and 2000 mg/Kg EMOL, and dioacpam (3
myKg). The apparatus was cleaned aficr each animal scssion to eliminale odour from

previous animal (Brocco e af., 2002).

3.9.6  Anxiolytic test (Elevated plus maze)

The elevated plus moze mode! (Handley and Mithani 1983: Pellow ev. o/. 1985) was used to
assess anti-anxiety efiiect. Lister (1987) validatcd the usc of the clevaled plus mazc in testing
anXiolytic effect in mice. The mice were essessed for the aversion of the open space and
height. The elevated plus maze with two open and two closed arms wos used. The plus used
is mede of wood with open arms 30 x 5 x |5 cm and closed arm 30 x 5 x 15 cm. The amms
extend from the ceniral piotfonm (5 x 5 cm). The open arms, the central plaiform. and the
N00r of the closed arms src painted black. The appaiatus is mounted on a wooden base
raising it by 38.5 cm above the flaor. Also the 0p<n anns havc a slight ledge 4mm high to
Prevent mice from slipping and falling olf the edge. One hour afler oral administration cach

mouse was placed intum at the centre facing one of the closed arms and assessed for 5 mins.

The following behavior was scored: Spen am entrics, Flosed gt g3 i sPORE T gocg

AFRICAN DIéﬁAL HEALTH REPOSITORY PROJECT




rm and time spent in closed am. The index of open ann avoidance was interpreted as level

f anxiety (Terullas and Sko!nick, 1993) and calculated as

[100 v o arm 43_:_ miries into
‘Me procedure was repeated for all the mice in tie diffcrent geoups. There are six groups of
five miee cach. The groups are vehicle (10 mL/Kg: 5% Tween 80), 250. 500, 1000 and 2000
mg/Kg EMOL, and diazepam (|l mp/Kg). After each mouse assessment the lingering
olfactory cues was cleancd using 70% cthy! alcohol. The doses used fall in the range that do

not affect motor coordination (Reddy and Kulkami. 1997).

3.9.7 Scdstive test (Pentobarbitone-induced sleeping time)
The pentobarbitonc-induced hypnosis test that measures onset and duration of slcep was uscd
to assess scdative activity. Pentobabitonce is an ultra-short acting barbiturate type bypnotic. It

nduccs scdation or hypnosis in animals by potentiating the GABA mediated post synaptic

r
|

inhibition through an allostecic medification of GABA receptoss. Substances that have CNS
depressant activity either decrease the time for onset of sleep or prolong duration of sleep or
both ( Trevor and \Vay 2007).

The protocol for pentobarbitone induced sleeping time was according to method of Turner
(1965). The mice swere divided randomly inio six groups of fve mice cach. The groups are
vehicle (10 ml/Kg; 5% Tween 80), 250, 500, 1000 and 2000 mg/Kg EMOL. and diazepam
(3 mp/Kp). One hour ofter oral administration, pentobarbitone 40 mg/Kg. i.p., (Sigma
Chemicals USA) was administcred to cach mouse 10 induce sle¢p. Each mouse was observed
for latent period (time between pentobarbitone administration to loss of righting reflex) and

duration of sleep (time between loss and recovery of righting reflex).

3.10  Anticonvulsant

3.10.1 Agimals
Malc mice, weighing between 18-22 g were used to cvaluale the efficct of ethanol exiact of

Moringa oleifera leaves (EMOL) on convulsion. The mice were provided food and water gdf

Itbtum.,

3.10.2 pentylenetetrnzole (PTZ)-induced convulsion
PTZ (85 mg/Kg; s.c.) was used lo induce clonic-tonic convulsion in mice (Swinyard ¢z af.

1989). The mice were divided into six EFoups of ten (10) each. The groups are vchicle (10
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rm and time spent in closed arm. The index of open atm avoidancc was interpreted as level
? anxicty (Trullas and Skolpick, 1993) and calculated as

100 - ﬂstwonopmmo_\;mmn p_\mnnnnl

‘fhic procedure was repeated for all the mice in the different groups. There are six groups of
five mice each. The groups are vehicle (10 ml/Xg: 5% Tween 80), 250, 500, 1000 and 2000
mg/Kg EMOL, and diazepamy (I me/Kg). ARer each mouse assessment the tingering

olfsctory cues was cleaned using 709% cthyl alcohol. The doses used fall in the range that do

not affect motor coordination (Reddy and Kulkami, 1997).

3.9,7 Secilntlve test (Pentobnrbltone-indeced sleeping time)

The pcntobarbitone-induccd hypnosss test that measures onset and duration of sicep was used
10 assess scdative activity. Pcntobabitonc is an uttra-short acting barbiturate type hypnotic. It
induces scdation or hypnosis in animals by potentiating the GABA mediated post synaptic
inhibition through an allosteric modification of GABA receptors. Substances that have CNS
I- depsessant activity cither decrease the time for onset of sieep or prolong duration of sleep or
I both ( Trevor and Way 2007).

The protocol for pentobarbitone induced sleeping time was according 10 method of Tumer
(1965). The mice were divided randomly into six groups of five mice each. The groups are
vehicle (10 mL/Kg; 5% Twcen 80), 250, 500, 1000 and 2000 mg/Kg EMOL. and diazepam
(3 mg/Kg). Onc hour ofter oral administration, pentobarbitone 40 mg/Kg. i.p.. (Sigma
Chemicals USA) was administered to cach mouse to induce sleep. Each mouse was obscp'ed
for latent period (time between pentobarbitone administeation to loss of righting teflex) and

durution of sleep (time betwcen loss and recovety of righting reflex).

3,10  Anticonvulsant

3.10.1 Animals
Malc mice, weighing between 18-22 B were used to cvalute the etfect of ethanol extiacy of

Moringa oleifera leaves (EMOL) on convulsion. The mice were provided food and water od

Iibtim.

3.10.2 pentylencietrazole (PTZ)-induccd convuision
PTZ (85 mg/Kg; s.c.) was uscd to induce clonic-tonlc convuision in mice (Swinyard ¢/ i

1989). The mice were divided into six groups of ten (10) each. The gioups are yehicle (10
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mUKE; 5% Tween 80). 250, 500, 1000 and 2000 mg/Xg EMOL, and phenobarbitone (40

mg/Kg). One hour after administration (p.0) the copvulsant were used to challenge the
animal. The Percentage sutvival was recorded for each poup.

3.10.3 Picrotoxin-induced convulsioa

Picrotoxin (14 mg/Kg: i.p.) (Gupto er al., 1999) was used to induce limbic seizures followed
by status epilcpticus in mice. The mice were divided into six groups of ten each. The Bloups
are vehicle (10 mUKg: 5% Tween 80), 250, 500, 1000 ond 2000 mg/Kg EMOL. ond
phenobarbitonc (40 mg/Kg). One hour alter administration (p.o) the convulsant were used to

challenge the animal. The percentage survival wvas recorded for each group.

3.10.4 Stirychnine-induced canvulsion

Strychnine (2 mg/Kg: i.p.) (Aguilar-Sanamaria and Tortoriello, 1996) used to induce

- T

seizurcs. The mice were divided into six groups of ten each. The groups are vehicle (10
mU/Kg; 5% Tween 80), 250, S00, 1000 and 2000 mg/Kg EMOL, and phenobarbitone (40
mg/Kg). One hour afler administsation (p.o) the convulsant were used to challenge the

animal. The percentage susvival was recorded foreach group.

J.I11  LPS-induced cognitive delicitin mice

J.11.1 Animals

Thirty male Swiss albino mice wcighing 20-25 g werc obtained from the Central Laboratory
Animal Housc of the College of Mcdicine, University of Ibadan, Ibadan, Nigeria. Animals

were mainwined in nccordance with the University of Ibadan Ethical Committee guidelines

for the care and use of laboratory animals.

3.11.2  Distribution of animals and adnlnisiration of extract

The mice were randomly divided into five groups of six animats each and housed in separate
cages. All onimals had fice access to food and water. The experimental animals wese
previeated orally with EMOL at 100, 200, and 400 mg/Kg or normal saline (10 m1/Kg) once

doily for seven consecutive duys. Thercufter, 250 hg/Kg lipopolysaccharide (LPS) was

administered intraperitoneally to the three groups that reccived EMOL. and one of the groups

that received nommal saline for another seven days lo induce memofy impairment. Twenty-

four houss after last administration the animals were sublected to Y-maze and object

recoguition tests.
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3.11.3 Y-maze (Spatial Memory test)

Y-maze was used to assess the cflect of the extract on short tecm memoiy. The Y-maze is
composed of three equally spaced arms (120% 41 cm long x 15 cm high x 5 cm wide). The
pararneters assessed are aim entrics (locomotor activity) and spontaneous altemation
perfortnance {memo1y). Twenty four hours afier oral administration each mouse was placed
in onc of the arm compaitments and allowed to move freely for 5 min. Entry was delined as
when body except il of a mouse completely enters into an arm compariment. The scquence
of entry was recorded manually, Altemmation is delined as entry into all threc arms
consecutively. The atms were labeled A, B, and C, thus consecutive enttics is ABC, BCA,
and CAB. Whcre the maximum number of spontaneous alemations was then calculated as

[Total number of arms entered) — 2

Percentage aiicmations was calculated as

Actual alternation
Maximum alternotion

| %100

The procedure was repeated for alj the mice in the diflerent groups. The apparatus was

cleaned aofter each animal session (o eliminate odour from previous animal (Brocco e/ al,

2002).

J.11.4  Object recognition 1ask (Cognitive memory test)
Mice were allowed 1o habituate o the open field box used for the object recognition task for

2 doys prior (o the test (ic for about 5 minutes on the last 2 days of administration). On the
fest day, cach mouse was allowcd a imining session of 5 minutcs with two identical objeces
(small plastic 10ys) placed in opposite direction in the open field. Time spent exploiing cach
object during training session was iecorded. The mouse was then retumed to its cage. After
Lh. one of the objects was replaced with novel object and the mousc returned for the test
session. Tiie test session last for S minutes and time spent exploring the familior and novel
object was recorded, Afler cuch session.the arena ond objects were cleancd thoroughly with

10 % ethano) to ensurc that behavior of the mice was not guided by previous mouse odor

cues.
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3.12  In-vitro antineuroloflammatory mechanism

3.12.1 Cell Culture

Musine microglia cell line BV-2 oblsined Grom Interlab Cell Line Collection. Banca
Biologica Cell Factoty, Genoa, Italy (ICLC ATL03001) was cultured in RPM! 1640 (Gibco)
supplemented with 10 % FBS (Sigma), 2 mM glutamine (Sigma). Cells were split 1:5 when
they reached confluence using irypsin/EDTA solution in PBS. Cullures were grown at 37°C
in35 % CO- until 80 % confluence,

3.12.2 MITT assoay for cell viabllity

The viability of BV cells after treaiment with crude extract and (ractions wos deternined by
the colorimetric 3-(4.5-dimcthyithiazol-2-yl)-2,5- diphcnyl tcitazolium bromide (MTT)
assay. The yellow compound MTT is teduced by mitochondsial dchydrogenases (o the wuler
insoluble blue compound fonnazan, depending on the viability of cells, BV-2 were cultured
in 96-well plates for 48 hours, and then pretieated for 30 minutes with or ‘without extract
(100. 150 and 200 pg/mL) followed by incubation with LPS 100 ng/mL for 24 hours. Twenly
microlitres (20 pL) M1T solution (Sigma) (5 mg/mL) was added 1o ¢ach well. The 96 well
plate were incubatcd for 4 hours at 37°C in a CO: -incubator. One hundred ond eighty
microliters (180 pL) of medium was removed flom each well without disturbing the cell
clusiers and replaoced with methonol/DMSGO solution (50:50). The preparations were mixed
thoroughly on a plote shaker with the cell conlaining fonnezan crystals. Afecr all of the

crystals were dissclved, the absorbancc wus read at 540 nm with o microplalte rcader.

3,12.3 Determinntion of Nigrite production by BV-2 cells
Quantification of nitrite accumulation in BV-2cells was carricd out os described corlier

(Olajide et af., 2013). Cells were seeded in 96-wcll platcs (2%10°/200 ml/well). cultured for
48 hours, and then incubated with or without LPS (100 ng/mL) in the absence or presence of
cxiract (100, 150, 200 pg/mL) for 24 h, Asa paremcter of NO syathesis, niwite concentiation
Was pssessed in the supernatant of BV-2 cells by the Griess reaction with 8 commerciolly
ovailable kit (Promego, Southompton, UK). Absorbance was measured a1 540 nm using a

Tecan F50 micioplote reader. Nitrile concentnitions in the supematants were determined by
comparison with a sodium nitrite stondaid cuive. Experiments were performed ol least three

times and in triplicote.
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3.12 In-vitro antineuroinflammalory mechnnism
J.12.1 Cell Culturc

Murine microglia cell line BV-2 obtained from Interlab Cell Line Collection. Banca
Biologica Cell Factory, Genoa. lisly (ICLC ATL03001) was cultuted in RPM1 1640 (Gibco)
supplementcd with 10 % FBS (Sigma), 2 mM glutamine (Sigma). Cells were split 1:5 when
they reached contluence using trypsin/EDTA solution in PBS, Cultures were grown at 37 °C
in 5 % CO: until 80 % confluence,

3.12.2 MTT assay for cell viability
The viability of BV cells afier treatment with crude extract and fractions was determined by
thc colorimetric 3-(4,5<dimcthylthiazol-2-y1)-2,5- diphcnyl tetrmazolium bromide (MTT)
assay. The yellow compound M1T is reduced by mitochondrial dchydrogenases to the waler-
- insolublc blue compound formazan, depending on the viability of cetis. BV-2 were cultured
in 96-well plates for 48 hours, and then pretreated for 30 minutes with or without extract
(100, 150 and 200 pg/mL) followcd by incubation with LPS {00 ng/mL for 24 hours. Twenty
microlitres (20 uL) MTT sotution (Sigma) (S mg/mL) was added to each well. The 96 well
plate were incubated for 4 hours at 37°C in a CO; -incubator. Onc hundred and eighty
microliters (180 pL) of medium was removed from each well without disturbing the cell
clusters and replaced with methanol/DMSO solution (50:50), The preparations were mixed
thoroughly on o plate shakcr with the ccll containing formazen crystals. After all of the

clystals were dissolved, the absorbance was read at 540 nm with a microplate reader.

3.12.3 Dctcrmination of Nilrite production by BV-2 cells
Quantification of nitrite 8ccumulation in BV-2cells was carried out as described earlier

(Olojidc er ai.. 2013). Cells were seeded in 96-well platcs (2x10°7200 mt/well), cultured for
48 hours, and then incubated with or without LPS (100 ng/mL) in theabsence or presence of

cxtract (100, 150, 200 pg/mL) for 24 h. As a parameter of NO synibesis, nitrile conceniration

was gssessed in the supematant of BV-2 cclls by the Griess reaction with o commecijally

available kit (Promega. Southampton, UK). Absorbance was measurcd at 540 nm using a

Tecsn F50 microplate reader. Nitrite concentrations in the supématants were deicrmincd by
comparison with @ sodium nitrite standard curve. EXperiments weee performed at least three

imes and in triplicate.
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3.12.4 Dectermination of PGE,

PGE; production was cairied out as earlier desciibed (Olajide er af., 2013). Brietly, cultured
BV-2 cells were pretreated for 30 min with or without exwact (100, 150, 200 xg/mL)
followed by incubation with LPS 100 ng for 24 h.After the incubation period. sup¢matants
were collected, centrifuged at 1200 ipm for Smin and levels of PGE» in the medium were
measured by enzyme immunoassay (E[A) (Arbor Assays, Michigan, USA) according to the

manufaciure¢’s instructions

3.12.5§ Determination of pro-inflammatory cytoklaes production

BV-2 cclls were sceded in 96-well plates (2x10%200 pLfwell), cultured for 48 hours and

incubated with or without LPS (100 ng/mL) in the abscnce or presence of extract (100, 150,
© 200 pg/mL) for 24 h. TNF-a and IL-6 concentrations in supemataiits were assayed with a

commercially avaiiable ELISA kit (BioLegend, UK) according to thc manulacturer's

instruction. Absorbance was measured in o plate reader at a wavelength of 450 nm.

Experiments were perfornted at least three times and in triplicate.

3.12,6 Dectermination of reactive oxygen specics (ROS) in BV-2 cells

The eflect of LPS on intracellular ROS fevels in BV2 cells was performed using the
fluorescent 2°, 7°-dichlorofluorescin diaccime (DCFDA)-cellular reactive oxygen species
detection assay kit (Abcam). DCFDA is n peamancnt fluorogenic dye capable of peing
dcacctylated into & non fluorescent compound after ditfusion into a cefl. ROS of difterent
species (OH, o ctc) oxidize the deacetylnted DCFDA to highly fluorescent DCF. BV2
microglia was incubated with 10uM DCFDA for 30 min at 37 °C. After removal of excess
OCFDA. cells were washed and then pre-treatcd with extract (00, 150 and 200 pg/mL) for
30 min followed by stimulation with100 ng/mL LPS for 4 h at 37 °C. Intracellular production
of ROS was measured by the fluorcscence detection of dichlorofluorescein (DCF) as the

oXidised product of DCFH on a microplatc reader witl an excitation wavelength of 485 mn

and emission wavelength of 535 nm.

3.12.7 Immunoblotting
Foblowing pre-treatment with quercetin, kacmpfciol
ng/ml), cell lysatcs were prepared by washing cclls with PBS, followed by addition of Lysis

buffer and plienylmethylsulfonyl Nuoride (PMSF), and centrilugatlon for 10 min. Nuclear

or rutin and stimulation with LPS (100
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extiacts were prepared using EpiSeeker Nuclear Extraction Kit (Abcam), according to the
manuiacturer’s instructions. Brielly, cells were washed with cold PBS, followed by the
addition of 20 pL of pre-exiraction buffer and incubation on ice for 10 min, Thercafler. cells
were centrifuged at 12,000 rpm for ! min. Supernotonts were discarded. and 10 pL of
extraction buffer was added to the pellet and incubated on ice for 15 min, followed by
centrifugation at 13,500 rpm for 15 min at 4 °C. The resuliing nuclear exlracts in the
superatonts weie collected. 25 pg of protein was subjected to sodium dodecyl sulphate-
polyacrylamide (SDS) gel electrophoresis. Proteins were then uansfereed to polyvinylidene
fuoride (PYDF) membranes (Millipore, Bedford, MA, USA) for 2 h, Membranes were then
blocked ot room ternperature for | b and then incubated with primary antibodies ovemight ot
4°C. Primary antibodies used in the experiments were zabbit anti-iNOS (Sonta Cruz, 1:500),
1abbit anti-COX2 (Santa Cruz, 1:500), Blots were detected with Alexa Fluor €80 goat anti-
rabbit 1gG (Life technologics, UK) using the Licor Odyssey infrased imager. Equal peotein

loading \vas assessed using rabbit anti-actin antibody (Sigmo, 1:1000),

13  In-vitro immuromodulatory mcchonisms

3.13.1 Cell Culture (RAW 264.7 cell)
RAW 264.7 cells obtained ftom American Type Culture Collection (ATCC TIB 71) were

cultured in Dulbccco’s Modified Essential Medium (DMEM) with 4 mM L-glutamine and
4.5 g/l glucose (endotoxin level <0.005 endotoxin U/ml. BioWhitiaker, Bioproducts
Heidetberg, Germany) supplemented with [03% heat-inactivatcd FBS (Gibco-BRL Lile
Technologies). Cells were maintained ot 37 °C in 5% CO; and used for experiments between
passages 5 and 20, The human cmbiyonic kidney cell line 293 (HEK293; DSMZ.German
collection of microosganisms ond cell culures, ACC 305) was grown in DMEM

(BioWhitigker, Bioproducts, Heidelberg, Germany) supplemented with 10% FCS (Biochrom

KG, Berlin, Geomany) and 2 mM glutamine (Mcick, Munich, Germany). Cells were splitted
into [:10 when they reached approximately 85-90 % confluence using 0.05% trypsin/0.02%4

EDTA in PBS.

3.13.2 ATP assay for cell viabllity
Viability of RAW 264.7 cells was determined by the ATP assay. ATP plays a centeal role in

energy exchonge in biological systems, ond is present in all metabolically'nctive cells. Thus,

levels of ATP can be used to determine the functional integsity of cells. Cells (2420%mL)
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were cultured for 48 h, and then incubated with |ps (100 ng/mL) or EMOL for 24 hrs. The

concentration of ATP was measured through 4 sensitive luciferin-lueiferasc bioluminescent

assay using a kit (Promega). Afer incubation, 100 KL of reconstituted substrate was added to
the cells. Luminescence was then measured in Berthold Luminomeler.

3.13.3 Multiplex ELISA p38, ERK1/2 and JNK MAP kinnscs

Investigation o f the efiects of compounds on phosphozylation of p38, ERK £/2 and JNK MAP
kinnscs was carried out as earlier described by Olajide ef of., 2013, with slight modifications.
RAW 264.7 cells were ledt unireated or treated with compounds (12,5 pM of both kacmpferol
and quercetin; and 25 pM of rutin) or LPS (100 ng/mL) for 24 h. At the end of the
stimvlation period, cells were washed with cold phosphatebuffered saline (PBS) and lysed
with pre-formulated lysis bufter (Cell Signalling Technologies). Cell lysatcs were subjected
to PathScans MAP Kinase Multi-Target Sandwich ELISA for phospho-p38, phospho-
ERK172 and phospho-JNK, according to the manufactures’s instructions (Cell Signalling

Technologies. Inc). Absorbanee values were measured with a plate reader at 450 nm.

J.14 Reverse Phase Fractionation

3.16.1 HPLC-DAD Aunolysis

tundred milligram of each fraction was dissolved in S0 mL methanol for [{PLC-DAD
analysis. The semi-preporative reversed-phase HPLC analysis was carried out on an Agilent
1260 Preparative HPLC system consisting o la preparative pump, degasscr, autosam pler and
Diode Array Detector (DAD). Analyses of the samples (F20, F50, F80, F100) were
conducted usinga semi-preparalive reversed-phase column, ACE 10 C18-HL column (150 x
10mm, 10 pm; llichrom Lid) with a CI8 guard column ACE3310110GD (10 x 10 mm, 10
um, Hichrom Ltd). The mobile phase consisted of Selvent A (0.1% v/v TFA in waler) and
Solvent B (0.19% v/v of TFA in McOH) a1a flow rate of 3.00 mL/min. Gradient elution was
cmployed statting at 30% B for 3 min, 30% - 100% B for 30 min. isocratic 100% B for 10
min, and finally 100% - 30% B for 2 min. Al the end of this sequence. the column was
equilibrted under the jnitial conditions for 2 min. The samplc injection volume was 100 pb
ond the DAD detector was sct to scan from 200 nm10 400 nm. Data were analyzed using the
OpenLAB Chromatography Data Systent. According to the peoks on the chromatogram, F20
%3S futher subjected to prep-14PLC repeatedly under the sante conditions 1o yicld
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were Cultured for 48 b, and then incubated with LPS (100 ng/mL) or EMOL for 24 hrs. The

concentration of ATP wes incasured through a sensitive luciferm-lucifcrase bioluminescent

assay using 2 kit (Promcga). After incubation, 100 sl of reconstituted substratc \Was added to

the cells. Luminescence was then measured in Berthold Luminomclcy.

3.03.3 Multiplex ELISA p38, ERK!/2 and JINK MAP kinascs
Investigation of the effects of compounds on phosphorylation of p38, ERK1/2 ond JNK MAP

kinases was carricd out as earlicr described by Olajide et at,, 2013, with slight modifications.
RAW 264.7 cells were lefl untreated or tecated with compounds (12.5 1§ of both kaempfero!
and quercetin; and 25 pM of rutin) or LPS (100 ng/mL) for 24 h. At the end of the
stimulation period, cells were washed with cold phosphatebulfeied saline (PBS) and lysed
with pre-fortnulated lysis buffer (Cell Signalling Technologies). Cell lysates were subjecied
to PathScans MAP Kinase Multi-Target Sandwich CLISA for phospho-p38, phospho-
ERKIZ2 and phospho-JNK, according to the manufscturer's insttuctions (Cell Signatling

Technologies, Inc). Absorbance values were measured with a plate reader at 450 nm.

3.14 Reverse Phasc Fractionation

J.04.1 HPLC-DAD Analysls

Hundred milligram of cach fraction was dissolved in 50 ml. methanol for HPLC-DAD
analysis. The semi-preparative reversed-phase HPLC analysis was carried out on an Agilent
1260 Preparative HPLC system consisting of o prcparative pump, dcgasscr. sulosampler and
Diode Amay Detector (DAD). Analyses of the samples (120, F50, F80, F100) were
conducted using o semi-preparative reveised-phase column, ACE 10 C18-HL column (150 =
10 mm, {0 ym; Hichrom Lid) with a C18 guard column ACE3310110GD (10 = 1Omm. 10
i, Hichrom Ld). The mobile phase consisted of Solvent A (0.1% v/v TFA in water) ond
Soivent B (0.1% w/v of TFA in McOH) ata f low 1ate of 3.00 mL/min. Gradient clution wus
employed starting at 30% B for 3 min, 30% - 100% B for 30 min. isocratic 100% B for 10
min. ond finally 100% - 30% B for 2 min. At the end of this sequence, the column was
Quilibroted under the initia! conditions for 2 min. The sainpic injection volume was 100 uL
and the DAD detector was se! 1o scan from 200 1un 10 400 nm. Data were analdzed using the
Openl.AB Chromatogiaphy Data System. According 10 the peaks on the Ch”’““""m '.’20
W8 futher subjected to prep-HPLC repeatedly under el sanjc gondiys o gickd
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isoquercetin (mg). The isolated pure compound was identificdby comparing their proton and
carbon Nuclear Magnetic resonance ('H and '’C NMR) and Ms with reporzed data

315 T-cell Imniunomodulatory mechanisms

3.15.1  Cell Culture (Jurksit cell)

The leukemic T cell line Jurkal E6.1 was purchased fiom American Type Culture Collection
(T10-152). Culture medium for all cell was RPMI 1640 (Mcdiatech, lHermdon. VA),
containing 10% FBS (Atlanta Biologicals, Noicross, GA), 50 U/mL each of peniciflin and
sieplomycin (Life Technologics, Grand Island. NY), ond 20 mM glutamine (Life
Technologics).

3.15.2 Trypan blue cell exclusion assay

On the day of cxperiment the cells were counted and plated at £00,000 celis/well in a 96 well
pistc. 0.8 pL of vehicle DMSO and prepared concentration of cxtract in DMSO were added
such that the concentration of DMSQO does not exceed 0.4% of medium. The experiment was
carcfully planned with 10 minutes between each treatment to allow for counting using wypan
blue exclusion dye on the microscope. The numbers of desd (dark blue stained) and viable
{nan stained) ceilsin the grids of hemocytometer were recorded under an optical microscope
(100x magnification; Olympus, Tokyo, Japan). The death ratc Jurkat cells at the differcnt
coneentiations werc calculated s follows: celi death rote = dead cell count/ (dead cell count

+ viable cell count) x 100%.

3.15.3 Antibody (AbS) nnd chemlcals
Anli-CD3 (OKT3), anii-CDIla (HB202), and anti-CD54 (R6.506) were purchascd from

American Type Culture Collection (Monassas, VA) and putified from serum-free hy bridoma
lture medium using protein G-Sepharose. Trypan blue. CFSE was puichased from
Matecular probes (Eugene, OR). Annexin V-phycoeiythrin was putchescd from Pharmingen,
TAAD, CCR7

1S4 CFSE Assay ‘ e .
Specified amount of cells resuspended in serum free ARYFL Ll LU

Wbeled with 2.5 M CSFE In the hood with the ight tumed off. The tube was weapped in
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isoquercetin (mg). The isolated pure compound was identitied by comparing their proton and
carbon Muclear Magnelic resonance ('H and '’C NMR) and MS witk reported datn.

315 T-cell immunonmodulatory mechanisms

3.15.1 Cell Culture (Jurkatcell)

The leukemic T cell line Jurkot E6.1 was purchased [rom American Type Cufture Collection
(T1B-152). Culture medium for all cell was RPML 1640 (Mediatech, Hemdon, VA),
containing 10% IBS (Atlanta Biologieals, Norcross, GA), 50 U/mL each of penicillin and
streplomycin (Life Technologics, Grand Island, NY), and 20 mM glutaminc (Life

Technologies).

3152 Trypnn blue cell exclusion assay

O the day of experiment the cells were eounted and plated ot 100,000 cclis/well in a 96 well
glatc, 0.8 pL of vehicle DMSO and prepared concentsation of cxtract in DMSO were added
such that thc concentsation of DMSO docs not exceed 0:4% of medium. The cxperiment was
carcfully planncd with 10 minutes betsveen each treiment to allow for counting using trypan
blue exclusion dyc on the microscope. The numbers of desd (dark blue stained) and viable
(nonstaincd) cells in the grids of hemocytomeser were recorded under an optical microscope
(100x magnification; Olympus, Tokyo, Japan). The death rate Jurkat cells at the dilTcrent
concentrations wcre calculated as follows: cell death rate = dead cell count/ (dead cell count
+ viable cell count) x 100%.

3153 Antibody (ALs) and chemicals
Anti-CD3 (OKT3), anti-CDl la (HB202), and anti-CD54 (R6.5D6) were purchased from

American Type Culture Collection (Manassas, VA) and purificd from serum-free hybridoma
culture medium using protein G-Sepharose. Tiypan bluc. CFSE was purchased from

Molecoiar Probes (Eugene, OR). Annexin V-phycoerythrin was purchased ftom Phanningen,
7AAD, CCR7

M54 CFSE Assny
) (]
SWC“‘ch amount of eells rcsuspcndcd in selum free RPMI containcd Falcon tubes were

bbeled wjh 2,5 uM CSFE In the hood with tho light wmed off. The tube was wrapped In
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afum inium (0il and cells were allowed 10 absorb stain for aboyt 15 minutes at the incubator at
37°C and 5% CO2. Equal volume of complete RpAq; Was added before stained cclls were
resuspended in fresh complete RPA] and plated at 100,000 cells pec well with the light ofl.
The sehicle and extract was then addcd and placed in the incubator at 37°C and 5% COs. A

the time points (day 1, 4 and 7) the cells were collected washed twice with ice cold PBS and
tesuspended in |00 KL IX Annexin V bulTer running on the Accurri.

3.155 AnnczinV

At the time points (day I, 4, and 7), cells were collecied washed twice with ice cotd PBS and
staincd (or 15 minutes in the dark at room tcmperature with 1 pl Annexin V in 99 pl of |1 X
AnncXin V bufTer. The cells were resuspended in 100 ! 1X Annexin V buffer before running

on Accurri.

3156 TAAD

Atihe time points (day |, 4, and 7), cells weie collected and washed twice with ice cold PBS
and stained (or 15minutes in the dark al room temperature with 5 p! 7AAD in 95 pl of 1X
Annexin V buffer. The cells were resuspended in 10011 | X Annexin V buffer before nsnning

oh Aceurri.

3.15.7 CCR7 assay

Atthe time points {day 1, 4, and 7), cells weie coliecied and washed twice with ice cotd PBS
and stained for | S minutes in the dask at room tlemperaturc with 1.5 pl Annexin V in 98.5 p!
of IX Annexin V buffer. The cells were resuspended in 100 pl IX Annexin V buffer before

running on Accurri.

3.158 Flow Cytometry
Flow eyt omets y was performed using an Accusi C6 (Accuri Cytometers, Ann Arbor. M)).

Data anafysis was pesformed using CFlow (Accuri) software. Dot plotsand histogram

€PrEsenting (0,000 cells/event were Preparcd and analy2cd.

346 guatistical Analysis

23 were analysced using Graph Pad Prism sofiware Versio
fMean+ S E.M (standard error of mean). Statistical analysis
MY ANOVA, followcd by Dunnet test lor comparison between BOVRE. P-vahscs less than
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algminium foil and cclls were alfowed to absorb sgain forabou 15 minutes nt the mcubator at
97°C and 5% COa. Equal volume of complete RPM| was added beforc stained cells werc
resuspended in fresh complete RPMI and plaied a1 100,000 celts per well with the light ofT.
The ¥ehicle and extract was then added and placed in the incubgtor at 37°C and 5% CO;. At
the time points (day 1, 4, nd 7) the cefls were collected washed twice with ice cold PBS and
resuspended in 100 pl. 1X Annexin V buftier running oo the Aceurri,

3158 Annexin V
At the time points (doy 1, 4, and 7), cells were collccted washed twice with Ice cold PBS and
staincd for |5 minutes in the dark at room tcmpernture with | pl Annexin V in 99 jl of 1X

Annexin V buflcr. The cells were resuspended in 100 pl | X Anfexin V buffer before running

onAecurri.

3.15.6 TAAD
Al 1he time paints (day [, 4, and 7), cells were collected and washed twicc with ice cold PBS
and stained for 15minutcs in the dark at room temperature with 5 ul 7ZAAD in 95 p) of 1X

Anaexin V bulfer. Tlhc cells were resuspended in 100 gl 1 X Annexin V buffer before running

on AccusTi.

3.15.7 CCRR7 assay
Al the time points (day [, {, and 7), cells were colfected and washed twice with ice cold PBS

and siained for 15 minutes in the dark al room temperature with 1.5 pl Annexin V in 98.5 i

of IX Annexin V buffer. The cells were resuspended in 100 pl 1X Anncxin V bufler before

nnning on Accurti.

3158 Flow Cytomctry
Flow cytometry was performed using an Accuri 06 (Accuni Cytomete?S Anr Arbor. Ml).

Data analysis was pcrformed using CFlow (Accuri) sofiware. Dot plots and histogram

'*presenting 10,000 cells/event were prepaicd and analyZed.

316 Sratistical Analysls

Data yere analysed using Giaph Pad Peism software version 5.00 and were cxpsesyed as
mean+ g E.M (standard error of mean). Statistlcal analysis of data Wwas carmied oul ysing ooe

4 5
™2y ANOVA, folfowed by Dunnet test for comparison berween groups. Pvalues less ihan
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5) were considered o be statstically significgnt, : AT = e e
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CHAPTER FOUR

RESULTS

41  Preliminary phytachemical sercening

Resufts of the preliminary phytochemical screesiing revealed the presence of saponins,

condensed tannins, cardic glycoside, free anthraquinones, and coumarins.

Table 4.1: Evaluntion of secondary metabollics present in EMOL

| Phvtochemicals Result
Alkaloids -
Saponins +¢4
Condenscd Tannins s
Frec Anthraquinones T

| Combined Anthraquinones N
-+
Cerdinc Glycosides
L
Cyanogenic Glycosides -
L +
Coumarins
12

Ha obundont, ++ = present, + = irace, =absent
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42  Acute Toxicity Test

Acute loxicity Studies gave the LD >5000 mg/Kg forom] royte.

13  NEUROPHARMACOLOGICAL EFFECTS OF ETHANOL EXTRACT OF
Voringa oleifera LEAVES

431 Novcity Induced Beliavior (NIB)

The cffcct of cthanol extract of Moringa oleifera leaves (EMOL) on NIB is presenied in
figure 4.1. Administration of crude extioci of cthano§ extract of Moringa oleifera teaves (250-
2000 mg/Kg. p.o.) showed n signilicant reduction [F (5, 24) = 382; P < 0.0001) in rcaring
when compared 1o control thot reccived Tween 80, Treatment with EMOL resulted in a
reduction [F (5. 23) = 382; P < 0.0001] of grooming relative 1o control mice. The most
peosounced effect was at 2000 mg/Kg which resuited in 40.80 % 6.54 and 13.80 % .32 for

rearing and grooming respectively (Figure: 4.1),
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42 Acute Toxicity Test

Acutc 10xicity studies gave the LDso>5000 mg/Kg for oral route.

43 NEUROPHARMACOLOGICAL EFFECTS OF ETIIANOL EXTRACT OF
Moringa oleifera 1. EAVES

431 Novelty Induccd Behavigr (NIB)

The cfficcs of eihanot extract of Moringa olelfera lcaves (EMOL) on NIB is presenied in
figure 4.1. Administration of crude extiact of ethanol cxirocl of Moringaoleifera leaves (250-
2000 mg/Kg, p.o.) showed a significant reduction {F (5, 24) = 382; PP < 0.0001] in rearing
when comparcd to control that reccived Tween 80. Treatment svith EMOL resulted in a
reduction [F (5. 23) = 382; P < 0.0001] of grooming refative to control mice. The most
proaounced cffect was at 2000 mg/Kg which resulted in 40.80 & 6.54 and 13.80 % 1.32 for

rear:ng and grooming respectively (Figure: 4.1).

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT

7




2001

150
=

plz
T35 E 100
933
a:iu

50+ :

*
0- |

VEH 250 500 1000 2000 DZP

EMOL(mg/Kg,p.0.)

60-

Grooming
Frequency
(30 min)

=W e 3N -

TRYY"

S

-
o

1000 2000 D

500

EMOL(mg/Kg.p.0.)

Figare 4,4. The effect of the ethanol extract of Moringa ofeifera leaves on novelty
Indecd rearing nnd grooming in open ficld fest.

BArS represent mean values with standard ceror bars.
One way ANOVA followed by Dunnct’s muhiple compa
"P<0.05, indicate significant difcrence from control (vehicle)

DZ?: pinsepam (3 me/Kg)
VEL: 5e, Tween 80 (10 mUKp)
EM‘l)l..' Lthanol extract of Moringe: olelferaleaves
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432 Locomotion in open field test

The cffect of EMOL on locomotion in open rield 1oy is presenied in figure 4.2,
Administration of ethanol extract of Moringy ofeiferg leaves (250-2000 mg/Kg, p.o.) showed

» significont reduction {F (5, 24) = 82 P < 0.0001} g locomotion in the open [ield when

compared to control mice. The most pronounced effect was at 1000 Mg g which resulted in
2 lower locomotion (27.60 4 4.93) when compared to wween 80 (reated contiol mice.
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Figure 4.2: The effect of (ke ethnnol cxtroct of Moringa olcifera leaves on locomotion
bebavior In open field test.
Bars repsesent mean values with error bars.

One way ANOVA followed by Dunnct's multiple comparison test.
‘P <0.05, indicate significant difficrcnce from control (vehicle).

DZP: Diazepam (3 mg/Kp)
VEH: 5% Twecn 80 (10 mU/Kg)

EMOL: Ethanol exiract of Moringa ofeifera leaves
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133 Esploratory activity in hole board test:

The sdministiation of cthanol extroct of AMoringa ofcifera leaves (250-2000 mg/Kg, p.o)
Jioned a signilicant reduction |F (S, 24) = 49; P < 0.0017) in number of head dips on the
holc board When compared to Tween 80 in mice. At doses of 250, 500 and (000 mg/Kg.
ghanol extract of AMoringa olcifera slightly decreased the number of heod dip responses
givirg vakues o the tune of 17.004 2.65, compared to a val e of 30.20 + 2.62 for Tween 80.
Diazepam (3 mg/Kg. p-o) also decreased the number of head dip responses. giving a value of
14.40 £ 2.42. The effcct of the exiract at 2000 mg/Kg was higher when compared to
diazepan at 3 1ing/Kp (Fipgure: 4.3).
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Figare 4.3: The clTcct of the cthanol extract of Moringa oleifera lcaves on exploraiory
gclivity in holc bonrd test.

Bars represent mean values with error bars.

Ore way ANOVA foflowed by Dunnct’s multiple comparison test.

" P<0.05, indicate significant difference from control (vehicle).

DZP: Diazepam (3 mg/Kg)

VEH: 5% Tween 80 (10 mL/Kg)

EMOL: Ethanol cxtract of Moringa oleifera
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134 Leorning and memory measurcd YT
The administration of ethanol extract of

Moringa oleifera teaves (250.2000 m
; /Kp. P
ghowed o slight dectease [F (5, g/Kg. p.o)

24)=4.979;p = 0.0029] in number of arm entgies in Y-maze
when compared to Tween 80 in mice. The exrger (250-2000 mg/Kg) showed o significant
incease in % alterniation ot 230 and 2000 mg/Kg {F (5. 24) = 32,52; P < 0.0001}, Diszepam
st 3 mg/Kg significantly decreased and EMOL ot 250 ond 2000 mg/Kg significantly
increased the percentage aliemation. The effect of the extracy ot 250 and 2000 mg/Kg was
gieatee than the cfect of diazcpam (3 mg/Kg). Highest % altemation was 85.00 + 4.07 ot
2000 mg/Kg (Figure: 4.4).
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Figure $.4: The effect of the cthano! extract of Meringa oleifera leaves on learning ang
WEMOrY in mice (% alternation and arm enirles)

Bars represent mean values with ciror bars,

Oue way ANOVA followed by Dunnct'smulriple compalison test.

P <005, indicate significant diffeccnce from diazepam.

" P<0.05, jndicate significant difference from control (vehicle).

A Diazepam (3 mg/Ke)

YEN: 5% Tween 80 (10m LK)

EMOL: Ethano) extract of Aforinga oleifero leaves
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4115 Ansicty measurcd by Elevated Plus Maze (EP))

The extiact significantly [ F(5,24) =280, p<0.000]] decreased the time spent in open ann at
250 mg/Kg and | mg/Kg diazepam produced a significant inerease in time spent in open
om, Diszepam (1 mg/Kg) siBnificantly [F (3, 24)=191.7, p<0,0001) decreased time spent in
open white EMOL. at 2000 mg/Kg significantly incecased time spent in close am (Figure:
15). The effect of the extract at tested dose was almost the opposite when compared to that
of diazcpan! (| mg/Kg).

The adminisirotion of extract (250-2000 mg/Kg) significantly [F (5. 24) = 69.26, p<0.0001|
increased number of cntties into close anm, bul it was decreascd by diazepam. Also, | mp/Kg
dinzepom significantly [F(5.24) = 1926, p<0.0001) ijncreased the number of open ann
entries (Figure: 4.60).

The administration of extract increased the index of open ann avoidance, while 1 mg/Kg

diazepam significantly reduced the index avoidance of open ann (Figure 4.6b)
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Figare 45 The effeet of the ethanal extract of Moringa olelfera leaves on the elevated

Pns moze (time spent in open und close arm)

B fepresent mean values with error bass.

O way ANOVA followed by Dunnet’s multiple comparison fest.
F<0.05. jndicate significant difference from control (vehicle).

DzZp: Dinzepam (3 mg/Kg)
VEH: $% Tween 80 (10 mL/Kg)
OL; Ethapg! extract of Moringa olelfero leaves
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Fiure 4.6a: Thie effect of the cthanol extract of Moringa oeifera leaves on cley ated plys

fMaze (arm eprics)

Bars represent mean values with error bars.

Orc way ANOVA followed by Dunnct’s multiple comparison fesl.
"P<0.05, indicat significant difference from control (vehicle).
D2p; Diezepam (3 mg/Kg)

VEH: $% Tween 80 (10 mUXg)

MOy, Ethanol exiract of Moringa olelfera lcoves
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Figure 4.6b: The clfcct of the cthanol extract of Moringa oleifera lcaves on index of open
arm avoidance in clevated plus maze

Bars represent mean values of index of open arm avoidance (IOAA).

Onc way ANOVA followed by Dunnet’s mullipte comparison test.

* P < 0.08, indicate signilicant diflerence from eontrol (vehicle).

DZP: Dia2cpam (3 mg/Kg)

VEH: 5% Tween 80 (10 mUXKg)

EMOL: Ethanol cxtract of Aforinga oleifera

83

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT




6 Pentobarbitonc-induced sleeping time:

¢ exiract (250-2000 mg/Kg) showed a significant dosc-dependent reduction [F (5. 24) =
19; P <0.0001) in slcep latency by pentobasbitone. Elfect of the exiract on laiency to sleep
at 2000 mg/KE (1.40 £ 0.22) was comparable (o diazepam 3 mg/Kg (0.81 £ 0.28) (Figure:
l_4_7), glecp duration also showed a significant dose dependent increase {F (5, 20) = 266; P <
0.0001]. The duration of sicep for 2000 mg/Kg of extract and diazepam Img/Rg were
159232 and 185412 respectively (Figure: 4.8)
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Figure 4.7: The cifect of the eth:nol extract of Moringa ofeifera leaves on skeep latency
in pentobarbitonesleep test.

Bars represent mean values with enor bars.

One way ANOVA followed by Dunnet’s multiplc companson test.

* P <0.05, indicate significant diffcrence from control (vehicle).

D2 P: Diazepam (3 me/Kg)

VEH: 5% Twcen 80 (10 mL/Kg)

EMOL: Ethanol exttact of Aoringa ofeifera leaves
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Figure 4.8: The cffect of the cthianel extract of Moringa olelfera teaves on sleep duration
in pentobarbitonc sleep test.

Bars represent mean values with error bars.

Oue way ANOVA followed by Dunnet’s multiple comparison test.

* P < 0.05, indicate significant diffecence from control (vchicle).

DZp: Diazepam (3 mg/Kg)

VEH: 5% Tween 80 (10 ml/Kg)

EMOL: Ethanol exiract of Moringa olelfera leaves
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NEUROPROTECTIVE EFFECT OF
UCED CONVULSION

N l’ent}:lcnczetmzolc~inducul convulsion:
“The cxtroct (250

Moringa oteifera IN CHEMICAL

-2000 ntg/Kg) produced a dose.dependent protection (survival) afier 24
hours, 70% protection was recorded 24 hours after PTZ odministration, This

is comparable
~with 100% for phcnoborbitone (Tablc: 4.2)

TABLE 4.2: Effcct of cthanol extract of Moringa olcifera lenves on pentylcactctrazole

induccd sejzurc.

Treoiment Dosc mg/Kg 24hrs sunvival %
Twcen 80 10 mU/Kg 0/10 -
EMOL 500 210 N ] 20
EMOL 1000 ' 5/10 50
EMOL 2000 R 710 70°
Phenobatbitone 40 10/10 100°¢

Results atc cxpressed os pereentage protection of cthanol extract of Aforinga olelfero leaves
in PTZ induced convulsion

Test ofsignilicance svas carricd out using Chisquare.

* Indicate significant difference fiom contral P <0.0001 (Chi square).

EMOL = ethano! extract of Moringa. olelfera leaves; Control micce received Tiween 80, n =

10 mice per group
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cizure,

 Strychninc-induced convulsion

ABLE 4.3: Effcet o cthanol extrnet of Moring

extract did nol protect mice against slrychninc-induced convulsion

a oleifera leaves on strychninc-induccd

i U3V Dose mg/kg 24hrs survival % |
Tween 80 10:mikg 0/10 =
EMOL 500 0/10 .
H% EMOL 1000 0/10 g
~ EMOL 2000 0710 .
Phenobarbitone 40 10/10 100

Results are expressed as percentage protection of cthanol extract of Moringa olelfera leaves

i sinchnine-induced convulsion
Test of significance was carried oul using Chi square.

EMOL = cthanol cxtract of Moringa. ofeifira lcaves; Conkrol mice received Tween 80, n =

10 mice per group
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Picrotoximinduced cenvulsion

. xtsact did not Protect mice Bgainst picrotoxin-induced convulsion

ABLE 4.4: Effect of ctlanol extract of Moringa ofeifera Icaves on picrotoxin-induccd

ctzurc.

h_'Tn:atmcnt Do IkE 24tus survival I %
___T\s'ecn 80 10mi’kg T | -
EMOL 2 500 T 3 :
EMOL 3 1000 o :
EMOL 4 2000 TS -

Phenobarbitone 40 T 10710 =

Results are expressed ns pereentage protection of cthanol extract of Aforinga olelfera leaves
in picrotoxin-induccd convulsion

Test of signilicance was carmricd out using Chi squarc.
EMOL = cthanol extract of Aforinga. oleifera leaves; Control mice received Twecn 80, n =

10 mice pergroup
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EFFECT OF THE ETHANOL LEAF EXTRACT OF Moringa oleifera ON LPS
UCED COGNITIVE DEFICIT IN MICE

451 Leorning nnd memeory nicasured by Y mnze in mice

The administration of cthanol cxleact of Moringa ofeifera leaves (100 - 400 mg/Kg, 1.0.)
showed » significant Increase in % ofteenation [FF (4, 29) = 12.60; P < 0.0001] in LPS induced
copnilive deficit. Cognilive deficit was reduced on trealment with LPS (100 ng/ml.i 49.13+
1.23) alone. The Wighest % alternation was ot 400 Ing/Kg (64.25 ¢ 4.47) (Figure 4.9).
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Figure 4.9: Effects of crude extraet of Aloringa oleifera on spatial memory in micc.

Mice were pretreated (p.o.) with cither extract or saline for 7 days followed by daily i.p. LPS
(250 pg/Kg) or saline (10 mi/Xg) (or another 7 days. The Y.maze test was performed 24hy
aficr last gdministestion. Values were presented as mean+ $.E.M (n=6).

Oiie way ANOVA followed by Dunnet’s multiple comparison iest.

" P <0.05. indicate significant difVerence from LPS only

EMOL: Ehanol extract of Aforinga oleifera leaves
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Cognitive mcmory measured by novelty object recognition test in niice
agministrotion of cthano} extract of Moringa olcifera lcaves (100 - 400 mg/Kg, P-0)
wed an increase time spent exploring the novel object introduced after the training session
’I".(A. 29) = 1.398; I = 0.2635]. The increase in time spent cxploring the novel object was not
istically signilicant. Adminisication of 400 mg/Kg (3.6824 3.385) showed the longes!
Lumlion (Figure 4.10).
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Flgure 4.10: Effect of crude extroct of Moringa oleifera on L1’S.induced coghigive

memory in mice. o )
Mice were pretreated (p.0.) with cither extract or salinc for 7 days followed by daily i.p. L

(250 4e/K2) or saline (10 mIJKg) for another 7 days. The novel object recognilion test was
performed 24hr after last administration, Values weee presented as mean & S.E.M (n=6),

One way ANOVA followed by Dunnet’s multiple compdrison test

* P < 0.05, indicate significant dilference from LPS only.

EMOL: Erhano! extract of Moringa oleifera lcaves
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ANTINEUROINFLAMMATORY EFFECT OF THE ETHANOL EXTRACT

OF Moringa olelfera. ON LPS INDUCED NEUROINFLAMMATION IN
MICROGLIA CELLS

1.6.1 Vinbility of microgliacclls

“Hie toxicity of EMOL (100, £50 and 200 up/mL) on BV2 cell viability was tested using the
M assay. Result showed that LPS alone and in combination with various concentiations of
ethanol extract of Moringa oleffera did not affect the viability of BV2 (Figure 4.11). There
was no signiltcant difference in the viability of cells stimuloted with LPS (100 ng/mL) in the
presence Or absence of EMOL and control cells which did not reccived neither LPS nor
EMOL.
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Figure4.1!  Viability of microglia cclls.

Cells were stimulatcd with LPS (100 ng/m)) in the presence or absence of EMOL for 24
hours, At the cnd of the incubation period MTT aseay was carricd out. All values were
cxPressed as mcan + SEM for three independent experiments. Data were anglysed using one

way ANOVA for multiple comparison and post hoc Student Newman-Keuls test,
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 Inhibition of NO produclion in LPS stimulated BV-2 cclls

alone induced 2 marked production of NO from BV-2 cells when compared o the
'-limuhlc‘i control. EMOL (150 and 200 pg/mL) significantly {F (4, 14) = 15.09; p =
03] inhibited the level of NO production from LPS stimulated cells (Figure 4.12).
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figure £.12: Inhibition of NO pruduction in LPS stintulated BV-2 ceils

AWl values were expressed as mean xSEM for three independent experiments. Data were
analysed vsing one way ANOVA for multiple comparison snd post hoc Student Newman-
Keuls test. * = significant at p < 0.03 when comparcd with LS only.
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Inhibitjion of PGE: productionin LPS stimulated BV-2 cells

alonc induced a marked production of PGE; from BV-2 cells in comparison to Lhe
mulated control. However, EMOL (100, 150 and 200 pg/mL) dose dependently snd
ificantly (°p < 0.05) inhibited the leve) of PGE; produclion (rom LPS stimulated cells

igure 4.13).
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Figurc 4.13: Inhibition of PGE; production in LPS-stimulatcd BV-2microglia.
All valucs were expressed as measn =SEM for three independemt cxperiments. Data were
an3iyscd using one woy ANOVA for mulliple comparison and post hoc Student Newmen-

Keuls test. significant at p < 0.05 when eompared with LPS only.
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4 Production of TNF-u and 1L-6 in LPS stimulated BV-2 cells

-'nloﬂc and in presence of various concenlralion of extrnct induced production of

sokines (TNF-a, [L-6) from BV-2 cclls in comparison 10 the unstimulated controd. The
jues weie oll significanily different from the uastimulated control. but they were nol

ignilicantly (*p < 0.05) diffefent from the LPS stimulaied cells except EMOL 100 ng/mL

which stotisticat significance {F(d. 14) =37.75; p<0.0001] (Figures 4.14 and 4.15).
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Figure 4.14: Production of TNF-u in LPS-stimulated BV-2microglia.
All valucs are expressed as mean +SEM for three independent experiments. Data were

analysed using onc way ANOVA for multiple comparison and post hoc Studen! Newmau-

Keuls tes1. * = significant at p< 0.05 when comparcd with LTS oaly.
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Fizure 4.15: Production of 1L-6 in LPS stimulated BV-2 microglia

All values were cxpressed as mean + SEM for three independent experiments. Data were
analysed using onc way ANOVA for multiple comparison and post hoc Student Newman.
Keuls test, * = significant o1 p < 0.0S when compared with LP'S only.
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~ Reaclive 0xYen species (ROS) production in LPS stimulated BV-2 cels

alone induced 8 marked production of ROS from BV-2 cells in comperison to the
timutated control. EMOL significantly reduced the level of ROS production {rom LPS
mulated ccils (Figure 4.16). ROS production was lowest st 150 pag/mL (49.45 £1.15).

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT



150 -
Negative conlrol
£4 LPS only

£ 100 pg/mt EMOL.

00 150 pg/mL EMOL
. 200 pg/mL EMOL

-
o
o
&l

'

-':
.'.I-I
“n |
)i

-
k|
-

T

4]
<

:

L

DCF Flourescence
(% of LPS Control)

ol

LPS 100ng/mL - - +

+ +
EMOL ug/mL - % 100 150 200

Figure 4.16: Rcactlve oxygen (ROS) prasluctlen fn LPS activated microglia.

Cells were stimulated with LPS (100 ng/mL) in the prcsence or absence of crude extract
(100-200 pg/ml.) for 24 h. At the end of the incubation periad, total reastive oxygen and
nivite species production were measured in the ccll. All values wer expiessed as mean ¢
SEM for three independent experiments. Dato were analysed using one-way ANOVA for
rltiple comparison with post hoc Student Newman-Keuls fest,

* =gignifcant at p <0.05 when compazed with LPS only.

DCF: 2', 7' dichloroflourcscein diacetaie
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BIOACTIVITY GUIDED FRACTIONATION OF ETHANOL LEAF
\CT OF Moringa oleifera

Reverse Fractionation of EMOL
id phasc extraction of EMOL using ACE 10 C18.11L column wilh 20, 50. 80, and 100%
banol yields about 64% (Table 4.5)

able 4.5: Percentnge Yleld from reverse phase fraciionntion EMOL

a Fractlon | % Yicld
. F20 74.00 5
FS0 17.53
F80 00.05
Fi00 Wy

F20 = 20%:; F50 = 50%:; F80 = 80%: F100= 100%
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- Bioactivity of fractions of EMOL

[T and Gricss assay monitofing of activity of fractions showed thnt F50 modorately
duced nitrite production and less toxic than F80 and F100 thnt showed better activity in

irite assay but is acutely toxic. The following are results obtained for bioactivity of

tions.

$7.2.1 Vinblllty of BV-2 microglin cells.

The cfliect of the fractions F20, F50, F80 nnd F100 at 12.5, 25 and SO pg/mL on BV2 ecll
viability was tested using the MTT assay. Result showed that 1°20 and F50 did not affect the
viability of BV-2 cells while F80 and F100 affected the viability of the BV-2 (Fipure 4.17).
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Figure 4.17: The effect of fractlons of cthenol extract of Moringa oleifera on the viability

of BV2 stimulatcd with LPS.

All vatues were expressed as mean SEM for thiee independent experiments. Data were

analysed using one way ANOVA for multiple comparison and post hoc Student Newman-

Keuls test.
"= significont a1 p < 0.05 when compased with LPS only,
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3 NQ productlon in LPS stimulated BV.2 cells

alone induced a marked production of NO from BV-2 celis in comparison With
simulated control. F30 ot 25 pgimL significantly (*p < 0.05) inhibited the levct of NO
uction from LPS stimulated celis (Figurc 4.18). F80 and F100 ot 12.5, 25 and 50 pg/mL
njlicantty reduced nitrite production (Figure 4.18),
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Fizure 4.18: The effect of fraction of cthanol estract of Moringa olcifera leaves on nitrite

production in BY2 stimulated with LI'S. |
All values were expresscd as mean = SEM [or thiee independent experiments. Data wele

analysed using one way ANOVA for maltiple comparison and post hoc Student Newman- ’

Keuls test. * = significant at p < 0.05 when comparcd with LPS only.
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173 HPLC-DAD

Fingerprift of F50 oblaincd from semi-preparative reversed-phase JIPLC is piesenicd on
Figore +- 19. Five compounds were isotated a1 the fotlowing relention timcs.

12.429 minutes (F50-1),

15.859 - 16.185 minutes (50-2)

17.736 minutes (F50.3)

18.392 wninutes (F50d)

30.863-21.154 minuics (F50-5)

—————BAD1 A Sig=220 4 Hel=ofl (D WISITINGWALE 170214¥ 2 MOL 50M-2014-02-° 8Dy

mAl

2500 -

g 2

1500 - ™

8 By &
- —— = -
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e e o L o 25

g ) 1 crsed-phase
Fiture 4.19: Fingerpeint of fraction F$0 obtaincd from semi-preparative reversed-p

HrLC
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47.4 Isolnlion and Spectra Data of (FS0)

{
420, 4.21, 4.22 and 1able .|.5.

494
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Figure 4.20: 'H NMR shectrum orlsacmpfcrold-o-ll-ﬂ-glucopymnos)! {(1—-4)-

rhamnoPyranaside (F50-1)
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The Proton NMR specium, spectra date, UV absorption spectrum and stucture of 1°50-4

mcmpl'ctoi-lo (3-D-glucopyranosy! (|—'4)ﬂ«l.»rhamnopymnosudc) are presenled in Figure
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Figure 1.21: UV specirum of kacmpferol-3-0-f-D-glucupyrunosyl-{1— §)-u-L-

thamnopy ranoside (FF50-4)

Fleure 4.22; Kacolplerol-3-0-i-p-glucopy rnosyiH{1—+)-a-1-rhamnop) ranoside
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475 Analysis of F50-$ Spectra Data

The UV specirum (Figure 4.21) obtained from the 11PLC/DAD chromatogram showed A

maxima 8 350 nm (band 1) and 264 am (band 11) characteristic of the kacmplerol 1ype. The
NI NMR spectum  of  compound (Kacmpferol-3-0-B-D-glucopyranosyl.( | —4)-a-L-
,halnnopyraﬂﬂsidc) showed (our signals in 1he aromatic hydrogen region. consisient with the
replacement patlemn of the Navonol kaempferol. Two broad singlets 2t §6.23 and 6.43 wergy
assigned to H-6 and H-8 of ring A. The proton signals at 6 8.05 (d, ./=9.0 Hz) ond 6 6.98 (d,
J#90 Hz) which nppeared as two doublets conlirmed the {,4—lisubstiuted aromatic ring B.
The presence of singlet a1 6 5.24 is assigned to the anomcric hydrogen (H-1 ) rans-diaxial
position With H-2"", characterize the B-D-glucoside unit. The cxistence of a methy! signal ot 5
1.25 in the high-field region was atributablc to thamnose. Thiswas furthcr conlirmed by 1he
broad singlet at 8 5.22 which assigned to the anomecric dicquatoriol hydrogen characteristic
for a-linked thaminose (H-1"""). Signals canging from § 3.20 to 5.21 arc in associotion (o
oxymethine protons together with the signals of anomeric protons {H-1'" and H-1""")
coafimed the presence of glucose and shamnose in the molecule. The assignments of oll

protons in this molecule are summarized in Table 4.5.

This information together with associoted literature data for flavonoid with the same aglycone
sllowcd the identification of F50-4 as kacmpfcrol-3-0-B-D-glucopyranosyl-(1—d)-a.L-

rhamnopyranoside. This compound has been previously isolated from the leaves of Oxandra

sessitiflora R.E. Fries (Souza ef al.. 2014).

AFRICAN DIGI'IIRJ AEALTH REPOSITORY PROJECT



8 ANTINEUROINFLAMMATORY EFFECT OF ISOLATED COMPOUNDS ON
MICROGLIA IN LP'S INDUCED NEUROINFLANMMATION

184 Kaempferol, uercetin and rutin did not offect the viobllity of microglia gclls.

1he Yoxicity of compounds from Aforinga oleffera on BV2 cell viability was tested using the
AT assey. Result showed thet koempferol, quercetin and rutin at 12.5, 2.5 ond 25 kM
respectively in combination with LPS did not affect the viability of BV2 (Figure 4.23). Thete
was no sifnificant differcnce in cell viobility of microglia pretreated with or withou

compounds and LPS.
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Figure 4.23: Pretreatment with or without Kncmpferol, quercetin and rutin on visbllity

of microglia stimulated with LPS.
Cells were stimulated with LPS (100 ng/mL) in the presence or abscnce of koempfero),

quercetin and rutin for 24 h. At the end of the incubation period. MTT assay was canied out
oncells. All values were cxpressed as mean + SEM [or three independent experiments. Data

Were analysed using onc-way ANOVA for multiplc comparison with post hoc¢ Swdent

Newman-Keuls test.
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182 Kacmpferol and Quercetin suppresses nitrite produciion by inbibiting INOS
cypressian in LPS-aciivited microglia

I the presence of LPS (100 ng/mL), there was o marked increase in NO production in
gype matarks of BV-2 microglin, When compared to unstimutaled cells, Howeyer, treatment
i kaempferol and quercelin (12,5 uM) prior to stimulation with LPS resulted in a
significant reduction in NO production, in comparison with LPS conirol (Fig. 4.24). NO Is
anthesized during ncuroinfinnuination through 1he enzymatic activity of inducible nitric
oxide synthnse (INOS). In determtining whether the effect of the compounds on NO
pioduction was Mediated through inbibition of the octivities of iNOS, its cxpression was
measuied. Interestingly. kaempferol and quercetin caused reduction in expression of COX-2,

while nitin luid no reduction effect on iNOS expression (Figurc 4.25).
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Figure 4.24: Kacinplcrol and qucrcctin inhiblted ntfritc rcleasc in LPS.activated
microglia.

Micioglia were incubated in a medium containing 12.5 uM of both kacmplerol and quercetin
&d 25 M rutin for 30 min and then activated by |00 ng/mL LPS for 24 h. Kaemplerol and
quercctin significantly diminished nitrite release in microglic. All salucs were expressed as
dean & SEM for 3 independent cxperiments, Data were onalysed using one-way ANOVA for
multiple comparisons with post hoe Student Newman-Keuls test.

* = significant ot p < 0.05 when compared with LPS only.
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Figure 4,25: jcaempferol and quercetin inhibifed iNOS protcin expression in LPS-

tetivated microp| i

Mictoglia were jncubated in & medium containing 12.5
rol
nd 25 #M rutin for 30 min and then activated byloo ngfml.. LPS {or 24h. Kcnmpfc and

Quercetin jnhibited iNOS p|olcin expression in LPS-activated microglia. Protein expressio
h specific onti-iNOS anlitody. All values were

Dapa weie analysed Using One-way
Keuls lest

juM of both kaempferol and quercetin

%2 delennined uSing weslem blot il

SXpressed as mean + SEM for 3 indepen dent cxpcrimCﬂls-N
winan-
ANOVA for multiple comparisons with post hoc Student TNEW
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3 Kaempferol and quercetio suppresses PGE, productioa by inhibiting COX.2
pressions (o LPS-act|valed microglla

in the presence of LPS (100 ng/mL). there was & marked increase in PGE; production in
supcmatants of BV-2 mictoglin. when compared to unstimulated cells, However, treatment
with kacmp(ferol and Quercetin (12.5uM) prior 10 stimulation with LPS resulied in significant
reduction in PGE; production when compared with LPS conwol (Figure 4.26). PGE2 is
gnthesized during neuroinflammation through the enzymatic activity of COX-2. It is known
thay mPGES-1 is coupled to COX-2 in the biosynthesis of PGC;. In determining whether the
efticctofthe compounds on PGE; was mediated through inhibition of the activities of COX-2,
the cxpression of these enZymes was measured. [nterestingly, keempferol and qucrcctin

caused reduciion in expression of COX-2, while rulin had no reduction cffect on COX-2
(Figure 4.27}.
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Figure 4.26: Kacnpferol and quercetin Inkibited PGE: relensc in LPS-activated

mlcroglia,
Mieroglia were incubated in a medium containing 12.3 #h of both ksempfe
30 min and then aclivated byloo ng/mL LPS for 24 h. Kacmpfeiol

rol and qucrcetin

and 25 uMt rutin for
sgnificantly diminished PGEz releasein micioglie. . 7y
Al values were expressed as mean £ SEM for 3 independent experiments. Lt

| ' { . t men-
aalysed using onc-way ANOVA for multiple comparisons with post hoc Student New

Keuls test. * = significant at p < 0.05 when compared with LPS onty.
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Figure 4.26: Kacmpferol and quercctin inhlblted PGEar relcasc in 1. PS-activated

microglia.
Microglia werc incubated in g medium containing 12.5 HM |
aud 25 uM rutin for 30 min and then sctivated by100 ng/ml LPS for 24 h. Knempfcio

significantly diminishcd PGEz releasein microglia. . |
n £ SEM for 3 independent cxperiments. Date were

h posthoc Student Newman-

of both kaempferol and qucrcetin

All values were cxpresscd ns med

analysed using onc-woy ANOVA for multiple compaitsons Wil

Keuls 1est * = significant at p < 0.05 whencompated with LPS only.
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Figure 4.27: Kacinpferol aned querceetin inhibjicd COXN-2 prolein €xpressio

xclivated microglia. both kaempferol and guercelin

mediuym conwining 12.5 #M of

Microglis were incubated in o 00 ng/mk LPS for 24 b. Koempferol ard

&d 25 A rutin for 30 min and then sctivated byl
Quescelin inhibited COX-2 ptolcin expression in LP'S- ;
Was deteMined using \western bloy with specific altl
BXPressed as mean + SEM for 3 independen

ANOVA ‘-or mu"iple compurisons Wi‘h posl-h“l‘ps m‘y
Vg gnificant at p < 0.05 when compared with

activated mictoglia. Piotein €xpressiont

.COX-2 anhtibodies. All v ks Wore
Data Weie 8nalysed using onc-way

( experimemns.
Keuls test

Srydem Newmatt:
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Figure 4.27: Koempfcral and quercetin Inhibit

activated microglia. | and qQuercetin

m contining !2.5 g1 of both kaempfecro

Microglia were incubaled in 8 medw ng/mL LPS for 24 h. Kaempferol and

404 25 ;M rutin for 30 min and then activated byi00

) ; icroelia. Piolein Cxpression
quereetin inhibi X-2 protcin expteSslon n LPS-actjvated miciog
In inhibited COA- anti-COX-2 antibodies. All values wese
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(84 Kaempferol and quercetin suppresses the production of the TNF-¢ and 1L-6 In
_-Lfs,sgﬁvatcd BV-2 microglia

The pro-inflammatory cytoKines (TNF-2 and [L-6) ate known to be imporiam mediators of
micioglio inflommation. Their production was measured in supematants of LPS-activated
microghd asing ELISA. Afler 24 h of LPS (100 ng/mL) stimulation, levels of TNF-« was
significantly reduced in culture supcmatants of BV-2 yeated with knempferol and quercetin

(Figure 4.28). Prctecatment with kaempleral, quercetin and rutin (12.5, 12.5 and 25 uM)
increased [L-6 production (Figure 4.29).
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8.4 Kacmpfcrol and qucrcctin suppresses the production of the TNF-a and I1-6 In
LPS-ocli\'R“'d BV-2 microglia

The Pro-inflammatory cytokines (TNF-u and 1L.-6) are known to be imponant mediators of
micioglio inflammation. Their production was measurcd in supcmatants of LPS-activated
micsoglio using ELISA. After 24 h of LPS (100 ng/mL) stimulation. levcls of TNF-0 was
significantly reduced in culiwe supcrmatants of BV.2 treated with kaempferol and quercetin
(Figure 4.28). Prctreatment with kaempferol, quercetin and rutin (12.5, 12.5 ond 25 pM)
inceeased [L-6 Production (Figure 4.29).
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;g4 Kacmprerol and quercetin subpresses the praduction of the TNF-u andl [L-6 In
LPS-sclivntcd BV-2 inlcroglia

"M, pro-inflammatory cytokines (TNF-u and IL-6) re known to be important mediators of
microglia inflammation. Their production was measured in supematants of LPS-activated
mictoglia using ELISA. Afier 24 h of LPS (100 ng/mL) stiinulation, levels of TNF-a was
signilicantly seduced in cullure supematants of BV.-2 treated with kaemplerol and qucrcetin
(Figue 4.28). Pretreatment with kaempferol, quercetin and rutin (12.5, 12.5 ond 25 uM)
increased [L-6 production (Figure 4.29),

123

AFRICAN DIGITAL HEALTH REPOSITORY PROJECT



150

§§100 y/%
g 501 : %
L LB

Kaempferol uM
Quercetin yM - - = 12.5 =
Rutin 1M - : - - 25

Figurc 4.28: Kacmpfcrol and quercetin reduced TNFa production In LPS.activated
microglin. Cells were stimulated with LPS (100 ng/mL) in the piesence or sbsence of 12.5
#M kaempferol or quercetin and 25 #M rutin for 24 h. At the end of the incubation period,
Spermatants were collected for ELISA measurements. All values were expressed as mean
SEM for 3 indcpendent cxperiments. Data were analysed using onc-way ANOVA for
multiple comparison with post hoc Student Newman-Keuls test.

"= significant at p < 0.05 whencompaied with LPS only.
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Figure 4.29: Kaempferol and qucercciin did not redoce 11.-6 production in LPS.activated

mlcroglia.

Cells were stimulated with LPS (100 ng/mL) in the prescnce or absence of 12.5 uM
kaemplerol or quercelin and 25 pM rutin for 2dh. At the end of the incubation period,
supernatants were collected for ELISA measurements. All values were expressed as mean +

SEM for 3 independent experiments. Data were analysed using onc-Wway ANOVA (or

multiple comparison with pos! hoc Student Newman.Keuls test.
" = significant ot p < 0.05 when compared with LPS only.
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485 Kaempfcrol, quercelin and rutiv modulate neuroinftammation by Intcrferinf
with NF.xB signalling pathway in LPS-activated microglia

Considering the role of NF-xB in neuroinflammation, the cifect of keempferol, quercetin and

juitin on the activity of this transcription lactor was elugidated using the reposicr genc nssay.
The compounds showed ability 10 modulate the vanscription of NF-xB gene. This wos
measured by transfecting HEK293 cells with a plasmid construct canying o lucifesase
reporicr gene conlf olled by NF-xi3. It was observed that stimulation of trensfected cells with
18F (1 ng/mL) resulted in aclivation of the NF-xB-driven lucilerase expression (Fig. 4.30).
This phenonicnon ‘was alfected by kacmpferol, quercctin ond rutin resulting in significant {p
< 0.001) inhibition of NF-xB driven lucifeiase expression, demonstrating that compounds

suppresses NIF-kB-dependent gene expression in gencrol.

126
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485 Kacmpferol, quercetin and rutla modulate aeuroinflammation by Interfering
wlih NF-xB signalling pathwny in LPS-activated microglla

Considering the role of NFF-xB in neuroinflammation, the elfect of kaemplerol, quercelin and
yitin on the activity of this transcription factor was clucidated using the reporter gene assay.
The compounds showed ability 10 modulate the vanscription of NF-xB gene. This was
meastred by tronsfecting HEK293 cells with o plasmid constjuct canying o luciferase
reponier gene controlled by NF-xB. It was observed that stimulation of trans fected cells with
18F-u () ng/mL) resulted in activation of the NF-xB-driven luciferase expression (Fig. 4.30).
This phenomenon \vas offected by kaempfctol, quercetin and rutin resulting in significant {p
< 0.001) inhibition of NF-xB driven lucifcrasc expression, demonsimling that compounds

suppiesses NF-kB-dependent gene expression in general,
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Figure 4.30: Kucmpferol, quercctin _ and rulin inhibited NF.xB-mcdlated genc

expression.
HEX293 cells were transfected with 9
controlied by NF-xB, and stimulated with TNF-a (1

) in. NF-xB me
i cetin and 25 M rutin. NI
125 uM kacmpfcrol or quer o= S

plasmid construct carrying a luciferase reporier gene
ng/ml) in the presence or absence of of
diotcd gene cxpression was

measwred with ONE-Glo luciferasc assay kit and lumin

i expcriments pe
SEM for three indcpendent ’
RSN for muluiple compaiison with post hoc Student

when compared With TNF control.

ormed in triplicaics, Data

wert annlysed using onc.way ANOVA
Newman-Keuls test. ® = significantat p< 0.001
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(9 EFFECT OF COMPOUNDS ON MACROPHAGES

491 icaempleral, Quercctin and rutin did not nffect the viabillty of macrophages.

1he toxicity of compounds from kaemplerol, quercetln and rutin on RAY 264.7 cell viability
was tested using the ATP assoy. Result shows that knempferol, quercetin and rutin at 12.5,
12.5 end 25 uM respectively did not affect the viability of RAW 264.7 (Figure 4.31). Also
LPS 100 ng/mL. did aot atTect viability of RAW 264.7 (Figure 4.31),
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Figure 4.31: Pre-treatntent with kacmpferol, quercetin and rutin dld not affect the
viability of microglls.

Cells were stimulated with either LPS (100 ng/mL), keempfero] (12.5 uM), quercelin (12.5
#M) or rutin (25uM) for 24h. At the end of the incubation period, ATP assoy was carmed out

on cells. All values were expressed as mean £ SEM for three independent experimenis. Dala

were onalysed using One.way ANOVA for multiple comP3rison with post hoc Studenl

Newman-Keuls test.
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$9.2 Kaem plerot, quercelin oud rutln suppresses (ke production of cytokincs in

macrophabes . J
c)1oki"°5 aie imporiant in¢diators of immunc cells, They are impostant regulators of

immunity. The efTect of the compounds on cytokine production was megsured in supermnatants
of RAW 274.6 cells treated with ecither compounds or LPS of cr 24 hours. The level of
cytokine production in LPS treated macrophages was as expected very high for IFN-7, IL-6,
(L-8 and TNF-a. Rutin significantly inhibited production of I-6, IL-8 and TNF-a in
maciophages. Kaempferol significantly inhibited production of 1L.6 and IL-8. None of the
compounds showed significant inhibition of IFN-y (Figure 4.32)
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Figure 4.32: Cytokines production in kacmpferol, quercetin and rutln {reatcd microglia

cells.

1 9
Celis were stimulated with either LPS (100 ng/mL), kaempferol (2.5 #M), Quercetin (12.5

#M) or rutin (25 uM) for 24 h. At the end of the incubotion period, supematants were
+ SEM for 3
collected for ELISA measurements, All values wert expiessed s mean = SEM for

1 muit;
indepe nde nt experiments. Dota were analyscd using onc-way ANOVA for 1ple

Comiparison with post hoc Student Newmon-Keuls test
* “significant a1 p <0.05 when compated with LPS only
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4 9.3 Inhibition of phoshhosyintion of p38, ERK1/2 and JNK MAJ® kinases

coatributes 1o immunodulafory activity of kacmpferal, quercetio and rutio

\Ap kinascs are onc of the ficquently encountered signaling pothways in the
im,mmomoduIution. IFor example, T cdl activation involves the RaS'MAP kinasc pathivay,
with the cascade ending in the activation of ERK which gains ability to pass through the
nuclear membrane to activaic AP-1 (Fos and Juns) which is a very important regulator of 1L-
2, Based on this, the cffect of isolated compounds on macrophages was investigated. LPS
alonc increased the level of phosphotylated p38, INK and ERK. All the compounds showed
significant (p< 0.05) inhibition of p38. Both phosphorylated INK and ERKI1/2 were also
inhibited by the compounds especially rutin (Figure 4.33).
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Figure 4.33: [ahibitien of MAPK phosphorylation by kaempferol, quercetin and rutin
Cells were stimulated with cither LPS (100 ng/mL). kaempfetol (12.5 uM), quercetin (12.5
M) or utin (25 M) for 24 h. Data were analysed using onc-way ANOVA for muliiple

comparison with post hoc Student Newman-Keuls test.
" = Significont af p < 0.05 when compared with LPS only
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410 (MMUNOMODULATORY EFFECT OF ETHANOL EXTRACT OF Moringa
N{fﬁm LE:\VES

4101 EMOL was toxic on Jurkat cells.at 160 pg/mL

gEMOL ccduced the number of live cells © lower than 100,000 afier 6 hours of trcatment.

Afler 24 hours post trealment alt the concentrations has doubled almost twice except 40, 80
and 160 pg/mL. (Figure 4.34)
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Figure 4.34: Toxicily 4 totol number of cells counted using Irypan
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celisfwell an
1.2.4.6 and 24 hours). Datg were expressed 35 mcan
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day 1 to 4 (Figure 4.35), Mean flugre scence intensity (MFI) of Jurkat cefls in live gate shows

\hat at 80 pug/mL, cells were not prolifcrating hence the high flyo

A plot of fold change in rescence value (Figure 4.36).

’ M.F! forday 4 and 7 rCvealed (hat more inhibition was belore day
(FiBwe 4.37). EMOL inhibit numnber of proliferating cells in o

manaer (Figure 4.38)

conceNtration Uependent
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Figare 4.35: Crode Moringu oleifera extriact reduced the prolifcration of Jurkat cells
Jurbat cells sub=cultured 01 5x10* ecll¥ml. 24 hours before stoining with CFSE and treated with or without crude extract.

Gsiing performed on mpidly dividing cclls and counted al ime points. Each row' is a representative histogyam plot
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Figare 4.35: Crude Moringa oleiferu extruct reducced the prolileration of Jurkat cclls
burkat cells sub-cultured a1 5x 10! cells/ml 24 hours before staining with CFSE and treated with or without crude extract.

Gating was performed on rapidly dividing cclls and counicd ot time points. Each row i$ a represcntative histogmm plot
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Figere 4.35: Crude Moringa olelfera cxirict reduced the proliferntion of Jurket cells
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Figurc 4.37: Fold changc in MFls ut day 4§ grcater then

cells.
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Figure 4.38: EMOL dose dependently reduced the proliferation of Jurkan cells,
Jurkat cells sub-cultured a1 5x10* cells/ml 24 hours before siaining with CI'SE and ircated

with or without crude extract, Goting was perfonned on ropidly dividing cetls and counted at

time points,
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4.10.3 Apoplosis and necrosis MCAStreq

Representative plots of 72AAD gng ) > AR V and 7AAD suujns
0NNCXin V of Pygar cells sub-cujiured ot Sx 10% celis/mL

tde extracy (fj
Plotof 7AAD and anpexi , (Figure 4.39).
nEXIN V showed that Jurkat cells become more JAAD® with i ]
Wiih incrCase In

concentration of EMOL (Figure 4 10)
+U). Untreaied Jyrial h '
V. while at 80pg/mL most of the cells were 7 cells were poth JAAD" and annexin

24 houts before treument with OF without cpy

AD" and few were annexin V. Resull also
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Figure 439: EMOL dosc dependently increased necretic death in Jurkat cells

Jurkal cells sub <cultured al $x10% cellymb 24 hours before treaiment with or without efude extract. To directly measure apoptosis and accrosts,

Jurkat cells were labelled with annexin V and 7AAD at vartous time points, Gating was performed on live cclls and the 1otal number ol viable

cells (mean £ SEM) was

measuted by flow cylometry. Reptesentative
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[igure 4.40: Effect of ENIOL on tetal number of TAAD”® cclls.
Jurkot cells sub-cultured at 5x10° cells/mL 24 hours before treatment with or without crude

cxtracl. To dircctly measure apoplosis and nccrosis, Juskat cells were labelled with annexin V
and 7AAD ol various time poinls. Galing was performed on five cells and the total number of
viable cells (mcan + SEM) was measured by [low cytomelzy,

Con: control

Yeh: vehicle

AFRICAN D’G*A_ HEALTH REPOSITORY PROJECT



4104 EMOL inbhibited APoptosis of Jyrkay ell
c

ICAM and CD28 activated Jurkat cells

CD3 and cither CDSY or CD2

O apop10sis and pecrosts in CD3,
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Figure 4.41: Sustiincd and cfficicat activation of Jurkal cells follinving co-stimulation through ICAM-1 and CD28.
Jurkat cells were stimulated wilth anti-CD3 plus anti-CDS4 or anti-CD28. Celis were harvestied on the days indiciated and the 1o1al number of

viable cells (mean. £ SEM) was measurcd by flow cytometry. Data (mcan + SEM) were presented as the number of cells relalive to the entiie
population. Represcentative of three experiments. Representative plots of 7AAD and annexin V.
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Figure 4.41: Sustained and eflicient activation of Jurkat cells following co-stimulsttion throuyh LCAM-1 nnd CD28.
Jurkat cells were stimulated with anti-CD3 plus anti-CD54 ur anti-CD28. Cclis were harvested on the days indicated and the total number of
viable cclls (mcan, £ SEM) was measured by flow cytometry. Data (mean £ SEM) were presented as the number of cells relative 1o the cntire

population. Representative of three expeninents. Representative plots of 7AAD and annexin V.
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Figure 4.42 : Apoptic (Anacain V) cclls following co-stimulation through ICAM.1 andl

CD23.
hrkal cells were stimulated  witl

harvesied on the days indicaled ond the

Medsyred by flow cylomeny. Dala (mean £ SEM) were presenied as the n ’
on, Represeniasive of three experiments. Number of annexin V*

1 anti-CD3 plus onti-CD34 or anti-CD28. Cells were
tolal number of viable cells (mean, 2 SEM) was
umber of cells

felative 10 1he entire populoti
tells on day | and 4.
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Figure 4.43: Necrotic (TAAIY) cclis following co-stimulatjon Ihrough JCAM.1 and

Jakst cells were stimulated with anti-CD3 plus anti.CD34 or anfi-CD28: Cells were
bervested on the days indicated and the total number of visble cells (mean, £+ SEM) was
@29aed by flow cytometry- Data (mean + SEM) werc presemied as the number of celis
b Rlative to 1he eniire population_ Representative of three experiments. Number of 7AAD” cell

AFRICAN I!IéI?AL HEALTH REPOSITORY PROJECT

rnp;r'i

{ ‘BADAN UNIVERCITY LI

—




4,755 EMOL on expression of CCRY in Jurkat cells acqivatet by CD3 and clther
ICAM or €D28

EMOL causcd a slight shift in CCR7 expression MIt of EMOL treoted Jurkat cells when
compared to untreated (Figure 4.4.1), CD3 ang CD28 octivatcd Jurkal cxpress slightly more
CCR7 than CD3 and CD28 on day 1 1han day 4 (Figure .| 45).
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Pigure 4.44: Representative histopram plot of CCR? follow ing co-stimulation through ICAM-1 aad CD28,

£ MOL rclatively increased expression of CCR7? n Jurksl celis following co-stimulatzon thiough ICAM-1 and CD28. Jutkar celis were
simulsted with ant-CD3 plus ani.CD$4 or anti-CD28. Cells were harvesied on the dsys indicated and the total number of viable cells (mean. £

StM) was mansured by flow cylometry. Data (mean £ SEN) were mescnied as the number of eclls relative 10 the entire population.
Repreaentative O three expenments
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Eigare 4.45: EMOL rclatively Increased espression of CCR7 is Jurkat cells folloming

coslimglation throogh [CAM-1 and CD18 .
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D cells were Stimulated With anti-CD) plu
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e
&ereq by flow cytometry. Data (mesn SEM) were presenied as the number of cells
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CHAJTER FIVE

DISCUSSION

5.1 Discussions
The antincuroinflammatory aspects of cthianol extract of Aforinga oleifera lcaves (EMOL)

have been investigated in this study. Firstly, the centtal cifects of the exwact were
investigated To ascettsin its activity in the brain, followed by its ncuroprotective ability in
chiontc mflammatory and neurotoxic conditions as excmplified by convulsive epilepsy and
LPS induced cognitive impairment. Secondly, in o bid to isolatc the principies with
ncuroprotective property, lipopolysaccharide induced model of ncuroinflammation \was

ssudicd by monitoring various inflammatosy mediotors, cytokincs, chcmokines and signaling

molecules involved in both upsteeam ond down regulation of inflzmmation end immunity-

The sludy established that LDso of ethanol extract of Aoringa oleifera leaves was > 5000

mg/Kg. Adedopo ef df., (2009) reporicd the L D 0 fmethonol extiact of the lcaf to be> 2000

mg/Xg, ond Kasolo er al, (2010) gove o valve of 7.8 g/Kg as omi LDso, EMOL can

herefore be classified as rclatively non-toxic.

The beneficial medicinal effects of plant moteriols typic.
secondory inetabolites present in plant, through additive or synergistic action 0
chemical cosnpounds acting at single or multiple target sites associated with o physiological

process (Briskin. 2000). According f0 Koufman e! al,
ous metabolites, ligands, hormones,

liciol medicinal cffectson human's due to
sysiem, cic.). These secondory

ally resuh from the combinations of
f several

(1999), some plant products may exerl

. ; signol transduction
lheir action by resembling endogen g

molecules, or ncurotransmiticrs and thus have bene

similacities in their poteniial largel sites (e.g. CNS. endoc
metabolites, individunlly of in combination, would accoun
‘ 1 f j 'sis reved
eflects of this plonq. Prclimina® phytochemical analysis .
tains glycoside anthraquinoncs. saponins, but

s con

Alkaloids were Presen .
s could be 8s D Jesult of the focation, scason and

d that winter samples of Moringa ofeifera had

pheno lic compounds (except the leaf past) and

rine
{ for the observed phammacological

Is thay ethanol cxtract Of

s, lonnins,

Morj,
ngo oleifera leave cthano| eXtract of leaves from Kenya

Suiprisingly no olkaloids.

(Kasolo s af 2011). The absence of alkaloid
ai ¢t ol (2011) jeporle

calcium and

t in the

lime of collection. Ts

higlier ash (except the stalk pan),

SUonger antioxiclative activity than summe
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[n-vivo methods Using intact animals a .

A ¢ considered 10 be the best method for investigating
the action of dnigs on the CNS (Sarker e¢ o/, 209 .

_ ¥ _ -+ 2007). The most impostant step in cvalusting
drug action on the CNS is 1o observe the behavior of the test animals
The extiact (250 — 2000 mg/K R '

e | ) | g/Ng) prfxluced significant (P<0.01) dose-dependem reduction in
govelty induced bchoviors. Reduction etficts at (000 and 2000 mg/Kg is comparble to
diazepam (3 mg/Kg). This observation suggests thai EMOL depresses the CNS. The
mechanism might be by potentiatingihe inhibitory pathways (GABA, glycine) or inhibition
of the excitatory pathwnys (norodrenaline. acctylcholine). Neuropeptides. dopamine, GABA,
endoiphins and ncctylcholine which arc implicated in reasing. grooming and tocomotion i
mice and small animals might be involved in the EMOL activity. The ciscuit containing the
vential tegmental orea, nucleus accumbens and venwal palladium is required for expression
aflocomotor activity elicited by amphewmine like psychosiimulants and it was hypothesized

as necessary for novelty induced motor activity (Hock and Kalivas, 1995).
cld test is also used to measure anxiety. Anxicty behavior is tiggered by

The open fi
ion of animal from its social group and ogorophobia (large arena induced) (Ambayndc

2parot
avior identified

et al, 2006). In the open field the animal isexpected to show thigmotaxicbeh

by preference for periphery and reduced ambulotion. The reduced movement intheopen field
shows that EMOL is anxiolytic. The doses of eximcl used produced @ non-significom

decrease in the time spent in the open aym. Diazepom (Img/Kg) produced an increase in ime

presented by avoidonce of open arm of animals placed in
oidance. Diazepam, buspirone

Dale. 2006). This finding

spent in open orm, Anxiety is re
creased the index of open osm 8%

in op¢n arm (Rang and
nism of known pnxjogenic agents is via

A (y-aminobutyric acid) pathways. S5-
inverse ogonists (FG 7142) and

EPM. poses of the cxtroct in

and other anxiolytics increase time spent

suggests thot the cxtract is ansiogenic. The mecha

seroionin ( S-hydroxYttypramin€. 54T) ond GAB
HTynsc agonists (TFMPP, m CPP). benzodiazepine receptor

; : L Th
GABA , receptor ontagonists (picrotoXin) and PTZ wT anxlogcn.nc. c.
ic effect has worked well in identi

ielated agents while it is not reliable in
e.g. 5-HT:a partiaf agonists like
f SHT. the major uInsmitter

open arm - closed
fying the nnxiolytic

&rm approsch for screentng for anxiolyt
polential  of benzodinzepine/GABAA receptor
detecting anti-anxiety €ffects through untefated mechonisms.

tor O
Qi (Rodgers ef . 1997). Four o | ﬂfc 'CCCP r xiety in vorlous animal models
imolved in anxiogcnic/anxiolytic have been implicated in anxiety 40

{Lucki 1996). 4 4 the cxploitory behavior

S“nilarly. the e¢xtract SEQﬂifi‘:n""" is o measure of
a(ioh of the numb

[52
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in mice as

kmonstrated by the fedu



exploratory behaviour (Craw Iy, :
pellow, £985% Amos er al., 200 :; l‘::)t::: :st::: ::a i ?Cmti‘y .ol' bt g
of head-dips (Takeda et gy, 1998). The chect of mm“.)’mﬁ g s n.u y
- T the exiract is therefore suggeslive of
anxiogenic rather than anxiolytic potentials,
B i e el b et
. YPROsiS, an cflect that may be atteibuted to an
u:lfon Ofl the ceniral mechanisms involved in the regulation of sieep (Chindo ¢ a/,, 2003) or
an inhibition of pentobarbital metabolism (Kaul and Kulkami, [978). it is generally accepled
hat the sedative eflects of drugs can be evaluated by determination of pentobarbital sleeping
time in Iaboratory animals (Lu, 1998). Fujimori, {1965) proposed that prulongation of
batbital hypnosis is a good index of central ncrvous system dcpressant aclivity. The extract
produced a significant (P< 0.01) decrease in sleep latency and prolonged sleep durstion
induced by pentobarbitone (40 mg/Kg). This is also suggestive of central depressive activity.
The extract ot 2000 mg/Kg protected 80% of mice from PTZ induced convulsions. There
was no prolection in strychnine and picroloxin induced convulsion. Stychnine act via
blockade of inhibitoiy glycine pathway in spinal coni and picrotoxin blocks inhibitory GABA
pathway via GABA 4 receplor. This suggests that the anticonsulsant action of the EEMOL i's
mediated by the chloride channel of GABA/benzodiazepine receptor complex and not by the
chloride channel of glycine receptors.
Spontancous alternation behaviour is regarded as o measure of shost-ten memory in rodents
(Hritcu ¢s al., 2007; Heo ¢t al, 2009). A mouse must remember ot leas) the most recently
visited arm in order 10 alicmatc the armm choice (Lee ef af. 2010). Some studies have used
&I'm enlries as a measure of Jocomotion (Ma et al, 2007). Spatial memory as measuced by the

Y-maze tests is dependent on hipposampal lcorning and memory function and is related 1o the
(Conrad ¢/ al.. 2003). The cxtract did not

NMDA reccptor/Ca? influx signaling pothway
but digzcpam 3 mg/Kg showed a slight decrease in short ienn

reduce spontaneous allcrnation.
y compromiscd, and the

memory. In Alzhcimer's disease ncuronal {3nsmiseon 1S seiousi
1 is associated with memory loss. Aoringa oleifera

cholincrgic peurons have been lost. g |
} restored fevel of dopamine, noradrenatine. SHT in rat model of Alzheimer's dlsea‘sc induced
yo tesult showed that Moringa oleffera had a

With colchicine (Ganguly and Guha, 2007). TI

. , ficit.
Protect i duccd memoty de .
dve role in LPS in 5 neuro-Mflammation induced by systemic injection

- @naection between amyloidogencsis an iy
h ais

of LPS d th inflammation enhances Ap generation A U

QRO NN CUeO. injections of LPS-Induccd memory

function, | ce ¢ al. (2010) showed thet systemic
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Several Studies have shown a ciose



painncnt by APi_a generation in oth the co : | g ’
et e sresi e
demonstiated the influcnce of LPS on AB deposition in AD (Gasparini e ak, 2004) and that
apti-mflammalory ogents such as lbuprofen prevent AP deposition (Yan ;’I al. 2003) by
decreasing cytokine production in human neuional cells, astrocytes (Blosko e af, 200)) and
Tg2576 AD mice (Lim er al., 2012), Compared with some other inducer of emyloidcgenesis
and neuroinflammation, LPS also caused higher co-cxpression of inflammatory Pproleins
CcOX-2 and iNOS. ond amyloidogenic proteins BACE and C99 in mice brains than with
IFN-y or TNF-a alone or in combination with LPS. Hauss-\Wegrzyniok and Wenk (2002)
showed that LPS induced extracellulor deposition of bewa amyloid fbrils inio the
hippocampus. Going by the proicctive rolc of AMoringa olelfera in systemic LPS induced

cognitive delicit, EMOL could bc a potentiol sourcc of compounds with anti-

neuroinflommatory ¢ fTect tacgeting amyloidogencsis.

Neuroinflammation is a phenomenon that is aimed at prolecting the centrnl nervous system

(CNS) against infectious insults and injury. It has been closcly linked to the pathogenesis of

AD ond evidence has demonstrated sustained inlammatory responses involving microgiio

models of neurodegcneration. Although, mosl cases of

and astrocyles in animal

neuroinflammalion constituies 0 bencficial process that ceases once the thrcat has bceen
2012), sustained

jed and homocostasis has been restored (Spencer ¢/ al.

elimina
r that drives and contribute

seuroinflammalory processes has been suggested to be the focto
< neuronal damage observed in many

o the cascade of events that result in progressis
nd Parkinson’s diseasc (Hirsch et al., 2005;

neurodegenerative disorders tike Alzheimer's &
McGeer and McGeer, 2003; Wilms e/ /. 2007; Spencer ¢1 al.. 2012). |
Microglial cells arc the primory inimunc celis in the CNS and their actions are similar to

those of peripheral macrophages (Kf¢ utzberg. 1996). Conscquently. thei¢ primary [unclions
y destroying inva removing delcterious debris,

homocostasts,
/. 2010), However, sustained, unconirolled

: thogens,
ai¢ o promotc host defence b ding POriOBENS i
nartly thiough their influencc on

d Tecilyating lissue

Surrougding astiocytes and NEUIONS {(Glass €1 @
jonO
g con lead 10 On €XOESS production

ors include PGy
(Strait ond Kincaid-Cofton, 1995;

al. 2007). Consequenily,

Promoting lissuc repair on
f vorious heuroinflommatory foctors

x - ] . »
tivation of microgli mitric oXide, pro- inflammatory

which promote ncuronal injury. These fact
tokines, reactive oxygen species (ROS)

Gibbons and Drogunow, 2000: Wang ¢/

ond glutamaic
al.. 2006 Kim ¢!

|54
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nfion in @ microglia pctivati
inlerv€ £ pclivalion process has pecome a promising therapy Used for the
wreatment 0 fMaoy neurodegencrative conditions (Kim et al., 2007)

| ' pecially  AD. In  this respecs,  naturally-occuring
phytochemicals like curcumin, resveratrol nnd grecn rea colcchins have been suggesied 1o
prevent AD because of their anti-amyloidogenic, anti-oxidative, and anti-inflammalory
properties (Kim and Bae, 2010). Aforinga oleifera has been shown 10 be aeuroprolective
(Bakre &t af, 2013) ond also reporied to exhibit anti-inflammatory activity (Singh ef al.
2012). A study by Adedapo e/ al. (2015) repons that methanol extract of Aforinga oleifera
(200 mg/Kpg) inhibited carrageenan induced rat paw oedema.
One impoitant finding of this study is that extract of Aoringa olcifero reversed coghitive
delicii induced by LPS. These observations seem o justify the use of the plani in treating
inflammatory disorders. A major challenge in understanding the therspeutic potentials of
plant extracts usually relates to lack of infonnation on the pharmacologicel profile of its
bioactive substances. Consequently, this sludy investigated the ctude extrect of Moringa

oleifera and some compounds isolaled from its cthano! extract by aciivity guided reverse
phase fractionation in LPS stimulated micioglia (BV-2), unstimulated microphages (RAW

264.7)and T-ccl!l line (Jurkat cells).

es such as I.-1, [FN v, IL-6,

Microglial cells are known to release proinflammatoly cytokin
). Activoted microglia has also been

and TNF-a, when activoted (Johnston ¢/ al, 201
oxygen radicals, and

nces like nitric oxide,
kines (Zindlcr aad Zipp, 2010). The

ds on the production of NO, RQOS,

reporled to produce potcntiolly neuroloxic substo
proteolytic cnzyines, as el as proinflammatofy €y10
effect of Moringa olelfera and some isolotcd compoun

TNFa, 1.6, and PGE3 in LPS stimulated microglia cells was investigaied. Results indicatc

ihat concentrations of miltigromshnL of extract of Moringa olcifera significamily suppressed
ivated microglia compared to laige

i : okines in ocl
the production of thiesc mediatols and cyt B hivatom sireo e e
ral
amount requircd for eflects in-1ive, Mouse an

i ivation with LPS

: kines and mediators upon activetion wit
Roducers of NO and proinflemmotory ¢yto . ' ol
(Mingheuli and Levi, 1998). The s 1oy dentonstrated that LpS induces an increase in iNOS
thi and Levi, :

iMfmuno- : 4 NO ielease in microglio! cells, which were inhibited by Aorirgo
s d to actisate the MAK and
olelfera, | PS and other inflannalory stimuli have been 1epOlLe
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-*P-xB sighalling pathways in microglia (13, ¢ al. 2011). In panicular. NF-xB is an
impotant upstieam reguleior of cyyokine, COX-2, and iNOS expressions (Pahl, 1999).
Studics have also shown that blockade of NF-xB transcriptional activity in the C'NS can
suppress expression of iINOS, COX-_and the prosnflammatory cytokines, such as IL-14, IL-
6, and TNFa (Moon e/ al., 2007). 1y is giso widely known that LPS stimulafion increases NF-
xB aclivation through 1xBa phosphorylation and degradation, leading to nuclear
nslocation of the p65 subunit. The results ylsy confimed that ksemfrol, quercetin and
sutin Which are compounds isolated from Aforingg oleifera showed regulation of tanscription

of NF-»B in activated microglia.

INF-a and IL-6 are two of the main pro-inflammatosy cytokines produced by activated
microglia during CNS inflammation, and Iheir excessive production has been linked to many
neurodegenerative disorders, including AD (Jung e al., 2009). In this study, EMOL
significantly inhibited the LPS-induced rclease of TNF.a. but not IL-6 in BV-2cells. On their
release from activated microglisa. NO and PGE; have been implicated as critical mediators in
the processes of neuroinflammation (Rock and Peterson, 2006). Furthesmore, high levels of
NO and PGE; produced by the activities of iNOS and COX-2 have been shown to be
cytotoxic to neuronal cells (Strauss e/ @), 2000; Munlioz et af., 2008). The present study
showed (hat EMOL significantly inhibited LPS-induced iNOS and COX-2 protein
expressions in BV- 2 eells. These results show that the inhibition of NO and PGE; production
by EMOL is possibly due to the inhibition of iNOS and COX-2 up-rcgulation during
microglia activation by LPS. PGE; is one of the most critical mediators of neuroinflammation
and neuronal domage in AD. Elevaicd tevels of PGE3 and over expression of COX-2 have

been observed in the brains of AD patients (Hoshiro ¢/ al., 2011). These authors further
on correlates with the amount of AP and the

sugested that the exteni of COX-2 expressi :
degree of progression of AD pathogenesis. PGE; and COX-2 havc also been shown (o be
major neusoloxic factors in the brain (fung et al., 2010). Studies by Ganter er ai., (1992)

s are capable of producing inflammatory and acute phase

de cell y
monstrate that neuronal [ Moringn oleifera inhibited PGE:

0
, , showy 1het cthano) extract _ )
proteins. In this study, it \wvas n microglia cells stimutated ‘with LPS

production as well os COX-2 protein expression |

uacet:
L pobably pecause it contains kncmpl’clolﬂnd guaicch
anti-infla

n. Thesc obscrvations might explain the

mmatogy actions of Moringa oleifera.

Mechanismss involved in the earfier 0Bse’ ved
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':S':;Bnyta::::; :j:r:::::::: :;é’:) ;n: of 1f1c im;.mrmm in.lmnc!!ular signal trnnsductifm
. ' -2 and iNOS in {.PS-stimulatcd microglia cells. In ils
inactive form, NF-xB is bound to cyioplasmic proiein |xB. On phosphorylation by ixB kinase
(IKK), IxB becomes degraded followed by translocation o INF-xB to the nucleus. Once in the
nucleus, NF-xB binds to specitic DNA leading to activation of celluler expression of pro-
inflammatory genes, including COX-2 and iNOS. This activation has been shown to be
stimulated by sevcral factors. such gs lipopolysaccharide (LPS), TNF-a. imcrleukin-6 (I1--6)
and intcrleukin-1B (IL-10) (Ghosh es al., 2013). The elfect kacmpferol, quecetin and nutin on
tole of this transcription lactor showed in the ami-inflammatory aciion of Moringa olelfera
might be via inhibition NF-xB as measuted by NF.xB mediated lucifernse transcription.
Based on our result, it can be proposed that the antincuroinflammatory effect of Maringa
ofeifera  (kacmpferol and qucrcelin) might be throogh suppression of PGE; and iNOS
pioduction through inhibition of NF-xB sigialling in LPS-stimulated microplia cells. This

finding nlso scem 10 indicale that Moringa oleifera might serve as a polential template for the

design of novel compounds in neurodegenemtive disorders.

ROS are diverse and abundani in biological systems. Whilc excessive ROS production

clearly domages DNA, low levels of ROS atleci ceil signaling patticularly ot the level of
hology of neuiodegeneration is also associated with oxidative and
reaelive nitrogen species
se of ontioxidanis

redox modulation, The pat
nitrosative stress mediated by reactive oxygen species (ROS) and

lliwell, 1992; Finkel and Holbrook, 2000), thus implicating the u
own to stimuiote signaling of numerous

cells causes activation of NF-kB/Rcl. AP-

(RNS) (Ha

8s potcntiolly beneficial strotegics. ROS are kn
cellular pathways. Hydrogen peroxide treaiment of |
ol 1997). Oxidants con also simulate receptor

l, and misogcn-nctivatcd kinases (Powls et

f ligand as well as the downstream effectors in signal

protein Kinase C, phospholipase C gamma. mitogen
(Staa! ¢ al, 1994: Liou ef al, 2000). EMOL

prosine kinascs even in the absence ©

transduciion pathways including s,

activated kinase, and C+jun-N-teiminal Kinase |
of ROS is pot ccrtain, it is well occcpted thal relatively |°.W levels 0 . p e

| enenlion of death (Finkel, 2011). Thisobservation is in
e flavonoids and their metabolites may have

profiferation rather tha
be potcntial novel therapeutics capable of

e suggestion$ that
2010) and might
es, including Alzheimer

saafonnity with th
Woprotective effects (Spencer, .
redticing the risk ofdegenermtive broin 5¢2°

‘s disease
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o e e et iy b ik i
include inflammatory cYtokines Il..-ﬁplLa :Tnnd i Saltiodagens.

o 11-8. TNF-o. and IFN-y. Interfeson-gamma (IFN-y ) is
tegarded as @ Thl cell cylokine which coordinates crosstalk bepween innate and adapfive
immunity end inflammatory responses by stimuladng the macrophage o increase its
production of & broad range of mediators including autacoids, ROS, arachidonic acid sPccies,
and pro-inflammatory c¥lokincs. Moringa oleifera derived compounds scems to be unique in
thei¢ ability to enhance IFN-y production. IFN.y is a potent maciophage activator that also
helps to activate and shape the adaptive response. It is generaied by NX celis and this might
explain the uselulncss of Aoringa ofelfera in boosting immunity. JL-6 belong to IL-1 family
of pro-inflammatory c)tokincs which are seercted very exrly in the immune response by
dendritic cells and monocytes or macrophoges in recognition of viral, parasitic, or bacterial
anligens by innate immune receptors. The main function of IL-6 is signaling onset of B.cell
dilferentiation to plasma cells. IL-8. also ealled CXCL8 is a chemoatwactani with o key role
of attracting neutrophils to Infection site. TNF-a, like IL-6 and IL.8 are proinflommatory
cytokines. Differences in intracellular signaling were obsersed beiween compounds isolated
from Aforinga oleifera. But sesult shows that compounds induced phosphotylation of p38,

INK1/2/3 and ERK1/2. Thus. it is clear that compounds might be exenting their biological

activities through difTerent signaling pathwass, and a better undersanding of these signaling
events will be importont in exponding knowledge of such complementary and altemalive

medicines.

The trypon blue exclusion assay is used to dctenninc the amount of cells that are viable, but

cannol diﬂ'crcnﬁalc bﬂ\\ cen nccrotic and npopiolic dcalh as !hc causc Of dcnlh. 1hc extraclt

killed more than 50% of Jurkat cells at concentiation higher than 80 pg/mL; surpiisingly the
¢ells were able to recuperate afier heir doubling time of twclve houts. Though the extract

case cell death, its nutritive potentiol was brought o bear by promoting doubling at the

 oher cOncentration still has a total numbers
. : ber of death. The higher
¢ o highesihan A5 s despilc the high number of dead

¢ conirol and Jower concen

like some other Noturaol
and secondary cons

1o contain 3 hig
Leaf extract of Moringa oleifera has been repot led.,k oduction |
fas been uscd in (olkloric medicine 0 /akille

gation
producls contoins several numbers of

tivvents (Ganatta es ol.. 2012).
h number of nutrients and

n loctating mothers: The

0f live cells similar to th
cells. Aforinga oleifera

chemical constituents used 8s hormones
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include Inflammatory cylokmfs IL-6, IL-8, INFq, and IFN-y. Interferon-gamma (IFN-y ) is
regarded as a ThI cell cytokine which conidinates crosstalk _ _
immunity and inflammatory responses by st : e
production of a broad range of mediators incl Zt.lmulaung. T s incrm. B
and Pro-inflammatory cytokines. Morin a ol :{ - n"’l;!COIdS. g reapIton dockl spccjc_s'
their abitity to enhance [FN-y Pmducriin [:Nem.dcnvcd JEPRe Scahz B IR qleY
] « IFN-Y 15 0 potent macrophage activator that also
tielps to activate and shape the adaptive response. | is genenated by NX cetls and this might
exploin the usefulness of Moringa oleiferain boosting immunity. I.-6 belong to t1.- family
of pro-inflammatory cytokincs shich are secretcd very early in the immune response by
dendritic cells and monocytes or macrophages in recognition of viral, parasitic, or bacterial
anligens by innate immune receptors. The main fonction of IL.-6 is signaling onset of B-cell
dilfcrentiation to plasma cells. [1.-8, also called CXCLS is a chemooartractant switli o key role
of attracting neutrophils to infection site. TNF-a, like 11-6 and IL-8 are proinflammatory
cytokines. Dillerences in intsacellular signaling were obscried beiween compounds isolated
[rom Aoringa oleifera. But result shows that compounds induced phosphotylation of p38,
INKI/Y3 and ERK172. Thus, it is clear that compounds might be exerting their biological
activitics through diflecent signaling pathways, and a better understanding o f these signaling
evepts will be important in expanding knowledge of such esmplcmentary and altemative

medicines.

is used to determinc the amount of cells that arz viable. but

The trypon blue exclusion nssay
d apoplotic death as the cause of death. The extract

camot diflerentiate between necrotic an
killed more than 50% of Jurkat cells at concenwution higher than 80 pg/mL; sutprisingly the

cells were able to recuperate after their doubling time of twclve hours. Though the extract

e potential was brought to bear by promoting doubling at the

cause cell death, its nutritiv _
on still has a 1otal number

ancenteations higher than numberof deaih: The higher concentrati
ons despitc i high number of dead

lil,e some Other natural
d secondity consfluents (Ganata et al. 2012).

Cells, Moringa oleifera
to contain 0 high number of nutrients and

themical constituents used as hormones an

Leaf extract of Moringa aleifera hos been rcpocted.'k production in lactating motheis. The
s been ysed in folkloric medicine 1O bpgst I
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t:tﬁn.nce In toxicity in-vive gnd M-3itro might be explained by the phannacokinctieg of the
extract.

With interest in the mechanismof cel) 4 ' i

arciniors. 14 s e comions e e LT
exptrimcn!. showed thai the mechanism of ce|| death might be nccmsis.r The threc major
morphologies of cell decath incjude apoptosis. cell death associated with autophagy and
neciosis (Krysko e af, 2008). Apoplosis is an actyve process of self destruction associated

with profound structural changes including morphological alteration, increased membrane
permcability and nuclear collapse charcterised by chromatin condensation and DNA
fragmcntation (\Wyllic ef af, [980). Two standaid cytoliuoromet:ic methods of apopiosis
quantification. cach assay detecting distinct cellular ahecations of the apoplotic proeess je.
7AAD and annnexin V. 7AAD cvaluates the alteration in plasma membrane integrity and
anncxin V measwes the translocation of phosphntidylserine from the inner to the outer layer
of the plasma membrane. 7AAD staining has since been used to replace propidium iodide
(PI} stain becouse of its abililty to simultaneously identify cells in the various stages of

apoptosis and death. Apart from these, it is also able 1o swin necrotic cells and it is not
radioactive like Pl, Staining with JAAD a |5 pg/100 ul in Annexin V bulYer for fifteen
minules in the dark at room temperatuse indicatcd cell death by necrosis. 7AAD” cells

increased in a dose-dependent manner for day 1. The prepondecance of JAAD /Anncxin V*
¢ls cannot be overemphasized. The number of 7AAD"/Annexin V" cells increased in a dose
dependent manner. Mcasuring of these muluple parameters (JAAD and Aancxin V) permil
precise quantification of npOplosis. The forwaid and side scatler plot casity detects cell
shrinkages (Petit er of., 1995). This is 1eflected in the decrease in avesage number of cells in

he live gate across concentistion. The dcath might be as a result of progressive loss of
g out or translocation of phosphatidylserine (Van

membrane penncability and (Tippin
Eagoland ef af., 1996). In the absence of phgocy!osis apoptotie cells proceed to a stage of

secord:lfY necrosis. which shares many features with primary neciosis (Krysko esal., 2008).

The ability of Moringa oleifera 10 increase 7TAAD7Annexin V" cells might be an intrinsic

PO apoptotic property which could be benelieial in neoplastic diseases. Antiproliferative
d o its intrinsic apoptotic property which

[caves might be rclate

&livity of Moringa oleifera
ga olelfe olic bodies, chromatin condensstion. cell

h3s been shown o cause cmerging of @ ROS in carci KB cells
. e of in carcinoma -
Ssinka tion and induce generalion o
Be. DNA fragmentation red using CFSE. Although the assay has its

Antior oiferai was fieasu

oliferniiv of lhe extract .

| ¢ effect of olloagd 1o tule oU intcrference of concentrutlon of
0
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difTereace in loxicity :-vive and in.yvipy might be explaincd By the' phanna sokinédi s o the
exuacL

With interest in |hc. mechanism o cell deatk, further experiment was pedormed at optimum
encentrations. This is defined s concentraiions showing deau: lower than 50%. The
expetiment showed that the mechanism of cell death might be necrosis- The three major
morphologics Of cell death inciude apoptosis, cell desth associated with autophagy and
neciosis (Krysko et al.. 2008). Apopiosis is an aclive process of self destruction associated
with profound stuctural changes inciuding morphological alteration, increased membiane
permcability and nuclear collapse chamciciised by chromatin condensation and DNA
fragmentation (WVyllic ef al.. 1980). Two standard cytofiuorometiic methods of 8poptosis
quantification, each assoy detecting distinct cellular aiicrations of the apoptotic process ie-
7AAD and annnexin V. 7AAD cvaluates the alterstion in plasma membrone intcgrity and
gancxin V mcasures the translocation of phosphatidylserine from the inner to the outer layer
of the plasma membrane. 7AAD staining has siace been used to replace propidium iodide
(P1) stain because of its abililty 10 simultaneously identify cells in the various stages of
apaptosis and death. Apart from these, it is also able to stain necrotic cells and it is not
mdionctive like PI. Staining with 7AAD at [5 ug/[00 ul in Annexin V buf¥er for fifteen

minutes in the dark al room iemperature indicatcd cell death by necrosis. 7AAD® celis
rf7AAD"/Anncxin V°

increased in a dosc-dependent manner for day 1. The prepanderance 0
D*/Annexin V* cells increased in a dose

cells cannot be overcinphasized. The number of 7AA

dependent manner. Measuring of these mu hiple parmeters (TAAD and Aancxin V) permit
The forwaid and side scaiter plo? easily detects cell

precise quantification of opoplosts. 1
shrinkages (Petit er al. £995). This is 1eflected in the decrease in average number of cells in
the live gate across conccntisijon. The death might be as a result of pro.grcsswlc loss of
membiane penncability and flipping out Of wranslocation of phosphatidylserine (Van
» otic cells proceed 1o 8 stageof

nosis, 8POpt
Eageland ¢7 af.. 1996). In the absence of phogoc)
[ I ith primaty neciosts (Xrysko et al., 2008).

: ich shares many features ¥ . e
secondory necrosis, which D*/Annexin V" cells might be an intrinsic

- . wa t0 increase TAA S o
The ability of Aforinga olelf eficial in neoplastic discases. Antiproliferative

. ben
PIo- gnaptotic property which could be e . .
cli 'p : P o leaves might be relnted fo its Intfnsic apoplotic property which
acivity of Moringa oleifera Ica bodics. chromatin condensation, cell

. ]
[ teen show (o cavse, emerbins 5 °p°p': ’ of ROS in carcinoma KB cells.
. fion
Shrinkage, DNA fro gmentalion ond induce gcneva

: . Although the assay has its
Antipyoliferative effect of the exwact Va3 measyred Using CFSE 8{ R
Olicrative cifec ) conecentrtion o
chall a | strictly (ollowed o fulc out interferenec O
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e o s e e e
ol . ugh these seem very small compared to the
p’d’ﬁm?hg s, bu.t this can be anributed 1o the intrinsic ability of Jurkat cclls 1o
prolifciation. Cell proliferation is controfled by growth factors which activates transcription
factoss that binds DNA to cither tum On or qum oft production of proieins which results in
cell division. This pathology is very impoant in neoplastic discases and the ability of
Moringa oleifera to negativcly regulate this mechanism might probably portray some kind of
futuristic purPose for which it could be pursued.
Moringa oleifera might probably contain some immunomodutatory compounds which
interfere with CD3 and CD28 prestimulated Jurkats, T cells sequires TCR signaling ond a co-
receptor stimulation for activotion. A third signaling which is also impoitant in dclemining
sie outcome of the activation is provided by stimulation of any of the over 200 accessory
molecules expressed on T cefls. These ocoessery molecules are receptors for diverse
molecules ranging from cytokines 10 adhesion molecules aad chemokines eic. 1 he Aforinga
oleifera leaves might conlain compounds which might bind to some of the accessory
molecule, resulting in a more regulated programmed cell death. The pre-stimulatedcells died

mete by opoplosis when not trealed with the cxnact. This death might be as o result of

anergy, because treated cells show lesser dcath by apoptosis. Pre-stimulored with CD3 and
s into carly opoptosis than CD3 and CD54. The T cell phenotype. a

CD28 tumed more cell
54 form

nalve T cell diffierentiotes to depend on the (ype of stimulus it receives. CD3 and CD
AC) and peripheral SMAC (pSMAC)

respectively. CDS54 isan adhesion molecule expressed on APCs for LFA-) foundon T cells.
It is being implicated in helping 10 sustain the signal gencrated by allowing Io?g term cc.ll
intcractions. CD28 is o costimuiatory receptor. Il is expressed by T cell and its ligand is
aoturally CD80/86 expressed on APC like CD54. But unlike CD54, CD80/86 does not serve

05 8 mere adhesion moleculc but as 0 ligand for & costimulatory receplor. It provides the

second sienal required for activation. The posilive modulation of spoptosis by Moringa
en g might point (o some of the benefils in ncoplasmic conditions and

part of central supramolecular activating complex (cSM

oleifera in CD3 and CD2

immunity . e '

CCR7 is an i (occ marker broadly used to distinguish dedicated memory T cefls.
is an important suriac¢ . TCR stimulatlon ond 1endency for a T cell 1o

] -1 indical
Rtk viith CD 44 and COBZL e CCR7 cxp:cssion is used (o chmaclenze types

ke fCSidCDCY - SCCOﬂdOIy |ymphold Oignn51 cSSion of' CCR7 b)’ C03 and CD23§

reast in the ¢xp!
jated cells might be Indicative

of memory T cells. The iclative inc .
’ stimu
cCD3 a“d CD54

fmulated T cells in COmMporison with U
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AMoringo oleffera ability 10 boos) immunity. Nominal use of the extmct bas been reporicd
in TAM 8S immunity boosting. This might be explained by its obility 1o ircrease CCR7
expression moKing an already tending 1o memory T cell 1ake cesidency in the sccondaty
iymphoid organ as 0 ceneal memeoty T cell (Tg,). Effector memory T cells (Ten) like Tow
expresses CD62L and CD44 but does not express CCRY.
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CHAPTER SIX

6.1 SUMMARY AND CONCLUSION
Results obizined in this study suggest that the ethanol extract of Moringa oleifera leaf
This is 8 CNS

pos.SCSSCd a dose-tlependent cflcct on searing, grooming and locomotion.
o the

apressive elfect which is possibly mediated via positive modulation of GABA. Als
of this study showed thai the extiact has scdalive, anticonvulsive and onxiogeni

concluded 10 bc ¥id is

foringa aleifera leal has

finding
sctivity. The anti-convulsanl aclivity of the extract can be

neujoprotective ability. Our daia have shown that cthanol of extracl 4

ti.neuroinfansmololy propeety related to inhibition of inflammution ossociated by DO,

an & .
principles are abundant in the

pGEand TNF-a production. Also the anti-neurcinflammalory
ringo ofeifera which resuted in isolation

polar fraction 0 f1he Icaves of cthanol extract of o
good

tsoquerceiin and keempferof posscsscd vesy

through NF-xB. while rutin proved to be more
Moringa oleifera possesscd 2

of isoquercetin, koempferol and rutin.
potent

antinueroinflammalory cffect mediated

in proteciing 0Bains! peripheral immunity. On the ovenll,

benelicial immunomodulatory ac lvity.

Contsibutions to Knowledge

Leaf extract Moringa oleffera s
is cndowe

increasc CXpression of C

ientificalty demonstrated 10 have centeol effects.

d with onti-Alzheimer™s property.
CR7 which provides the

”
Leaf cxtract of Moringd olcifera
olelfera

‘,.
s The lcaf cxtract of Moringa

V4
basjs for its Use in iImmunitd boosting
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