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ABSTRACT

NEUROPROTECTIVE ROLE OF APELIN RECEPTOR (APLNR) IN GT1-7
NEURONS

Neurotoxicity is known as the detrimental effect on the structure or function of the nervous
system and a consequence of oxidative stress induction in the body due to being exposed to
biological or synthetic substances. The most important brain region in regulating
homeostasis known as hypothalamus is implicated in the pathogenesis of various neurotoxic
disorders including Parkinson’s Disease, Alzheimer’s Disease, Cerebral Ischemia, Multiple
Sclerosis, ALS and epilepsy. For this reason, targeting potential protective signaling
pathways in hypothalamic neurons are crucial for promoting neuronal cell survival and

treating neurotoxic disorders.

In the current study the potential protective action of Aplnr signaling was evaluated in an
oxidative stress induced neurotoxicity in vitro model conducted by H20. and hypoxia
induced cell stress using GT1-7 hypothalamic neuronal cell line. The effect of Aplnr
activation via Apelin and ML-233, inhibition with ML-221 and downregulation via siAplnr
against neurotoxicity was assessed by performing cell proliferation analysis, gene expression
analysis on apoptotic and inflammatory markers, oxidative stress enzyme activity analysis

and immunostaining assays.

Overall, the activation of Aplnr signaling with Apelin and ML-233 was shown to protect
GnRH neurons against H202 and hypoxia induced cell stress by increasing anti-apoptotic and
cell proliferation markers, and the activity of antioxidant enzymes. Transient overexpression
of Aplnr showed a protective role in viability of GT1-7 cells under H>O> and hypoxia
induced cell stress. However, inhibition with ML-221 and knocking down of Aplnr caused
a significant decrease in aforementioned parameters, and reversed its protective action
against neurotoxicity. Furthermore, Aplnr signaling showed a regulatory role in the release
of GnRH for the first time in literature. As a result, Aplnr signaling was shown to be essential

for GnRH neuronal cell survival against oxidative stress induced neurotoxicity.



OZET

GT1-7 NORONLARINDA APELIN RESEPTORUNUN (APLNR)
NOROPROTEKTIF ROLU

Norotoksisite, biyolojik veya sentetik maddelere maruz kalinmasi sonucu ile viicuttaki
oksidatif stres indiiksiyonunun sinir sistemi tizerindeki zararli bir etkisi olarak bilinmektedir.
Homeostaziyi diizenlemede gorevli olan hipotalamus olarak bilinen en 6nemli beyin bolgesi,
Parkinson Hastalii, Alzheimer Hastaligi, Serebral Iskemi, Multiple Skleroz, ALS ve
epilepsi dahil olmak iizere ¢esitli norotoksik hastaliklarin patogenezinde rol oynadigi
gosterilmistir. Bu nedenle, hipotalamik néronlardaki potansiyel koruyucu sinyal yolaklarini
hedeflemek noronal hiicrelerin hayatta kalmasini saglamak ve norotoksik bozukluklarin

tedavisi i¢in oldukg¢a 6nemlidir.

Bu calismada, H»0> ve hipoksi ile indiiklenmis hiicresel stres ile olugturulmus oksidatif stres
kaynakl1 in vitro norotoksisite modelinde GT1-7 hipotalamik noéronal hiicre hatti kullanarak
Aplnr sinyalizasyonun potansiyel koruyucu etkisi degerlendirildi. Apelin reseptoriiniin
Apelin ve ML-233 ile aktivasyonunun, ML-221 ile inhibisyonunun ve siAplnr ile
susturulmasinin norotoksisiteye karsi etkisi hiicre proliferasyon analizi, apoptotik ve
enflamatuar markerler iizerinde gen ekspresyonu analizi, oksidatif stres enzim aktivitesi

analizi ve immiin boyama testleri yapilarak degerlendirildi.

Aplnr sinyalizasyonunun Apelin ve ML-233 ile aktivasyonu sonucu anti-apoptotik ve hiicre
proliferasyon markerlari1 ve antioksidan enzimlerin aktivitesini arttirarak GnRH
noronlarin1 H»0, ve hipoksi ile indiiklenmis hiicresel strese karsi korudugu gosterilmistir.
Apelin reseptoriiniin kisa siireli agir1 ekspresyonu, H202 ve hipoksi ile indiiklenmis hiicresel
stres kosullar1 altinda GT1-7 hiicrelerinin canliliginda koruyucu bir rol gostermistir. Ancak,
Aplnr susturulmas: ve ML-221 ile inhibisyonu az once belirtilen parametrelerde dnemli
derecede bir azalisa neden oldu ve ndrotoksisiteye karsi koruyucu etkisini tersine c¢evirdi.
Ayrica, literatiirde ilk defa Aplnr sinyalizasyonu GnRH saliniminda diizenleyici bir rol
gostermistir. Sonu¢ olarak, Aplnr sinyalizasyonunun oksidatif stres ile indiiklenmis

norotoksisiteye karst GnRH noronal hiicre sagkaliminda 6nemli oldugu gosterilmistir.
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1. INTRODUCTION

1.1. APELIN RECEPTOR

Apelin receptor (Aplnr) is a type of a guanine nucleotide-binding (G) protein coupled
receptor that is a member of the class A rhodopsin-like receptor family. Aplnr comprises of

380 amino acid residues, and has 7 a-helical transmembrane segments (Figure 1.1) [1].

Extracallular

Membrane

Intracellular .

Ligand Binding
Sigrading

Surtaca Locakzation ()
imermnatzation ()
Recagiar Foiding ()
Feoamior Actkvation D

Figure 1.1. The structure of human apelin receptor [2]

It comprises consensus sequences for glycosylation, phosphorylation with protein kinase A
and palmitoylation. Aplnr was first discovered in 1993 through a homology-based cloning
method by O’Dowd and his co-workers. According to the findings, Aplnr was found on the
long arm (q) of chromosome 11 and located at the band 12.1 and had a 40-50 per cent of
sequence homology with the transmembrane regions of angiotensin AT1 receptor. Because
Aplnr was found to be not activated by the binding of angiotensin II it was primarily defined
as an “orphan” GPCR and named APJ (putative receptor protein related to the angiotensin
receptor 1) [1]. Until the finding of Aplnr’s endogenous ligand, Apelin in 1998 which was

firstly identified from the tissue extracts of bovine stomach, it remained with the name APJ



[3]. The discovery of apelin guided the International Union of Pharmacology (IUPHAR) to
name the receptor after its endogenous ligand, and now APJ is known as apelin receptor.
Furthermore, the gene symbol for apelin receptor is approved by the Human Genome
Organization (HUGO) as APLNR [4]. Apelin receptor has been detected and studied in
different types of eukaryotes, including rodents[5, 6], cow[7], rhesus macaque[8], Xenopus
laevis[9], chickens, turtles and zebrafish [10, 11]. The preliminary studies of Aplnr mRNA
expression in humans by performing northern blot and quantitative PCR analysis have
shown that it is widely present in the central nervous system (CNS). Aplnr expression has
found in brain regions including the corpus callosum, hippocampus, caudate nucleus
subthalamic nucleus, substantia nigra, medulla and also in the spinal cord [12-14]. In 2007,
Hansen and his co-workers have demonstrated that Aplnr mRNA is expressed in the cortex
and hippocampus of the human brain by utilizing a specific gene expression profiling assay
for GPCRs [15]. Moreover, Aplnr transcripts have been observed in human bone marrow
stromal cell lines [15]. According to transcriptomic studies of human brain donors, the
expression of Aplnr mRNA has reported to be highly present including in the hippocampus,
paraventricular nuclei of the thalamus, habenular nuclei, supraoptic nucleus of the
hypothalamus as well as in the hindbrain structures [16]. The expression of Aplnr has also
observed in the peripheral nervous system. Human mRNA expression of Aplnr was reported
highly in the spleen by Edinger and his co-workers in 1998. They also reported that Aplnr
has low expression in the colonic mucosa, small intestine and ovary [12]. In a detailed gPCR
study, it has been revealed that Aplnr is strongly expressed in the spleen and placenta but
found low levels in organs including the stomach, intestine and lung [14]. Furthermore,
immunohistochemical analyses for the localization of Aplnr have demonstrated that it is also
distributed in cardiovascular tissues including in the intramyocardial endothelial cells,

ventricular cardiomyocytes and vascular smooth muscle cells [17].

According to molecular mechanism studies, when Aplnr signaling is activated it starts
numerous intracellular signaling cascades including, PI3K/Akt, INK, ERK1/2, P70S6 kinase
which are all well-known for their involvement in the proliferation and survival of the cells
(Figure 1.2) [16, 18, 19]. However, Aplnr signaling pathway is not fully elucidated in the

literature yet.
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Figure 1.2. Predicted map of Aplnr signaling pathway [16].

In the late 2000s, Aplnr’s synthetic small molecule activator (agonist), ML-233 [20] and
inhibitor (antagonist), ML-221 [21] were developed. ML-233 activates Aplnr signaling by
diminishing forskolin-mediated activation of intracellular cAMP, and as a consequence,
stimulates downstream phosphorylation of the pathway [20]. Moreover, ML-221, is known

to specifically cause the inhibition of apelin-13 induced activation of Aplnr [21].

1.2. APELIN

In 1998 Tatemoto and his colleagues isolated Apelin, the native endogenous ligand of Aplnr,
from bovine stomach [3]. The human gene that is responsible for encoding Apelin is found
on the long arm (q) of chromosome X and located at the band 26.1 [16]. The isolated Apelin
gene was reported to encode 77-amino acid long prepropeptide which is a precursor

molecule of active apelin. Upon this discovery, preproapelin was cleaved into biologically



active carboxyl-terminal peptide isoforms; apelin-36, apelin-17, and apelin-13 (Figure 1.3)

by gel filtration chromatography and polypeptide sequencing [3].
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Figure 1.3. Aplnr agonists; apelin-36, apelin-17 and apelin-13, respectively [4].

Furthermore, in several in vivo studies, apelin peptides have been isolated and shown to bind
Aplnr and activate intracellular signaling cascades (2, 5, 13, 17-19). Although all of the
isoforms were shown to activate Aplnr, apelin-13 was identified as the most active one
among others [3]. Also, apelin-13 can be further modified after translation by the
spontaneous cyclization of its N-terminal glutamine and turned into N-terminally
pyroglutamate modified apelin-13 (Pyr-apelin-13) [22, 23]. Pyr-apelin-13 has shown to have
increased stability [24]. Apelin is found to be strongly conserved across various species. The
23 C-terminal residues of preproapelin is entirely identical in mammals including human,
cattle, rats and mice [2]. In studies related to non-mammalian species, the 12 C-terminal
amino acid sequence of the preproapelin are shown to share the same homology in a broad
range of fish and Xenopus laevis [25]. Just like its receptor, apelin is also abundantly
expressed in neurons and oligodendrocytes of the CNS [26]. According to both rodent and
human studies, apelin is highly expressed and distributed in brain regions including
hypothalamus, subthalamic nucleus, hippocampus, striatum, pituitary gland, medulla,
amygdala, cerebellum, corpus callosum, spinal cord, substantia nigra, central gray matter,
piriform cortex, olfactory tract, and dorsal raphe nucleus [1, 6, 26-32]. This indicates that
apelin and its receptor have a significant role in neuronal signaling pathways. Furthermore,

apelin is present in a wide variety of human peripheral tissues such as heart, lung, adipose,



kidney, and retinal endothelium. Peripheral apelin mRNA is expressed in high levels in the

placenta, whereas, found at its lowest in the heart, lung and kidney [14, 33-36].

1.3. BIOLOGICAL ROLES OF APLNR/APELIN

Aplnr and its natural ligand apelin have been implicated to play an important role in primary
cell signalling events including the regulation of cardiovascular system, fluid balance,
energy metabolism, angiogenesis and other physiological roles. Since they act as key
regulators in many of these systems it is indicated that Aplnr and apelin may also be involved

in pathophysiological events [16].

1.3.1. Aplnr/Apelin in Cardiovascular System

Szokodi and his colleagues have demonstrated that apelin has a significant role in cardiac
function. According to the research, infusion of apelin to the isolated rat heart resulted in a
dose-dependent positive inotropic effect meaning that apelin strengthens the contraction of
heart muscle [37]. In addition, apelin has been reported to have regulatory effects on blood
pressure and shown to diminish arterial blood pressure through a nitric oxide (NO) synthase-
dependent mechanism in rats [38]. Another study has revealed that apelin acts as an
endothelium-dependent vasodilator in humans and as a result has demonstrated positive
effects on the cardiac tissue [39]. In rat ischemic and hypoxia-induced heart failure models,
apelin treatment has shown to enhance myocardial function and cardiac contractility [40,
41]. In glucose-deprived cultured rat cardiomyocytes, treatment with apelin has shown to
have significant inhibitory effect on apoptosis indicating that Aplnr has cardioprotective
effects [42]. According to a study in recent years, patients with ischemic heart failure have
lower myocardial apelin levels and these reduced levels have shown to be linked with higher
mortality rates, infarct size and inflammation suggesting that pharmacologically targeting
Aplnr signalling pathway might be beneficial for the treatment of cardiovascular diseases

[43].



1.3.2. Aplnr/Apelin in Energy Metabolism

Numerous studies have implicated the close relationship between energy metabolism and
Aplnr signalling. Both Aplnr and its ligand have shown to be expressed in adipose tissue
[35, 44]. Boucher and his colleagues have demonstrated that apelin is actually an adipokine
that is released by adipose tissue. According to their study, obesity in mice and humans is
correlated with the elevated blood plasma levels of apelin. Furthermore, they have observed
a decrease in adipocyte apelin mRNA levels and plasma insulin levels in fasting mice.
However, after feeding behaviour both of these levels returned to normal. This research has
revealed a significant link between apelin and insulin [35]. According to a clinical study
done on obese patients apelin plasma levels were found significantly higher than in the
control group showing correlation between apelin expression levels and obesity [45]. In the
study of Sorhede Winzell and his co-workers, treating mice and isolated pancreatic islets
with apelin-36 have resulted in the inhibition of insulin secretion. Thus, it has been
concluded that Aplnr is expressed in pancreatic islets and its ligand apelin might play a
regulatory role in glucose homeostasis [46]. In an in vitro model stimulated by high glucose
concentrations, apelin-13 has also been demonstrated to inhibit insulin secretion [47].
Moreover, administration of apelin intravenously in standard mice at low concentrations
significantly cause lowered glucose levels in blood. In additionally, apelin has been reported

to ameliorate glucose tolerance [48].

1.3.3. Aplnr/Apelin in Fluid Homeostasis

The discovery of the expression of Aplnr and apelin in regions where the control of bodies’
fluid homeostasis occurs including the supraoptic nucleus and paraventricular nucleus of the
hypothalamus has led scientists into investigating their role in fluid homeostasis. According
to an in vivo study done on rats, apelin-36 has been shown to be significantly present in the
paraventricular nucleus and supraoptic nucleus of the hypothalamus which is an important
region of the human brain that is responsible for maintaining homeostasis within the body
[27]. Antidiuretic hormone known as vasopressin is secreted by these small nuclei, and
apelin’s co-localization with this hormone has definitely suggested its role in regulating the

fluid balance of the body. De Mota and his colleagues have given apelin to mice



intracerebroventricularly and shown that it actually has an inhibitory act on vasopressin
release. Thus, apelin has lowered the plasma vasopressin levels and caused increase in
diuresis [49]. Furthermore, it has been revealed that dehydration causes increase in the
expression of apelin and Aplnr in rat brain. On the other hand, the expression of vasopressin
has been shown to decrease in dehydration [50, 51]. Intracerebroventricular treatment of
apelin-13 in rats have been reported to cause differences in their drinking behaviour. In
response to apelin, rats’ water intake significantly elevated albeit it has been reported that
they were water-replete [52]. In addition, Aplnr mRNA has been found to be highly
expressed in the glomeruli of the kidney and apelin has also shown to have regulatory effects
on the network of small blood vessels of the kidney [53]. In another study, Aplnr knockout

mice have exhibited abnormalities in regulating the fluid balance of their bodies [54].

1.3.4. Aplnr/Apelin in Angiogenesis

According to the study of Kasai and his co-workers in 2004, for the first time apelin has been
reported to be involved in the angiogenesis of retinal endothelial cells [36]. Furthermore,
apelin has been found to be a mitogenic peptide for endothelial cells [55]. In an animal study
done on frogs, apelin and Aplnr have been both shown to be essential for the development
of heart vessels. Also, in the lack of the apelinergic system, the vessels in frog embryos
have been found to be disrupted [56]. Additionally, apelin has shown to be accountable for
the formation of blood vessels in mice [57]. The angiogenic property of Aplnr and apelin
has also been implicated in cancer pathology. The expression of apelin and Aplnr has found
to be up-regulated in microvascular proliferations of brain tumours [55]. Moreover, the
overexpression of apelin in tumour cell lines have shown to cause increase in tumour growth.
Hence, it is indicated that apelin promotes new vessel formation in tumour growth [58]. In
another cancer related research, apelin’s expression has shown to be up-regulated in colon
adenocarcinomas suggesting that it plays a role in tumour angiogenesis [59]. Apelin has also
demonstrated vessel regeneration and endothelial cell proliferation in hypoxia-induced in
vitro conditions. Thus, it is suggested that apelin might be therapeutic in the recovery of

ischemia [60].



1.3.5. Other Physiological Roles of Aplnr/Apelin

Other than its physiological actions discussed above, Aplnr and apelin have also been studied
and found to have regulatory effects in the gastrointestinal system. According to several
studies, Aplnr and apelin are involved in inducing the proliferation of cells found in the
stomach. Also, they are found to be responsible in regulating the secretion of gastric acid in
the gastrointestinal tract [61-65]. Interestingly, in 1998 Aplnr was found to play a co-receptor
role with CD4 which is a receptor that human immunodeficiency virus type 1 (HIV-1) binds
in order to enter and infect cells [66]. Furthermore, Zou and his co-workers proved that
apelin isoforms prevent the entry of HIV-1 and thus inhibit it from infecting the cell [67]. In
recent years, Aplnr’s neuroregulatory role in response to stress through the activation of
hypothalamus—pituitary—adrenal axis has been demonstrated using Aplnr knockout mice
[68]. Some studies have also reported apelin’s protective roles in the immune system [69-

71].

1.4. NEUROTOXICITY

In daily life, people are exposed to multitude of substances such as chemicals found in air,
cosmetic ingredients, pesticides found in food, drugs and household chemical products that
can potentially endanger human health. Being exposed to various types of both synthetic and
natural chemical substances have been linked with neurotoxicity [72, 73]. Neurotoxicity is
known as the detrimental effect on the structure or function of the central and peripheral
nervous systems due to exposure to biological or manmade toxic substances [74]. Depending
on the level of exposure, neurotoxic agents can cause significant adverse effects on human
health. Unfortunately, it is not exactly known how many chemicals may cause neurotoxicity
in humans [75]. Approximately 3 per cent to 28 per cent of all chemicals have been estimated
to have neurotoxic potential according to the neurotoxicological studies in the United States
[73]. Substances considered as neurotoxic can be classified as naturally occurring elements
such as lead and aluminum; biological agents such as botulinum toxin (the neurotoxic
compound produced by Clostridium botulinum) and aflatoxins (toxins produced by the
fungi, Aspergillus spp.), synthetic substances such as pesticides; rotenone and paraquat and

industrial chemicals [76]. World Health Organization has reported that annually 375,000



neurotoxicity cases in humans occur due to pesticide poisoning [77]. Furthermore, drugs that
are used for therapeutic purposes including anti-cancer and anti-viral agents have also been
shown to have neurotoxicological side effects [73]. Neurotoxic agents can affect the nervous
system at various levels including anatomical, neurochemical, physiological and
behavioural. At the anatomical level, changes can occur in the soma (the cell body of
neurons’) or the axon whereas at the neurochemical level neurotoxic agents can cause
alterations in ion transmission across cellular membranes or play an inhibitory role in
neurotransmitter release. Neurotoxic substances might also affect the speed of
neurotransmission and thus cause changes at the physiological level. Behavioral level
changes can be including the disturbances in the motor system or in cognitive functions
including learning new information or remembering memories [78]. Most importantly,
scientists are in the opinion that neurotoxic substances play a destructive role in

neurodegenerative disorders such as Parkinson’s disease, and Alzheimer’s disease [73].

1.4.1. Ocxidative Stress Induced Neurotoxicity

Oxidative stress is a term which was firstly described by Dr. Sies in 1991. According to his
definition oxidative stress is the inequality between reactive oxygen species (also known as
pro-oxidants) and antioxidants resulting in the excess production of reactive oxygen species
and thus cause cellular damage [79]. Normally, atoms are surrounded by electrons that orbit
around them and fill their outer layers’ in pairs. However, in the case of an atom having an
unpaired electron its reactivity rises leading it to have the tendency to bond with
neighbouring molecules. These types of atoms are referred as free radicals. In the process of
reacting with other molecules to fill their outer layers with electrons, free radicals cause
oxidation. If the oxidation reactions occur several times, they can result in extensive cellular
disruption and negatively affect biological molecules including lipids, proteins and nucleic
acids. This harmful activity of free radicals’ is known as oxidative stress. The level of
damage is actually dependent on the availability of antioxidant molecules [80]. Antioxidants
react with free radicals directly and donate their electrons for neutralization. Antioxidants
act indirectly and inhibit enzymes that produce free radicals or increase the antioxidant
enzymes’ activity [81]. In metabolic reactions free radicals are usually produced and derived
from oxygen molecules which are also refered as reactive oxygen species (ROS). These are

Superoxide (O27), Oxygen radical (O2), Alkoxy radical (RO-), Peroxyl radical (ROO),
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Hydroxyl (OH'), Nitrogen monoxide (NO-) and Nitrogen dioxide (NO2*) [82]. Non-radical
species such as hydrogen peroxide (H20.), hypobromous acid (HOBr), hypochlorous acid
(HOCI), singlet oxygen ('02), ozone (O3), nitrosyl cation (NO"), nitroxyl anion (NO"),
nitrous acid (HNO.), dinitrogen trioxide (N203), are also involved in reactions that can
generate free radicals [82]. Free radicals can also be derived from nitrogen and sulphur
molecules which are referred as reactive nitrogen species (RNS) and reactive sulphur species
(RSS), respectively [81]. Production of free radicals alter cellular calcium homeostasis and
thus cause mitochondrial dysfunction. This situation then in turn leads to the majority of
ROS to be generated in the mitochondria [83]. Other than mitochondria, organelles including
the endoplasmic reticulum [84] and the peroxisome[85] are also considered as a source for
ROS generation. Hypoxia which is known as the state of oxygen deprivation, also causes
cells to undergo oxidative stress from the excessive ROS produced in the mitochondrion
[86-88]. Oxidative stress can emerge from numerous reasons such as alcohol consumption,

exposure to neurotoxic chemicals, medications, air pollutants, trauma, and radiation [80].

Every major organ system can be affected by oxidative stress induced damage. However,
since central nervous system (CNS) comprises of elevated levels of oxidizable lipid,
demands high amounts of oxygen, and has low levels of antioxidant enzymes, it is
considered to be particularly vulnerable to oxidants among others [89]. Also, the existence
of redox-active metals in the brain including iron (Fe), copper (Cu), and zinc (Zn) are linked

with its susceptibility to oxidative stress (Figure 1.4) [90, 91].



11

Brain is at Risk for Oxidative Damage

Oxidative Damage Potential Antioxidant Capacity
-High use of oxygen and glucose 6% ]
causing ROS production 500, GSH Px
-Enriched in peroxidizabla fatty .
acids (22:6; 20:4) GEH Ancarbme
-Areas entiched in Fe
ascorbate/Fe pro-oadant
Proteins Oxidized Proteins
H.O. o0 » 0
L60H Per 0w * e Lipids ,  LiidPeroddes, HNE
NO, ONO-, Mucleic Acids Strand Breaks, 8-OHAG
: : Matabolites Oxidized bases, etc.
Oxidant Species Cellular Targets Oxidation Products

Figure 1.4. Oxidative damage risk of brain. LOOH, lipid hydroperoxide; Cu, copper ions;

Fe, iron ions; NO, nitric oxide; ONO?", peroxynitrite; SOD, superoxide dismutase; GSH,

glutathione; GSHPx, glutathione peroxidase; 8-OHdG, 8-hydroxy-2'-deoxyguanosine and
HNE, 4-hydroxy-2-nonenal [92].

The most susceptible regions to encounter attack by free radicals in the CNS are
hippocampus, substantia nigra and the striatum [93, 94]. In an H>O> treated oxidative stress
rat model it has been shown that hydrogen peroxide diminishes the brain mass of rats, lowers
the activity of antioxidant enzymes including superoxide dismutase, catalase, glutathione
peroxidase, glutathione S-transferase, and reduces the activity of glutathione in the brain
tissue suggesting that oxidative stress plays a significant role in neurotoxicity [95].
Numerous in vitro neurodegeneration models have shown that exposing neuronal cells to the
prooxidant H>O: cause oxidative stress-induced neurotoxicity leading to neuronal cell death
[96-99]. Moreover, in a global forebrain ischemia rat model H>O; have been observed to be
in neurotoxic levels leading to significant loss of neurons [100]. In additionally, hydrogen
peroxide accumulation has been reported to be neurotoxic in acute hypoxia-induced cerebral

ischemia mouse model [101].
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1.5. NEUROTOXIC DISORDERS

Oxidative stress has been associated with various neuronal disorders and shown as one of
the major factors in the pathogenesis of neurotoxic disorders including Parkinson's Disease,

Alzheimer's Disease, Multiple Sclerosis, ALS, epilepsy as well as cerebral ischemia [102].

1.5.1. Parkinson’s Disease

Parkinson’s Disease (PD) is defined as the progressive degeneration and death of dopamine
producing neurons in the substantia nigra pars compacta region of the brain leading to
dysfunctionalities in voluntary movement [103]. According to studies, the antioxidant
glutathione has been observed dramatically in low levels in PD brain indicating that
oxidative stress is significantly involved during disease progression [104]. The iron levels
were found significantly high in PD brain and as a redox active metal it was shown to trigger
the formation of ROS in dopaminergic neurons [105]. The deposition of iron can cause
oxidation of dopamine and the formation of a neurotoxic compound called 6-
hydroxydopamine (6-OHDA). This molecule then can go through an auto-oxidation process
in the presence of superoxide and turn into the cytotoxic quinone form [106]. Ultimately,
these events increase oxidative stress induced dopaminergic neuronal cell damage in PD
patients [107]. Furthermore, it has been shown that several neurotoxic agents, including
paraquat, rotenone, and MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) lead to the
formation of ROS and cause neuronal cell death in a similar pattern observed in PD [108-

111].

1.5.2. Alzheimer’s Disease

Alzheimer's disease (AD) is a common neurodegenerative disease characterized with the
deposition of the peptide called B-amyloid and neurofibrillary tangles comprising of
hyperphosphorylated tau protein in the brain. AD results in impairments in cognitive
functions including memory and thinking [112]. The Amyloid-p peptide (Ap) is known to
chelate with metals associated with free radical generation including Cu?**, Zn** and Fe** and

lead to the production of H>O> and form highly toxic reactive hydroxyl radical [113]. Iron
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has been found to accumulate in AD brain and its ferric cation form (Fe**) has been reported
to trigger hyperphosphorylated tau protein aggregation and eventually form neurofibrillary
tangles leading to neuronal loss [114, 115]. Furthermore, in AD patients the presence of
oxidative stress biomarkers such as 3-nitrotyrosine and protein carbonyls related to protein

damage have been observed [112].

1.5.3. Cerebral Ischemia

Ischemic stroke is the most commonly known disease which is characterized by a substantial
decrease in the cerebral blood flow resulting in oxygen and glucose deficiency related brain
damage [116]. Ischemic brain damage is not only considered as an outcome of inadequate
oxygen supply but also as harmful processes where the production of free radicals and other
oxidizing toxic chemicals cause oxidative stress and disrupt the brain tissue [117]. Several
oxidants and their by-products including superoxide anions (O2-—), hydrogen peroxide
(H202), and hydroxyl radicals (-OH) are formed after stroke [117]. After superoxide anions
are generated by pro-oxidant enzymes such as NADPH oxidase (NOX) and xanthine oxidase
they can interact with nitric oxide (NO) and thus cause the production of a toxic oxidative
radical known as peroxynitrite. Furthermore, peroxynitrite causes the nitration and
dysfunction of proteins [118]. On the other hand, nitric oxide generated by neuronal nitric
oxide synthase (nNOS) during brain ischemia/reperfusion, induces protein nitrosylation
leading to cellular dysfunction [119]. Moreover, antioxidant enzymes against free radicals
including superoxide dismutase (SOD), glutathione peroxidase (GSHPx) and catalase (CAT)
detoxify oxidants [117]. However, from these reactions highly reactive hydroxyl radical is
produced causing further toxic effects within the cell including lipid peroxidation, protein,

DNA and RNA oxidation (Figure 1.5) [116].
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Figure 1.5. Oxidative stress in Cerebral Ischemia/Reperfusion [116]

1.5.4. Multiple Sclerosis

Multiple Sclerosis (MS) is an autoimmune neuronal disorder defined by demyelination of
neurons leading to nerve transmission impairment in the central nervous system. Activated
microglia and macrophages is linked with the initiation of MS and considered to be
responsible for myelin destruction in the CNS [120]. Furthermore, this activation is regarded
as the major source for the production of ROS that can induce lipid peroxidation, and as a
result demyelination occurs and neurons get damaged [120]. Also, besides ROS generation,
impairments in iron metabolism have been shown to be responsible in the pathogenesis of

MS [121].

1.5.5. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a serious neurodegenerative disease characterized by
cellular damage and death of motor neurons that eventually leads to dysfunctionalities in
voluntary muscle movement and even paralysis within several years from the beginning of

the disease. The underlying causes of ALS are complex and have not been fully elucidated
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yet [122]. However, several studies have observed increased oxidative stress related damage
in the cerebrospinal fluid and the spinal cord of ALS patients. These studies have indicated
oxidative stress to play an underlying role in motor neuron degeneration [123-125].
Moreover, studies have revealed that mutations in the antioxidant enzyme encoding gene,
SOD1, cause nearly 20 per cent of familial ALS [126]. Although oxidative stress mechanism
has been observed in the pathogenesis of ALS, there is still not enough evidence showing

the precise cause of motor neuron degeneration.

1.5.6. Epilepsy

Epilepsy is a complicated CNS disease caused by primarily due to imbalance between
excitation and inhibition in the brain. Epilepsy is characterized by repetitive and spontaneous
seizures [127]. According to studies, both oxidative and nitrative stress are mechanisms that
contribute to the pathogenesis of epilepsy [128]. Liang and Patel have shown prolonged
seizures in rat models to change redox status, and thus cause oxidative damage to
biomolecules [129]. Furthermore, number of studies have also observed an elevation in

oxidative stress related cellular damage after recurrent seizures [130-133].

1.5.7. Other Disorders

Apart from the commonly known neurotoxic disorders discussed above several neurological
disorders including bipolar disorder, depression, and schizophrenia have also been linked
with high levels of ROS and RNS in the brain [134]. In additionally, patients with bipolar
disorder and major depression have been reported to have neuronal cell death specifically in
the hypothalamus region of the brain [135]. However, it is not known exactly whether this

selective hypothalamic neuron loss is due to oxidative stress in the brain.

16. TREATMENT OF NEUROTOXIC DISORDERS

There is no available treatment that can cure neurotoxic disorders including PD, AD, MS
cerebral ischemia, ALS and epilepsy. However, there are only symptomatic treatments of

these diseases [136]. There are no drugs that can halt the destruction of nerve cells. In the
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symptomatic treatment of PD, patients are usually given drugs that can increase dopamine
levels in the brain including: levodopa and dopamine receptor agonists such as ropinirole
pramipexole and bromocriptine [137]. Current symptomatic therapy for AD involves
medications including donepezil, galantamine, and rivastigmine which are all known as
acetylcholinesterase inhibitors. These are mainly used for improving cognitive functions
including memory and thinking [138]. Furthermore, to slow the progression of AD, non-
steroidal anti-inflammatory drugs (NSAIDs) are also used for treatment [139]. MS patients
are usually given drugs called baclofen and tizanidine to diminish the spasticity which is the
most common symptom seen in this disorder [140]. Also, other than pharmacological
treatment MS patients are given physiotherapy for the management of spasticity [140]. For
the treatment of cerebral ischemia, antithrombotic drugs including aspirin and alteplase are
given to patients [141]. Epilepsy patients are usually given anti-epileptic drugs such as
carbamazepine and levetiracetam to control seizures [ 142]. In the recent years, a drug called
riluzole which might potentially slow the progression of ALS has been approved by FDA
[143]. Today, research is still ongoing for developing new drugs for these disorders. In
additionally, antioxidant compounds are considered to be a therapeutic approach in slowing

the disease progression in neurodegenerative disorders as well as cerebral ischemia [144].

17.  OXIDATIVE STRESS IN HYPOTHALAMUS

The hypothalamus is a significant region located in the ventral brain and made up of several
small nuclei including the paraventricular nucleus (PVN), the lateral hypothalamic area
(LHA), arcuate nucleus (ARC), the ventromedial nucleus (VMN) and the dorsomedial
nucleus (DMN) with each of them having different functions [145-147]. Basically,
hypothalamus controls and regulates various autonomic nervous system functions including
nutrient intake, body weight, reproduction, glucose homeostasis, and sleep-wake patterns
[145, 148]. Its anatomical localization allows hypothalamus to receive inputs from the
thalamus and send them to a small pea sized gland called the pituitary. After receiving the
signals, the pituitary gland then in turn releases hormones in response to changes in the
autonomic nervous system [149]. Both in hypothalamic neurons and in pituitary cells
voltage-gated Ca®’ channels are expressed and responsible in controlling the entrance of
calcium ions [150-152]. Calcium (Ca2+) is an important ion in neurons and its signalling

has been known to generate various cascade of events including neurotransmitter release,
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synaptic plasticity, and gene expression [153-155]. Intracellular Ca?* homeostasis is
maintained by the control of Ca**-ATPase activity, calcium binding proteins (CBPs), and
Ca?" uptake mechanisms [153, 156, 157]. In the review of Erika Gyengesi and his colleagues,
excessive amounts of Ca*" ions are indicated to lead to the production of ROS and as a result
cause oxidative stress in hypothalamic neurons specifically involved in energy homeostasis
[148]. The relationship between oxidative stress and hypothalamus has also been studied in
primary hypothalamic neuron cultures obtained from fetal rat brains. In the study, oxidative
stress induction by ethanol has been reported to cause apoptosis in developing hypothalamic
neurons [158]. According to an in vitro study done on GT1-7 mouse hypothalamic neuron
cells, overexpressing alpha-synuclein which is a protein involved in the neuropathology of
PD, causes mitochondrial dysfunction along with increased formation of free radicals and
thus lead to oxidative stress. As a result of this hypothalamic neuronal stress, it has been
shown that the secretion levels of gonadotropin-releasing hormones are significantly
diminished [159]. Interestingly, studies have revealed the importance of iron-induced
oxidative stress in the hypothalamus of women who suffer from anemia known as beta-
thalassemia major (BTM) [160]. Since BTM patients are constantly dependent on blood
transfusions, it has been shown that over-transfusions result in high amounts of iron
deposition in endocrine system related organs including hypothalamus and pituitary gland
and cause infertility in these patients [161]. According to a clinical study done on BTM
patients, the levels of gonadotropin-releasing hormones were found significantly lower when
compared to those in the control group [162]. Although the role of oxidative stress is
implicated in hypothalamic neurons in various studies, there is still not enough evidence on
oxidative stress induced hypothalamic degeneration and its relationship with

neurodegenerative disorders.

18. GNRH NEURONS

Gonadotropin-releasing hormone (GnRH) is one of the significant hormones released from
the hypothalamus, and known to regulate the reproductive function of the body [163]. In the
beginning of 1970s, GnRH was isolated from pig hypothalamus and shown to have a
structure as a decapeptide (pyro)Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH(2) [164-
166]. From these discoveries, GnRH is now known to be secreted from hypothalamus and

bind to the GnRH receptors found on the anterior of the pituitary gland [166-168]. This
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binding then causes the synthesis and the release of gonadotropins including the luteinizing
hormone (LH) and follicle stimulating hormone (FSH) [166-168]. LH and FSH bind to their
specific receptors LHR and FSHR, respectively, and act on the gonads (i.e. ovaries or testes)
to stimulate the production of steroidal sex hormones[163, 168]. The gonadal sex hormones
produced from the ovaries are estrogen and progesterone and the one that is produced from
the testes is called the testosterone [163, 168]. The gonadal sex hormones, including
estrogen, progesterone, and testosterone give negative feedback to hypothalamus and also to
pituitary gland to inhibit the further release of GnRH, LH, and FSH [168]. Furthermore, the
gonadotropins, LH, and FSH also provide negative feedback on the pituitary gland to block
their further production (Figure 1.8) [168].
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Figure 1.6. Reproductive hormone homeostasis

1.8.1. Oxidative Stress and GnRH Neurons

Due to different responses of women and men to oxidative stressors, reproductive hormones
have been suggested to play a role in modulating the pro-oxidant/antioxidant balance [168].
Thus, it is implicated that gender differences affect the susceptibility to oxidative stress. In

one clinical study, it has been found that women have higher levels of antioxidant glutathione
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peroxidase (GSH-Px) erythrocyte activity in comparison to the same aged men suggesting
that sex hormones related differences make individuals more susceptible to oxidative stress
[169]. According to animal studies, the male brain has been shown to be more vulnerable to
oxidative stress mediated ischemic injury when compared to the female brain [170]. These
studies indicate that reproductive hormones play a major role in gender difference related
susceptibility in oxidative stress. Furthermore, other studies have shown that not only gender
differences but also pre- and post-menopausal hormonal changes in women can affect their
proneness to oxidative stress [169, 171, 172]. Post-menopausal women have been shown to
have higher levels in lipid peroxidation markers, as well as lower amounts of antioxidants
including glutathione peroxidase, ascorbic acid (Vitamin C), and a-tocopherol (Vitamin E)

when compared to pre-menopausal women [169, 171, 172].

19. AIM OF THE STUDY

The aim of this study is to elucidate the protective role of Apelin receptor (Aplnr) signaling
in GnRH neurons against neurotoxicity by constructing an oxidative stress induced in vitro
model. GT1-7 mouse hypothalamic (GnRH) neurons were used as a neuronal cell line and
neurotoxicity was conducted by H>O; and hypoxia induced cell stress. The goal of the
current study is to explore the potential protective role of Aplnr signaling in GnRH neurons
in vitro for the first time in the literature. This study will not only identify the Aplnr signaling
as a therapeutic target in hypothalamic hormone releasing neurons but also comprises a new

oxidative stress induced cell model in the literature which is using GT1-7 cells.
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2. MATERIALS AND METHODS

2.1. CELL CULTURE

GT1-7 mouse hypothalamic (GnRH) neurons [173] were kindly provided by Prof. Dr.
Fikrettin Sahin at Yeditepe University, Istanbul, Turkey. The cells were cultured in
Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Gibco, UK) containing high
glucose (4.5 g/L) supplemented with 10 per cent fetal bovine serum (FBS) and 1 per cent of
antibiotics including penicillin, streptomycin and amphotericin B (PSA, Invitrogen, Gibco,
UK). GT1-7 cells were incubated in an 80 per cent humidified incubator with a temperature
at 37°C and 5 per cent CO2 in atmosphere. The medium was replenished two or three times
per week, as needed. For sub-culturing of the cells, 0.25 per cent trypsin-EDTA (Invitrogen,

Gibco, UK) was used after they reached approximately to 80 per cent confluency.

2.2. PREPARATION OF PEPTIDE AND SMALL MOLECULES

Apelin-13 (natural Aplnr ligand), ML-233 (synthetic Aplnr small molecule agonist) and ML-
221 (synthetic Aplnr small molecule antagonist) were dissolved in DMSO with a final stock
concentration of 10mM. Selected concentrations were freshly prepared in cell culture

medium before application.

2.3. PREPARATION OF FUSION CONSTRUCTS

To determine whether Aplnr signaling can be activated with Apelin and ML-233 in HEK-
293 cells (ATCC, CRL-1573) a GFP-Aplnr fusion construct was designed. Aplnr was cloned
to the C-terminal part of stGFP-C1 (Addgene plasmid # 54579) with restriction enzymes
EcoRI and Kpnl (Figure 3.1). The expression and internalization of Aplnr was detected after
Apelin and ML-233 treatments for the confirmation of the activity of the peptide and small
molecule, ML-233, in HEK-293 cells. Briefly; HEK-293 cells were seeded in 12-well cell
culture plates with a cell density of 10*cells per well. Afterwards, cells were incubated for

24 h at 37°C and 5 per cent CO; in humidified chambers. After 24 h, cells were exposed to
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1 uM Apelin and 1 pM ML-233. Aplnr internalization was determined at 30 min and 120
min using fluorescence microscope (Axio Vert.Al; Zeiss, Heidelberg, Germany). After 30
min of exposure, flow cytometry analyses were performed for the detection of GFP positive
cell ratio utilizing a Becton Dickinson FACSCalibur flow cytometry system (Becton

Dickinson, San Jose, CA, USA).

24. HYPOXIA IN VITRO MODEL

For hypoxia induced in vitro neurotoxicity model experiments, GT1-7 cells were maintained
in a hypoxia incubator under 2 per cent O and 5 per cent CO; levels at 37°C in a humidified

chamber.

2.5. H:0:IN VITROMODEL

In order to construct a H>O; induced neurotoxicity model GT1-7 were incubated with
different concentrations of H>O». Briefly, 30 per cent (w/w) hydrogen peroxide solution
(#H1009, Sigma-Aldrich, USA) were diluted in cell culture medium to obtain different
concentrations including 10 uM, 50 uM, 100uM, 200uM, 500uM for further cell viability

analysis. The moderate toxic concentration was selected for further experimental system.

2.6. SMALL INTERFERING RNA

For siRNA applications, Aplnr specific siRNA was purchased from ThermoFisher
Scientific, USA (#AM16704). Briefly, GT1-7 cells were plated in 12-well plates
(#CLS3512, Corning Plasticware, Corning, NY) with a density of 5 x 10* cells per well, and
maintained in an incubator overnight. Next day, cells were transfected with siRNAs (Control
siRNA  #AM4611, ThermoFisher  Scientific, USA  or siAplnr)  using
Lipofectamine®RNAIMAX (#13778150, ThermoFisher, Invitrogen, USA) according to the
manufacturer’s instructions. Opti-MEM (#31985070, ThermoFisher, Gibco, USA) was used
as a serum free environment during transfection applications. Following the transfection,

cells were incubated for 48 hours at 37°C in a humified chamber. Then, cells were induced
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with 200uM concentration of H>O> and maintained in an incubator. Hypoxia treatment was

applied by incubation of cells in a humidified hypoxia incubator.

2.7. TRANSIENT OVEREXPRESSION

GT1-7 cells were plated in 12-well plates with a cell density of 70 x 10° cells per well for
transient overexpression of Aplnr. Opti-MEM (#31985070, ThermoFisher, Gibco, USA)
was used as a serum free environment during transfection applications. Cells were
transfected with GFP-Aplnr fusion construct using lipofectamine. Next day, cells were
maintained either in hypoxia incubator or exposed to H202 (200uM) for oxidative stress

induced conditions. After 24h of incubation, cells were collected for further analysis.

2.8. CELL VIABILITY ASSAY

Cell viability assays were performed on GT1-7 cells to analyse the cytotoxic effects of

oxidative stress models and protective role of Aplnr signalling.

Cell viability analysis were performed by the 3-(4,5-di-methyl-thiazol-2-yl)-5-(3-carboxy-
methoxy-phenyl)-2-(4-sulfo-phenyl)-2H tetrazolium (MTS) assay (#G3582, CellTiter96
AqueousOne Solution; Promega, Southampton, UK) according to the manufacturer’s
instructions. For each time interval, cell viability was analysed at the absorbance value of

490 nm with an ELISA plate reader (Biotek, Winooski, VT).

2.8.1. Determination of H202, Apelin, ML-233 and ML-221 Concentrations

Cells were seeded in a 96-well plate (#13485, SPL, Korea) at a density of 5x10° cells per
well and incubated in three different experimental conditions including normoxia (standard
cell culture conditions), H202 (200 uM) and hypoxia for 24 h (2 per cent O2) for generation
of experimental conditions of oxidative stress in comparison with normal culture conditions.
Apelin, ML-233, and ML-221 was dissolved in dimethyl sulfoxide (DMSO, #D4540,
Sigma-Aldrich, USA) at a stock concentration of 10mM and diluted to 100 uM of working
solution in DMEM containing 10 per cent FBS and 1 per cent of PSA. 30 per cent (w/w)
H>02 solution (9.8 M) (#H1009, Sigma-Aldrich, USA) was diluted to 9800 uM of working
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solution in complete growth medium. Cells were administered with various concentrations
(0.1uM, 0.5 pM, 1uM, 2uM and 3uM) of Apelin, ML-233, ML-221 and H0> (50uM,
100uM, 200uM and 500uM) for determining the cell viability effects of these compounds
in GT1-7 cells. All of the concentrations were prepared in complete cell culture medium.
At the end of 24 hours, cells were administered with 10 per cent MTS reagent and incubated
in a humidified incubator for 2 h at 37 °C and 5 per cent CO,. Afterwards, Apelin (1 pM),
ML-233 (1 uM), ML-221 (0.5 uM), and H>O> (200uM) were determined and applied to the
three different experimental conditions (hypoxia, normoxia and H>O; application). For

positive control, cells were only treated with 20 per cent DMSO.

2.9. CELL PROLIFERATION ASSAY

GT1-7 cells were seeded in 12-well plates at a density of 5x10* cells per well and transfected
with siRNAs (Control siRNA or Aplnr siRNA). After 48 hours of incubation cells were
treated with 200uM H2O: for 24 h and incubated in standard culture conditions. Control
siRNA or Aplnr siRNA transfected cells with no H>O; treatment were maintained in hypoxic
conditions (2 per cent Oz and 5 per cent CO; levels with a temperature at 37°C) for 24 h. At
the end of 24 h incubation, cell morphology was determined by light microscope (Axio
Vert.Al; Zeiss, Heidelberg, Germany). The cell proliferation was determined by staining

cells with trypan blue solution. Afterwards, cells were counted using a hemocytometer.

2.10. QUANTITATIVE REAL TIME PCR ANALYSIS

Apelin, Aplnr, Caspase-3, BAX, BCL-2, AKT, p53, IL-2, NF-kB, COX-2 and GAPDH
primers (Table 2.1) were designed with Primer-BLAST software from the National Center
for Biotechnology (Bethesda, MD, USA). All of the primers were synthesized by Macrogen
(Seoul, Korea). GAPDH was used as a housekeeping gene. The reagents and conditions of
the RT-PCR analysis were illustrated in Table 2.2 and 2.3, respectively. Total RNAs were
isolated using RNAeasy plus mini kit (#74136, Qiagen, Hilden, Germany) following the
manufacturer’s instructions. High Fidelity cDNA synthesis kit (#05081955001, Roche,
USA) was utilized for cDNA synthesis. For the detection of mRNA levels of the desired

genes, reverse transcription polymerase chain reaction (RT-PCR) was performed using
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SYBR Green method. Synthesized cDNAs were mixed in PCR tubes with a final volume of
20ul with primers, SYBR-mix (#K0221, Fermentas, USA) and PCR grade distilled water
(#SH30538.02, Hyclone, Utah, USA). CFX96 RT-PCR system (Bio-Rad, Hercules, CA)

was utilized in all RT-PCR experiments.

Table 2.1. Primer designs used in RT-PCR analysis

Gene Species Primer Sequence Product

Length

F 5> GGGAGCAAGTCAGTGGACTC 3’
Caspase-3 | Mouse R 5> CCGTACCAGAGCGAGATGAC 3’ 136 bp

F 5’ CTCAAGGCCCTGTGCACTAA 3°
BAX Mouse R 5 CACGCAGGAAGTCCAGTGTC 3’ 73 bp

F5 CCACCTGTGGTCCATCTGAC 3’
BCL-2 Mouse R 5> CAATCCTCCCCCAGTTCACC 3° 175 bp

F 5> GGGACCTGAAGCTGGAGAA 3’
AKT Mouse R 5° CCTGGTTGTAGAAGGGCAGG 3’ 240 bp

F 5> TGGTGAAGCAGGCATCTGAG 3’
GAPDH | Mouse R 5> TGAAGTCGCAGGAGACAACC ¥’ 78 bp

F 5> CAGTGGGAACCTTCTGGGAC 3’
P53 Mouse R 5 CTTCTGTACGGCGGTCTCTC 3° 77bp

F 5> ATGAACTTGGACCTCTGCGG 3’
IL-2 Mouse R 5> GTCCACCACAGTTGCTGACT 3’ 170 bp

F 5> ACACGAGGCTACAACTCTGC 3’
NF-KB Mouse R 5> GGTACCCCCAGAGACCTCAT 3’ 164 bp

F 5’GCTCATTCCTGCCATCTACA 3’
Aplnr Mouse R 5’GTGGCAAAGTCACCACAAAG3’ 164 bp
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F STCCAGATGGAACAGGACTAGAA3Z’
Apelin Mouse R 5’CTGTCTGCGAAATTTCCTCCTS’ 112 bp

F 5> ACCCTGCCCTGCTGGTGGAA 3°
COX-2 Mouse R 5° CGCCTCCAAAGGTGCTCGGC 3° 147 bp

Akt: Protein Kinase B, Bax: Bcl-2-associated X protein, Bcl-2: B-cell lymphoma 2, IL-2:
Interleukin-2, NF-KB: Nuclear factor kappa B, COX-2: Cyclooxygenase, GAPDH:
Glyceraldehyde-3-phosphate dehydrogenase.

Table 2.2. Reagents of RT-PCR analysis

Reagents Volume
Maxima™ SYBR Green qPCR Master Mix 10 pl
Primer Forward (10pmol) 1l
Primer Reverse (10pmol) Il
Distilled water Sul
Template (100ng/ml) Sul

Table 2.3. Conditions of RT-PCR analysis

Cycle Repeats Step Standby Time Set Point
Initial 1 1 3 min 93 °C
Denaturation
Denaturation 1 30 sec 93 °C
Annealing 36 2 40 sec 61 °C
Extension 3 45 sec 72 °C
Final Extension 1 1 10 min 72°C
Melt Curve 110 1 12 sec -0.5 °Clcycle
Hold 1 1 o0 4°C
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2.11. OXIDATIVE STRESS ENZYME ACTIVITY

For the detection of oxidative stress markers, super oxide dismutase (SOD) and glutathione
peroxidase (GPx) enzyme activity were measured in GT1-7 cells treated with Apelin (1uM),
ML-233 (1uM), ML-221 (0.5uM), Control siRNA and Aplnr siRNA at three different
experimental conditions including normoxia (standard cell culture conditions), H202 (200
uM) and hypoxia for 24 h (2 per cent O2). SOD determination kit (#19160, Sigma Aldrich,
USA) was used according to the manufacturer’s instructions. 96-well plates were utilized
during the oxidative stress marker test. 10 pug of protein samples were used. Briefly, 20 pl
from sample solution was added to each sample as well as the blank 2 well. Next, double
distilled water (20 ul) was added to each blank 1 and blank 3 wells. Then, 200 pl of WST
working solution was added to every well and mixed. Afterwards, each blank 2 and blank 3
wells were diluted with 20 pl of dilution buffer. Following dilution, enzyme working
solution (20 pul) was added to all samples and the blank 1 well, and fully mixed. Next, the
96-well plate was incubated for 20 minutes at 37 °C and 5 per cent CO; levels in humidified
chambers. Absorbance at 450 nm was detected utilizing a microplate reader. SOD activity
was calculated according to the formula (SOD activity (inhibition rate %) = {(Ablank 1 -
Ablank 3) — (Asample - Ablank 2) / (Ablank 1 - Ablank 3)} x 100) provided in the

instructions.

As an oxidative stress marker, glutathione peroxidase (GPx) activity was also detected in
GT1-7 cells treated with Apelin (1uM), ML-233 (1uM), ML-221 (0.5uM), Control siRNA
and Aplnr siRNA at three different experimental conditions including normoxia (standard
cell culture conditions), H20, (200 uM) and hypoxia for 24 h (2 per cent O;) using Total
Glutathione Peroxidase Assay kit (# 08050002, ZeptoMetrix Corporation, NY, USA).
Briefly, GPx assay reagents (working solution A and start solution) and collected samples
were prepared according to the manufacturer’s instructions. 870 pl of working Solution A
and 60 pl of start solution were added to the cuvette of the spectrophotometer, and mixed.
Then, 30 pl of sample was pipetted and mixed thoroughly. Absorbance at 340 nm was

recorded for 1 min utilizng a spectrophotometer.
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2.12. IMMUNOCYTOCHEMICAL ANALYSIS

Cells were seeded in 8-well multi-chamber plates with a density of 5000 cells per well, and
maintained in a humidified incubator at 37 °C and 5 per cent CO2 in atmosphere. Next day,
cells were treated with Apelin (1uM), ML-233 (1uM), ML-221 (0.5uM) and H>0, (200) uM
with desired combinations for 24 hours and incubated in normoxic and hypoxic conditions.
Similar methodology was used for siRNA and transient overexpression experiments. After

1 day of incubation, cells were fixed with 4 per cent paraformaldehyde (PFA) and
permeabilized in PBS solution containing 0.1 per cent Triton-X 100. Afterwards, cells were
rinsed with PBS and treated with 1 per cent bovine serum albumin (BSA, Santa Cruz, CA,
USA) to allow the blocking of the cells. Cells were treated with the following primary
antibodies against Aplnr (Thermo,USA),and GnRH (Santa Cruz Biotechnology, Santa Cruz,
CA) and incubated overnight at 4 °C. Then, cells were rinsed and incubated with secondary
antibodies including AlexaFluor 488 (anti-mouse) and AlexaFluor 647 (anti-rabbit) for 30
minutes in room temperature. DAPI (0.5 Ig/mL; Applichem, Darmstadt, Germany) was used
for nuclei staining. The images of samples were taken using a confocal microscope (LSM
700; Zeiss, Heidelberg, Germany). Image J software was utilized for calculating the

intensities.

2.13. STATISTICAL ANALYSIS

For statistical analysis of the data, one-way analysis of variance (ANOVA) and Tukey post
hoc test were performed. The P values less than 0.05 were considered as statistically

significant.
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3. RESULTS

3.1. PEPTIDE ACTIVITY RESULTS

3.1.1. Aplnr Signaling is Activated with Apelin and ML-233 in HEK-293 Cells

For determining the time frame of Aplnr internalization, HEK-293 cells were utilized as an
easily transfected cell line. 67 per cent of the HEK-293 cells were GFP positive showing the
successfully transfected cell ratio in the beginning (0 min). 3 per cent increase was observed
only after 30 min in Apelin and ML-233 treated groups and approximately 70 per cent of the
HEK-293 cells were GFP positive. At 0 min, GFP-Aplnr fusion protein was mainly observed
on surface of the cells. After 30 min in Apelin and ML-233 treated groups the internalization
of Aplnr was started to appear. After 120 min later, the intracellular localization was
observed more clearly, and about 35 per cent of the cells had Aplnr inside the cell following

Apelin and ML-233 exposure (Figure 3.1).
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Figure 3.1. Aplnr signaling activation with Apelin and ML-233 in HEK-293. (A) Plasmid
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vector design for GFP-Aplnr fusion protein. Flow cytometry analysis of Aplnr signaling
activation in HEK293 cells in response to Apelin (1uM) and ML-233(1uM). Activation of
Aplnr was confirmed after 30 min. (B) GFP-Aplnr transfected cells were shown in
fluorescence microscope after internalization at 30 min and 120 min. (C) 35 per cent of the
cells showing Aplnr internalization at 30 min and 120 min following Apelin and ML-233

treatment.

3.2. ACTIVATION OF APLNR SIGNALING

3.2.1. Cell Viability and Proliferation Analysis

For determining the cytotoxic effects of Apelin, ML-233, ML-221 and H202 on GT1-7 cells,
cell viability analyses were performed for 24 hours. DMSO (20 per cent) was used as
positive control during MTS assay. After 24 hours of administration at various

concentrations of Apelin, ML-233, ML-221 (0.1, 0.5, 1, 2 and 3uM) and H>0O» (10, 50, 200,
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and 500 pM) cell images were taken for determined doses using a light microscope. Results
have shown that treatment with Apelin and ML-233 increased the cell viability of GT1-7
cells approximately to 1.5 fold after 1 pM treatment compared to negative control indicating
that Apelin and ML-233 have proliferative effects in these cells (Figure 3.2). However, doses
greater than 1 uM decreased cell viability and resulted in cytotoxic effects. 1 pM was the
selected concentration for further experiments. The Aplnr antagonist, ML-221, application
decreased the viability of the cells at a certain dose (0.5 pM) approximately to 70 per cent,
and caused fluctuations in cell viability with higher doses when compared to negative control
(Figure 3.2). Treating GT1-7 cells with H>O; significantly decreased the viability after 24 h
treatment to 78 per cent at 10 uM, 61 per cent at 50 uM, 44 per cent at 100 uM, 21 per cent
at 200 uM and 1.5 per cent at 500 uM (Figure 3.3). Cell proliferation analysis were
performed after treatment for 24 h with the determined dosages of Apelin (1 uM) ML-233
(1 uM), ML-221 (0.5 uM), and H20, (200 uM) in normoxic, hypoxic and H>O» induced
conditions. Apelin (1 uM) and ML-233 (1 uM) treated cells in normoxic conditions
significantly increased cell proliferation from 45 x 10° to 47 x 10° when compared to
negative control. On the other hand, inhibiting Aplnr via ML-221 (0.5 pM) significantly
decreased cell proliferation to 40 x 10° (Figure 3.4). In H,0> (200 pM) induced conditions
Apelin treated cells increased cell proliferation from 43 x 10° to 45 x 10* compared to H2O:
only treated cells. Interestingly, ML-233 treatment in H>O; induced cell conditions didn’t
cause any significant changes in cell proliferation. However, ML-221 treated cells exposed
to H>O: significantly decreased the proliferation of GT1-7 cells from approximately 43 x 10
to 42 x 10°. When compared to hypoxia control group both Apelin and ML-233 treated cells
under hypoxic conditions caused a significant increase in cell proliferation from nearly 32 x
10° to 37 x 10 and to 42 x 10°, respectively. ML-221 treatment in hypoxic conditions

resulted in 35 x 10° number of viable cells (Figure 3.4).
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Figure 3.2. Cell viability of Apelin, ML-233 and ML-221 treated GT1-7 cells. Light

microscopy images represented at the upper lane are shown as one hundred times

magnified after 24 h treatment. The heat map demonstrates cell viability effects of Apelin,

ML-233 and ML-221 in GT1-7 cell line at different concentrations. NC: negative control.

*p<0.05. Data were analyzed by one-way ANOVA and Tukey’s post hoc test using

GraphPad Prism Version 8.0.1. Scale bar: 100 um.
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Figure 3.3. Cell viability of H,O» treated GT1-7 cell line. The bar graph demonstrate cell
viability effect of HoO»in GT1-7 cell line at different concentrations. * p< 0.05. Data were
analyzed by one-way ANOVA and Tukey’s post hoc test utilizing GraphPad Prism
Version 8.0.1.

NC
Apelin
ML233
ML221
H,O,
H,O,+Apelin
H,O,+ML233
* HyO2+ML221

5 Hypoxia Control
35000 I Hypoxia Apelin
Hypoxia ML233
o Hypoxia ML221

Normoxia H,0, Hypoxia

50000

45000-1 ]

40000
£

Cell Proliferation Assay

Figure 3.4. Cell proliferation analysis of Apelin, ML233, and ML221 treated GT1-7 cells
in normoxia, H>O> and hypoxia induced conditions. * p< 0.05. Data were analyzed by one-

way ANOVA and Tukey’s post hoc test utilizing GraphPad Prism Version 8.0.1.
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3.2.2. Cellular Morphology Analysis of Apelin and Small Molecule Induced Aplnr
Signaling

Light microscope images were taken after 24h treatment with Apelin (1 uM), ML-233(1
uM), ML-221 (0.5 uM), and same treatment regimen in the presence of H.O> (200 uM) to
visualize and detect differences in cellular morphology. According to the microscope
images, H202 (200 uM) treated group had fewer cells compared to negative control (only
growth medium treated group). The combination of H,O> (200uM) and Apelin (1uM) had
increased numbers of cells as opposed to the only H>O» treated cells. The similar effect was
detected for H,O> (200uM) and Aplnr agonist, ML-233 (1uM), treated group. However,
H>07 (200 uM) and Aplnr antagonist, ML-221 (1uM), treated group had decreased number
of cells when compared to H2O2 (200uM) and Apelin (1uM) treated group (Figure 3.5).

Effect of hypoxia on cellular morphology was also observed in Apelin (1 uM), ML-233(1
uM), and ML-221 (0.5 uM) treated GT1-7 cells by using light microscope. Results have
shown that apelin treated cells under hypoxic conditions had increased number of cells when
compared to hypoxia negative control. The similar effect was detected for ML-233 (1uM)
treated hypoxia group. However, ML-221 administered cells had lower number of cells as

opposed to negative control under hypoxic conditions (Figure 3.5).
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Figure 3.5. Morphological images of GT1-7 cells treated with Apelin (1 uM), ML-223 (1
uM) and ML-221 (0.5 uM) in normoxia, H2O2 (200uM), and hypoxia induced conditions.

Light microscopy images are shown as one hundred times magnified. Scale bar: 100 pm.

3.2.3. Gene Expression Analysis

Gene expression analysis were performed in Apelin (1 uM), ML-233(1 puM) and ML-221
(0.5 uM) treated GT1-7 cells in normoxia, H2O2 (200 uM) and hypoxia induced cell stress
conditions by performing RT-qPCR. As a proliferation marker, Akt, in normoxic conditions
slightly increased 1.12 fold in Apelin treated cells. Aplnr agonist, ML-233, treatment caused
1.9 fold increase. However, inhibiting Aplnr with ML-221 had no significant changes in Akt
mRNA levels with 0.8-fold. H>O2 and Apelin treatment resulted in significant increase of
Akt mRNA levels with 46-fold change. H,O; and ML-233 treated cells had increased Akt
gene expression levels as well with 20-fold change. However, H2O2 and ML-221 treated cells
had lower Akt mRNA levels with 8-fold change. Cells treated with Apelin in hypoxic
conditions caused significant increase in Akt mRNA levels with 80-fold change. ML-233
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treated hypoxia group had 30-fold increase whereas ML-221 treated hypoxia group had
lower Akt gene expression levels with 1.5-fold change (Figure 3.6).

As an apoptotic marker, BAX, gene expression levels had no significant changes in Apelin
treated cells (1.03 fold), but had showed a slight increase in ML-233 treated cells with 1.63-
fold change. Treating cells with Aplnr inhibitor ML-221 had significantly increased
apoptosis marker, BAX, with 2-fold change. H,O» treatment caused increase by 42-fold in
BAX gene expression levels as expected. However, H,O> and Apelin treatment together
significantly decreased BAX mRNA levels as 0.00013-fold. The similar fold change was
detected for H>O, and ML-233 treated cells. On the other hand, pharmacological inhibition
of Aplnr with ML221 in H,O; induced cell stress conditions dramatically increased BAX
gene expression levels by 3.9-fold. Apelin treatment in hypoxic conditions increased BAX
mRNA levels by 1.2-fold. However, ML-233 treated hypoxia group resulted in 0.63 fold
decrease in BAX gene expression levels. ML-221 treated hypoxic group had higher BAX
mRNA levels with 1.9-fold change (Figure 3.7).

The gene expression levels of p53 decreased by 0.7 fold in Apelin treated cells. ML-233
treatment decreased p53 mRNA levels even more by 0.3 fold. However, Aplnr antagonist,
ML-221, resulted in only 0.9 fold change of decrease in p53 gene expression levels. H>O»
and Apelin treatment together caused 0.5-fold change of decrease in p53 mRNA levels.
Interestingly, H>O, and ML-233 administration significantly increased p53 gene expression
levels by 8.7-fold. On the other hand, exposing cells to H>O> and ML-221 dramatically
increased p53 mRNA levels by 26-fold. Apelin treatment in hypoxic conditions had 1.07-
fold change in p53 gene expression levels. On the other hand, ML-233 treatment in hypoxia
caused 0.2-fold decrease in p53 mRNA levels. Inhibiting Aplnr with ML-221 in hypoxic
conditions caused p53 gene expression levels to significantly increase by 2.2-fold (Figure

3.7).

Caspase-3 gene expression levels were significantly decreased by 0.0004-fold change in
Apelin treated cells. ML-233 treatment decreased caspase-3 mRNA levels by 0.02-fold.
However, ML-221 treatment caused caspase-3 gene expression levels to increase by 3.2-
fold. H20O2 and Apelin treatment significantly decreased caspase-3 mRNA levels to 0.09-
fold. However, H2O; and ML-233 treatment together significantly decreased apoptotic
marker, caspase-3, levels to 0.00002-fold. Exposing cells to ML-221 in H»O, induced

conditions resulted in 1.3-fold change of increase in caspase-3 gene expression levels.
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Apelin treatment in hypoxic conditions resulted in remarkable decrease in caspase-3 mRNA
levels. In hypoxic conditions, ML-233 treated cells had 0.1-fold change, whereas ML-221

treated cells had 4.3-fold change in caspase-3 gene expression levels (Figure 3.7).

Anti-apoptotic marker, BCL-2, mRNA levels were significantly elevated in cells treated with
Apelin by 9.4-fold. Aplnr activator, ML-233, treatment also increased BCL-2 gene
expression levels by nearly 25-fold. However, inhibition of Aplnr with ML-221 caused
BCL-2 gene expression levels to change by 2.9-fold. Apelin treatment in H20: induced
conditions significantly increased BCL-2 gene expression levels by 11-fold. HoO> and ML-
233 treatment resulted in 4.6-fold change of increase in BCL-2 mRNA levels. On the other
hand, 0.2-fold of change was detected in ML-221 treated cells in H>O» induced conditions.
In hypoxic conditions BCL-2 gene expression levels were significantly increased in Apelin
treated cells by 10-fold. However, ML-233 treatment decreased BCL-2 mRNA levels by
0.009-fold in hypoxia. On the other hand, ML-221 treated cells had no significant changes
in hypoxic conditions (Figure 3.7).

Aplnr gene expression levels were found to significantly increase in Apelin treated cells by
2.2-fold. ML-233 treatment in normoxic conditions caused Aplnr mRNA levels to change
35-fold. Interestingly, ML-221 treated cells had the highest Aplnr gene expression level with
1000-fold. Apelin treatment with H>O> resulted in 10-fold change of increase in Aplnr
mRNA levels. H>O, and ML-233 treatment together significantly increased Aplnr gene
expression levels by 68-fold. On the other hand, inhibiting Aplnr with ML-221 in H»0O;
treated cells caused 0.03-fold change of decrease in Aplnr gene expression levels. Treating
cells with Apelin in hypoxic conditions caused significant increase in Aplnr mRNA levels
by 663-fold, and even higher in ML-233 treated cells with 1269-fold. Inhibiting Aplnr in
hypoxic conditions caused Aplnr mRNA levels to change 3.2-fold (Figure 3.8).

Inflammatory marker, IL-2, mRNA levels were found to be increased in Apelin and ML-
233 treated cells with 4.3-fold and 1.43-fold, respectively. However, ML-221 treatment in
normoxic conditions decreased IL-2 mRNA levels by 0.2-fold. On the other hand, Apelin
treated cells in H>O> induced conditions caused IL-2 gene expression levels to decrease by
0.01-fold. H2O2 and ML-233 treatment resulted in 0.2-fold change of decrease in IL-2 gene
expression levels. IL-2 mRNA levels were significantly increased by 16-fold in cells
exposed to ML-221 in H20Oz induced conditions. Apelin treated cells in hypoxic conditions

decreased IL-2 gene expression levels significantly by 0.4-fold. Interestingly, ML-233
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treatment in hypoxia group caused a slight increase in IL-2 mRNA levels by 1.2-fold. On
the other hand, inhibiting Aplnr with ML-221 in hypoxia induced conditions resulted in 11-

fold change of increase in IL-2 gene expression levels (Figure 3.9).

Pro-inflammatory marker, NF-KB, gene expression levels were found to be significantly
diminished in Apelin treated cells in normoxia by 0.2-fold. However, ML-233 treated cells
had 6 x 10°-fold change of increase in NF-KB mRNA levels in normoxic conditions. ML-
221 treatment caused NF-KB gene expression levels to significantly increase by 56 x 10°-
fold in normoxia. Apelin treatment in H>O2 induced conditions significantly decreased NF-
KB gene expression levels by 0.0007-fold. H2O2 and ML-233 treatment resulted in 0.002-
fold change of decrease in NF-KB mRNA levels. On the other hand, the inhibition of Aplnr
with ML-221 in H>0O» induced conditions slightly increased pro-inflammatory marker, NF-
KB, levels by 1.16-fold. Exposing cells to Apelin in hypoxic conditions significantly
decreased NF-KB gene expression levels by 0.0000039-fold. ML-233 and ML-221
treatment in hypoxic conditions caused NF-KB mRNA levels to change 0.000032-fold and
0.0000052-fold, respectively (Figure 3.9).
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Figure 3.6. AKT gene expression profile of GT1-7 cells treated with Apelin, ML-233 and
ML-221 in normoxia, H>O; and hypoxia induced cell conditions. * p< 0.05.
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of GT1-7 cells treated with Apelin, ML-233 and ML-221 in normoxia, H2O> and hypoxia

induced cell conditions. * p< 0.05.
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Figure 3.8. Aplnr gene expression profile of GT1-7 cells treated with Apelin, ML-233 and

ML-221 in normoxia, H202 and hypoxia induced cell conditions. * p< 0.05.
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Figure 3.9. Inflammatory markers; IL-2, and NF-KB gene expression analysis of GT1-7
cells treated with Apelin, ML-233 and ML-221 in normoxia, H>O> and hypoxia induced

cell conditions. * p< 0.05.

3.2.4. Oxidative Stress Enzyme Activity

As oxidative stress markers the activity of antioxidant enzymes including superoxide
dismutase and glutathione peroxidase activity was detected in GT1-7 hypothalamic neurons
treated with Apelin (1 uM), ML-233(1 uM) and ML-221 (0.5 uM) for 24 hours in normoxia
(normal cell culture conditions), hypoxia (2 per cent Oz and 5 per cent CO; levels with a
temperature at 37°C) and H,0> (200 uM) induced cell conditions. Results have shown that
in normoxic conditions treating cells with Apelin (1 pM) for 24 hours increased SOD activity
approximately to 55 per cent when compared to negative control. Nearly the same
percentage (50 percent) was detected in ML-233 (1 uM) treated cells. However,
pharmacological inhibition of Aplnr with ML-221 didn’t cause any significant changes in

SOD activity of the cells when compared to control (Figure 3.10).

In H202 (200 uM) administered cells, SOD activity was increased significantly to 55 percent
when compared to negative control. However, treating cells together with H>O> (200 uM)
and Apelin (1 pM) caused decrease in SOD activity approximately to 36 per cent when
compared to H202 (200 uM) treated group. H2O2 (200 uM) and ML-233 (1 pM) treatment



42

reduced SOD activity nearly to 40 per cent as opposed to cells treated only with H>O> (200
uM). On the other hand, H>O; (200 uM) and Aplnr antagonist, ML-221 (0.5 uM),
administration caused no significant changes in SOD activity when compared to H>O> (200

uM) treated group (Figure 3.10).

In hypoxic conditions treating cells with Apelin (1 uM) significantly increased SOD activity
of the cells to nearly 50 per cent when compared to hypoxia control group. There were no
significant changes in SOD activity found between Apelin (1 uM) and ML-233 (1 uM)
treated cells in hypoxic conditions when compared to hypoxia control. ML-221 (0.5 uM)
treatment caused no significant changes in SOD activity of the cells as opposed to the

hypoxia control (Figure 3.10).

Glutathione peroxidase activity in normoxic conditions was significantly increased in cells
treated with Apelin (1 pM) and ML-233 (1 uM) but caused decrease in ML-221 (0.5 uM)

treated cells when compared to negative control (Figure 3.11).

In H202 (200 uM) induced cell conditions GPx activity was increased when compared to
cells in negative control (normoxia). Treatment with H>O; (200 uM) and Apelin (I uM)
caused significant increase in the catalytic activity of GPx when compared to cells treated
only with H>O» (200 uM). The same GPx activity levels were detected for H>O» (200 uM)
and ML-233 (1 uM) treated cells. However, H>O, (200 pM) and ML-221 (0.5 uM)
administration significantly decreased GPx activity levels when compared to H>O, (200 uM)
treated cells (Figure 3.11).

In hypoxic conditions GPx activity was found to be significantly increased in cells treated
with Apelin (1 pM). The same GPx activity levels were detected for cells treated with ML-
233 (I uM). ML-221 (0.5 uM) administration in hypoxic conditions caused significant

decrease in GPx activity when compared to hypoxia control group (Figure 3.11).
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Figure 3.10. SOD activity of Apelin, ML233, and ML221 treated GT1-7 cells in normoxia,
hypoxia and H20: applied cell culture conditions. * p<0.05. Data were analyzed by one-

way ANOVA and Tukey’s post hoc test using GraphPad Prism Version 8.0.1.
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Figure 3.11. GPx activity of Apelin, ML233, and ML221 treated GT1-7 cells in normoxia,
hypoxia and H20; applied cell culture conditions. U/L: units per liter. * p<0.05. Data were
analyzed by one-way ANOVA and Tukey’s post hoc test using GraphPad Prism Version
8.0.1.
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3.2.5. Immunostaining Analysis

The protein expression level of GnRH and Aplnr was detected in GT1-7 cells treated with
Apelin (1 uM), ML-233 (1 uM), and ML-221 (0.5 uM) in normoxia, H>O> (200 uM) and
hypoxia induced conditions by performing immunocytochemical analysis using antibodies
against GnRH and Aplnr. The protein expression level of GnRH was significantly increased
(1.5-fold) in cells treated with Apelin in normoxic conditions. Similar GnRH protein
expression level (1.5-fold increase) was observed for ML-233 treated cells. However,
inhibiting the activity of Aplnr with ML-221 significantly decreased GnRH protein levels
(nearly 0.6-fold) in normoxic conditions. Aplnr protein expression levels increased with
Apelin treatment in normoxic conditions approximately by 1.5-fold. The same protein
expression level (nearly 1.5-fold) for Aplnr was detected in ML-233 treated cells. ML-221

treatment did not cause any significant changes in Aplnr protein levels (Figure 3.12).

In H>0; induced oxidative stress conditions, Apelin treatment caused increase in GnRH
protein levels with approximately 1.5-fold. ML-233 treated cells under H»O; induced
oxidative stress situation also significantly increased (nearly 1.5-fold) the protein expression
levels of GnRH. However, inhibition of Aplnr with ML-221 caused no significant changes
in GnRH protein expression levels. The protein level of Aplnr was increased approximately
1.5-fold in both Apelin and ML-233 treated cells. On the other hand, ML-221 treatment
didn’t cause any significant changes in Aplnr protein levels in H>O induced conditions

(Figure 3.13).

In hypoxic conditions Apelin treated cells slightly increased the protein expression levels of
GnRH. ML-233 treatment significantly increased GnRH protein levels. Inhibiting Aplnr
with ML-221 caused no significant changes in GnRH protein expression. Aplnr protein
expression levels increased with Apelin treatment in hypoxic conditions nearly by 1.5-fold.
The similar protein expression level for Aplnr was detected in ML-233 treated cells. ML-

221 treated cells had no significant changes in Aplnr protein levels (Figure 3.14).
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Figure 3.12. Immunocytochemical analysis of GT1-7 cells treated with Apelin, ML-233
and ML-221 in normoxic conditions. Aplnr and GnRH antibodies were used. The nuclei
were stained with DAPI. The bar graphs show fold change of GnRH and Aplnr in Apelin,
ML-233 and ML-221 treated cells. * p< 0.05. Data were analyzed by one-way ANOVA
and Tukey’s post hoc test using GraphPad Prism Version 8.0.1. Scale Bar: 50um.
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Figure 3.13. Immunocytochemical analysis of GT1-7 cells treated with Apelin, ML-233
and ML-221 in H>O» induced conditions. Aplnr and GnRH antibodies were used. The
nuclei were stained with DAPI. The bar graphs show fold change of GnRH and Aplnr in
Apelin, ML-233 and ML-221 treated cells. * p< 0.05. Data were analyzed by one-way
ANOVA and Tukey’s post hoc test using GraphPad Prism Version 8.0.1. Scale Bar: 50um.
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Figure 3.14. Immunostaining results of GT1-7 cells treated with Apelin, ML-233 and ML-
221 under hypoxic conditions. Aplnr and GnRH antibodies were used. The nuclei were
stained with DAPI. The bar graphs show fold change of GnRH and Aplnr in Apelin, ML-
233 and ML-221 treated cells. * p< 0.05. Data were analyzed by one-way ANOVA and
Tukey’s post hoc test using GraphPad Prism Version 8.0.1. Scale Bar: 50um.

3.3. TRANSIENT OVEREXPRESSION OF APLNR

3.3.1. Cell Viability and Morphological Analysis

The effect of Aplnr transient overexpression in viability of GT1-7 cells in normoxia, H>O»
(200 uM) and hypoxia induced conditions for 24 hours were determined with cell viability
analysis. Aplnr overexpressed cells in normoxia had higher cell viability with 0.3 absorbance
unit compared to control (pmax-GFP) group (0.2 absorbance unit). In H20O2 and hypoxia
induced conditions Aplnr overexpressed GT1-7 cells had nearly 0.35 absorbance unit of

increase in cell viability compared to their control (pmax-GFP) groups (Figure 3.15).
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Figure 3.15. Cell viability of Aplnr transient overexpression in GT1-7 cells under
normoxic, hypoxic and H»0; induced conditions. Light microscope images demonstrated
the cellular morphology and cell numbers after Aplnr overexpression. Cell viability results
were represented as absorbance measurements for comparison of all conditions at the same

graph. * p<0.05. Scale bar: 100 um.

3.3.2. Gene Expression Analysis

Gene expression analysis were performed with RT-qPCR in Aplnr overexpressed GT1-7
cells in normoxia and oxidative stress (H20» and hypoxia) induced conditions.
Overexpression of Aplnr caused significant increase in proliferation marker, Akt, gene
expresion levels in normoxic conditions with nearly 3.5-fold. In H>O; induced cell stress

overexpression of Aplnr caused significant increase in Akt mRNA levels by 5-fold. Akt gene
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expression levels were also significantly increased in Aplnr overexpressed cells under

hypoxic conditions by 1.7-fold (Figure 3.16).

Aplnr overexpressed cells had no significant changes in BAX gene expression levels in
normoxia. In H202 induced conditions overexpressing Aplnr resulted in 0.7-fold change in
BAX gene expression levels. However, in hypoxic conditions BAX mRNA levels were

significantly decreased by 0.4-fold in Aplnr overexpressed cells (Figure 3.17).

Overexpression of Aplnr caused a significant increase in p53 mRNA levels by
approximately 6-fold in normoxia. However, p53 mRNA levels in Aplnr overexpressed cells
in H>O> induced conditions significantly decreased with nearly 0.5-fold change.
Overexpression of Aplnr in hypoxic conditions decreased p53 gene expression levels by 0.3-

fold (Figure 3.17).

Overexpression of Aplnr significantly increased anti-apoptotic marker, BCL-2, mRNA
levels by 5.6-fold. In H20O> induced conditions Aplnr overexpression caused significant
increase by 20000-fold. Aplnr overexpression also resulted in 110-fold change of significant

increase in BCL-2 mRNA levels under hypoxic conditions (Figure 3.17).

Aplnr mRNA levels were increased by 17-fold in Aplnr overexpressed cells in normoxic
conditions. In H>O» induced conditions, overexpressing Aplnr significantly increased Aplnr
mRNA levels by nearly 8.4-fold. Overexpression of Aplnr in hypoxic conditions caused

significant increase in Aplnr mRNA levels by 19-fold (Figure 3.18).

Apelin mRNA levels were significantly decreased in Aplnr overexpressed cells by 0.4-fold
in normoxia. However, Aplnr overexpression caused Apelin gene expression levels to
increase by 8-fold in H»0; induced conditions. Also, overexpression of Aplnr caused 2.2-

fold change of increase in Apelin mRNA levels under hypoxic conditions (Figure 3.18).

IL-2 gene expression levels resulted in 1.2-fold change in Aplnr overexpressed cells under
normoxic conditions. However, in H2O: induced oxidative stress conditions Aplnr
overexpressed cells significantly decreased IL-2 gene expression levels by 0.2-fold. On the
other hand, overexpression of Aplnr in hypoxic conditions caused no significant changes

(0.9-fold) in IL-2 mRNA levels (Figure 3.19).

As an inflammatory marker, NF-KB, mRNA levels were significantly increased in Aplnr

overexpressed cells by nearly 3.5-fold in normoxic conditions. The gene expression levels
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of NF-KB also increased significantly in H>O> (4.5-fold) and hypoxia (1.8-fold) induced
conditions (Figure 3.19).

Inflammation marker, COX-2, gene expression levels were significantly decreased (0.04-
fold) in Aplnr overexpressed cells in normoxia. However, overexpressing Aplnr in H20;
induced conditions caused COX-2 levels to increase by 48-fold. On the other hand, COX-2
mRNA levels were significantly decreased (0.09-fold) in Aplnr overexpressed cells under

hypoxic conditions (Figure 3.19).
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Figure 3.16. Akt gene expression profile of Aplnr overexpressed GT1-7 cells in normoxia,

H>0> and hypoxia induced conditions. * p<0.05.
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Figure 3.17. Apoptotic markers; BAX, p53 and BCL-2 gene expression profile of Aplnr

overexpressed GT1-7 cells in normoxia, H>0> and hypoxia induced conditions. * p<0.05.
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3.3.3. Immunostaining Analysis

The protein expression level of GnRH and Aplnr was detected in Aplnr transient
overexpressed GT1-7 cells in normoxia, H>O2 (200 uM) and hypoxia induced cell culture
conditions by performing immunocytochemical analysis using antibodies against GnRH and
Aplnr. Transient overexpression of Aplnr in GT1-7 cells increased the protein expression
levels of GnRH and Aplnr in normoxic conditions. In oxidative stress (H202 and hypoxia)
induced conditions, overexpression of Aplnr in GT1-7 cells increased GnRH and Aplnr

protein levels compared to their control (empty vector) groups (Figure 3.20).
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Figure 3.20. Immunostaining results of Aplnr transient overexpression in GT1-7 cells in
normoxia, H202 and hypoxia induced conditions. Aplnr and GnRH antibodies were used.
The nuclei were stained with DAPI. Empty vector was used as control for transfection.

Scale Bar: 50um.
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3.4. DOWNREGULATION OF APLNR SIGNALING

3.4.1. Cell Proliferation Analysis

Cell viability analysis of siRNA application (Control siRNA or siAplnr) on GT1-7 cells after
24 h treatment with H>O» (200 uM) was determined by performing cell proliferation analysis.
Results have shown that siAplnr treatment significantly decreased viable cell number from
25 x 10° to 5 x 10° when compared to control siRNA in normoxic condition. In H,O» treated
Aplnr siRNA group, viable cell numbers were decreased from 7,5 x 10°to 5 x 10* (Figure
3.21).

Effect of hypoxic condition on cell viability in siRNA (Control siRNA or siAplnr) applied
GT1-7 cells was also determined by a cell proliferation assay. Down regulation of Aplnr in
hypoxic conditions significantly decreased viable number of cells from approximately 22 x

103 to 8 x 10° cells (Figure 3.21).
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Figure 3.21. Effect of Aplnr downregulation on proliferation of GT1-7 cells in normoxia,
hypoxia and H>O» induced cell conditions. * p<0.05. Data were analyzed by one-way

ANOVA and Tukey’s post hoc test using GraphPad Prism Version 8.0.1.
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3.4.2. Cellular Morphology Analysis

Light microscopy images were taken for siRNA transfected cells (Control siRNA and
siAplnr) after 24 h treatment with H>O> (200 uM) to visualize and detect differences in
cellular morphology. Results have indicated that transfecting GT1-7 cells with siAplnr
decreased cell viability when compared to control siRNA as confirmed by cell proliferation
analysis. Treating Aplnr siRNA transfected cells with H,O», decreased viable number of
cells compared to baseline which is also confirmed by counting viable number of cells in

proliferation assay (Figure 3.22).

Effect of hypoxia on siRNA (Control siRNA or siAplnr) transfected cells’ morphology was
also observed in GT1-7 cells by using light microscope. Results have shown that siAplnr
treatment in hypoxic conditions significantly decreased cell viability as opposed to control

group (hypoxia plus control siRNA treatment) (Figure 3.22).

Control siRNA Aplnr siRNA

Normoxia

H,0, (2004M)

Hypoxia

Figure 3.22. Cellular morphology of siRNA (control siRNA or siAplnr) transfected cells
with 24 hours of normoxia, H>O2 and hypoxia induced conditions. Dead cells are indicated
with the black arrow. Light microscopy images are represented as one hundred times

magnified. Scale bar: 100 pm.
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3.4.3. Gene Expression Analysis

The effect control siRNA or siAplnr application in GT1-7 cells in normoxia, hypoxia and
H>0> induced cell stress conditions on gene expression profile was analysed with RT-qPCR
analysis. Statistical results of gene expression analysis were obtained by performing one
way ANOVA and Tukey’s test. P values smaller than 0.05 were considered as significant.
All fold changes are compared with group’s negative control. Downregulating Aplnr
signaling with siAplnr in normoxic conditions had significantly decreased Akt gene
expression level to 0.31 fold. Aplnr siRNA transfected cells exposed to H>0, had 1.53-fold
change in Akt gene expression levels. Knocking down of Aplnr with siAplnr in hypoxic
conditions caused a slight decrease in Akt gene expression levels with 0.82-fold (Figure

3.23).

The gene expression levels of apoptotic marker,BAX, showed 1.13 fold change of increase
in GT1-7 cells transfected with siAplnr. In H20, induced cell conditions knocking down
Aplnr caused BAX gene expression levels to increase by 1.5 fold. Hypoxia induced Aplnr
siRNA treated cells didn’t cause any significant changes in BAX mRNA levels (Figure
3.24).

Caspase-3 gene expression levels were dramatically increased by 1.7 fold in Aplnr siRNA
treated cells. Aplnr siRNA transfected cells exposed to H20, caused a slight fold change with
1.22 in caspase-3 mRNA levels. Knocking down Aplnr via siAplnr in hypoxia induced
conditions caused a significant increase in caspase-3 gene expression levels by 2.5 fold

(Figure 3.24).

The mRNA levels of p53 increased by 3.7-fold in Aplnr siRNA transfected cells in normoxic
conditions. H»0; treated Aplnr siRNA group had fold change of 0.7-fold in p53 gene
expression levels. Aplnr siRNA treated cells in hypoxic conditions had no significant

changes (0.8-fold) in p53 mRNA levels (Figure 3.24).

BCL-2, an anti-apoptotic marker, mRNA levels were slightly increased in siAplnr treated
cells in normoxic conditions by 1.2-fold. However, BCL-2 gene expression levels were
decreased in cells transfected with Aplnr siRNA in H»02 induced conditions by 0.5-fold. The
gene expression level of BCL-2 was found to slightly decrease in Aplnr siRNA treated cells
in hypoxic conditions by 0.7 fold (Figure 3.24).
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As a pro-inflammatory marker, NF-KB, gene expression levels were increased dramatically
by 3.2 fold in cells transfected with siAplnr. In Aplnr siRNA transfected cells exposed to
H>0,, NF-KB mRNA levels were decreased by 0.8-fold. However, siAplnr applied cells in
hypoxic conditions increased NF-KB gene expression levels by 1.2-fold (Figure 3.25).

IL-2 gene expression levels were significantly increased by 1.8 fold in Aplnr knocked down
cells. In H20; induced cell stress conditions transfecting cells with Aplnr siRNA resulted in
1.5 fold of increase in IL-2 mRNA levels. siAplnr treated cells in hypoxic conditions had
higher fold change in IL-2 gene expression levels with 36-fold (Figure 3.25).

Aplnr gene expression levels were decreased in cells transfected with siAplnr by 0.6-fold.
Cells treated with Aplnr siRNA in H20; induced conditions caused 0.1-fold change of
decrease in Aplnr mRNA levels. The gene expression level of Aplnr was decreased in Aplnr
siRNA transfected cells under hypoxic conditions by 0.85-fold change, respectively (Figure
3.26).

Insterestingly, Apelin mRNA levels in Aplnr knocked down cells were increased by 2.9-
fold. In in H202 induced conditions cells transfected with siAplnr had non-significant 1.1-
fold change in Apelin mRNA levels. On the other hand, under hypoxic conditions Aplnr
siRNA treated cells had 1.38-fold change in Apelin gene expression levels. (Figure 3.26).
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Figure 3.23. AKT gene expression profile of control siRNA or Aplnr siRNA transfected

GT1-7 cells in normoxia, H2O> and hypoxia induced cell conditions. * p< 0.05.



60

APOPTOTIC MARKERS

15
; . BAX
0.5
0.5
0.0 0.0

Normoxia
Fold Change
5 &
H0;
Fold Change
- a 9w
o L (-]
W
]
Hypoxia
Fold Change
=] -
w (=]

0.0
¥ & & & &5
& & " Ca
S J &
& & & & &
o w2 J B CF'« W
& F # &
&QO &

Normoxia
Fold Change
=1 - n w &
I |
o
&
H0;
Fold Change
o o - &
o o o w
l 4
ke
w
Hyporia
Fold Change
[=] o - -
o o o v
i 4
°
o
@

¥ s
& & & I
3 e & & -3 &
& ot S A & $
& vs:‘ & v§-° PG il
IS < of O &
v & &
< & ¥
20 s
= Caspase-3 15 a "
- B Caspase-3 B Caspase-3
g %
& % 10 L
g & 10 o g § % #
=] 25 B
= L o £ s}
“ os 2 os 2
E o . ° 1
0.0
00
& 0
& &
& & ‘?g qu & &
& o & & W& &
o ey xvf & vag‘
eO ‘nOﬁ ‘p';f' Qﬁ-'t‘;’
‘\*q" =N
15 15 15
_ = BCL-2 == BCL2 = BCL-2
2 §’ 1.0 - . & 10 s & 10
= 3 : 3
S os & 05 e 05
0.0 00 0.0
& & & & &
§ & & &
& & & & @
PO & & &
o < o o 2
oo # &
,?n ?:90 @-\

Figure 3.24. Apoptotic markers; BAX, p53, caspase-3, BCL-2 gene expression analysis of
control siRNA or Aplnr siRNA transfected GT1-7 cells in normoxia, H>O> and hypoxia

induced cell conditions. * p<0.05.
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Figure 3.25. Inflammatory markers; NF-KB and IL-2 gene expression levels of control
siRNA or Aplnr siRNA transfected GT1-7 cells in normoxia, H>O; and hypoxia induced

cell conditions. * p< 0.05.
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Figure 3.26. Aplnr and Apelin gene expression profile of control siRNA or Aplnr siRNA

transfected GT1-7 cells in normoxia, H>O; and hypoxia induced cell conditions. * p< 0.05.
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3.4.4. Oxidative Stress Enzyme Activity

The enzyme activity of antioxidants; superoxide dismutase and glutathione peroxidase was
determined in GT1-7 hypothalamic neurons transfected with control siRNA or Aplnr siRNA
in normoxia (normal cell culture conditions), hypoxia (2 per cent Oz and 5 per cent CO>
levels with a temperature at 37°C) and H>O, (200 pM) induced cell conditions. Results have
shown that knocking down Aplnr with siRNA application caused significant decrease
(approximately from 40 per cent to 30 per cent) in SOD activity when compared to control
siRNA group. H2O2 (200 uM) treatment in cells transfected with Aplnr siRNA resulted in
approximately 40 per cent SOD activity. In hypoxic conditions Aplnr knock down caused
significant decrease (from nearly 45 per cent to 30 per cent) in SOD activity levels when

compared to hypoxia control siRNA group (Figure 3.27).

The catalytic activity of GPx was found to be significantly decreased in Aplnr siRNA
transfected cells when compared to control siRNA group. There were no significant GPx
activity changes found between H>O> (200 uM) administered cells transfected with control
siRNA or Aplnr siRNA. In hypoxic conditions transfecting cells with siAplnr significantly
decreased the activity levels of GPx when compared to hypoxia control siRNA group (Figure

3.28).
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Figure 3.27. SOD activity of siRNA (control siRNA or siAplnr) transfected GT1-7 cells in
normoxia, hypoxia and H>O» oxidative stress cell culture conditions. Csi: control small
interfering RNA. Hyp: hypoxia. * p<0.05. Data were analyzed by one-way ANOVA and
Tukey’s post hoc test using GraphPad Prism Version 8.0.1.



63

400+
*
3004

200+

100+

GPx Activity (U/L)

Figure 3.28. GPx activity of siRNA (control siRNA or siAplnr) transfected GT1-7 cells in
normoxia, hypoxia and H>O; induced oxidative stress cell culture conditions. U/L: units
per liter. Csi: control small interfering RNA. * p<0.05. Data were analyzed by one-way

ANOVA and Tukey’s post hoc test using GraphPad Prism Version 8.0.1.

3.4.5. Immunostaining Analysis

The protein expression levels of GnRH and Aplnr was observed in GT1-7 cells transfected
with Control siRNA and Aplnr siRNA in normoxia, H>O; (200 pM) and hypoxia induced
conditions by performing immunocytochemical analysis using antibodies against GnRH and
Aplnr. The results have shown that knocking down Aplnr caused dramatically decrease in
both GnRH and Aplnr protein expression levels under normoxia. Downregulation of Aplnr
with siAplnr in H>O> and hypoxia induced conditions remarkably diminished GnRH and
Aplnr protein levels compared to control siRNA transfected GT1-7 cells (Figure 3.29).
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Figure 3.29. Immunostaining analysis of Control siRNA and Aplnr siRNA transfected
GT1-7 cells in normoxia, hypoxia and H>0> induced conditions using primary antibodies

GnRH and Aplnr. The nuclei were stained with DAPI. Scale Bar: 50 um.
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4. DISCUSSION

Neurotoxicity is defined as the destructive damage of the nervous system due to the exposure
to biological or synthetic substances such as pesticides, organic solvents, metals, gases and
drugs [74, 174]. Neurotoxicity has been shown to be the main result of oxidative stress which
is correlated with common neuronal disorders including Parkinson’s Disease [175],
Alzheimer’s Disease [176], Cerebral Ischemia [177], Multiple Sclerosis [178], ALS [122]
and epilepsy [179]. Brain is known as the most susceptible organ to oxidants because of high
amounts of oxidizable lipids, requirement of high levels of oxygen, and low activity levels
of antioxidant enzymes [89]. Thus, brain is a vulnerable target for free radical induced
damage and as a result, neurotoxicity. It is worldwide estimated that at least 50 million
people are suffering from Alzheimer’s disease [180], over 6.3 million from Parkinson’s
Disease[181], 2.3 million from Multiple Sclerosis [182] and at least 50 million people from
epilepsy [183]. The global incidence of ALS cases was estimated to range from 0.4 to 2.6
within a population of 100,000 people every year [184]. The mortality rates of cerebral
ischemia are nearly 3.5 million people worldwide [185]. Identification of new pathways to
block oxidative stress induced neurotoxicity is the aim of interest in recent years for

treatment of various neurotoxic disorders.

Hypothalamus, the most important brain region, is responsible for producing and releasing
neurohormones (including stimulatory or inhibitory hormones) such as gonadotropin-
releasing hormone, corticotropin-releasing hormone, thyrotropin-releasing hormone, growth
hormone releasing hormone, and somatostatin. These hormones are released to pituitary
gland and control numerous autonomic nervous system functions including
thermoregulation, appetite, water balance, circadian rhythm, and reproduction to maintain
homeostasis [186, 187]. Hypothalamus is implicated in the pathogenesis of neurotoxic
disorders in number of studies [188-193]. Therefore, it is essential to study the alterations

in hypothalamic neurons against neurotoxicity and find therapeutic approaches for treatment.

Apelin, an endogenous ligand of apelin receptor which is a G-protein coupled receptor that
is highly expressed in various parts of the human brain [12-14], has been shown to have
neuroprotective action in many studies [194-198]. Evidently, targeting apelin receptor
signaling pathway has a potential therapeutic role in treating neurotoxic disorders. The role

of Aplnr signalling in hypothalamus and hormone regulation is not known up to now.
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The aim of the current study was to elucidate the protective role of Aplnr signaling against
oxidative stress related neurotoxicity in hypothalamus GnRH neurons by using GT1-7 cells
as a model system. H>O; and hypoxia induced oxidative stress models were used in in vitro
cell culture system and Aplnr signalling is activated and downregulated to explore the
potential protective role. In this thesis, the potential therapeutic role of Aplnr signaling was

shown in vitro for the first time in GT1-7 mouse hypothalamic neuronal cell line.

The Aplnr signaling is activated after 30 min exposure in HEK-293 in our study which is
consistent with our previous research. In parallel with Dr. Dogan’s previous study [199]
showing Aplnr signaling activation in mouse embryonic fibroblasts (MEFs) and NIH-3T3
mouse fibroblast cells with Apelin and Aplnr agonist, ML-233, Aplnr signaling was
activated after 30 min of exposure. This assay has confirmed the reliable activity of peptide

and small molecule ML-233 before cell culture experiments.

According to the literature Aplnr signaling activates intracellular signaling cascades
including PI3K/Akt, ERK1/2, and mammalian target of rapamycin (mTOR) which all of
them are well-known for their role in cell proliferation [18, 19]. In correlation with these
studies, Apelin showed cell proliferative effects in GT1-7 cells at 1 uM concentration. Small
non-peptide Aplnr synthetic agonist, ML-233 [20], showed the same proliferative effects (1
uM) on GT1-7 cells as well. Aplnr inhibitor, ML-221 suppressed proliferation only with 0.5
uM of low dose indicating that blocking Aplnr signaling with this non-peptide small
molecule stops the action of intracellular proliferative pathways and thus cell proliferation,
as its inhibitory effects on Aplnr were shown in previous different studies [200, 201]. H2O>
is recognized in the literature as one of the most hazardous ROS to cells as it was shown for
its oxidative stress related damage to cells in many studies [202-205]. In correlation with the
literature, H2Oz exposure at 200 uM significantly decreased viable number of GT1-7 cells to
30 per cent.

The effect of transient overexpression of Aplnr was also determined in GT1-7 cells by cell
viability analysis in normoxia, H>O; (200 uM) and hypoxia induced conditions for 24 h.
Aplnr overexpressed cells in normoxic conditions significantly increased viability of GT1-7
cells indicating that Aplnr overexpression even for short amount of time has a proliferative
effect on GT1-7 cells, as expected. Since Aplnr signaling is known as the downstream
activator of cell proliferation pathway, PI3K/Akt the overexpression of Aplnr is expected to

stimulate cell proliferation. More importantly, under oxidative stress (H>O2 and hypoxia)
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induced conditions Aplnr overexpression increased viability of GT1-7 cells suggesting that
activation of Aplnr signaling with transient overexpression has a protective role in the

viability of GnRH neurons under cellular stress.

Suppressing Aplnr signaling in normoxic conditions via siAplnr caused significant decrease
in the proliferation of GT1-7 cells suggesting that the inhibition of Aplnr signaling causes a
domino effect to PI3K/Akt pathway which was also reported in the literature [206]. On the
other hand, exposing siAplnr transfected cells to H2O2 and hypoxia induced conditions
decreased cell proliferation even more when compared to their control siRNA transfected
groups as expected. Although it is expected to cause decrease in cell proliferation when
control siRNA transfected cells were treated with H>O» or maintained in hypoxic conditions,
transfected cells with siAplnr caused even more diminishing effects on the proliferation of
GT1-7 cells. This indicates that down regulation of Aplnr causes significant decrease in cell

proliferation in oxidative stress induced (H20> and hypoxia) conditions as well.

Number of studies have revealed that activation of Aplnr signaling via its endogenous ligand
Apelin causes significant changes in the gene and protein expression levels of apoptotic and
proliferation markers found within the cell [206-210]. According to the study of Hui Xie and
his colleagues, Apelin treatment activates proliferation markers PI3K and AKT as well as
anti-apoptotic marker, BCL-2 protein. Furthermore, they showed that Apelin treatment
diminishes the activity of apoptotic markers including caspase-3 and BAX indicating that it
has suppressing effects in apoptotic activity [206]. Apelin treatment in GT1-7 hypothalamic
neurons in normoxic conditions didn’t cause any significant changes in Akt gene expression
levels. However, H>0. and hypoxic cell conditions significantly increased Akt gene
expression levels indicating that in cell stress induced conditions Apelin showed its
proliferative effects and thus increased and protected the GnRH neuronal cell population.
Non-peptide Aplnr activator, ML-233, also showed significant increase in Akt gene
expression levels in normoxia, hypoxia and H»0, induced cell conditions. However,
pharmacologically inhibiting Aplnr signaling with ML-221 showed no significant changes
in proliferation marker Akt mRNA levels in normoxia but it showed diminishing effects in
Akt gene expression levels in H202 and hypoxia induced cell stress conditions compared to
Apelin and ML-233 treated cells. More importantly, transfection with siAplnr in normoxic
conditions significantly decreased Akt mRNA levels in GnRH neurons suggesting that Aplnr

activation is definitely associated with cell proliferation. However, siAplnr treatment caused
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an increase in Akt gene expression levels in H>0; induced conditions. This increase might be
associated with 10 per cent FBS containing cell culture medium. On the other hand,
knocking down of Aplnr under hypoxic conditions didn’t cause any significant changes in
Akt mRNA levels, indicating that Akt gene expression levels are not only associated with
the presence of Aplnr. Further detailed protein expression analysis is required for
identification of the molecular pathway. Furthermore, overexpression of Aplnr caused a
significant increase in Akt gene expression levels in normoxia, H202 and hypoxia induced
conditions meaning that the activation of Aplnr signaling plays a protective role in GnRH

cell population even under oxidative stress induced conditions.

Apelin treatment didn’t cause any significant changes in apoptotic marker, BAX, in
normoxic and hypoxic conditions, however, it significantly decreased BAX gene expression
levels in H»02 induced cell stress. On the other hand, Aplnr agonist, ML-233, treated cells
showed decrease in BAX mRNA levels in H202 and hypoxia induced conditions. Since ML-
233 is a synthetic agonist of Aplnr it is expected to be more potent than Apelin because of
its molecular structure. Therefore, ML-233 showed significant decrease in BAX gene
expression levels under oxidative stress induced conditions. However, interestingly, ML-
233 showed increase in BAX mRNA levels under normoxic conditions. Inhibiting Aplnr
with ML-221 significantly increased BAX mRNA levels in normoxic, hypoxic and H»0>
induced cell conditions suggesting that Aplnr activation plays a protective role against
apoptosis. Moreover, silencing Aplnr didn’t cause any significant changes in BAX mRNA
levels under normoxic and hypoxic conditions. However, BAX gene expression levels were
significantly increased when Aplnr was knocked down under H»0; induced cell stress
suggesting that the presence of Aplnr shows a protective role against H>0, induced apoptosis.
Overexpression of Aplnr in GT1-7 cells caused no significant changes in BAX mRNA levels
in both normoxia and H>0, induced conditions but showed a significant decrease under
hypoxic conditions. For further verification of BAX levels in Aplnr overexpressed cells,
immunoblotting analysis must be performed. On the other hand, Apelin treatment didn’t
cause any significant decrease in apoptotic marker p53 gene expression levels in normoxic
conditions. However, Apelin treatment under H»0, induced conditions significantly
decreased p53 mRNA levels. Moreover, p53 mRNA levels didn’t cause any significant
changes in Apelin treated cells under hypoxic conditions. ML-233 treated cells showed
significant decrease in p53 mRNA levels in normoxic and hypoxic conditions. All together

these data suggest that both Aplnr activators (Apelin and ML-233) have different effects in
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p53 mRNA levels under different (H20> and hypoxia) cell stress conditions because of their
structural (natural and synthetic) and activity differences. Inhibition of Aplnr with ML-221
under normoxic conditions didn’t cause any significant changes in p53 mRNA levels.
However, ML-221 treatment in H20, and hypoxia induced conditions significantly increased
p53 gene expression levels indicating that the activation of Aplnr under oxidative stress
induced conditions is important for suppressing p53 mRNA levels. Silencing Aplnr in
normoxic conditions caused a significant increase in p53 mRNA levels whereas in H>0, and
hypoxia induced conditions it didn’t cause any significant changes. The gene expression
profile for p53 must be confirmed with western blotting analysis for further understanding
of the differences. Interestingly, overexpression of Aplnr caused a significant increase in p53
gene expression levels. However, under oxidative stress (H202 and hypoxia) induced
conditions p5S3 mRNA levels were significantly decreased suggesting that activation of
Aplnr protects GT1-7 hypothalamic neurons from going to apoptosis in the case of oxidative

stress.

Caspase- 3 mRNA levels in Apelin and ML-233 treated cells in normoxia and oxidative
stress induced (H20, and hypoxia) conditions were significantly decreased. Furthermore,
caspase-3 gene expression levels were increased in cells treated with ML-221 under
normoxic, hypoxic and H>0> induced conditions meaning that inhibition of Aplnr promotes
apoptosis. Therefore, it can be concluded that activation of Aplnr signaling protects cells
against apoptosis under normoxic, hypoxic and H»0> induced conditions. In parallel with
the observed data, activation of Aplnr signaling was shown to be involved in suppressing
apoptotic activity in the literature [210, 211]. Moreover, knocking down Aplnr with siAplnr
significantly increased caspase-3 mRNA levels under normoxic and hypoxic whereas caused
no significant changes in H202 induced conditions. The result of caspase-3 mRNA levels
shows that silencing Aplnr via siAplnr abolished its anti-apoptotic activity under normoxic

and hypoxic conditions.

In literature, Apelin has been shown to have regulatory effects in pro-inflammatory pathway,
NF-KB, and inhibit its induced activation in the case of an inflammation [212, 213].
Concordantly to these findings, Apelin treatment in oxidative stress induced conditions
(H202 and hypoxia) significantly decreased the gene expression level of the inflammation
marker, IL-2. Contradicting to the aforementioned observations, Apelin treatment in

normoxic conditions increased IL-2 mRNA levels. The similar effect on IL-2 mRNA levels
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were detected for ML-233 treated cells in normoxia. Inhibiting the activity of Aplnr with
ML-221 decreased IL-2 gene expression levels. However, pharmacological activation of
Aplnr signaling in H»0; induced conditions with ML-233 reduced IL-2 mRNA levels. On
the other hand, ML-233 treatment under hypoxic conditions didn’t cause any significant
changes in IL-2 gene expression levels. Oxidative stress (H20. and hypoxia) induced
conditions in ML-221 treated cells caused IL-2 gene expression levels to increase
significantly. More importantly, silencing Aplnr signaling caused significant increase in IL-
2 mRNA levels in normoxic, hypoxic and H202 induced conditions. Therefore, it can be
suggested that the activation of Aplnr signaling is involved in attenuating inflammation
under H202 and hypoxia induced conditions but not in normoxia. This might be explained
with different molecular mechanisms under oxidative stress induced conditions.
Furthermore, overexpressing Aplnr showed no significant changes in IL-2 mRNA levels in
both normoxic and hypoxic conditions. However, IL-2 mRNA levels were significantly
decreased under H»0; induced cellular stress in Aplnr overexpressed GT1-7 cells indicating
that the activation of Aplnr signaling is important for diminishing inflammation in the case
of oxidative stress. NF-KB mRNA levels were also detected to understand Aplnr’s role in
pro-inflammatory pathways. Inflammatory marker, NF-KB, mRNA levels were
significantly decreased in Apelin treated cells in normoxic conditions. Interestingly,
activating Aplnr via ML-233 showed a significant increase in NF-KB mRNA levels in
normoxia. More importantly, inhibiting Aplnr via ML-221 resulted in significantly high gene
expression levels of NF-KB suggesting that Aplnr activation is essential for alleviating
inflammation. NF-KB mRNA levels were also significantly decreased in Apelin and ML-
233 treated cells under both hypoxic and H202 induced conditions. However, inhibiting the
activity of Aplnr signaling via ML-221 in H0> induced condition didn’t cause any
significant changes in NF-KB gene expression levels. On the other hand, ML-221 treated
cells in hypoxia caused a decrease in NF-KB mRNA levels which shows contradiction and
needs to be searched in detail. Although NF-KB gene expression levels were significantly
elevated in Aplnr silenced cells in normoxia, it didn’t have any significant changes in H20>
and hypoxia induced conditions. Increased mRNA levels of NF-KB under normoxic
conditions in siAplnr transfected cells suggest that the presence of Aplnr and its activation
might be involved in reducing inflammation within the cell. Interestingly, overexpressing
Aplnr caused a significant increase in NF-KB mRNA levels in both normoxia and oxidative

stress (H202 and hypoxia) induced conditions. Another inflammatory marker, COX-2, gene
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expression levels were significantly decreased in Aplnr overexpressed GT1-7 cells under
normoxic and hypoxic conditions. However, overexpression of Aplnr increased COX-2
mRNA levels in H»0, induced conditions. For further explanation of the effect of Aplnr

signaling in inflammatory pathways immunoblotting analysis are needed.

Several studies have reported that Apelin treatment increases the activity of anti-apoptotic
marker, BCL-2, and knocking down of Aplnr abrogates its anti-apoptotic activity [206, 210,
214]. In parallel with these findings, Apelin treatment in normoxic and H>0. induced
conditions caused significant increase in BCL-2 gene expression levels. Activating Aplnr
signaling with ML-233 also showed significant increasing effects in BCL-2 mRNA levels
in normoxia and H»0; induced conditions. Interestingly, inhibition of Aplnr with ML-221
resulted in significant increase in BCL-2 gene expression levels in normoxic conditions.
However, ML-221 treatment in oxidative stress (H20» and hypoxia) induced conditions
caused no significant changes in BCL-2 mRNA levels indicating that Aplnr activation is
needed for anti-apoptotic activity in oxidative stress induced conditions. In hypoxic
conditions BCL-2 mRNA levels were significantly increased in Apelin treated cells.
However, ML-233 treatment caused a significant decrease in BCL-2 gene expression levels
under hypoxic conditions. Furthermore, knocking down Aplnr in GT1-7 cells via siAplnr
significantly decreased BCL-2 gene expression levels in H»0, induced condition whilst
caused no significant change under hypoxic conditions. Similar to other gene expression
analysis, oxidative stress induced conditions caused a different response compared to
normoxic conditions. Knocking down Aplnr caused no significant changes in BCL-2 mRNA
levels in normoxic conditions. Overexpressing Aplnr significantly increased BCL-2 gene
expression levels in normoxia, hypoxia and H»0> induced conditions. Overall, it can be
concluded that Aplnr activation plays an important regulatory role in anti-apoptotic activity
and prevents cells from going to apoptosis under normoxic and oxidative stress (H202 and

hypoxia) induced conditions.

Aplnr gene expression levels were also determined in GnRH neurons under normoxic, H20>
induced and hypoxic conditions. Apelin treatment in normoxia caused a significant increase
in Aplnr mRNA levels. The similar effects were observed for ML-233 treated cells. Apelin
and H»0: treated cells caused a significant increase in Aplnr mRNA levels as expected.
Activating Aplnr with ML-233 in H20: treated cells also showed significant increase in Aplnr

mRNA levels. However, inhibiting the activity of Aplnr by treating cells with small molecule
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ML-221 had significantly decreased Aplnr gene expression levels in H20> induced
conditions. Aplnr mRNA levels were also increased in Apelin and ML-233 treated cells.
However, ML-221 treatment under hypoxic conditions increased Aplnr mRNA levels as
well which was also observed in normoxia. This could be explained by a feedback loop in
Aplnr signalling which might induce Aplnr expression after blockage of signalling by ML-
221. Overall findings indicate that Aplnr was successfully activated and inhibited in H»0,
induced conditions using its agonist peptide, Apelin and non-peptide molecules including
ML-233 and ML-221. Furthermore, knocking down Aplnr slightly diminished Aplnr gene
expression levels in normoxic conditions. On the other hand, in H»0; induced cell stress,
Aplnr mRNA levels were significantly decreased in siAplnr transfected cells, as expected.
In hypoxia induced conditions siAplnr transfected cells had no significant changes in Aplnr
mRNA levels but reduced protein expression levels. Furthermore, overexpressing Aplnr
showed a significant increase in Aplnr mRNA levels, as expected. Aplnr mRNA levels were
also significantly increased in Aplnr overexpressed GT1-7 cells under H20, and hypoxia
induced conditions indicating that Aplnr signaling is activated in the case of cellular stress

to possibly protect cells from oxidative stress induced damage.

Apelin mRNA levels in Aplnr knocked down cells under normoxic conditions were
significantly increased. The reason for this could be a negative feedback mechanism of Aplnr
signaling in downregulation. On the other hand, siAplnr treatment caused no significant
changes in Apelin mRNA levels in H20, induced conditions. However, Apelin mRNA levels
were slightly increased in siAplnr treated cells in hypoxia. Furthermore, Apelin gene
expression levels were significantly decreased in Aplnr overexpressed GT1-7 cells in
normoxia. The reason for this might be that the overexpression of Aplnr in normoxic
conditions shows reduced requirement for its endogenous ligand, Apelin, or reaching of
Aplnr to a saturation state and thus inhibition of the Apelin expression. On the other hand,
Apelin gene expression levels were significantly increased in Aplnr overexpressed GT1-7

cells under oxidative stress induced conditions.

Many in vitro and in vivo studies have revealed that H>0, and hypoxia induced conditions
cause cells to undergo oxidative stress, and as a result damaging effects to biological
molecules [87, 203, 204, 215]. As a cellular defense mechanism the antioxidant enzyme,
superoxide dismutase, is responsible for the conversion of reactive oxygen species known

as superoxide anion into H202 and molecular oxygen [216]. Then, the converted hydrogen
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peroxide is catalysed into water and molecular oxygen by another antioxidant enzyme,
glutathione peroxidase [217]. These free radical scavenging activities are important for cells
to maintain their redox balance [218]. In this study, GT1-7 cells in normoxic and hypoxic
conditions treated with Apelin and Aplnr agonist, ML-233, showed increased activity in the
antioxidant enzymes SOD and GPx. However, inhibiting Aplnr via ML-221 didn’t cause
any significant changes in SOD and GPx activity levels in normoxic and hypoxic conditions.
In parallel with these findings Apelin was previously reported to elevate antioxidant enzyme
activities and block ROS production induced by H»0> in adipocytes [219]. Furthermore,
Apelin treatment was shown to increase antioxidant enzyme catalase activity and alleviate
H»0> induced oxidative stress in rat cardiomyocytes [220]. Cells treated only with H»0> had
increased SOD and GPx activity due to the fact that cells want to protect themselves against
free radicals, and thus in the case of ROS production they elevate their antioxidant enzyme
activities as a defense mechanism which is a known fact from literature [221]. However,
cells treated with H»0, and Apelin decreased SOD activity levels to approximately to
negative control cells’ SOD activity levels. This indicates that Apelin might have diminished
the damaging effect of H>0, and protected cells from going to oxidative stress, and thus cells
didn’t need to increase cellular antioxidant enzyme levels. The same was detected for H202
and ML-233 treated group. In correlation with this result, inhibition of Aplnr with ML-221
treatment in H20> induced conditions increased SOD activity levels nearly to H20 only
treated group. Although cells treated with H>0, and Apelin showed nearly the same SOD
activity as negative control, they however showed increase in GPx activity levels. Since GPx
is known to convert hydrogen peroxide into H>O and O and prevent it from causing damage
to cells [217], its activity was expected to increase in this case but more interestingly
inhibiting the activity of Aplnr with ML-221 caused GPx activity levels to significantly
decrease. This situation indicates that Aplnr activation by Apelin and ML-233 in H»0>
induced cell stress conditions increase the activity of antioxidant enzyme, GPx. Knocking
down Aplnr by transfecting cells with siAplnr significantly decreased the catalytic activity
of SOD and GPx in normoxic conditions which was also shown in literature [219]. In
hypoxic conditions silencing Aplnr also caused a significant decrease in antioxidant
enzymes; SOD and GPx indicating that both in normoxic and hypoxic conditions the
presence of Aplnr plays a modulatory role in antioxidant enzymes’ activity. Interestingly in

H»0> and siAplnr treated cells SOD activity remained the same as the control siRNA group.
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On the other hand, the activity of GPx in H202 and siAplnr treated cells wasn’t significantly
changed compared to H>0, and control siRNA treated group.

In the immunostaining analysis of GT1-7 cells both Apelin and ML-233 treated cells showed
significant increase in the protein expression levels of Aplnr and GnRH in normoxic
conditions. From these observations, it can be concluded that Apelin and ML-233
successfully activates Aplnr at the protein level, and as a result of Aplnr activation both of
them stimulates the release of GnRH in GT1-7 cells. However, pharmacological inhibition
of Aplnr via ML-221 in normoxic conditions caused no significant changes in Aplnr protein
levels and this in turn resulted GnRH protein expression levels to significantly decrease
meaning that the activation of Aplnr signaling plays a regulatory role in the release of GnRH.
This is first study in literature to show the role of Aplnr signaling in hormone regulation. In
H»0> induced conditions GnRH and Aplnr protein expression levels were significantly
increased in both Apelin and ML-233 treated cells. However, ML-221 treated cells in H20,
induced conditions caused no significant changes in protein levels of both Aplnr and GnRH
indicating that under oxidative stress (H20> induction) the inhibition of Aplnr signaling
doesn’t stimulate the production of GnRH. In hypoxic conditions Apelin treatment caused
only slight increase (not significant) in the protein expression levels of GnRH. However,
ML-233 treatment significantly increased GnRH protein levels under hypoxic conditions.
Aplnr protein levels in hypoxia induced conditions were significantly increased in both
Apelin and ML-233 treated cells. Inhibiting the activity of Aplnr with ML-221 caused no
significant changes in Aplnr protein expression levels in hypoxic conditions. Furthermore,
ML-221 treatment caused no significant changes in GnRH protein expression levels under
hypoxic conditions meaning that Aplnr activation is associated with GnRH production. From
these observations, it can be inferred that the activation and inhibition of Aplnr signaling has
a regulatory effect in the release of GnRH. Also, immunostaining analysis of Aplnr
overexpression in GT1-7 cells revealed correlation with the aforementioned results.
Transiently Aplnr overexpressed GT1-7 cells showed increase in the protein levels of GnRH
and Aplnr in normoxic conditions. More importantly, even in under oxidative stress (H20>
and hypoxia) induced conditions overexpression of Aplnr in GT1-7 cells caused GnRH and
Aplnr protein levels to increase compared to their control groups indicating that Aplnr
overexpression remarkably protected GnRH protein levels. On the other hand, knocking
down of Aplnr with siAplnr caused a dramatic decrease in GnRH and Aplnr protein levels

in normoxia, H202 and hypoxia induced conditions compared to their control groups. Overall
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data suggest that Aplnr signaling is indeed in charge of regulating GnRH protein levels.
Although the protein expression analysis should be confirmed with the western blot analysis,
it is clearly observed that Aplnr signaling increases the GnRH protein levels in consistent

with Aplnr protein expression itself.

Aplnr signaling was shown to be a promising target because of its neuroprotective, anti-
inflammatory and anti-apoptotic properties for the treatment of neurotoxic disorders
including Parkinson’s disease [194], Alzheimer’s disease [222], Multiple Sclerosis[223],
ALS [224], epilepsy [225], and cerebral ischemia [226]. In ALS animal models, apelin
deficiency has been shown to accelerate disease progression suggesting that Aplnr signaling
1s an important target for protecting motor neurons against degeneration [224]. According to
a recent study published in 2019, women with MS have significantly lower plasma levels of
apelin compared to healthy individuals. It has been further suggested that apelin not only
might become a therapeutic target but also a potential biomarker for MS patients [223]. In
parallel with these studies, the current study revealed the protective role of Aplnr signaling
in vitro using GnRH neurons in two different oxidative stress conditions including H20, and
hypoxia induction. Hypothesis has been confirmed by using genetic activation-
downregulation and peptide/small molecule induced activation-downregulation systems.
Further investigations in Aplnr signaling are needed for in-depth understanding its potential
protective effects against neurotoxic disorders by conducting in vitro or in vivo knock-out
models using a CRISPR-Cas9 genome editing technology. Currently, we are trying to

establish genetically engineered lines of GT1-7 cells for future studies of this thesis.
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5. CONCLUSION

Oxidative stress induced neurotoxicity is a complex pathological situation observed in
various neurotoxic disorders including Parkinson’s Disease, Alzheimer’s Disease, Cerebral
Ischemia, Multiple Sclerosis, ALS and epilepsy due to the damage of reactive oxygen
species (ROS) in multiple parts of the CNS. Hypothalamus is an important control point
upon other brain regions with a hormone regulatory role. Targeting potential protective
signalling pathways in order to promote neuronal cell survival in hypothalamus is crucial for
treatment since it is a significant hormone-producing brain region which has various

functions for maintaining homeostasis within the body.

Protective role of Aplnr signaling in an in vitro GnRH neuron model against H>0> and
hypoxia induced neurotoxicity was used in the current study. Regulatory and protective
activity of Aplnr signaling in GnRH neurons was observed for the first time in literature with
this thesis research. Activation of Aplnr signaling via its neuropeptide, Apelin, and non-
peptide small molecule agonist, ML-233, increased anti-apoptotic activity and proliferation
at gene expression level while reducing apoptotic and inflammatory markers in GnRH
neurons. Furthermore, Aplnr signaling activation protected GnRH neurons against H>0» and
hypoxia induced cell stress conditions by increasing the activity of antioxidant enzymes;
SOD and GPx. Transient overexpression of Aplnr showed a protective role in viability of
GT1-7 cells under oxidative stress (H2O; and hypoxia) induced conditions. On the other
hand, downregulation of Aplnr signaling using siAplnr in oxidative stress induced conditions
significantly reversed its protective effects indicating that activation of Aplnr is essential for

GnRH neuronal cell survival against neurotoxicity.

Overall, the current study is the first one in the literature which represents the activity of
Aplnr signaling in GnRH neurons. Aplnr signaling is protective against oxidative stress in
GnRH neurons in vitro and might be a promising therapeutic candidate for the clinical
applications in the future. Identification of the role of Aplnr signaling in GnRH cells might
propose a new gene therapy approach for the future. Detailed molecular mechanism analyses
are being conducted by our research group to elucidate the Aplnr signaling in GnRH neurons.

Further in vivo studies are required to explore potential clinical applications in the future.
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