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Abstract
Alzheimer’s disease (AD) is one of the major causes of dementia. Alzheimer’s disease is an
irreversible, slow neurodegenerative disease leading to memory and language impairment and
amyloid-β plaques and intraneuronal neurofibrillary tangles are the characteristic pathology of AD.
Studies have shown that obesity is major risk factor in Alzheimer’s disease. While obesity related
modulation has been suggested to influence AD pathogenesis, the molecular mechanisms involved are
still unclear. Recent research has shown that adipocytes can actively secrete adipokines and these
adipokines may possess the ability to influence AD pathology, but it remains poorly understood how
adipokines impact neural functioning. The current study was focused on the potential neuroprotective
effect of adipokines on the neurons during hydrogen peroxide (H2O2) induced oxidative stress and cell
death. In this study, human neuroblastoma SHSY5Y cells were differentiated using retinoic acid to
demonstrate neuronal-like characteristics which was confirmed by immunocytochemistry (ICC). The
pre-adipocytes 3T3-L1 cells, were chemically differentiated to exhibit adipocyte-like characteristics
(determined by Oil-Red-O staining). To understand the potential rescue effect of conditioned media
from adipocyte-like cells on neuronal-like cells, and commercially available adipokines (chemerin,
leptin and resistin) on neuronal-like cells and effect of chemerin on human skin fibroblast cells derived
from AD and non-AD donors, MTT assay was performed in the presence and absence of H2O2 induced
oxidative stress. Conclusively, the conditioned media and commercial adipokines showed protective
effects on the neuronal-like cells (*p<0.05, **p<0.01, ***p<0.001) in comparison to the non-neuronal
cells and chemerin showed no protective effect in AD patient derived cells under H2O2 induced
oxidative stress in comparison to the non-AD donors derived fibroblast cells. Neuroprotection was not
observed in the obesity mimicked induced oxidative stress condition. Our findings suggested that the
adipokines might play vital role in neuronal-like cellular metabolic protection against oxidative stress
and warrants further investigation of the role of adipokines dysregulation in Alzheimer’s disease.
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CHAPTER 1. INTRODUCTION
1.1 DEMENTIA
Dementia is a clinical syndrome affecting 47 million people worldwide and this number is expected to
increase to 131 million by 2050 (Arvanitakis et al., 2019). It is caused by a number of diseases, the
most common of which is Alzheimer’s disease (Rossor et al., 2010). Dementia is characterised by
behavioural, cognitive, and psychological symptoms such as memory loss, confusions, agitation,
apathy, disinhibition, delusions, hallucination, sleep, or appetite changes (Weller & Budson, 2018).

1.1.1 Dementia epidemiology
850,000 people in the United Kingdom (UK) are living with dementia and this figure is estimated to
increase approximately to 1 million by 2025 (ARUK, dementiastatistics, 2021). Dementia is leading
cause of death in UK and the total cost to the UK economy is £13.9 billion each year (Public Health
England, 2018). Dementia is the only condition among top 10 causes of mortality without a treatment
to prevent, cure or slow disease progression. A higher prevalence of dementia has been observed in
the aging population, with 1 in 14 people over the age of 65 and 1 in 6 over the age of 80 (ARUK,
dementiastatistics, 2021). This substantial socioeconomical impact on society, as well as the personal
impact on dementia patients and families, highlights the urgent need for the development of new
therapeutic interventions.

1.1.2 Types of dementia
Dementia is an umbrella term used to describe a set of heterogenous conditions caused by a number
of diseases, including AD, dementia with Lewy bodies (LBD), vascular dementia (VaD), alcohol
related brain damage, mixed Alzheimer’s/vascular dementia, dementia in Parkinson’s disease,
posterior clinical atrophy and Huntington’s disease. Out of these dementia types, the percentage of
occurrence is higher in the population of some of them, including: AD, VaD, mixed
Alzheimer’s/vascular dementia, LBD and dementia in Parkinson’s disease (DementiaUK, 2017), as
shown in figure 1.1.
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Figure 1.1. Types of dementia. Two-thirds of dementia patients are diagnosed with AD. Other types of dementia include
vascular dementia, dementia with Lewy body, mixed dementia, when Alzheimer’s disease is diagnosed with vascular
dementia or Lewy body dementia or both are diagnosed, Parkinson’s disease, Huntington’s disease. Adapted from ARUK,
dementiastatistics, (2021).

Alzheimer’s disease is the most common form of dementia, being reported to underlie 62% dementia
cases in the UK (approximately 505,813 people) as shown in figure 1.2. The second most common
form of dementia is vascular dementia, that contributes 17% of dementia cases and affecting around
138,691 people in the UK. 10% of cases are a result of mixed dementia, and following this, 4% and
2% cases recorded were diagnosed with LBD and frontotemporal dementia, respectively. Whereas
dementia with Parkinson’s disease affects approximately 16,317 people i.e., 2% out of overall
dementia cases (Alzheimer’s society, 2016).

Figure 1.2. Neurogenerative disease causes dementia. Alzheimer’s disease is most common diagnosis following the
vascular dementia, mixed dementia, LBD, frontotemporal dementia, dementia with Parkinson’s disease and other
neurodegenerative disease. AD- Alzheimer’s disease, VaD- Vascular dementia, LBD- Lewy body dementia, FTDFrontotemporal dementia. Adapted from Alzheimer’s society, (2016).
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1.2. ALZHEIMER’S DISEASE
AD is the most common cause of dementia and is symptomatically characterized by the progressive
decline in cognitive function alongside personality and behavioural changes.

Typically, AD progresses in three stages: mild (early-stage), moderate (middle-stage), and severe (latestage) (ARUK, dementiastatistics, , 2021). The early-stage symptoms are marked as depression,
difficulty in understanding language and memory impairment. At the moderate stage of AD, the basic
daily activities of life become affected and symptoms such as dyspraxia, reduced decision-making
skills may develop. In the severe/late stage of AD, symptoms get worsen and further progresses to
social withdrawal, severe behavioural changes, and psychotic symptoms (Wattmo et al., 2016). In this
disease, death can occur due to lack of nutrition, lost memory for the basic life survival activities (such
as swallowing) but infection (such as pneumonia) is the most common cause of death in AD (Bird,
2015).

The standard diagnosis for AD is made through examination of patient’s history in relation to the
cognitive and functional changes over the time, as well as a full physical examination including a
neurological examination to rule out other causes of present symptoms (Dubois et al., 2016).

Despite much being known about the molecular biology of AD, there are still no disease modifying
therapies and this is likely a consequence of complexity of the disorder and the variety of genetic and
environmental risk factors associated with this disease. Understanding how each of these risk factors
contributes to the disease is vital while new therapeutic approaches are to be developed which can be
prevented.

1.2.1 History and epidemiology: Alzheimer’s disease
AD was named after a German clinical psychiatrist and neuroanatomist, Alois Alzheimer, a lecturer at
the Munich University Hospital. On November 3, 1906, at 37th Meeting of South-West German
Psychiatrists held in Tubingen, Germany, he reported ‘a peculiar severe disease process of cerebral
cortex’ of an in-patient suffering from paranoia.
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Mr. Alzheimer’s gave a lecture on the distinguishing plaques and neurofibrillary tangles in the brain
histology report from a 50-year-old female patient, Auguste Deter. His colleague published an article
on ‘Alzheimer’s disease’ in 1910 describing Alois Alzheimer’s text report in the 3rd edition of
Psychiatrie, crediting him by coining this term (Hippius & Neundörfer, 2003).

In year 1911, the female patient died aged 55 and Alois published a paper presenting the post-mortem
brain histology sketches of the patient by using then new silver staining histological technique (Bondi
et al., 2017). As shown in figure 1.3, the morphological changes of neuronal cells was published during
the early and late stage of AD derived from patient Auguste Deter by Mr. Alzheimer. Different stages
of neuronal damage was observed and represented the level of brain damage occurred due the diseased
condition.

Figure 1.3 Early and late-stage sketches of neurofibrillary tangles. The morphology of neurofibrillary tangles from the
patient Auguste Deter drawn by Alois Alzheimer in paper published in 1911. Adapted from Bondi, (2017).

In the UK, approximately two thirds of all dementia cases (approximately 850,000 people) have
Alzheimer's disease, affecting approximately 500,000 people (ARUK, dementiastatistics, 2021).
Globally, it is estimated that by 2050, 115.4 million people will be living with dementia, out of which
60-70% of the population will be affected with AD (Li & Liu, 2016). According to World Health
Organisation (WHO), each year nearly 10 million new cases are being registered, out of which higher
percentage of cases are occurring in low-income countries with poor medical facilities (WHO, 2020).
Efforts are being made by the government towards dementia research funding and it is estimated that
between 2012-15, approximately £60 million a year was funded (ARUK, dementiastatistics, 2021).
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1.2.2 Pathology of AD
Two main pathological hallmarks of AD are amyloid-beta (Aβ)-containing senile plaques and the
intracellular tau neurofibrillary tangles that interfere in normal synaptic signalling leading to reduced
neuronal function and results in neuronal loss (Querfurth & Laferla, 2010). This neuronal loss leads to
the cortical atrophy, reduced brain volume and subsequent loss of brain function, as shown in figure
1.4. The diagnosis of AD by assessment of atrophy patterns and vascular lesions using recorded
neuroimaging is becoming a popular and useful tool as a systematic approach (Vernooij & Buchem,
2020).

Figure 1.4. Atypical atrophy pattern in AD. The T1-weighted brain image of 70-year-old female clinically diagnosed with
dementia is shown, with clear signs of bilateral cortical atrophy which is typical sign of late onset stage of AD. Adapted
from Vernooij & Buchem, (2020).

Glial cells are non-neuronal cells which are present in the close vicinity of neuronal cells providing
support and protection. These cells are a heterogenous mixture of microglial cells, astrocytes and
oligodendrocyte lineage cells (Jäkel & Dimou, 2017). The coordinated interaction between neuronal
and glial cells is important for synaptic homeostasis. However, in past few decades evidence of glial
dysfunction in AD is increasing which influences the neuronal and glial receptors by mediating the Aβ
toxicity (Iqbal et al., 2016; Nordengen et al., 2019). Accumulating evidence confirms that apart from
the neuropathological symptoms, the progression of AD is closely linked to the limbic systems,
neocortical regions as well as basal forebrain, damages of synapses, degradation of axons and
eventually the dendritic atrophy (Crews & Masliah, 2010; Perlson et al., 2010; Grutzendler et al., 2007;
Serrano-Pozo et al., 2011). In early AD, microglial cells act as a protective factor by enhancing the
neuronal repair, digesting the oligomers of Aβ. However, the hyper-activated microglia also increase
the release of pro-inflammatory factors and enhance the oxidative stress by induction of ROS leading
to neuropathologies (Pan et al., 2011; Guo et al., 2020). The impact of oxidative stress on the
neuropathology will be discussed in detail later in section 1.5.
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1.2.3 Types of AD
AD can be sub-divided in two types: early-onset AD, also known as EOAD and late-onset AD, also
called as LOAD (Iqbal et al., 2014). The development of EOAD and LOAD is slow and eventually
result in severe symptoms. In both cases of EOAD and LOAD, the neuropathological changes involves
the progression of brain region and neuronal damage resulting into irreversible loss of function (Bekris
et al., 2010).

1.2.3.1 EOAD
The onset of AD at the age less than 65 years has been considered as EOAD and only 1% - 2% of AD
cases are accounted to EAOD, also known as familial AD (Zhu et al., 2015). In EOAD, mutation in 3
genes: amyloid precursor protein (APP), presenilin 1 (PSEN1) and presenilin 2 (PSEN2) were
attributed to genetic mutation (Reitz et al., 2020). APP mutations have been reported and observed in
less than 1% of EAOD cases, PSEN1 mutations in 6% and PSEN2 mutations in 1% of total EOAD
cases (Cacace et al., 2016). These mutations affect (APP, PSEN 1&2) the amyloidogenic pathway
which results in the inappropriate sequential cleavage of APP protein and increased generation of Aβ
leading to accumulation of amyloid plaques (Ayodele et al., 2021). The physiological role of these
genes, their associated proteins and implication in AD will be explored in the discussion section in
relation to the skin derived fibroblast cells.

1.2.3.1 LOAD
LOAD onset cases are more frequent and common among AD patients and usually affect patients over
65 years (Rosenthal & Kamboh, 2014). LOAD is also known as sporadic AD and out of overall AD
cases, high number of cases falls under this category and affects nearly 90-95% of elderly people
(Zhang et al., 2020).

Studies have shown that the polygenic mutation may cause the occurrence of LOAD, instead of single
gene mutation (Dai et al., 2017). Polymorphism in the apolipoprotein E (APOE) genotype, which
encodes brain’s major cholesterol transporter protein APOE, is the major risk factor for LOAD onset
(detailed in section 1.2.4.1). A study demonstrated that mutation in 3 alleles of APOE contributes
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towards increased risk of AD development and their frequency of occurrence worldwide are: Ɛ2
(8.4%), Ɛ3 (77.9%) and Ɛ4 (13.4%) (Gu et al., 2013). Another identified LOAD-related gene is
triggering receptor expressed on myeloid cells2 (TREM2), but its exact role in relation to LOAD is
unknown (Bagyinszky et al., 2014).

1.2.4 Risk factors for AD
1.2.4.1 Genetic Risk Factors
AD causative genetic mutations and risk enhancing gene polymorphisms have been reported on four
different chromosomes, each locus being named as AD1, AD2, AD3 and AD4, as shown in figure 1.5.
The APP gene is located on chromosome 21q21, the APOE gene is positioned on chromosome
19q13.32, PSEN1 is present on chromosome 14q24.2 and the PSEN2 gene is located on chromosome
1q42.13 (Bekris et al., 2010).

Figure 1.5. AD related genes. The mutative loci genes responsible to cause AD are AD1, AD2, AD3 and AD4. AD2
mutation in APOE results in development of sporadic inherited AD and AD 1,3 and 4 mutation results in APP, PSEN1 and
PSEN2 which increases risk of autosomal dominant AD. Adapted from Bekris et al., (2010).
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Amyloid-β serves as an important contributor to the repair function of neuronal cells, for example, any
synaptic damage repair, recovery from neuronal injury or infection; these roles are supported by invitro as well as in-vivo studies (Brothers et al., 2018). APP, PSEN1 and PSEN2 mutations alter the
processing of APP which results in increased production of the toxic Aβ42 fragment, which aggregates
extracellularly and interferes with normal neuronal functioning (Lanoiselée et al., 2017). The process
of toxic Aβ42 fragment generation will be explored in detail in section 1.2.5.1.

APOE is a major cholesterol carrier implicated in lipid transport, repair in the brain and APOE
polymorphic alleles are the main genetic determinants for AD (Liu et al., 2013). It exists in three
isoforms: E2 encoded by ε2 gene, E3 encoded by ε3 gene and E4 encoded by ε4 gene of the
chromosome. Individuals carrying two copies of the ε4 alleles having the strongest genetic risk of AD,
whereas the ε2 alleles are known to decrease the risk (Harold et al., 2009). The mechanism by which
APOE genotype impacts AD risk is varied and complex, as indicated in figure 1.6, since theories of
both toxic gain and loss of function have been proposed. Interestingly, some studies have supported
synergistic effects of APOE genotype and obesity in relation to AD risk (Jones et al., 2018) and this
concept will be explored in more detail in discussion chapter.

Figure 1.6. APOE plays vital role in AD pathogenesis. APOE mutation leads to the increased brain atrophy, neurofibrillary
tangles formation and tau phosphorylation, loss of synaptic and mitochondrial function. Adapted from Liu et al., (2013).

In an animal study, it has been documented that the triplication of chromosome 21 (also known as
Trisomy 21) upregulates the neurofibrillary tangle formation and neurodegeneration induced by excess
Aβ accumulation. Therefore, individuals with trisomy 21 are at higher risk of developing dementia
with increased age (Wiseman et al., 2018).
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The duplication of APP without trisomy 21 also causes the EOAD (Rovelet-Lecrux et al., 2006).
TREM2 is myeloid cell surface receptor which is vital for the signal transduction regulating major
microglial function such as phagocytosis, autophagy, inflammation, and others. A knockout AD mouse
model study has depicted that mutation in TREM2 inhibits the microglial clustering around amyloid
which causes disruption in microglial activation and related signalling pathway (Hall-Roberts et al.,
2020; Wang et al., 2016; Koth et al., 2010).

1.2.4.2 Environmental and other risk factors
Various environmental factors have been implicated in AD risk with nine modifiable risk factors
including early life education, midlife hypertension, obesity, hearing loss, old-age smoking,
depression, physical inactivity, diabetes, and social isolation (Livingston et al., 2017; Gabin et al.,
2017; Chatterjee & Muther, 2018; Gu et al., 2010) have been identified. In addition, people from lowincome countries are at greater risk in comparison to those from developed countries. Traumatic brain
injury and cerebrovascular disease has also been shown to impact dementia risk (Ramos-Cejudo et al.,
2018; Reitz & Mayeux, 2014). Related role of obesity and diabetes in relation to neurodegeneration
development will be explored in detail in section 1.3, with a particular focus on obesity in line with
aim of this thesis.

1.2.5 Molecular biology and pathology of AD
Given the understanding of various genetic mutations and the understanding of the abnormal protein
accumulations that are damaging to brain cells in AD, there have been a number of attempts to
‘explain’ the underlying pathogenesis of AD. Whilst next section explores some of the main theories,
it should be acknowledged that the most common consensus is that AD is multifactorial, and the
disease process and progression varies in different individuals and populations. Consideration of the
research describing various contributions of factors such as toxic Aβ generation, tau accumulation,
inflammation, and oxidative stress helps shed light on where hope for the development of new drugs
might lie. The neurological symptoms of AD development are considered to be result of gradual but
progressive loss of neurons in the cholinergic and glutamatergic neural systems as well as the irregular
functioning of the remaining neurons, such as deficits in neurotransmitter acetylcholine, imbalanced
Ca+ influx (Wenk, 2006).
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1.2.5.1 Amyloid cascade hypothesis
In 1992, Hardy & Higgins suggested for very first time that Aβ accumulation in the brain was the main
fundamental trigger to the etiology of AD (Ricciarelli & Fedele, 2017; Hardy & Higgins, 1992). As
shown in figure 1.7, the amyloid cascade hypothesis suggested that aggregation of Aβ primarily
triggers the formation of soluble Aβ oligomers (also monomers such as fibrillar and protofibers) and
neurofibrillary tangle formation due to Aβ triggers results in synaptic dysfunction and neuronal death
in AD (Evin & Weidemann, 2002).

Figure 1.7. Amyloid cascade hypothesis. The flow chart describes the hypothesis proposing that the formation of Aβ42
aggregates initiate the senile plaque formation which progresses to neurofibrillary tangle formation and finally dementia
development. Adapted from Reitz & Mayeux, (2014).

As shown in the figure 1.7, the aggregation and formation of senile plaques extracellularly is one of
the histopathological hallmarks of AD (Cheignon et al., 2017). In the central core of senile plaques,
Aβ42 proteins are abnormally arranged in a radial fashion. Multiple studies have shown that these
structures as well as soluble, oligomeric forms of Aβ can interfere with normal neuronal functioning
and contribute to cell death (Perlson et al., 2010; Sengoku, 2020; Singh et al., 2016). In the amyloid
cascade hypothesis, Aβ42 accumulation drives AD pathogenesis and subsequent cell death through a
variety of mechanisms. However, therapeutics interventions aiming to inhibit the amyloidogenic
pathway or clearance of toxic Aβ, e.g., via beta secretase (BACE) inhibition or Aβ immunization have
not proved successful in human trials so far. This led researchers to investigate the role of other
contributory disease factors, such as pathogenic tau, oxidative stress, and neuroinflammation in
addition to other miscellaneous targets and how these components might interact in AD affected brain
(Gupta et al., 2016; Athar et al., 2021).
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Amyloid precursor protein, the protein from which Aβ is derived, undergoes sequential cleavage to
produce various forms of Aβ, as shown in figure 1.8. In the non-amyloidogenic pathway, α-secretase
cleaves APP to form a nontoxic fragment whereas in the amyloidogenic pathway, sequential cleavage
of APP by β-secretase and γ-secretase yields the toxic Aβ42 fragment (Bekris et al., 2010). The toxic
forms of Aβ have a few detrimental cellular effects such as hyperactivation of microglia and tau
pathology (Gupta et al., 2016). Amyloid precursor protein processing shows 3 cleavage sites namely
α- secretase, β-secretase, and γ-secretase. Aβ42 fragments cleaved by γ secretase is associated with
AD (O'Brien & Wong, 2011).

BACE1, a transmembrane aspartic protease cleaves the APP at +1 and +11 sites of Aβ and releases
soluble APP-beta peptides (sAPPβ) which is followed by the γ-secretase complex cleavage at several
sites between +41 to +44 resulting in release of Aβ peptides and intracellular APP. Understanding of
the APP processing has given molecular characterisation of the secretases involved in Aβ production
and accelerated the advanced efforts to model AD pathogenesis in animal model (Thinakaran & Koo,
2008).

Figure 1.8. Amyloid precursor protein recruitment and processing. There are two ways for the consecutive cleavage of
APP. A. the position of Aβ is demonstrated which includes a large and a short domain that initiates from the ectodomain
into the transmembrane domain. The cleavage sites of α, β and γ- secretase are located between position 1-42. B. α-secretase
and then γ-secretase mediates the cleavage of APP in the non-amyloidogenic processing. C. the sequential cleavage of
APP in the amyloidogenic cleavage processing facilitated by β-secretase and then γ-secretase. Adapted from O'Brien &
Wong, (2011).
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1.2.5.2 Tau cascade hypothesis
Tau proteins are highly soluble microtubule associated proteins (MAP), which is physiologically
important for the regulation of axonal transport and cytoskeletal maintenance (Kametani & Hasegawa,
2018). Historically, there has been debate regarding whether progressive accumulation of Aβ triggers
the tau phosphorylation and aggregation, or vice versa (Selkoe & Hardy, 2016). Whilst the given
evidence in the previous chapters indicates a key role of Aβ in the initiation of a pathogenic cascade
in AD development, another research have demonstrated a clear role of tau in gradual AD
development. The aggregated Aβ and neurofibrillary tangles (NFT) are the hallmarks of AD, as shown
in histopathological section in figure 1.9 (Maccioni et al., 2010).

Interest in tau protein began when tau mutations were found to be directly pathogenic, giving rise to
frontotemporal dementia with Parkinsonism (FTDP-17) linked to chromosome 17 (Spillantini et al.,
1998). Tau pathology, also known as ‘tauopathies’ is a feature of numerous neurodegenerative
disorders which is characterised by the abnormal accumulation of tau proteins in the brain. Over the
years, there is gaining interest in therapeutics which disrupt the formation of tau lesions for better
understanding of its role in AD (Congdon & Sigurdsson, 2018).

Figure 1.9. Histopathological hallmarks of AD pathology. The extracellular amyloid plaques and intracellular
neurofibrillary tangles (NFT) are shown in the figure above. Adapted from Ridha & Yousry, (2016).

Apart from the helical filament phosphorylation, some of the factors are involved in tau
hyperphosphorylation such as glycogen synthase kinase 3β (GSK-3β), cyclin-dependent kinase (cdk5)
or exposure to polyanions involving protein kinase B (Akt), protein kinase A (PKA) and MAP kinase
(MAPK) signalling pathway are present (Mazanetz & Fischer, 2007), as shown in figure 1.10.
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This abnormally phosphorylated tau has been shown to sequester the normal tau, MAP1, MAP2 and
ubiquitin into paired helical filaments resulting in microtubule destabilization and disruption of axonal
transport (Mohandas et al., 2009).

Figure 1.10. Tau hyperphosphorylation. Hyperphosphorylated tau sequesters into a number of aggregates including the
neurofibrillary tangles with various factors and signalling pathways involved. Abbreviations: cdk- cyclin dependent kinase,
GSK- glycogen synthase kinase, PKA- phosphorylated kinase, TP-tau phosphorylation, MBD- microtubule binding
domain. CaMK- calcium dependent kinase, KXGS-serine motifs. Adapted from Querfurth & Laferla, (2010).

The tau protein family consists of 6 isoforms consisting 352-441 amino acids which are differentially
expressed during development (Lace et al., 2009). The microtubule binding and subsequent functional
properties of tau are regulated via phosphorylation and in AD, tau becomes abnormally
hyperphosphorylated and forms abnormal intracellular paired helical filament of tau (PHF-tau) and
neurofibrillary tangles (Ridha & Yousry, 2016). A cell culture and animal model study has confirmed
that the soluble forms of tau have also shown toxicity and increasing accumulation of tau lesions
correlates with increased cognitive impairment, more significantly than the accumulation of Aβ
plaques (Šimić et al., 2016). The relationship between tau and Aβ is now understood to be complex
with each protein exerting an influence on the other protein (Miao et al., 2019). With the advancement
of neuroimaging studies, it is now understood that Aβ accumulates for many years prior to clinical
symptom manifestation suggesting that both tau and Aβ have a role in early disease pathogenesis (Van
der Kant et al., 2020). Tau and Aβ proteins have been linked to increase neuroinflammation and brain
oxidative stress (Agostinho et al., 2010). The next section of this thesis will explore the role of these
factors in AD pathogenesis development.
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1.2.5.3 Inflammation hypothesis
Inflammation is known to play a key role in development of AD pathogenesis as well as in other
neurodegenerative disorders such as Parkinson’s disease (Alam et al., 2016). Neuroinflammation and
reactive gliosis are commonly seen in the AD brain (Rogers et al., 2007).

A study has confirmed that inflammatory mediators are released during innate immune response which
leads to glial dependent neuroinflammation (Van Eldik et al., 2016). TREM2 variation is a known risk
factor for AD, which further supports a direct involvement of glial cells in cascade of AD disease
development (Gratuze et al., 2018). In addition, studies have demonstrated a relationship between tau
pathology and inflammation. Tau can induce inflammation, and chronic inflammation can further
influence tau aggregation (Laurent et al., 2018).

Additionally, Aβ accumulation has been linked to neuroinflammation by promoting the release of free
radicals and chemokines that contribute to further production and accumulation of Aβ (Cai et al.,
2014). Release of inflammatory mediators were observed to be increased in AD and decreases the
neuronal networking/communication in the AD condition (Hong et al., 2016). Finally, it is known that
disorders that subject the body to chronic inflammation, such as metabolic syndrome and obesity, are
known to increase development of AD risk.

1.2.5.4. Oxidative stress hypothesis
The oxidative stress hypothesis describes how oxidative damage, and the subsequent generation of
reactive oxygen species (ROS) can contribute to the series of events that results in the development of
AD, as shown in figure 1.11 (Tönnies et al., 2017; Markesbery, 1997). Under certain physiological
conditions, such as head trauma, ischemia, and increased heavy metal exposure, free radical production
is initiated due to peroxidation of oxygen and the disruption of membrane potential.

In addition, due to brain tissue damaging events, such as trauma, ischemia, toxicity, and cognitive
condition including Parkinson’s disease, AD, multiple sclerosis, lipofuscinosis, and accumulation of
ROS increases over the period of time (Llanos-González et al., 2020; Misrani et al., 2021).
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The central nervous system (CNS) also produces some damaging metabolic by products, as part of
normal biochemical reactions such as superoxide, hydroxyl free radicals and hydrogen peroxide,
sometimes collectively known as reactive oxygen metabolites (ROM) (Tümmler et al., 2017).
Therefore, limiting the production of ROS and ROM, or the damage inflicted by ROS/ROM has a
therapeutic potential in AD (Fiuza-Luces et al., 2019).

Figure 1.11. Hypothetical presentation of neuronal death in AD due to oxidative stress. Abbreviations used: Fe- iron, Alaluminium, Hg- mercury, PUFA- polyunsaturated fatty acid, OH- hydroxide, LO/LOO- lipid peroxidases, 4-HNE- 4
hydroxynonenal, Na+- sodium ion, K+- potassium ion, Ca+- calcium ion. Adapted from Markesbery, (1997).

Some versions of the oxidative stress hypothesis postulated that genetic mutations, such as APP or
PSEN1 mutation, causes the formation of Aβ plaques which cause oxidative stress, and accumulative
oxidative stress also contributes to the formation of the Aβ plaques, as shown in figure 1.12. Oxidative
stress in turn, has been shown to modulate the activity of β and γ- secretase enzymes causing increased
Aβ plaque formation and soluble, oligomeric Aβ generation (Praticò, 2008; Guglielmotto et al., 2010;
Jo et al., 2010). Oxidative stress have depicted to induce tau hyperphosphorylation directly and through
the activation of several protein kinases. This creates a positive feedback system resulting in further
ROS generation and inflammatory response, irreversible neuronal damage, and ultimately neuronal
death.
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Figure.1.12. Molecular mechanism and pathology of AD due to oxidative stress. Mutation in APP and PSEN lead to the
aggregation of Aβ and NFT and progress to neurodegeneration or AD development. Abbreviations: PS1-presenilin plaques,
SP1-senile plaques. Adapted from Praticò, (2008).

Another factor known to increase oxidative stress levels is obesity and research studies have suggested
that this might underlie the increased dementia especially AD and vascular dementia risk for those
individuals defined as overweight or obese during midlife (Xu et al., 2011). In addition, overweight
and central obesity is risk factor, causing dementia in population more than 50 year of age. However,
the exact underlying mechanism of action is still unclear in relation to the development of AD
pathologies with time (Ma et al., 2020). The link between obesity, oxidative stress and AD will be
explored in more detail in section 1.3 and 1.4.

1.2.6 Therapeutic intervention
1.2.6.1 Current drugs
The US food and drugs administration (FDA) recently (June-2021) approved first novel drug since
2003 following a series of failed clinical trials and immunisation strategies. This drug is called
Aducanumab or Aduhelm, which is targeted towards the clearance of amyloid plaques in AD patients
with early or mild symptoms in a time and dose dependent manner. Inspite of continued reduction in
amyloid plaques results in clinical trials, the drug (aduhelm) failed to show primary end point in the
second phase of third clinical trial. However, based on the clinical benefits of the drug to the patients,
immediate need of treatment, and anticipated post approval trials for verification of drug, FDA
permitted the drug for the benefit of the patients (Dunn et al., 2021; FDA, 2021; Mahase, 2021).
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Figure 1.13. The epitome location on the Aβ sequence. The black bars represent epitome location, grey bars indicates
presumptive epitomes presence, gradient filling for MEDI-1814 showed the incompletely epitope characterisation with Aβ
specificity, Gantenerumab and NPT088 are an irregular epitome on Aβ sequence, pink coloured region in Donanemab
pyroglutamate at amino acid position 3. Adapted from Plotkin & Cashman, (2020).

In figure 1.13, current drugs in clinical trials are based on the Aβ passive immunization which targets
the epitome location on the primary Aβ sequence for antibodies generation (Plotkin & Cashman, 2020)
to reduce or clear the accumulation of amyloid plaques and its subsequent consequences such as
neuroinflammation, synaptic blockage, neuronal oxidative stress, and others (Crehan & Lemere,
2016).

Apart from the recently approved aduhelm, there are five other FDA-approved medical treatments
available for the AD patients; however, these act only to control the symptoms instead of altering the
course of the disease, as shown in figure 1.14 (Briggs et al., 2016). The current available treatments
includes cholinesterase inhibitors (donepezil, rivastigmine and galantamine) and NMDA (N-methylD-aspartate) receptor antagonists (memantine) (Tan et al., 2014).

Cholinesterase inhibitors (ChEIs) such as donepezil, rivastigmine and galantamine are the factors that
prevent the degradation of the acetylcholine from neurotransmission into acetyl and choline (Singh &
Sadiq, 2021). However, pooled trial data suggested that ChEIs produces only minimal and short-lived
benefits in cognitive impairment in dementia with response rate being shown to vary between
individual patients (Ellis, 2005). The adverse side effects of ChEIs include diarrhoea, vomiting, cardiac
arrhythmia, uncontrolled seizures and therefore limits the use of these drugs (Yiannopoulou &
Papageorgiou, 2020).
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Figure 1.14. The aetiological factors of AD and the therapeutic intervention points. AD treatment strategies include: A.
secretase enzyme inhibitors. B. NMDA receptor antagonists. C. monoclonal antibodies. D. anti-tau therapy. E. NSAIDs
i.e. non-steroidal anti-inflammatory drugs. F. cholinesterase inhibitors. It should be noted that B and F are the only FDA
approved drugs for AD treatment with A, C, D and E being currently explored in clinical trials. Adapted from Briggs et
al., (2016).

The other class of AD therapeutics are the NMDA (N-methyl-D-aspartate) receptor antagonists such
as memantine. These drugs work by blocking the signalling pathway through the NMDA glutamate
receptor to prevent excitotoxicity.

To understand broader use of memantine, a patient study demonstrated that 312,336 patients were
dosed with memantine, out of which 60 patients fell out of threshold criteria which confirmed that
future benefits can be investigated to explore NMDA antagonists (Kern et al., 2021). Whereas in other
study it has been demonstrated in other patients study that NMDA showed adverse effects such as
drowsiness, fatigue, constipation, back ache, and hallucination (Jiang & Jiang, 2015).

Currently available therapies only addresses the downstream consequences of AD pathogenesis, such
as excitotoxity and the neurotransmitter deficit that occurs as a consequence of early disease events
(as shown in figure 1.14). The next chapter will explore the therapeutic interventions that are currently
in clinical trials, which aim to have more upstream effects such as impacting APP processing, Aβ/tau
accumulation and neuroinflammation.
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1.2.6.2 Drugs in trial
The major factors which reduces rate of drug development success, are lack of complete understanding
of AD mechanisms, lack of accurate early disease diagnostic biomarkers. Currently, there are several
drugs or compounds in clinical trials: 33 in phase Ⅲ, 78 in phase II and 32 in phase I (Plascencia-Villa
& Perry, 2020).

There are several studies which were discontinued due to failure to achieve the clinical endpoint such
as the BACE inhibitor drug trials did not achieve FDA approval due to the safety and effectiveness
concerns. Similarly, the drug trials using γ-secretase inhibitor and modulator failed the FDA approval
due to inconsistency in patient’s data and clinical trial project was terminated (Huang et al., 2020;
Sabbagh, 2020; Weiler et al., 2020). Therefore, alternative treatment approaches and preventative
strategies are needed. Newer clinical trials are now focusing on the non-amyloid and anti-tau
interventions such as neurotransmitter and neuroinflammation modulators, cognitive enhancers, and
neuroprotective agents (Hamelin et al., 2016; Chi et al., 2018). Understanding more about how the
brain normally protects itself against damage as well as the molecular basis of risk factors such as
obesity, could identify new routes for therapeutic intervention.

1.2.6.3 Risk reduction approaches
A published report described how one third of dementia cases could be prevented through addressing
disease modifiable risk factors, therefore there is an urgent need to understand the underlying
molecular biology of these risk factors to enable public health strategies to be developed (Livingston
et al., 2017).

Studies have already shown that a healthy diet (including vegetables, fruits, nuts with reduced
processed food consumption and supplements such as omega-3 and vitamin B12 can reduce dementia
risk (Rakesh et al., 2017). Reducing stress in everyday life through incorporation of meditation and
yoga practice has shown some preventive and improved effects. Increasing cognitive health through
solving puzzles, learning new languages, and engaging with various arts and crafts activities are also
proved to be beneficial. Apart from the activities, the overall diet related strategies should be
considered instead of individual food or nutrients (Pereira et al., 2007; Lupien, 2009).
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Adapting healthy life associated actions are likely to reduce the challenges of cognition. However, the
molecular biology for many of these approaches that underpins the associated neuroprotection is still
not completely understood.

Type2-diabetes, hypertension and obesity are closely related modifiable risk factors which are known
to have a synergistic effect on risk of AD development risk (Edwards et al., 2019). Studies are needed
so as to increase the understanding of how conditions such as obesity, influence the nervous system in
such a way that makes an individual more susceptible to develop AD. This is not well explored, and it
is necessary to understand the factors that could enhance neuroprotection and reduce neuronal damage.

This project will aim to understand how adipocytes secreted adipokines, whose levels are known to
vary in obesity, can impact the cellular response to oxidative stress. This will shed light on the
underlying mechanisms of obesity associated dementia risk, whilst exploring impact of adipokine
associated pathways which might have therapeutic potential.

1.3 OBESITY
Obesity is a complex, reversible physiological state that significantly impacts the physical health and
emotional wellbeing of the individual, impacted by the condition (Agha & Agha, 2017). Changes in
lifestyle over the last decade have caused a number of individuals classified as being overweight or
obese and the number is still increasing significantly (Hruby & Hu, 2015a). Obesity is a multifactorial
disease involving interactions between genetic, environmental, and psychosocial factors (Chew et al.,
2014). The major risk factors that are estimated to induce obesity includes: unhealthy lifestyle, unusual
eating habits, urban development with increased smoking and alcohol consumption habits (Apovian,
2016).

Investigating how obesity influences the biochemistry of the body is important to better understand
how this condition increases the risk of developing diseases such as AD and other neurodegenerative
diseases.
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1.3.1 Classification & epidemiology
Obesity is defined as an abnormal accumulation of fat in body and body mass index of more than
30kg/m2 (Apovian, 2016). Obesity occurs due to an imbalance of energy expenditure and food intake
that leads to the excessive accumulation of adipose tissue (Hruby & Hu, 2015b). It is a reversible
condition which can be addressed with a combination of regular exercise and a long-term low calorie
or low-fat diet (Montesi et al., 2016).

In England, the national statistics on obesity in 2021 has confirmed that more than 1 million hospital
admissions in 2018-19 were due to obesity as key factor and 10,780 admitted cases were directly
attributable to obesity (NHS Digital, 2021). In England, 27% of adults are considered as obese and
approximately 36% of adults fall in the overweight category with the prevalence being similar between
male and female, however, males are more inclined towards being overweight and females are more
prone to categorized into obese condition (Public Health England, 2017). In the UK, the NHS has spent
approximately £6 million in 2015 on obesity related disease treatment which is much more than the
money spent on the police, fire services and judicial system all together (NHS Digital, 2021).

Figure 1.15 Prevalence of obesity. Among adults aged over 16 years, comparing men and women. Adapted from Public
Health England, (2017).
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In the past 10 years, in European countries obesity prevalence has increased from 10% to 40%, on the
other hand in England alone, the prevalence has doubled over the decade (Agha & Agha, 2017). It has
been estimated that by 2050, obesity approximately may affect 25% of children, 60% of adult men and
50% of adult women. In addition, if the current situation of lifestyle and dietary intake persists, by
2030 approximately 38% of UK’s adult population will become overweight and 20% will be obese
(Smith & Smith, 2016). A gender based comparative study between men and women in relation to the
prevalence of adult obesity within UK, the figure 1.15 demonstrates that women are at higher risk to
develop obesity than men. However, the percentage of prevalence in men has increased faster over the
years and the difference between both genders (showed in figure 1.15) decreased over the period of
decade (Public Health England, 2017).

1.3.2 Association with dementia
Obesity is a well-documented significant risk factor in association with AD, and obesity prevention or
treatment could be an achievable way to reduce risk of AD (Alford et al., 2018). In obesity, lipolysis
releases increased amounts of free fatty acid, which in turn, increases the oxidative and endoplasmic
reticulum stress resulting in the deteriorating cellular homeostasis and which is also linked to
neuroinflammation, disabled cellular functioning and finally death of the neurons (Martin-Jiménez et
al., 2017).

Obesity is known to increase the risk of developing type 2 diabetes which is also a major risk factor
for AD (Hruby & Hu, 2015a). By some researchers, AD has been nicknamed by some researchers as
type 3 diabetes mellitus or brain diabetes (Montesi et al., 2016) due to the pathological similarities
between AD and type2 diabetes, specifically with respect to the amyloid dysfunction and increased
glycation and lipolysis in both the conditions (Leszek et al., 2017).

Sirtuin-1 (SIRT-1) plays vital role as the interconnected link between type2 diabetes and AD, as shown
in figure 1.16. Due to decreased insulin receptor substrate (IRS2) functioning (or increased insulin
resistance) and increased neuronal toxicity (due to increased APP processing by β-secretase leading to
more Aβ production) the risk of developing type2 diabetes and AD increases. In addition, decreased
SIRT-1 expression is proportional to increasing age and inflammation (Lovestone & Smith, 2014).
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Figure.1.16. Glycotoxins induces hyperproduction of advanced glycation end products (AGEs) that affects pathways
involved in aging, inflammation, type2 diabetes and AD. Dietary glycotoxins possesses ability to influence insulin
resistance and neuronal toxicity leading to type2 diabetes and AD by reduced sirtuin-1 (SIRT-1) expression, insulin
receptor substrate (IRS2) functioning and increased amyloidogenic APP metabolism. Adapted from Cai et al., (2014).

A research study has confirmed the presence of insulin and insulin-like growth factors receptors in the
brain including the hippocampus, hypothalamus, cortex and cerebellum to regulate critical metabolic
functions as well as neuronal plasticity (Fernandez & Torres-Alemán, 2012).

Interestingly, in an in-vitro study using primary neuronal culture derived from the hippocampus
region, Aβ induced neuronal insulin resistance and interrupted axonal transport was reversed when
exposed to exenatide (an anti-diabetic agent) (Bomfim et al., 2012).

The pathological similarities between type2 diabetes and AD are further reinforced by the insulin and
glucagon like-peptide-1 (GLP-1) signalling disruption which results in beta cell apoptosis and
decreased beta cell regeneration in type2 diabetes which finally leads to increased Aβ accumulation as
demonstrated in a research study (Gejl et al., 2016).
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1.4 ADIPOSE TISSUE AND ADIPOKINES
Adipose tissue possesses not only the ability to store energy but also acts as an active endocrine organ
with the ability to synthesise a wide range of metabolically active molecules involved in the regulation
of body homeostasis (Saely et al., 2012). Adipokines are cytokines secreted from adipose tissues which
possess the ability to influence a range of physiological processes and pathways, including those
associated with AD (Zorena et al., 2020).

1.4.1 The normal role of adipose tissue
Adipose tissue is a chief source of excess nutrient storage in the form of triacylglycerol. Over last
decade understanding of the adipose tissues (AT) role has been changed from a tissue responsible for
simply storing triglycerides, to being a complex and metabolically active organ (Ottaviani et al., 2011;
Richard et al., 2020).

In addition, as discussed previously, adipocytes produce various secreted proteins called adipokines
(Kwon & Pessin, 2013). In adipose tissue, the adipocytes are present in copious amounts. They have
the ability to store the excess energy in a reversible manner, i.e., the fat stores can be used in the
starvation and pile up during the normal feeding condition. Hence, imbalance in the fat storage or
excess storage of fat triggers adipocytes hypertrophy and hyperplasia leading to cellular stress which
in turn elicits inflammatory responses and oxidative stress in adipocytes (Fernández-Sánchez et al.,
2011b). AT can be subdivided into three subtypes: white, brown and beige adipose tissue. White
adipose tissues primarily acts as an energy reservoir and releases the required fatty acids/ lipids
required for energy expenditure (Corrêa et al., 2019). Brown adipose tissue helps to accumulate lipids
for cold induced adaptive thermogenesis (Rosell et al., 2014). Finally, beige adipose tissue (BeAT),
also known as ‘browning in white’, has a role in thermoregulation in response to cold as well as convert
back to white adipocytes in response to thermoneutrality (Cohen & Spiegelman, 2016; Damal
Villivalam et al., 2020).

Recent research study has confirmed that the AT acts as secretory organ that regulates secretion of
tumor necrosis factor-alpha (TNF-α) which is a critical signalling factor for auto and endocrine
function.
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The dysregulation of TNF-α release from AT has been shown to result in dysregulation of various
metabolic functions (Cawthorn & Sethi, 2008; Choe et al., 2016), and so the important role of AT as
an endocrine organ was realised. Various functions of different AT are summarized in Table.1.1.

Table.1.1 Illustrates comparative difference between white, brown and beige adipose tissues
(Opatrilova et al., 2018).

White adipose tissue

Brown adipose tissue

Beige adipose tissue

Stores energy in the form of
triacylglycerol

Fatty acid oxidation to release
heat energy for normal body
temperature maintenance

Fatty acid oxidation to release
heat energy for normal body
temperature maintenance

Subcutaneous fat
accumulation or in the
abdominal region

Subcutaneous fat accumulation
in the interscapular region or in
the cervical, axillar, and
paravertebral regions

Resides within the white
adipose tissue. Uncertain
distribution due to the interconvertible nature of AT

Decreased nerve innervation
and vascularization

Highly vascularized and nerve
innervated

Densely vascularized.

Possess only unilocular lipid Possess multilocular lipid
droplets
droplets

Manifest a low oxidative rate

Exhibit higher fatty acid
oxidation and glucose uptake

Few mitochondria are present High number of mitochondria

Possess multilocular lipid
droplets

Exhibit maintenance of energy
balance similar to brown AT

High number of mitochondria
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Figure 1.17 AT acts as an endocrine organ and regulate various metabolic pathways such as glucose homeostasis,
inflammation, hypothalamic neuronal networking, and others. Adapted from Andrade-Oliveira et al., (2015).

Since the initial discoveries, AT has been shown to release a wide range of growth factors and
adipokines (cytokines that are specifically released from adipose tissues) including leptin, adiponectin,
visfatin, apelin, vaspin, hepcidin, chemerin and omentin (Andrade-Oliveira et al., 2015). As shown in
figure 1.17, the AT secreted adipokines regulates various metabolic pathways such as immune
response, insulin sensitivity, inflammation, metabolic regulations and the impact of secreted growth
factors and adipokines from AT possess ability to regulate various physiological functions.
Dysfunctional AT (or hypertrophy or hyperplasia condition) results in macrophage infiltration,
adipocyte necrosis and inflammatory factors release (Ouchi et al., 2011). The role of adipokines will
be further explored in section 1.4.2. The understanding of adipokines in relation to obesity and AD
could potentially lead to novel therapeutics development.

1.4.2 Adipokines
As described in previous sections, AT secretes and regulates various adipose specific cytokines known
as adipokines, which can regulate various metabolic and inflammatory processes (Greenberg & Obin,
2006). In addition, the disturbance in circulating levels of adipokines could lead to dysfunctional
biological functions resulting in vascular inflammation, hypertension, cardiovascular diseases, and
others (Chen et al., 2020; Corrêa et al., 2019). The physiological role of some of the key adipokines
will be explored in more detail in the next section.
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1.4.2.1 Leptin
Leptin is 16kDa protein encoded by the ob gene and mutation in ob/ob gene (leptin) or db/db gene
(leptin receptor) have been linked to obesity (Wasim et al., 2016). Primarily, leptin regulates appetite
and leptin levels are usually proportional to the amount of body fat (Zhang et al., 1994). Leptin
regulates body weight and possesses the ability to activate hypothalamic neural circuits (Mazen et al.,
2009).

In addition, leptin is also produced by various tissues (other than AT) such as mammary gland, the
pituitary gland, skeletal muscle and stomach (Kim & Kim, 2021). Leptin receptors are expressed in
hypothalamus, cortex, and hippocampus (McGuire & Ishii, 2016). Leptin can influence various signal
transduction pathways (Dardeno et al., 2010), the following highlights a number of pathways
influenced by leptin:

a. JAK/STAT3 pathway = Primary action of site is hypothalamus and regulates appetite, body
weight and other neuroendocrine functions.
b. PI3K pathway = Primary action of site is hypothalamus and regulates appetite, body weight,
sympathetic pathway stimulation and insulin regulation.
c. MAPK pathway = Primary site of action is hypothalamus, liver, pancreas, adipose tissue and
myocytes which regulates appetite, body weight, regulation of fatty acid oxidation,
cardiomyocytes hypertrophy and sympathetic activity to brown adipose tissue.
d. AMPK pathway = Primary site of action is hypothalamus, muscles and regulates appetite,
body weight, regulates fatty acid oxidation, and insulin stimulation to muscles.
e. mTOR pathway = Primary site of action is hypothalamus and regulates appetite, and body
weight.

1.4.2.2 Resistin
Resistin is another adipokine that was named after its initial research study on insulin resistance, and
it acts as a hormone with potential links between obesity, insulin resistance (IR), metabolic syndrome
and diabetes (Steppan et al., 2001). Resistin is involved in the regulation and development of IR and
is majorly produced by the peripheral blood mononuclear cells (Su et al., 2019).
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Research findings involving the mRNA expression have been conflicting with some studies reporting
resistin mRNA expression in adipose tissue (Way et al., 2001), whereas other studies have reported
either poor or complete absence of resistin expression in the adipose tissue (Sadashiv et al., 2012).
Circulating serum resistin has been shown to have a significant effect on insulin regulation through its
interaction with toll like receptors (TLRs) and potential to induce expression of various cytokines
involved in the regulation of inflammation and signalling pathways (Jamaluddin et al., 2012). Studies
showed that resistin could decrease the inflammation induced autophagy in neuronal-like cells (Jie et
al., 2018), however, so far, no study has confirmed the role of resistin on neuroprotection under
oxidative stress condition.

1.4.2.3 Chemerin
Chemerin is encoded by Rarres2 gene, which is involved in chemotactic, autocrine/paracrine,
adipogenic and reproductive functions (Helfer et al., 2016b). Initially, chemerin was identified as a
natural ligand for G-protein coupled receptors (GPCR) and chemerin chemokine like receptors
(CMKLR1) also known as Chem23 (Whittamer et al., 2003). CMKLR1 play crucial role in chemerin
mediated inflammation, however, the underlying molecular mechanism is still unclear. Chemerin has
been recognized as ligand for GPR1, another GPCR and C-C chemokine receptor like 2 (Ccrl2), a CC motif receptor. CMKLR1 is expressed in adipocytes, mainly in white adipose tissue, whereas in
brain it is expressed in microglia of hippocampus, ependymal cells, and tanycytes lining the
hypothalamus (Helfer et al., 2016a).

A mouse model study has depicted that by participating in various signalling pathways such as Janus
kinase2 - signal transducer and activator of transcription3 pathway (JAK2/STAT3) pathway, chemerin
induced oxidative stress and autophagy was diminished mediated by the CMKLR1 (Li et al., 2020).
Evidence suggests that the inflammation and oxidative stress induced neuronal autophagy has been
decreased in the presence of chemerin (An et al., 2021). However, so far, effect of chemerin on the
cellular model of neuronal cells in relation to AD under oxidative stress has not been explored.
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1.4.3 Adipose tissues and adipokines in obesity
It is estimated that in obesity, hyperinsulinemia condition is partially due to reduced number of
adiponectin receptors (Sowers, 2008). As shown in figure 1.18, as obesity increases, the adipose tissues
gradually become stressed due to an increased fat deposition and ROS levels. The increased ROS
levels influences the release of adipokines, nicotinamide adenine dinucleotide phosphate (NADPH)
oxidation and further increases mitochondrial ROS production into the circulation. This eventually
results in increased pro-inflammatory mediators and insulin resistance (Lefranc et al., 2018).

Figure 1.18. Change in adipose tissue in the lean and obese condition with their physiological effects. Adapted from Lefranc
et al., (2018).

A research study using mice model demonstrated that release of adipokines from adipose tissues were
altered after stroke in lean as well as obese condition, which suggested that any impact on adipose
tissues have direct effect on the adipokines secretion (Haley et al., 2017). Resistin is cysteine rich
protein, induced during adipogenesis and linked to obesity led insulin resistance and type2 diabetes
(Kusminsski et al., 2005). The involvement of resistin in the development of obesity and IR has been
recorded and resistin is still considered as a biomarker of IR in obesity condition. Increased oxidative
stress is related to obesity and activation of NF-κB and MAPK, contradiction in research studies have
been recorded due to inconsistent outcome of studies while understanding the correlation between
obesity and resistin circulating levels (Wen et al., 2013).
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Figure 1.19. Increased resistin levels. Increased adiposity is linked to mitochondrial and endoplasmic reticulum dysfunction
that leads to inflammation and oxidative stress which in turn alter the microenvironment and further adipocyte dysfunction
completing the feedback loop. Abbreviations used: MP1: metalloproteinase, VEGF: vascular endothelial growth factor,
ROS: reactive oxygen species, RNS: reactive nitrogen species. Adapted from Codoñer-Franch & Alonso-Iglesias, (2015).

Clinical and in-vitro studies have confirmed that increased levels of circulating resistin is associated
with obesity and obesity led diseases such as cardiovascular disease and malignancy (Codoñer-Franch
& Alonso-Iglesias, 2015). In another study, no correlation between serum resistin level and obesity
was observed. On the contrary, a molecular study based on mRNA and protein expression in isolated
human adipocyte showed very low resistin mRNA levels in obesity led IR condition (Savage et al.,
2001; Amirhakimi et al., 2011). As shown in figure 1.19, the initial stages of obesity disrupts the
microenvironment of macrophages by shifting the polarization of factors such as vascular endothelial
growth factor (VEGF) and metalloproteinase (MP1) which ultimately leads to inflammation. The
increased inflammation within the adipocyte further increases the release of pro-inflammatory
mediators that induce the robust expression of resistin and its secretion. The dysregulated resistin levels
affects mitochondrial and endoplasmic reticulum function which contributes to reactive species
generation such as ROS and reactive nitrogen species (RNS). These sequential events complete the
circle of obesity-resistin-inflammation mediated by oxidative stress (Nagaev et al., 2006; Lumeng et
al., 2007; Lawrence & Natoli, 2011; Coelho et al., 2013).
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Figure 1.20. Chemerin in obesity condition, chemerin acts as a potential link between chronic inflammation and obesity.
Increased level of chemerin increases pro-inflammatory mediators and alter normal physiology affecting various tissues.
Adapted from Ernst & Sinal, (2010).

Chemerin expression and release is high in obesity condition. Chemerin is well studied adipokine for
the pre-adipocyte differentiation and glucose metabolism, therefore, role of chemerin is crucial link
between obesity and chronic inflammation, as shown in figure 1.20. The elevated level of chemerin
during obesity can alter the adipogenesis, and its function. In addition, increased inflammatory
mediators, dysregulated glucose and adipokines levels further affect organs such as, cardiac, pancreas
and muscles. Studies proved that chemerin levels are dysregulated in obesity, hypertension,
cardiovascular disease and type 2 diabetes (Sell et al., 2009; Ernst & Sinal, 2010).

Chemerin is multifaceted adipokine linking with food intake, body weight and metabolic disorders.
Some contradictory studies dispute that chemerin increases the release of insulin from pancreas,
however, still supports chemerin’s link with obesity and IR. Chemerin modulation during midlife
obesity condition may have useful impact on fat mass distribution (because chemerin is directly
proportional to regulation of body fat mass), which makes chemerin a potential candidate as a novel
therapeutic factor (Brunetti et al., 2014; Niklowitz et al., 2018; Karczewska-Kupczewska et al., 2020).

Considering the impact obesity has on dementia risk, the role of adipokine dysregulation in AD is still
poorly understood. The next section of this thesis will explore what is known about the influence of
adipokines in AD, and how their dysregulation might contribute to disease pathogenesis.
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1.4.4 Adipose tissue and adipokines in neurodegeneration
As mentioned in previous section, obesity is a major risk factor for AD, and obesity associated
adipokine dysregulation may have a role to play in this increased risk. There are several studies which
suggested that midlife obesity influences the brain structure and function due to increasing exposure
to oxidative stress, inflammation, mitochondrial dysfunction which may contribute to increased Aβ
aggregation (Xu et al., 2011; Dorjgochoo et al., 2011; Ronan et al., 2016). Understanding the role of
adipokine dysregulation in exacerbating this disease associated factors, particularly oxidative stress, is
one of the aims of this research project. Some adipokines, such as chemerin, leptin, adiponectin has
been reported to possess the ability to induce inflammation by influencing the signalling pathways
such as JAK2-STAT3, peroxisome proliferator -activated receptors- gamma (PPAR-γ) (Scotece et al.,
2017).

Other adipokines have been linked to increased oxidative stress and their role in oxidative stress
induced AD, which will be further explored in the discussion chapter. Whilst chemerin and resistin
have been reported to contribute towards the pro-inflammatory and oxidative stress environments
associated with AD, other adipokines have been reported to have a more protective role. Leptin is
known to have neuroprotective effects in AD condition mediated by the leptin receptor (LR)expressing neurons, present in central nervous system. However, the exact molecular mechanism of
this neuroprotective effect remains unclear.

Figure 1.21 represents an overview of leptin and its link to increased risk of AD development in midlife
obesity. Leptin has shown neuroprotective effect in AD by inhibiting long-term depression (LTD),
glycogen synthase kinase-beta (GSKβ) and β-secretase activity by promoting the long-term
potentiation (LTP) and Aβ degradation. Leptin resistance occurs in midlife obesity which may increase
the chances of AD development in later life (Lloret et al., 2019; Lizarbe et al., 2018). During obesity,
the adipose tissues release inflammatory factors including tumor necrosis factor α (TNF α) and
interleukin-6 (IL-6) along with reduced production of adiponectin (an adipokine) that lead to proinflammatory and oxidative stress state. Increased level of resistin is observed in inflammation related
disease such as rheumatoid arthritis and AD, and it is also known that resistin can influence insulin
resistance by acting as chemoattractant for the other chemokines.
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Significant increase in resistin have been observed and correlated to inflammatory markers in AD
(Demirci et al., 2017; Mauro et al., 2015).

Figure 1.21. Mid-life obesity as risk factor for AD development. During mid-life obesity, increased leptin resistance
promotes the risk of AD development in later stage of life. Abbreviations used: LTP: long-term potentiation, LTD: longterm depression, GSKβ: glycogen synthase kinase-beta. Adapted from Lloret et al., (2019).

Dysregulation of leptin receptor expression and leptin levels worsen the AD pathology or cognition,
and AD pathology can further interrupt the leptin signalling by disrupted receptor expression (McGuire
& Ishii, 2016; Khemka et al., 2014). Other studies have proposed that leptin attenuates the tau
phosphorylation, and its activity can be modulated by Aβ. Recent study has reported that obesity leads
to leptin resistance, which restricts the ability of leptin to cross blood brain barrier and affect the
expression of mRNA (Zhang et al., 2016). A study has proved that adiponectin can regulate insulin
sensitivity, fatty acid oxidation and inflammatory responses (by acting as an anti-inflammatory
mediator). However, the complete mechanism of action is still unclear (Song & Lee, 2013).

Interestingly, chemerin receptors, CMKLR1, have been reported as specific and functional receptors
of Aβ peptides. CMKLR1 has been shown to be activated in the presence of Aβ42, which initiates
microglial cell migration and clearance of Aβ42 deposits which might suggest a potential protective
role of chemerin in AD (Peng et al., 2015; Al Hazzouri et al., 2012).
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It is clear that there are some inconsistencies in the literature and the impact of adipokines might vary
depending on the cellular environment and issues associated with the resistance and receptor
sensitivity. Resistance to influence certain adipokines that occurs as a consequence of obesity might
explain the loss of neuroprotective effects in AD and underlie the variations in experimental results
looking at the role of adipokines in diseased and simple cellular models could be useful in
understanding some of the key roles in AD.

The influence of adipokines on AD is therefore likely to be complex and further research is needed, to
understand the role of these cytokines in AD pathogenesis, and if targeting adipokine dysregulation
could have a therapeutic benefit.

1.5 OXIDATIVE STRESS
Oxidative stress occurs as a consequence of imbalance between reactive oxygen species (free radicals)
generation and antioxidant clearance mechanisms, which leads to tissue injury or other metabolic
disorders (Betteridge, 2000).

Free radicals are generated during various biochemical reduction- oxidation reactions or redox
reactions and are described as being any chemical species with an unpaired electron (Pizzino et al.,
2017). ROS play a vital role in the redox reactions of various physiological pathways such as cell
signalling, energy metabolism, normal homeostasis, apoptosis, and others (Ristow & Zarse, 2010) but
they also have damaging effect on tissues due to generation of free radical species. Oxidative stress
therefore interferes with normal mitochondrial function as well as ROS production and has been linked
to numerous disorders, as shown in figure.1.22. Increasing age, excess free fatty acids, and glucose
levels are the main contributors to increased oxidative stress which occurs due to age associated
neuronal functional loss. This initiates further generation of ROS and dysfunctional mitochondrial
activity (Chandrasekaran et al., 2017). Oxidative stress is known to increase the risk of age-related
disorders such as cardiovascular disease, pulmonary disorders, kidney dysfunctions and
neurodegenerative disorders (Liguori et al., 2018). Therefore, therapies that interfere with the
production of oxidative stress may influence AD risk development and disease progression.
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Figure 1.22. Oxidative stress induced mitochondrial dysfunction due to various risk factors lead to metabolic disorders and
finally AD. Adapted from Pugazhenthi et al., (2017).

1.5.1 Oxidative stress in obesity
Research studies have confirmed that in obesity, the adipocytes are exposed to oxidative stress, which
in turn impacts adipokine release (Marseglia et al., 2014). This increased oxidative stress occurs as a
consequence of increased fatty acid oxidation of mitochondria and peroxisome, which increases ROS
production (Dulloo et al., 2010). Consumption of a high lipid diet has been shown to contribute towards
the over production of free radicals (Waring & Rosenberg, 2008; Fernández-Sánchez et al., 2011a).
Another similar study confirmed that oxidative stress can affect adipokine mRNA levels, leading to
dysregulated gene expression of adipokines resulting in decreased leptin, adiponectin and resistin
mRNA production and increased plasminogen activator inhibitor-1 mRNA expression (Kamigaki et
al., 2006).

It is known that obesity initiates change in adipokine secretion (section 1.4.3) and whilst there is not
an extensive amount of understanding about the relationship between adipokines and oxidative stress,
there are some suggested reports that this is an avenue for research that needs further investigation.
The role of chemerin is not well known, however, some research groups have confirmed that the
chemerin was positively related to the oxidative stress and inflammatory markers in individuals with
increased body weight and leptin levels (Fülöp, 2014).
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Studies have confirmed that adipokines are closely related to the immune system and possess ability
to recruit the immune cell under oxidative stress conditions (Żółkiewicz et al., 2019). We understand
that chemerin and leptin have been linked to oxidative stress, it is unclear if adipokines act to
exacerbate or protect cells under oxidative stress conditions, particularly neuronal cells or peripheral
cells derived from AD patients.

1.5.2 Oxidative stress in Alzheimer’s disease
Oxidative stress has been implicated in AD pathogenesis in numerous research studies (Nunomura &
Perry, 2020). Over the years, ROS has emerged as one of the significant factors in dysregulation of
neuronal function. With increased age, the oxidative stress in the brain increases, due to an impaired
antioxidant system which leads to excessive accumulation of ROS (Huang et al., 2019). It was shown
that in AD there are increased markers of ROS, oxidized proteins, lipid peroxidation and decreased
antioxidant protective biomarkers in both the brain and peripheral tissues. In addition, these changes
were reported early in cognitive disease, which suggests an upstream role for oxidative stress. The
evidence supports the importance of ROS regulation and its ability as potential disease modifying
agent (Tönnies & Trushina, 2017; Niedzielska et al., 2016).

It has been suggested that in AD, mitochondrial dysfunction leads to ROS accumulation which
influences amyloid protein precursor-beta processing which contributes towards the accumulation of
Aβ pathology (Swerdlow et al., 2014). A study has shown that brain contains factors that are oxidizable
such as lipids, membrane proteins, nucleic acids, and other molecules, which makes the brain highly
sensitive towards the redox reaction. The generation of ROS could lead to damaging the tissues and
brain. In addition, the oxidative stress increase with aging in the brain and induce the imbalance in the
redox state. Other studies have also reported increased production of ROS via the electron transport
chain reaction in neuronal mitochondria during physiological stress and aging which in turn contribute
towards AD development (Clarke et al., 2015; Huang et al., 2016).

Hence, understanding of adipokines associated with obesity, such as leptin, adiponectin, chemerin and
resistin, with any anti-oxidative or pro-oxidative properties, may shed light on molecular mechanisms
associated with the obesity-AD risk.
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1.6 CELLULAR MODELS: Exploring AD, obesity & oxidative stress relation
There are numerous cellular models available for the study of AD and obesity, and there are a number
of ways to induce and investigate oxidative stress in cell culture. The following sections and chapters
will present evidence supporting the use of H2O2 induced oxidative stress protocols in SH-SY5Y cells
and skin derived fibroblasts in the assessment of adipokine influence over oxidative stress response.

1.6.1 H2O2 induced oxidative stress
There are several ways to mimic physiological oxidative stress in cell culture models of disease, most
common is the use of H2O2 dosing at various concentrations for different incubation periods in relation
to the cell line being studied (Upadhyay et al., 2019). H2O2 is normal low molecular weight oxygen
metabolite or by-product from various metabolic pathways that acts as signalling molecule in insulin
signalling cascades and various other growth factor-induced signalling (Sies, 2017). In some disease
conditions including AD, high concentration of H2O2 metabolites are produced which damages the
lipid, DNA and normal cell functioning (Gibson & Huang, 2005). Another method of inducing
oxidative stress in cellular models is through use of nitric oxide (NO) (Wei et al., 2000). In some
studies, hypoxic conditions have been used to mimic the oxidative stress in a cellular model. Based
previous studies and efficiency, H2O2 was used to induce oxidative stress in line with other recent
research of neurodegenerative disease. The significant link between ROS and neurodegenerative
diseases have encouraged researchers towards antioxidants as therapeutic strategies (Coyle et al., 2006;
Ismail et al., 2016; Zhang et al., 2020).

Oxidative stress is characterised by the imbalance of the free radical production and degradation such
as, to ROS and RNS (García-Sánchez et al., 2020). ROS affects the oxygen regulation by interfering
with the electron transport chain. H2O2 is considered as potent inducer or central player of redox
regulated events and induce oxidative stress. An enzyme superoxide dismutase regulates the redox
homeostasis by converting superoxide ions into H2O2 and oxygen. Mutation of this enzyme associates
the direct pathological link between H2O2 lead ROS and neurodegenerative disorders. There are other
ways to induce oxidative stress such as using hypoxia chamber which interferes with oxygen supply
and increase the free radical release (Garcimartín et al., 2017; Brand, 2010).
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There are a number of ways to induce oxidative stress in cell culture model depending on the
requirement of the research study, these include:

1. 8-oxo-2′-deoxyguanosine (8-OHdG)- induces DNA base modifications / mutations leading
to epigenetic information loss (Nishida et al., 2013).
2. Superoxide radical (O2-): generates various free radicals such as hydroxyl radical,
hypochlorous acid and peroxy-nitrite that damage the NADPH oxidases which in turn
interfere with the normal antioxidant reactions (Wang et al., 2018).
3. Hyperoxia: due to presence of excessive oxygen, the normal partial pressure of oxygen get
disturbed leading to the reactive oxygen and nitrogen species (Birben et al., 2012).
4. Hydrogen peroxide (H2O2) is a potent cytotoxic agent which damages normal cellular
components such as lipid membrane peroxidation, proteins, and DNA hydroxylation
(Nirmaladevi et al., 2014). H2O2 generates ROS and forms an oxidative stress condition in
the cellular models such as in differentiated SHSY5Y cells (Ramalingam & Kim, 2014).
In the present study, H2O2 was used to induce oxidative stress because it is efficiency, and
wide literature support in similar research and accepted by many researchers as an effective
oxidizing agent.

1.6.2 SHSY5Y cells
One popular cell line that has been used in the advancement of understanding of AD is the human
neuroblastoma, SHSY5Y cell line (Greene et al., 2020). These cells are subclone of the parental
neuroblastoma cell line called SK-N-SH, generated in 1970 from a human metastatic bone marrow
tumor biopsy which has been shown to carry both neuronal-like and epithelial-like cells (Shipley et
al., 2016).

SHSY5Y cells demonstrate the ability to differentiate into mature neuronal-like cells, morphologically
as well as functionally (exhibiting specific neuronal markers such neurofilament, neuronal specific
enolase and microtubule associated protein with long and interconnected projections) (Kovalevich &
Langford, 2013a). Because SHSY5Y cells can exhibit adrenergic, dopaminergic, and cholinergic
neuronal subtype characteristics in response to specific culture conditions, they have been commonly
used to investigate neuronal-like cell function (Xie et al., 2010).
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Various Alzheimer’s and Parkinson’s disease related research have accepted SHSY5Y cells as a
cellular model due to their ability to display neuronal like characteristics such as the presence of
neurotransmitter activity upon differentiation (Almathhur et al.,2018; Sang et al., 2018; Xicoy et al.,
2017). In addition, adipokine receptor expression has been identified in SHSY5Y cells for example,
expression of chemerin receptors including chemerin chemokine like receptor-1 (CMKLR1), Gprotein-coupled receptor-1 (GPR1) and chemokine like receptor-2 (CCL2) have been recorded in
SHSY5Y cells (Tümmler et al., 2017).

Several factors can be used to promote differentiation of SHSY5Y cells include retinoic acid, phorbol
esters and brain-derived neurotrophic factors (BDNF). A comparative study has shown that
differentiated SHSY5Y cells do not show tyrosine hydroxylase and dopamine receptor when phorbol
esters was used as differentiation factor (Magalingam et al., 2020). Research studies depicted the
benefits of BDNF induced differentiation of SHSY5Y cells can be best observed following retinoic
acid treatment, but it is time consuming and may increase chances of contamination in comparison to
only retinoic acid induced differentiation of SHSY5Y cells (Goldie et al., 2014).

In this research study, the SHSY5Y cell line was considered in both neuronally differentiated and
undifferentiated forms since the oxidative stress response of both dividing and senescent cells was of
interest. The neuronally differentiated cells were produced using the common retinoic acid treatment
method (Shipley et al., 2016; Agholme et al., 2010).

Retinoic acid is a vitamins A derivative which promotes the SHSY5Y cell survival, differentiation and
inhibits the proliferation by activating the phosphatidylinositol 3- kinase/Akt signalling pathway and
upregulating the B-cell lymphoma (Bcl-2) protein which is anti-apoptotic protein (Lopez-Carballo et
al., 2002). Successful differentiation can be detected visually by observation of morphological changes
and staining of specific neuronal markers such as neurofilament, microtubule associated protein and
neuron specific enolase (Shipley et al., 2017; Cheung et al., 2008; Yoon et al., 2020; Bell et al., 2020).
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1.6.3 3T3-L1 cells
3T3-L1, human embryonic fibroblast cell line is a well-documented pre-adipocyte cell line and used
as an in-vitro model for adipogenesis (Banjare et al., 2018). Previous studies have confirmed that
differentiated 3T3-L1 cells release a wide range of adipokines or cytokines such as leptin, adiponectin,
TNF-α, IL-6 (Tsubai et al., 2017) which is a useful tool for the understanding the adipocyte-like and
adipokines behaviour for the research. For our research study, the 3T3-L1 cell line was used and
differentiated from fibroblast state (pre-adipocytes) to adipocyte-like phenotype using commercially
available inducing factors including insulin, dexamethasone, and 3-isobutyl-1- methylxanthine. A
study has shown that these inducing factors, inhibit the proliferation of fibroblast and dedicate the cells
towards irreversible differentiation to mature adipocyte-like during the incubation period (Zebisch et
al., 2012). The adipocyte-like culture releases adipokines or growth factors from the differentiated
adipose tissues into the surrounding/ incubated culture media, this media was further used as
conditioned media to explore the influence of the extracted culture media or conditioned media in
relation to the stress response in SHSY5Y cells.

1.6.4 Skin-derived fibroblasts cells
Patient derived fibroblast cells are proving to be a useful tool in the investigation of AD. These cells
have been shown to demonstrate many of the phenotypic features of AD neuronal-like cells such as
altered mitochondrial function, calcium signalling dysregulation. In addition, they have the advantage
of being more accessible than human brain tissue (Sarasija et al., 2018).

The advantage of skin derived fibroblast cells from AD donors is that these cells already possess
biochemical characteristics similar to actual AD conditions such as an increased Aβ42/40 ratio and an
individual levels of each Aβ peptide, however, the dominant feature will be the PSEN or APP mutation
(Yagi et al., 2011; Kondo et al., 2013; Duan et al., 2014). In a recent study, it was confirmed that AD
patient derived fibroblasts express oxidative stress phenotype (Hu et al., 2019) which validates their
potential in shedding light on the relationship between obesity, oxidative stress, and AD. So far, no
study has confirmed the co-relation between the obesity and AD using skin-derived fibroblast cells
under oxidative stress.
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AIM OF THE STUDY
The aim of this project is to explore the influence of adipocytes on neuronal function under oxidative
stress in relation to Alzheimer’s disease. We hypothesize that the adipocyte-like secreted adipokines
or other growth factors and individual adipokines (chemerin, leptin and resistin) possess the ability to
restore the neuronal-like cell proliferation under oxidative stress. In addition, we hypothesize that the
chemerin may have rescue effect in AD cellular model under oxidative stress.

OBJECTIVES
1. Confirmation of the differentiated neuronal-like and adipocytes-like cells using ICC and OilRed-O staining, respectively.
2. Investigate the impact of CM from 3T3-L1 cells on neuronal-like and non-neuronal cells in
relation to H2O2 induced oxidative stress.
3. Explore the impact of individual adipokines (chemerin, leptin and resistin) exposure on
neuronal-like and non-neuronal cell viability with H2O2 induced oxidative stress.
4. Evaluate the effect of chemerin on AD and non-AD donors derived fibroblast cell viability
under H2O2 induced oxidative stress.
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Chapter 2. Materials and Methods
2.1 Materials
Cell culture associated drug studies, immunocytochemistry (ICC) and 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) assay were used to attain an understanding of how adipokines
influence cellular responses to H2O2 induced oxidative stress. To achieve the aim of the research, as
given in table.2.1, various reagents or experimental materials were used for the maximum benefit of
the reagents used and optimum storage conditions were maintained.

Table.2.1 The table below enlists the experimental materials used in this research to address the
product code, suppliers, and the utilisation of the reagents.

Materials

Supplier

Catalogue/

Remarks

Product code
Cell culture
Fetal calf serum
(FCS)

Labtech, Sussex, UK

Penicillin/streptomycin Labtech, Sussex, UK
(P/S)

115/500

For SHSY5Y and 3T3-L1 cells
normal growth.
Stored at 2-8°C.

84122-100

For SHSY5Y and 3T3-L1 cells
normal growth.
Aliquots stored at -20°C.

L-glutamine

TM lab consumable

---

For SHSY5Y and 3T3-L1 cells
normal growth.
Aliquots stored at -20°C.

Fetal bovine serum
(FBS)

TM lab consumable

---

For 3T3-L1 cell differentiation
Aliquots stored at -20°C.
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Materials

Supplier

Catalogue/

Remarks

Product code
SHSY5Y cell culture

SH-SY-5Y cells

European collection of
cell cultures (ECACC)
and UoM

94030304

For neuronal-like cell culture.
Stored at -80 °C for short term
and in liquid nitrogen for long
storage.

Dulbecco’s modified
Fisher Scientific,
eagle’s medium
Loughborough, UK
(DMEM)-high glucose

11590366

For SHSY5Y, 3T3-L1 cells cell
culture.
Stored at 2-8°C.

N2- Supplement

Fisher Scientific,
Loughborough, UK

17502-001

For SHSY5Y cell
differentiation.
Aliquots stored at -20 °C.

Laminin

Sigma-Aldrich, Dorset,
UK

L20201MG

Retinoic acid
(RA)

Sigma-Aldrich, Dorset,
UK

R2625

Ethanol

TM lab consumable

----

For
SHSY5Y cells
differentiation.
Solvent: PBS w/o Mg, Ca.
Dilution :1:20.
Aliquots stored at -20 °C.
For SHSY5Y cell
differentiation.
Solvent: dimethyl sulfoxide
(DMSO), Ethanol.
Concentration :10µM,1 µM.
Storage: -20 °C.
Light protected.
For SHSY5Y cell
differentiation.
Storage: room temperature.

3T3-L1 cell culture
3T3-L1 cells

American Type Culture
Collection (ATCC),
Middlesex, UK

CL-173
3T3-L1

For adipocyte-like cell culture.
Stored at -80 °C for short term
and in liquid nitrogen for long
storage.

61

Materials

Dulbecco’s modified
Eagle’s medium
(DMEM)

Supplier

American Type Culture
Collection (ATCC),
Middlesex

Catalogue/
Product code

Remarks

ATCC® 30- For 3T3-L1 cell culturing.
2002™

UK
Dexamethasone
(DEX)

Labtech, Sussex, UK

23548

For 3T3-L1 cell differentiation
Solvent: DMSO
Aliquots stored at -20°C.

Methyl-isobutylxanthine (IBMX)

Sigma-Aldrich, Dorset,
UK

15879

For 3T3-L1 cell differentiation
Solvent: DMSO
Aliquots stored at -20°C.

Insulin

Sigma-Aldrich, Dorset,
UK

10516

For 3T3-L1 cells differentiation.

Minimum essential
media (MEM)

Fisher Scientific,
Loughborough, UK

31095

Non-essential amino
acid (NEAA)

Fisher Scientific,
Loughborough, UK

11140050

Stored at 2-8°C.

Fibroblast cell Culture

For fibroblast cell culture.
Stored at 2-8°C.
For fibroblast cell culture.
Stored at 2-8°C.

ICC
(For SHSY5Y cells)
Mouse primary antibody.
Anti- neurofilament,
monoclonal antibody

Millipore, Hertfordshire, MAB1592
UK

Solvent: 1% BSA.
Aliquoted and stored at
-20°C.

Monoclonal-antiSigma-Aldrich, Dorset, M1406microtubule associated UK
100UL
protein (2a+2b)

Mouse primary antibody.
Solvent: 1% BSA.
Aliquots stored at -20 °C.
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Materials

Supplier

Catalogue/
Product code

Remarks

Neuron specific enolase Proteintech, Nottingham, 66150-1-Ig
UK

Mouse primary antibody.
Solvent: 1% BSA.
Aliquots stored at -20°C.

Polyclonal goat antimouse

DAKO, Cheshire, UK

IgG - used as negative control
Solvent: 1% BSA.
Dilution used: 1:200.
Aliquots stored at -20°C.

Goat anti-mouse IgG
H&L

Abcam, Cambridge, UK ab97024

Polyclonal secondary antibody
Solvent: 1% BSA.
Dilution used: 1:200
Stored at 2-8°C.

Fisher Scientific,
Loughborough,

ICC of SHSY5Y cells.
Solvent: PBS.
Concentration: 50mM.
Stored at room temperature.

P0447

PE conjugated

Ammonium chloride

10785701

UK

TritonX-100

T8787100ml

For ICC.

BP 9701100

For ICC.
Solvent: PBS
Freshly prepared.

Vectolaboratories, CA,
USA

H-1200

For ICC.

Sigma-Aldrich, Dorset,
UK

O1391500ml

For the 3T3-L1 cells staining
Stored at room temperature.

Sigma-Aldrich

Bovine serum albumins Fisher Scientific,
Loughborough,
(BSA)
UK
Vectashield mounting
medium with DAPI

Oil-Red-O staining
(For 3T3-L1 cells)
Oil-Red-O stain
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Materials

Paraformaldehyde

Supplier

Sigma-Aldrich, Dorset,
UK

Catalogue/
Product code
P6148500G

Remarks
For the 3T3-L1 cells staining
Stored at room temperature

MTT assay

3-(4,5-dimethylthiazol- TM Lab consumable
2-yl)-2,5diphenyltetrazolium
bromide

--

For cytotoxicity assay
(MTT assay).
Solvent: PBS.
Concentration: 3mg/ml

(MTT)

Stored at 20 °C.
Recombinant human

Peprotech

300-66

Cell culture assay.

Peprotech

450-16

Cell culture assay.

Sigma

L4146

Cell culture assay.

chemerin
Recombinant human
resistin
Leptin human
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2.2. Methods
2.2.1. Cell culture
Three different cell lines were used in the present study. The commercially available cell lines were thawed,
cultured, and maintained using cell culture technique as described below in section 2.2.2. Cultured cells were
cryopreserved in liquid nitrogen for future use. The cell lines used were:
1. 3T3-L1 cells, pre-adipocytes: The cell line was purchased from ATCC using catalogue number 3T3L1 (ATCC® CL-173™) and delivered as frozen vial. These mus musculus/mouse derived embryonic
cells exhibited fibroblast like morphology and adherent characteristics were deposited in 1974 without
passage number by the depositor (ATCC, 2014). 3T3-L1 cells are generally used as in-vitro
adipocytes model which displays characteristics of adipocyte-like cells including the lipid load
(Morrison & McGee, 2015). The cell lines were maintained and differentiated into adipocytes-like by
following differentiation cell culture method which will be discussed in detail in section 2.2.3.

2. SHSY5Y cells, neuroblastoma cells: The SHSY5Y cells were supplied as frozen vial, passage 6 by
ECACC, general collection of catalogue number- 94030304. The SHSY5Y cells were subcloned from
SK-N-SH cell line which was sub-lined three times from bone marrow biopsy of metastatic
neuroblastoma of 4-year-old female and established as culture in 1970. The SHSY5Y cells were
cultured and differentiated using commercially available reagents among which all-trans-RA played
vital role for differentiation (Korecka et al., 2013). The use of SHSY5Y cells have been documented
widely in numerous neurodegenerative studies including AD (Xicoy et al., 2017; Greene et al., 2020;
Guo et al., 2021).

3. Skin derived fibroblast cells: The human skin derived cells used in the present study showed
fibroblast like characteristics and were purchased from the Coriell Institute within the National
Institute of Aging (NIA) cell culture repository. The fibroblast cells were obtained from patients with
sporadic AD and non-AD donors. The disease characteristics and age of the cell lines used are listed
in table.2.2 The skin derived fibroblast cells have been popularly used for various neurodegenerative
research studies including AD (Auburger et al., 2012).
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Table.2.2. Donor details and disease characteristics of the skin-derived fibroblast cells used in this study are
given in the table.

Donor

Catalogue No.

Passage

Age/Gender

Disease Characteristics

received

Sporadic AD patients

Non-AD patients

AG05809

3

63yrs/Female

Moderate dementia
with insidious onset

AG07872

3

53yrs/Male

Affected with AD

AG06869

3

60yrs/Female

Moderate dementia
with impaired memory

AG08509

3

73yrs/Male

Unaffected donor

AG08125

3

64yrs/Male

Unaffected donor

AG08517

3

66yrs/Female

Unaffected donor

2.2.1.1 Image Analysis:
To observe the morphological changes and estimate the confluency of the cell culture, images were captured
using an inverted bright field microscope TJ002/Nikon2000i (Nikon, Germany), at different magnifications
(mentioned in respective result section). The images presented were taken once to confirm the effective
progression of cell culture. The images of 3T3-L1 cells after Oil-Red-O staining, were captured using an
inverted bright field microscope and BioTek Cytation3 (BioTek Instruments Inc., USA), a cell imaging multimode reader (section 3.2.1.1). The immunofluorescent images of SHSY5Y cells after ICC, were captured
using Carl Zeiss Vert.A1 (Zeiss, Germany), a confocal microscope with DAPI and Cy3 filter (section 3.2.2.2)
and BioTek Cytation3 with DAPI and Cy3 filter (section 3.2.2.3.1/3.2.2.4.1) was used. The Oil-Red-O
staining and ICC experiments were performed once, to approve the existence of markers present specifically
in differentiated 3T3-L1 and SHSY5Y cells and confirm the cellular models were established (adipocyte-like
and neuronal-like, respectively). Therefore, no statistical images analysis was performed.
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2.2.2. Cell culture maintenance
2.2.2.1. Thawing of frozen cells
Cell lines were frozen in DMSO, a cryoprotectant, until required as described in section 2.2.2.3. This ensured
appropriate passage of cells were used for the future experiments. Rapid thawing of the frozen cell cultures
is important to optimise the number of viable cells because DMSO is toxic above 4°C.

DMSO prevents the formation of intracellular and extracellular ice crystals which compromise cell viability
(Wang et al., 2007). The frozen cell vial was retrieved from liquid nitrogen and transferred to water-bath,
37°C. As soon as the frozen vial started to thaw, the cells were transferred to 5ml pre-warmed media (relevant
to the individual cell line) in a falcon tube. After a uniform mixing, the falcon tube was centrifuged (VWR®,
MegaStar 1.6) at speed 400xg for 4 mins used for SHSY5Y cells as well as fibroblast cells and 200xg for 5
mins used for the 3T3-L1 cells. The collected pellet at the falcon bottom was mixed with fresh pre-warmed
media and the cell suspension was transferred to a T25 flask and placed in a humidified incubator, 5% CO2
and 37°C.

2.2.2.2. Sub-culturing
The process of sub-culturing, generally known as splitting or passaging includes detaching the growing cells,
centrifuging, and transferring to a fresh media to facilitate a continuous growth and maintain cell population
increase (Mustafa et al., 2011). Similar splitting method was used for all the cell lines with different
centrifugation speed. The cell lines used in this study were adherent cell cultures. The cell cultures were
allowed to attain the 70-80% confluency with 50% pre-warmed fresh media change every alternate day to
ensure continuous nutrient supply and healthy cell growth. For splitting, the growing culture flask was kept
in the sterile class II biosafety cabinet and the old media was removed. The culture flask with attached cells
was washed with sterile phosphate buffer saline (PBS). When extra trace of media was removed by PBS
washing, the cell monolayer was trypsinized by adding EDTA-trypsin and incubated in humidified condition
for 1 minute, 37°C and 5% CO2. The detached cells were collected in a falcon tube and centrifuged (400xg
for 4 mins used for SHSY5Y cells as well as fibroblast cells and 200xg for 5 mins used for 3T3-L1 cells).
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The cells collected at bottom after centrifugation as pallet, were mixed evenly and transferred to the new T75
flask with fresh pre-warmed media, after a uniform mix, the flask was maintained in humidified condition,
37°C and 5% CO2.

2.2.2.3. Cryopreservation
The cryopreservation technique, also called as freezing method, is process of reducing the cell viability slowly
by decreasing the temperature 1°C per minute and finally to a dormant state in specialized container
(NalgeneTM freezing container). In this study, the freezing media was prepared freshly using 90% FBS with
10% DMSO as a cryoprotectant. To freeze the cells for future use, the growing cell culture was detached and
collected after trypsinization and centrifuged (as explained in the section 2.2.2.2). The cell pellet was
resuspended, pipetted to a labelled cryovials, and then transferred to NalgeneTM freezing container (stored at
-80°C). After 24 hrs, cryovials were transferred and stored in liquid nitrogen (below -190°C). Frozen vials
were used within the experiments detailed here, to ensure that comparable passage numbers were used and
increase consistency.

2.2.3. Establishing an adipocyte-like cell culture model
3T3-L1 cells were used as pre-adipocytes for this study and were cultured and maintained to establish an
adipocyte-like cellular model. The mouse derived embryonic fibroblasts; 3T3-L1 cells were purchased from
ATCC as a frozen cell sample. Frozen vials were thawed and cultured in T25 flasks using normal growth
media as described in section 2.2.2. Once the cell culture reached 70%-80% of confluency in T25, the cells
were sub-cultured and transferred to T75 flask for further cell culture and frozen stock preparation. Studies
on differentiation of 3T3-L1 cells have shown that passages between 6-10 have low differentiation (Kassotis
et al., 2017) potential. In this study, the cell culture between passage 10-15 were used which showed optimal
cell viability and differentiation. The pre-adipocytes expansion media was prepared using 90% DMEM +10%
FCS +1% P/S. For the future use, the 3T3-L1 cells were frozen down using 90% pre-adipocytes expansion
media and 10% (v/v) DMSO, as described in section 2.2.2.3.
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2.2.3.1. Maintenance and expansion of 3T3-L1
Pre-adipocyte expansion media comprised of 90% DMEM media supplemented with 10% FCS
and 1% P/S was used for the maintenance of 3T3-L1 cells. The 3T3-L1 cells were cultured and
sub-cultured in T75 flask with 1:10 ratio and the media was replaced with fresh pre-warmed preadipocyte expansion media in every 72 hrs. Once cells reached 70-80% confluency, cells were
harvested via trypsinization and incubated with EDTA-trypsin for one minute in incubator (37°C,
5% CO2) and collected cells were centrifuged at 200xg for 5 mins. The cell pellet was
resuspended in complete media and transferred to T75 flask with fresh media, similar culture
process was repeated to maintain and increase the cell population.

2.2.3.2. Differentiation of 3T3-L1 to adipocyte-like cells
For the differentiation, 3T3-L1 cells were detached and collected by trypsinization and
centrifugation (section 2.2.2). The obtained pellet was resuspended in 1ml of fresh pre-warmed
preadipocyte expansion media and cell count was performed using a haemocytometer to calculate
the volume of cell suspension needed to achieve the appropriate cell density for seeding.

The cells were seeded in the 24 well plates at a cell density of 2 x 104 cells per ml. The desired
volume of cells was resuspended in the final volume of pre-adipocyte expansion media. The
seeded cells were allowed to grow for 48 hrs in humidified condition and 5% CO2. After 48 hrs,
the cells were fed with the pre-adipocyte expansion media and incubated as a confluent culture
(100%) for another 48 hrs. After 48 hrs, the pre-adipocyte expansion media was replaced with
the differentiation media and incubated at 37°C and 5% CO2. The differentiation media was
prepared by adding 90% DMEM with 10% FBS, 1µM dexamethasone, 0.5mM isobutyl methylxanthine (IBMX) and 1µg/ml insulin and the cells were incubated for another 48 hrs.
Dexamethasone is an adipogenic inducer in murine derived in-vitro models (Peshdary & Atlas,
2018). IBMX is a phosphodiesterase inhibitor which acts as initiator of adipocytes maturation
related transcriptional cascade (Pantoja et al., 2008).
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In the presence of insulin, increase in the glucose uptake into adipocytes was observed by
translocation of glucose transporter type 4 (GLUT4) receptor (Vishwanath et al., 2013). After 48
hrs, the differentiation media was replaced with the maintenance media (90% of DMEM with
10% FBS and 1µg/ml insulin) for another 72 hrs. After this point, extra care was exercised due
to low cell adhesion and high risk of contamination. The maintenance media was replaced every
72 hrs of incubation for further 15 days until the cells became fully differentiated. This was
evidenced by the presence of excess lipid droplets over the confluent 3T3-L1 cell culture and
very thick media with a pale-yellow appearance. Any sign of cloudy/ orange appearance of media
indicated contamination and unsuccessful differentiation.

2.2.3.3. Confirmation of 3T3-L1 differentiation
In order to confirm the differentiation of 3T3-L1 cells, Oil Red-O staining was performed (Kraus
et al., 2016). Oil Red-O working solution was prepared fresh using 60: 40 ratios of Oil Red-O
stain and distilled water (dH2O), i.e., 6 ml of Oil Red-O stain and 4ml dH2O. Once the cells were
fully differentiated (week 3 or 21st day of seeded cells), the media was completely removed from
each well and the cells were washed with PBS. After removing PBS, the cells were incubated
with 200 µl of 8% paraformaldehyde for 30 mins at room temperature to fix the cells. The fixed
cells were washed twice with PBS. The PBS was completely removed, and freshly prepared Oil
Red-O stain was added and incubated for 1 hr at room temperature. After an hr, the stain was
removed, and cells were washed with PBS three times. The stained cells were submerged in PBS
to avoid drying of stained cells and stored at 4°C, overnight. Images were taken the next day
using BioTek Cytation3 (discussed in 2.2.1.1).

2.2.4. Establishing neuronal-like cell culture model
The human neuroblastoma, SHSY5Y cell line was used to generate neuronal-like cell model to
investigate cellular changes relevant in AD (de Medeiros et al., 2019). Differentiated SHSY5Y
cells are well characterised and resemble closely with human neuronal-like phenotype (Korecka
et al., 2013). Cells were maintained and sub-cultured between passage 6 and 15 because cell
survival decreases and differentiation become more difficult (Shipley et al., 2016).
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The SHSY5Y cells were differentiated into mature neuronal-like cells by following two protocols
which will be discussed in detail in section 2.2.4.2. Briefly, these two incubation periods were
optimized to confirm that by following both differentiation protocols, similar neuronal-like cells
were obtained (Armstrong et al., 2005).

2.2.4.1 Maintenance and expansion of SHSY5Y cells
SHSY5Y cells were cultured and maintained using 90% DMEM- high glucose media
supplemented with 10% FCS as a source of growth factors, 1% L-glutamine (an essential amino
acid), and 1% P/S in T75 flasks with the 50% fresh pre-warmed media being replaced every 48
hrs. The growing cell culture was allowed to expand until 70-80% confluent. Cells were passaged
after this, trypsinized and incubated with EDTA-trypsin for 1 min in incubator (37°C, 5% CO2)
and detached cells were centrifuged at 400xg for 4 mins. The cell pellet collected was
resuspended in complete media and transferred to T75 flask with fresh pre-warmed media.
Regularly half volume of media was replaced and sub-cultured to maintain, increase, and
facilitate freezing of cell stocks.

2.2.4.2 Differentiation of SHSY5Y cells into neuronal-like cells
The human neuroblastoma, SHSY5Y cells were differentiated into mature neuronal like cells by
following two protocols: 10-days (using 10µM RA) and 21-days (using 1µM RA) protocols.
These protocols aim to induce homogeneous and mature neuronal behaviour by decreasing
proliferation, extending the axonal projections allowing communication with neighbouring cells
and expressing specific neuronal markers. The neuronal markers used for the confirmation of
differentiated SHSY5Y cells were neuronal specific enolase (NSE), microtubule associated
protein 2 (MAP2) (Kovalevich & Langford, 2013a) and neurofilament (NF) (Forster et al., 2016).
These specific neuronal markers were used to confirm differentiation of SHSY5Y cells into
neuronal-like phenotype. The RA stock of 10 mM was prepared, aliquoted, and stored at -20°C,
wrapped in foil to protect from light (RA is light sensitive reagent).
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For working stock, a 10µM or 1µM stock was made in 99.9% filtered ethanol. RA is required to
regulate the signalling pathways involved in the transitioning and post-mitotic differentiation of
SHSY5Y cells (Lopes et al., 2010).

Cells were seeded onto laminin-coated coverslips to facilitate SHSY5Y cell differentiation by
enabling homogeneous attachment (Teppola et al., 2018). Laminin (aliquoted and stored at-20°C)
was thawed and dilution of 1:20 in PBS without Mg+ and Ca+ was freshly prepared. This was
used to coat the glass coverslips prior to cell seeding. In each well, 500 µl of laminin was added
and incubated (at 37°C, 5% CO2) for 30 mins. After the incubation, the laminin was removed.

The SHSY5Y cells were detached, once attained 70% confluency, and seeded in 6 well plates for
differentiation. The cells were harvested by trypsinization and cells were collected and
centrifuged at 400 x g for 4 mins. After collecting the pellet, cells were resuspended in 1ml of
complete media and the cell counting was performed using haemocytometer. A cell density of 5
x 104 cells per well was used for seeding in 6 well plate with pre-warmed media. The plate was
uniformly swirled to evenly distribute cells in each well and incubated to grow for 48 hrs.
Complete media was replaced with serum-free differentiation media (47ml of DMEM: F12 +
1ml of N2-supplement + 1ml of L-glutamine + 1ml of P/S and 1µM/ml or 10 µM/ml of RA
depending on the 10/21-days protocol being followed) to allow genomic transformation of cells
from immortal neuroblastoma to the neuron-like cells (Forsby, 2011).

The plates were covered in foil to avoid light exposure to the cells for rest of the differentiation
period because the RA in differentiation media is extremely sensitive to light and undergoes
structural change by photoisomerization which can affect the nuclear receptors and
differentiation (Kunchala et al., 2000). After every 48 hrs, half media was replaced with fresh
pre-warmed differentiation media until day 10 or 21. Microscopic images of undifferentiated and
differentiated SHSY5Y cells were captured from respective wells on day 0,3,5,7,10,13,15,19 and
21 (discussed in 2.2.1.1).
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2.2.4.3. Optimization: Differentiation protocols
Differentiation of SHSY5Y cells required optimization. The following optimization steps were
carried out to obtain an effective differentiation protocol:

Cell density: In order to achieve 60% confluency before differentiation, different cell densities
were explored. After cell counting the cells were seeded using cell density of 3 x 104, 4 x 104 and
5 x 104 per well (Jantas et al., 2020; Murillo et al., 2017).

RA: Differentiation of SHSY5Y cells can be impacted by degradation of RA (Veal et al., 2002).
Optimization of RA use within the cell culture system was required. The RA was initially used
by dissolving directly in the media without taking light protective measures, then the media with
added RA was covered during storage. Finally, the media was prepared fresh every time for the
half media change.

Ethanol: Ethanol was used as solvent for dissolving RA to oxidise the alcohol of RA into alltrans-RA structural form. Two different concentrations, 95% and 100% concentration of ethanol
were used for RA stock and working stock preparation (Serio et al., 2019) (Sigma product sheet
for RA-R2625). 99.9% of ethanol was used instead of 100% because of the availability at
university and upon optimization, the 99.9% ethanol solution worked.

2.2.4.4. Confirmation of neuronal-like phenotype
For the confirmation of the differentiation of SHSY5Y cells, ICC was performed to detect the
presence of neuronal markers including NSE, MAP2 and NF in differentiated cells in comparison
to undifferentiated SHSY5Y cells. For the ICC experiment, cells from both differentiation
methods were used (i.e., 10 or 21-day differentiation method). The delicate axonal outgrowth
between the cells, required careful handling during the ICC experiment. The ICC experiment was
performed once to confirm the successful differentiation of SHSY5Y cells.
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The SHSY5Y cells were seeded on coverslips for differentiation and the coverslips with cells
were removed from each well after ICC for the imaging. The media was removed completely
from each well and washed with PBS three times. The cells were fixed with 4%
paraformaldehyde for 10 mins. After removing the paraformaldehyde, the cells were quenched
to reduce background fluorescence by washing once with 50mM of ammonium chloride in PBS
(Nybo, 2012). Excess of ammonium chloride was removed by washing with PBS twice for 5
mins. To allow antibodies access into the cells were permeabilized with 0.5% TritionX-100 for
5 mins. After the permeabilization, the cells were washed with PBS three times for 5 mins. To
prevent nonspecific binding of antibodies, cells were incubated for 1 hr in 5% bovine serum
albumin (BSA) in PBS at room temperature. After the blocking step, the cells were washed 3
times with PBS. After washing, the cells were incubated with primary antibodies (Ab) or
immunoglobulin (IgG) Ab as negative control for 1 hr. IgG was incubated as same concentration
as the primary Ab detailed below. The negative control was included to demonstrate the
specificity of staining of the target antigen. Listed below are primary Ab and negative Ab:

•

Anti- NF, mouse- monoclonal Ab (1µg/1ml) in 1% BSA in PBS.

•

Mouse-MAP2, mouse-monoclonal Ab (1µg/1ml) in 1% BSA in PBS.

•

Mouse-NSE, monoclonal Ab (mouse- monoclonal antibody (5µg/ml) in 1% BSA in
PBS.

•

Polyclonal goat anti-mouse IgG/horseradish peroxidase (HRP) (as negative Ab) in 1%
BSA in PBS.

After completion of the 1hr incubation, the cells were washed 3 times with PBS. Cells were
incubated with a secondary antibody i.e., goat anti-mouse IgG, heavy and light chain (H&L)
phycoerythrin (PE) conjugated (mouse- monoclonal antibody (150µg/150ml), 1:200 dilution
with 1% BSA in PBS for 1 hr in dark. After 1 hr, the excess secondary Ab was removed by
washing 3 times with PBS, excess PBS was removed, and coverslips were mounted using a
vectashield, 4′,6-diamidino-2-phenylindole (DAPI) to preserve fluorescence and stain the nuclei.
Excess of DAPI was soaked from the edges of the coverslip using tissue paper and sealed with
the nail polish. Literature or research studies was referred to confirm the consideration of mouse
antibodies for ICC experiment on human derived SHSY5Y cells and upon optimization, the
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neuronal markers showed expected results (will be discussed in section 3.2.2.2). The slides were
stored at 4-8°C in dark and images of differentiated, undifferentiated, and negative control
SHSY5Y cells were captured next day using confocal microscope (discussed in 2.2.1.1).

2.2.4.5 Optimization: primary/secondary Ab ratio
Primary/secondary Ab ratio: various combination of primary to secondary Ab ratios were used
to optimize the ICC protocol for differentiated cells. After the optimization, the final Ab ratios
used for the ICC will be discussed in the table 3.1. The dilutions used are shown in table.2.3.

Table.2.3. Optimization of primary and secondary Ab using different dilutions or ratios were
performed to obtain the accurate combination for ICC protocol. In the table given below are Ab
dilutions (in ratio form), type of Ab, and incubation duration are listed.

Antibody Used

Type of Ab

Dilution used

NF Ab

Primary

1:50, 1:100, 1:200

MAP2 Ab

Primary

1:100, 1:150

NSE Ab

Primary

1:50, 1:100

PE-Conjugated

Secondary

1:100,1:150, 1:200

IgG monoclonal

Negative control

Same as primary Ab for
each marker

2.2.5 Establishing fibroblast cell culture
Human skin derived fibroblast cells from three AD patient and three non-AD donors of different
age groups were obtained from Coriell Institute, NIA. Cell line details are given in table.2.2. The
fibroblast cells obtained from Alzheimer’s patients possess reduced cell growth as they were
diseased. The fibroblast cell cultures were maintained and sub-cultured (detailed in following
section 2.2.5.1) up to passage 15 (Unger et al., 2009).
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2.2.5.1 Maintenance and expansion of fibroblast cells
The fibroblast cells were cultured and maintained using normal complete media comprised of
85% DMEM-high glucose media supplemented with 15% FBS, 1% L-glutamine, 1% P/S, 1%
non-essential amino acid (NEAA) in T75 flask. The cell culture growth was maintained with half
pre-warmed fresh complete media change every alternate day. The growing cell culture was
allowed to reach 70-80% confluency in a T75 flask, then the cells were passaged by trypsinization
using EDTA-trypsin for 1 minute in incubator (at 37°C and 5% CO2) and detached cells were
centrifuged at 400xg for 4 mins. The cell pellet collected was resuspended in complete media
and transferred to T75 flask with fresh pre-warmed media. The fibroblast cell culture was
maintained and cryopreserved using 90% normal complete media + 10% DMSO and stored in
liquid nitrogen for future use.

2.2.6 Measuring cell viability of cultured cells
MTT is colorimetry assay which involves the conversion of soluble MTT dye, a yellow powder,
into insoluble purple coloured formazan. The MTT assay is a well-documented method for
determining cell viability; NADPH dependent cellular oxidoreductase enzymes present reduce
the tetrazolium dye, MTT, into insoluble formazan (Kumar et al., 2018). DMSO is needed to
dissolve the insoluble formazan and facilitates the quantification of colorimetric changes using
plate reader at 540-690 nm optical density (Van Meerloo et al., 2011). MTT assay is sensitive
and show linearity up to approximately 106 cells per well, and thus it is the most popular and
adapted assay in research labs (Kumar et al., 2018).

2.2.6.1 General MTT assay protocol
The MTT dye was prepared using 3mg/ml in sterile PBS. Once the cells were ready for MTT
assay, the plates were kept in sterile hood and 250 µl MTT per ml was added to each well and
incubated for 3 hrs. Media containing the MTT solution was removed and 1ml DMSO was added
to the dissolve the crystals of formazan, after incubation and the plate was read using plate reader
(Omega software Version5, BMG Labtech, Germany) at 540nm/690nm wavelength.
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2.2.6.2 Dose dependent assay on SHSY5Y cells using H2O2
A study in which the responses are recorded, based on cellular activity in exposure to any toxic
agent, drug, fluorescent dye and others is called as dose dependent assay (Efeoglu et al., 2016).
In this study, the cell viability was recorded in the presence and absence of different doses of
H2O2, and EC50 was calculated after incubation with different H2O2 concentrations in order to
estimate the dose dependency required to get appropriate concentration for further studies.
Oxidative stress is one of the major key factors to manifest neuropathologies in AD and it
possesses ability to damage cellular and molecular pathways (Ton et al., 2020).

2.2.6.2.1 H2O2 dose dependent assay on undifferentiated SHSY5Y cells
To determine a specific dose concentration to achieve EC50, different doses of H2O2 were used
ranging between 50-500µM. The cells were plated with each dose and incubated for 24 hrs. From
stock 8.8M concentration (concn) of H2O2, a 100mM working stock was prepared in sterile PBS
using 56µl volume (V) of H2O2. Working stock was stored at 2-8°C until 1 week. To prepare
100mM (0.1M) of H2O2 in PBS from 8.8M of H2O2 stock:

= concn (required) x V (required) = concn (final) x V (final

= 8.8M x V (required) = 0.1M x 5ml

=V (required) = 0.1M x 5ml = 0.056ml= 56µl (hence, 56 µl of H2O2 stock + 4.94 ml PBS)
8.8 M

To obtain EC50 dose concn of H2O2 for undifferentiated SHSY5Y cells, MTT method was
followed. The undifferentiated SHSY5Y cells were seeded from growing T75 flask after 70-80%
confluency was attained. The SHSY5Y cells were harvested by trypsinization, resuspended, and
seeded with cell density of 4 x 104 cells per well in 24 well plate. The plates were seeded in
triplicate (n=3).
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After seeding, the cells were incubated in the humid incubator, 37°C and 5% CO2 for 24 hrs to
allow the cells adhere and adjust in each well. After 24 hrs, the seeded SHSY5Y cells were treated
with 50, 100, 150, 250 and 500µM of H2O2. The dosed plates were placed in the incubator,
maintained at 37 °C and 5% CO2 for 12 and 24 hrs. After the completion of respective experiment
dosing time, MTT reagent was added to a final concn of 3mg/ml and incubated for 3 hrs (37°C
and 5% CO2) (Datki et al., 2003). An equal volume of DMSO was added to each well to dissolve
the insoluble formazan and read in the spectrophotometer at optical density (OD) 540nm and
690nm. Each experiment was performed in 3 technical and 3 biological repeats (as n=3). The
statistical analysis to obtain EC50 using GraphPad Prism5 (detailed in section 2.3). Data obtained
was normalised by following formula:

𝑂𝐷(𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − 𝑂𝐷(𝑇𝑒𝑠𝑡) ÷ 𝑂𝐷(𝑇𝑒𝑠𝑡) × 100

2.2.6.2.2 H2O2 dose dependent assay on differentiated SHSY5Y cells
To estimate the EC50 value of H2O2 induced oxidative stress in mature neuronal-like cells
(differentiated SHSY5Y cells), different doses of H2O2 were used ranging between 50-500µM.
From stock H2O2 of 8.8M concn, a 150 mM working stock was prepared in sterile PBS.

Working stock was stored at 2-8°C for until 1 week:
= concn (required) x V (required) = concn (final) x V (final)

= 8.8M x V (required) = 0.15M x 5ml

=V (required) = 0.15M x 5ml = 0.085ml= 85 µl (hence, 85 µl of H2O2 stock + 4.91 ml PBS)
8.8M
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SHSY5Y cells differentiated into neuronal-like cells using the 10-day protocol were treated with
50, 100, 150, 250 and 500µM H2O2 for 12 and 24 hrs followed by MTT assay for EC50 dose
value estimation was performed (detailed in 2.2.6.2.1 and 2.3).

2.2.6.2.3 H2O2 dose dependent assay on skin derived fibroblast cells
To determine a specific H2O2 concn to achieve EC50, different doses of H2O2 were used ranging
between 0.5-1.5 mM from stock H2O2 (Ramamoorthy et al., 2012). Stock H2O2 of 8.8M concn
was used and working stock was prepared (section 2.2.6.2.2, used for calculation) in sterile PBS.

Fibroblast cells (from AD and non-AD donors) were harvested from growing/continuous cell
culture in T75 flask (80% confluent). The cells were trypsinized using EDTA-trypsin. The
detached cells were transferred to falcon tube and centrifuged at 400xg for 4 mins, the collected
pellet was resuspended in complete media and seeded with 5x104 cell density per well in 6 well
plate (Richards et al., 2011). The plates were seeded in triplicate. The cells were placed in the
humid incubator, 37 °C and 5% CO2 for 24 hrs to allow the cells to adhere and adjust in each
well. After 24 hrs, the seeded fibroblast plates were taken out from the incubator and placed in
the sterile hood. Different doses of H2O2 i.e., 0.5-1.5mM were added in each well and incubated
for another 24 hrs in the incubator, 37°C and 5% CO2. After 24 hrs, MTT assay was performed,
and data was obtained for the statistical analysis (will be discussed in section 2.3).

2.2.6.3 Investigating the effect of co-treatment using CM from 3T3-L1 cells
on SHSY5Y cell viability
Conditioned media (CM) is media harvested from cultured cells and consists of metabolites,
different growth factors, cytokines, and secreted proteins (ATCC, 2019). Differentiated 3T3-L1
cells acts like adipocytes and actively secrete many adipokines as well as other growth factors.
It would be useful to understand the importance of these secreted adipokines in relation to
neuronal like cells which makes 3T3-L1 cells very useful tool of investigation (Takahashi et al.,
2008).
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Our peer research group, Dewhurst et al., unpublished, have confirmed that the CM obtained
from the differentiated 3T3-L1 cells contains adipokines such as adiponectin, chemerin, resistin,
interleukins and other growth factors.

Figure 2.1 Schematic diagram represents the general steps involved in the CM technique. Firstly, the culture media
was removed from the differentiated SHSY5Y cells in falcon tube to be discarded, then the CM collected from 3T3L1 cells was transferred on to the differentiated SHSY5Y cells for further studies.

As shown in figure.2.1, the growing culture media from the differentiated SHSY5Y cells was
collected using micropipette in the falcon tube and discarded. The media was harvested from the
differentiated 3T3-L1 cells and transferred on to differentiated SHSY5Y cells for 24 hrs
incubation as CM and placed in humidified incubator maintained at 37 °C, 5% CO2. Similar,
experimental method was performed using undifferentiated SHSY5Y cells.

2.2.6.4 Effect of co-treatment using adipocyte-like and pre-adipocyte (3T3L1) derived CM on oxidative stress induced cytotoxicity in differentiated and
undifferentiated SHSY5Y cells
To understand the role of adipokines present in the CM on SHSY5Y cells, the CM from
differentiated 3T3-L1 (adipocyte-like) and undifferentiated 3T3-L1 (pre-adipocytes) cell culture
was incubated with differentiated and undifferentiated SHSY5Y cells. Similar, three cotreatment methods for CM were performed using CM from adipocytes and pre-adipocytes (as
shown in figure 2.2) on SHSY5Y cells (differentiated and undifferentiated).
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Figure 2.2. Three different co-treatment conditions were used with CM from 3T3-L1 cells on the SHSY5Y cells
(differentiated and undifferentiated). Stressed CM referred to the CM derived from 3T3-L1 cells which was pretreated with 150µM dose of H2O2 (24hrs prior to experiment).

SHSY5Y cells were plated with cell density of 5x104 cells per well and differentiated, as
discussed in section 2.2.4.2. Three conditions were investigated: stressed CM treatment with
complete or 100% media replacement, 3T3-L1 CM treatment with complete or 100% media
replacement and lastly, 3T3-L1 CM treatment with complete or 50% media replacement. For the
H2O2 stressed CM treatment condition, the adipocytes were incubated with H2O2 for 24 hrs. After
24 hrs, the plates were placed in sterile hood and the media from the adipocytes was used as CM
and incubated on the SHSY5Y cells after removal of growing culture media (of SHSY5Y cells)
and then the plates were incubated in the humidified incubator for another 24 hrs. After
completion of incubation time, the MTT assay was performed, and data was obtained. For 3T3L1 CM treatment with complete or 100% media replacement experiment, the media was
completely removed from the SHSY5Y cells (differentiated and undifferentiated) and replaced
with the CM from differentiated 3T3-L1 cells. For the 3T3-L1 CM treatment with complete or
50% media replacement experiment, 1ml of continuous growing media was removed from the
SHSY5Y cells (differentiated and undifferentiated) and replaced with 1ml of differentiated 3T3L1 CM to ensure cellular exposure to equal amounts of each media type. Cells were returned to
a humidified incubator for 24 hrs. After completion of incubation time, the MTT assay was
performed, and data was obtained, and statistical analysis was performed to understand the effect
of CM on neuronal-like cell viability under oxidative stress (will be discussed in section 2.3).
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2.2.6.5 Investigating the co-treatment effect of commercial adipokines under
oxidative stress on SHSY5Y cells response
Assessing the effect of CM from 3T3-L1 cells allowed us to explore the impact of an adipokine
rich environment on cellular function, however, it did not allow us to examine the importance of
individual adipokines in response to oxidative stress. To estimate the effect of chemerin, leptin
and resistin on the SHSY5Y cells, commercially available chemerin, leptin and resistin were
added individually to the differentiated and undifferentiated SHSY5Y cells, in the presence and
absence of H2O2. Adipokines were investigated individually as follows; chemerin and resistin
were added at a final concentration of 5,10 and 20nM (Rodríguez-Penas et al., 2015; SarmentoCabral et al., 2017) and leptin at concentration of 50, 100 and 200nM (Kaeidi et al., 2019).
Studies have shown that there was a positive co-relation between chemerin, resistin and leptin
(Ernst et al., 2010). The differentiated and undifferentiated SHSY5Y cells were incubated in the
presence of adipokines with and without H2O2 for 24 hrs. The undifferentiated SHSY5Y cells
were seeded at 5 x 104 cells per well in 24 well plate and placed in the humid incubator, 37°C
and 5% CO2 for 24 hrs. After 24 hrs, the plates were kept in the sterile hood and chemerin, resistin
and leptin doses were added to wells in triplicate (n=3) with and without H2O2 (1µl/ml or final
H2O2 concentration of 100µM). After the dosing, the plates were placed in the incubator for 24
hrs. Similar dosing was performed with differentiated SHSY5Y cells with and without H2O2
(1µl/ml for final H2O2 concentration of 150 µM) and MTT assay was performed for cell viability.
The data obtained was tested for statistical significance to compare the effect of individual
adipokines on neuronal-like cell viability under oxidative stress condition (will be discussed in
section 2.3).

2.2.6.6 Investigating the effect of commercial chemerin response on
fibroblast cells
To estimate the effect of chemerin on the skin derived fibroblast cells derived from non-AD and
AD donors, these cells were exposed to chemerin in the presence and absence of H2O2. The
chemerin doses used were same as in section 2.2.6.5. The fibroblast cells were harvested from
growing/continuous cell culture in T75 flask (80% confluent). The cells were trypsinized using
EDTA-trypsin.
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The detached cells were transferred to falcon tube and centrifuged at 400xg for 4 mins. The
collected pellet was resuspended in complete media and seeded with 5x104 cell density well in 6
well plate (Richards et al., 2011), in triplicate (n=3). After seeding, cells were placed in the humid
incubator, 37 °C and 5% CO2 for 24 hrs to allow the cells to adhere and adjust in each well. After
24 hrs, the seeded fibroblast plates were taken out from the incubator and placed in the sterile
hood. The chemerin doses of 10nM and 20nM were used with and without H2O2 (1mM dose)
and incubated for 24 hrs in the incubator, 37°C and 5% CO2. After 24 hrs, the MTT assay was
performed. The data obtained and statistically analysed, as discussed in following section 2.3.

2.3 STATISTICAL ANALYSIS
Each MTT experiment was performed in three triplicate and three biological repeats (n=3). The
data was normalised using excel (by equation given in section 2.2.6.2.1) and then averaged as
final n1, n2 and n3, thereafter, these ‘n’ values were used in GraphPad Prism5 (Software, CA,
USA) for the statistical analysis and graph presentation (discussed in respective results chapter).
Data are provided as mean ± SEM, (n=3), n represents the number of independent experiments.
The data was considered as statistically significant with p<0.05. To obtain EC50 dose of H2O2,
data was normalised and tested using non-linear regression and best fit EC50 value was obtained.
The data was obtained from SHSY5Y cells and distribution for normality was tested using
Kolmogorov-Smirnov test. The data was analysed using Kruskal Wallis test for non-parametric
test (because the data was not normally distributed) followed by the post-hoc test by Dunns
multiple comparison for difference between the treatments. The data from skin derived fibroblast
cells was obtained and distribution for normality was tested using Kolmogorov-Smirnov test.
The data was analysed using two-way ANOVA for parametric test followed by post hoc
Bonferroni multiple comparison between different groups.
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Chapter 3. RESULTS
3.1 Cell culture
To address our hypothesis, in-vitro cell culture work was chosen to allow a targeted investigation
of the influence of adipokines on cellular response to H2O2 oxidative stress since this method
allows environmental manipulation with cost effectiveness. For the present study, three different
cell lines were used: 3T3-L1 cells, SHSY5Y cells and human skin derived fibroblasts cells. As
discussed in the methods section (2.2.1), each of the cell lines were cultured using similar
culturing techniques. 3T3-L1 and SHSY5Y cells were differentiated into more mature adipocytelike and neuronal-like cells, respectively in order to investigate cell viability under oxidative
stress condition in the absence and presence of adipokines. Commercially available skin derived
fibroblasts from AD and non-AD donors were used for this study and these cells did not require
differentiation before the experiments.

3.1.1 3T3-L1 cell culture
3T3-L1 pre-adipocytes are mouse embryo derived adherent type-fibroblast cells (ATCC, 2014),
and were purchased from ATCC as a frozen culture with unknown passage number. The frozen
3T3-L1 cells were thawed in T25 flask to be grown as a viable adherent cell culture. The
continuous growth of the culture was monitored by observing and taking images using light
microscopy every 48 hrs.

3T3-L1 pre-adipocytes reached approximately 40% confluency on day2 and 80% confluency by
day4 (as shown in figure 3.1.A and 3.1. B respectively). The presence of visible nuclei within
the elongated cell body and adherent flat features of the cells were observed confirming that the
cells were healthy and valid for further experimental use, as well as cryopreservation. On day4
(figure 3.1. B), the cells looked morphologically slightly bigger in comparison to day2 (figure
3.1.A), may be with the increased incubation time in culture the cells adjusted and extended the
cellular ends as adherent cells.
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Figure 3.1. Observation of 3T3-L1, pre-adipocytes cell culture: 3T3-L1 cell culture confluency was visually
estimated. While maintenance of cell culture, the media was replaced every 48 hrs and the cells looked intact. A.
attained 40% confluency after day2 of thawing. B. reached 80% confluency on day4. C. obtained 100% confluency
on day 6 of thawing. Morphological changes were captured at 200-fold magnification.

Culturing beyond day6 resulted in an over confluent or 100% confluent culture (as shown in
figure 3.1.C) and was not acceptable to use for further experiments. In addition, these cells were
visually observed to be overgrown on each other and did not present as isolated individual cells
with associated elongated cell body features. Tiny droplets of lipids were observed in
overconfluent cultures, which is not a pre-adipocyte characteristic.

3.1.2 SHSY5Y cell culture
The SHSY5Y cells, are neuroblastoma cells with adherent culturing characteristics, purchased
from ECACC with passage number 6 as a frozen ampule of cryovial. The growth progression of
the culture was monitored by visual observation each day and taking images using light
microscopy.

Figure 3.2. Progression of SHSY5Y cell culture confluency: SHSY5Y cell culture progression was visually
observed. The cells appeared as intact and healthy with no sign of contamination. The SHSY5Y cell culture: A.
reached 40% confluency on day2 after of thawing. B. attained 70% confluency on day4 of culturing. C. achieved
100% confluency on day6 after thawing. The images presented were captured using and 100-fold magnification.
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On day2, the SHSY5Y cells appeared to be 40% confluent (figure 3.2.A). The SHSY5Y cells
reached confluency of 70% by day4 (figure 3.2.B). Cells were observed as having a short,
sharp/spiny cell body with stretched out ends. The SHSY5Y cell culture reached 90% confluency
on day6, (figure 3.2.C) this was noted as an overgrown culture and was not used for further
splitting and differentiation or cryopreservation for future use.

3.1.3 Fibroblasts cell culture
Human skin derived cells were purchased from Coriell Institute in the form of frozen ampule.
The cell morphology of these human skin derived cells was fibroblast-like and they grew slowly
as cell culture evident by decelerated confluency progression day by day. Six different skin
derived fibroblast cell lines were used in this study: three non-AD donors cell lines and three AD
patient derived cell lines. All six cell lines were extracted from different donors with different
age group and gender, though the non-AD and diseased groups were age and gender matched as
much as commercial availability would allow.

Figure 3.3. Cell morphology of skin derived fibroblasts from non-AD donors after 48hrs of culture. A. the cell line,
AG08509 was cultured and observed to be 40% confluent. The cells appeared to be elongated towards the end. B.
the cell line, AG08517 was cultured and reached approximately 50% confluency. The cells displayed stretched out
ends and flattened cell body. C. the cell line, AG08125 was cultured and recorded with 50% confluency and
individual cells showed thin and extended ends. The images were taken using 200-fold magnification.

Three cell lines from the non-AD donors, skin derived fibroblast cells demonstrated slow growth
and proliferation. The cell line, AG08509 (derived from an unaffected 73-year-old male)
demonstrated fibroblast like characteristics; cells appeared elongated and grew as a monolayer
with 40% confluency after 48 hrs (figure 3.3.A).
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Furthermore, few cells showed flattened cell bodies. The cell line, AG08517 (obtained from an
unaffected 66-year-old female) appeared to be 50% confluent after 48 hrs and morphologically
exhibited flat and spiked cell bodies with extended ends (figure 3.3.B). The cell line, AG08125
(obtained from an unaffected 64-year-old male) displayed elongated end morphology and few
cells were flat in appearance with 50% confluency after 48 hrs of culturing (figure 3.3.C).

Figure 3.4. Cell morphology of skin derived fibroblast from AD donors after 48 hrs of cell culture. A. the cell line,
AG07872 was cultured and visually observed to be 30% confluent. The cells showed elongated and spiked cell body.
B. the cell line, AG05809 looked 40% confluent. The cells demonstrated stretched out, extended and spiked cell
body. C. the cell line, AG06869 was cultured and recorded with 40% confluency and individual cells showed thin,
extended, and flattened cell body. The images were taken at 200-fold magnification.

Three cell lines from different AD donors skin derived fibroblast were used. In general, the
culture growth was observed as slow. The cell line, AG07872 was derived from a clinically AD
affected patient of 53 years old male. After 48 hrs, cells were approximately 30% confluent and
had fibroblast-like characteristics; individual cells showed elongated ends with thin cell bodies.
Few cells showed webbed like cell bodies (figure 3.4.A). The cell line, AG05809 was obtained
from a clinically affected with moderate dementia patient of 66 years old female. The cell culture
appeared to be 40% confluent and showed thin and segmented cell body with stretched out end
in cellular morphology after 48 hrs (figure.3.4. B). The cell line, AG6869 was derived from a
clinically affected moderate dementia patient of 60 years old female. After 48 hrs, the cells
demonstrated morphological feature of extended ends with slender cell bodies and a few cells
had flattened cell bodies with 40% confluency (figure 3.4.C).

As expected, the fibroblast cells derived from non-AD donors demonstrated faster proliferation
in comparison to the AD donors derived fibroblast cells.
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3.2 Differentiation of cell lines
To understand the adipocytes and neuronal cellular activity, the commercially available immature
pre-adipocytes and neuroblastoma (3T3-L1 and SHSY5Y, respectively) cells were differentiated
into mature adipocyte-like and neuronal-like cells, respectively, using commercially available
chemicals for differentiation as described in section 2.2.3.2 and 2.2.4.2.

Differentiated 3T3-L1 cells function as mature adipokine secreting adipocytes such as resistin,
leptin, chemerin, adiponectin, interleukins, and other growth factors (peer group Dewhurst et al.,
unpublished). Conditioned media harvested from the differentiated 3T3-L1 cells was used to
investigate its effect on the viability of differentiated SHSY5Y (neuronal-like) cells under H2O2
induced oxidative stress. The viability of neuronal-like cells under oxidative stress was also
investigated in the presence of commercially available adipokines (chemerin, resistin and leptin).
In addition, experiments were performed using skin-derived fibroblast cells to estimate the
commercially available chemerin on fibroblast cells under H2O2 induced oxidative stress.

3.2.1. 3T3-L1 differentiation: pre-adipocytes into adipocyte-like cells
The 3T3-L1 cells were chemically modulated and differentiated from pre-adipocyte fibroblast
cells into mature adipocyte-like cells using a 3-week differentiation protocol, when cells were
exposed to mixture of human insulin, dexamethasone and IBMX (Zebisch, 2012). The
morphological changes during the differentiation process were observed microscopically and
images were captured during differentiation progression, as shown in figure 3.5 (A-H).
Cells were cultured as two groups: undifferentiated and differentiated 3T3-L1 cells (as shown in
figure 3.5). The undifferentiated cells were cultured in the growth culture media and the
differentiated cells were grown in differentiation and maintenance media in order to acquire
mature adipocyte-like characteristics during the incubation period. On day2, 3T3-L1 cells under
both conditions reached 100% confluency and were allowed to grow in growth culture media as
confluent cultures.
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The undifferentiated 3T3-L1 cells were maintained in growth culture media, whereas
differentiated cells were incubated in expansion media and both conditions were
morphologically similar at this point of incubation (figure 3.5. A and B).

Figure 3.5. Microscopic overview of 3T3-L1 cell culture progressive differentiation from pre-adipocytes to mature
adipocytes-like over 3 weeks. On day2, A-B. the 3T3-L1 cells, were allowed to grow as confluent 3T3-L1 culture
in expansion media. C. on week 1, the cells continued to grow as confluent culture in growth culture media as
control. D. the cells continued to grow as confluent culture in differentiation medium. E. during week 2 incubation
period, the cells were incubated with maintenance media, F, stable lipid droplets were observed as an indication of
successful differentiation progression in comparison to the control E. In week 3, the confluent culture continued to
grow in maintenance media and displayed solid lipid droplets confirms differentiation of 3T3-L1 cells, H, in
comparison to control G. Images were taken at 200-fold magnification.

Lipid droplets were observed in 3T3-L1 cells, during incubation with differentiation media but
not in the undifferentiated control cells on week 1 (figure 3.5. C and D). The number of lipid
droplets increased (confirmed by visual observation during differentiation progression, no
quantitative values were recorded) by end of week 2, whilst the undifferentiated cells maintained
a fibroblast like morphology (figure 3.5. E and F). On last day of 3rd week, visibly large number
of lipid droplets were observed, and the culture media was viscous and pale yellow, suggestive
of triglycerides present in the media of differentiated 3T3-L1 cells (Kong et al., 2017). Oil RedO staining of 3T3-L1 cells on last day of 3rd week was performed which confirmed successful
differentiation (result will be discussed in section 3.2.1.1, figure 3.7).
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3.2.1.1 Determination of differentiated 3T3-L1 by Oil-Red-O staining
To confirm the differentiation of 3T3-L1 cells into adipocytes-like, diazo dye was used to confirm
the presence of lipids (Kraus et al., 2016). Optimization was performed to establish a standard
protocol for the qualitative Oil Red-O staining of cultured adipocytes to confirm successful
differentiation. Determination of differentiated SHSY5Y by ICC: 21-day protocol

3.2.1.1.1. PBS wash
Cells were stained using protocol outlined in 2.2.3.3. The optimization of PBS wash step was
performed to ensure no unspecific binding by the Oil-Red-O stain, as shown in figure 3.6.

Figure 3.6 Optimization of Oil Red-O staining: comparison of PBS wash with 5 mins wait and immediate removal:
A+B. PBS washed 3T3-L1 cells for 5 mins, the differentiated cells did not show any strong and clear individual
cells in comparison to the undifferentiated cells demonstrated weak red stained cells. C+D. when the PBS buffer
was removed immediately from 3T3-L1 cells, the differentiated cells showed strong and clear red stained cells in
comparison to the control cells with negligible presence of red stained cells. Images were taken at 200-fold
magnification.

5 mins PBS incubation was used to remove excess fixative and Oil Red-O solution, which
resulted in weak and ambiguous staining. Individual cells were impossible to distinguish, and the
intensity of the stain was hazy (figure 3.6.A-B).
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Although, when the cells were washed with PBS solution and immediately removed, the visual
difference between differentiated and undifferentiated stained cells was more distinguishable
(figure 3.6.C-D), the differentiated adipocyte-like cells could be identified by intensely stained
red lipid droplets. However, unexpectedly the undifferentiated cells showed little or weak traces
of red coloured Oil Red-O stain, maybe due to the unspecific binding of Oil Red-O dye and
presence of some lipid droplets (because of 3 weeks long incubation) secreted by pre-adipocytes.
Therefore, immediate removal of PBS step was used for subsequent confirmation of 3T3-L1
differentiation protocol. The optimization of Oil Red-O staining experiment was performed once
to confirm the optimum PBS wash needed/required for 3T3-L1 cells differentiation (discussed
in section 2.2.1.1).

3.2.1.1.2 Fixative solution
Oil Red-O staining often requires optimization to reflect the differences in sensitivities between
tissues (Kraus et al., 2016). Different fixative strengths were investigated in attempt to enhance
the efficacy of Oil Red-O staining of differentiated 3T3-L1 cells. The 8% paraformaldehyde as
fixative was used to reduce unspecific binding.

Fixing the cells with 8% paraformaldehyde resulted in clearly visible individual cells with
dominant red stained 3T3-L1 cells and less non-specific background staining, whereas cells fixed
with 10% paraformaldehyde gave increased background intensity and cloudy red stained
appearance (figure 3.7.A and C, respectively). Similarly, the undifferentiated cells using 10%
paraformaldehyde showed unspecific binding resulted in higher number of red stained cells in
comparison to cells fixed with 8% paraformaldehyde (figure 3.7. B and D, respectively). Due to
the presence of unspecific binding obtained after 10% paraformaldehyde, the images obtained
in, figure 3.7. A and B showed traces of Oil Red-O in both the conditions. No stained cells were
observed in the negative control condition (no Oil Red-O stain was added to the respective wells)
(figure 3.7.E-F). The use of 8% paraformaldehyde for fixation was therefore incorporated in
further Oil Red-O staining protocols which was used for the confirmation of 3T3-L1 preadipocytes into lipid secreting adipocyte-like cells.
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Figure 3.7 Optimization of Oil Red-O staining: comparison of paraformaldehyde 10% and 8%. After 21-day
differentiation protocol, the lipid-containing cells was achieved and confirmed by using Oil Red-O. Two different
concentrations of paraformaldehyde were used as a fixative and the clarity of stained cells was compared. This
informed the concentration of paraformaldehyde used in further experimental protocols. A. the Oil Red-O-stained
cells with 10% paraformaldehyde showed clear presence of lipid accumulated on 3T3-L1 cells in comparison to the
undifferentiated cells, B. with few traces of weak stained cells. C. stained differentiated cells with 8%
paraformaldehyde, demonstrated the sharpest red stain in comparison to undifferentiated stained cells, D, with few
traces of red stained cells. E and F, the differentiated and undifferentiated cells did not showed presence of red
stained cells without Oil Red-O stain after the fixative step using paraformaldehyde. The images were captured at
200-fold magnification.

The optimization of Oil Red-O staining experiment was performed once to confirm the optimum
percentage of paraformaldehyde as fixative required to obtain differentiated 3T3-L1 cells
(discussed in section 2.2.1.1). This protocol was used as final protocol for the differentiation and
Oil-Red-O staining (with immediate PBS wash and 8% paraformaldehyde), as shown in figure
3.7.
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3.2.2 SHSY5Y differentiation:
The development of a reliable method to differentiate SHSY5Y cultures is vital to facilitate
translational experiments that are reproducible and accurately mimic the human nervous system
(Presgraves, 2003). SHSY5Y cells used in this study were differentiated from neuroblastoma
cells into neuronal-like cells using a RA-induced differentiation protocol.

Two different protocols were followed and compared based on the selected RA concentration
and the incubation time: 10-day protocol with 10 µM of RA (Armstrong et al., 2005) and 21-day
protocol with 1µM of RA (Korecka et al., 2013). In the first instance, we aimed to compare the
two published neuronal differentiation methods and consider the advantages and limitations of
each method. After the establishment of successful differentiation, the study aimed to compare
the responses of neuronal-like and non-neuronal-like cell types to H2O2 induced oxidative stress
and the influence of adipokine treatment on these different cell types.

3.2.2.1 Optimization of SHSY5Y cells differentiation protocol
Differentiation protocols of SHSY5Y cells shows a wide range of variables within the literature
(Dwane et al., 2013; Zhang et al., 2020; Getachew et al., 2020). To ensure the optimum
differentiation within our lab setting, investigation on incubation time, cell density, RA
concentration and ethanol concentration was carried out (for the RA working solution
preparation), as described in section 2.2.4.3. While optimizing, single parameter was changed in
each trial in order to establish the final standard operating procedure (SOP) for successful
differentiation, by confirming the morphological changes such as neuritic extensions, elongated
cell bodies and enhanced networking to resemble mature/differentiated neuronal-like cells.

3.2.2.1.1 Cell density
Optimizing the initial seeding density is a very basic and crucial step in the differentiation process
since the success of the differentiation is dependent on confluency at the start of the process
(Encinas, 2000).
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The initial cell densities compared were 3 x 104, 4 x 104 and 5 x 104 cells per well in a 6 well
plate. Visual observation of seeded cells showed that the desired uniformity and cell density of
50-60% confluency after 48 hrs was achieved with 5x104 per well (figure 3.8.C), in comparison
to 30% confluency with 3x104 cells per well seeded cell density and 40% confluency with 4x104
cells per well seeded cell density (as shown in figure 3.8. A and B, respectively).

Figure 3.8 Optimizing the initial cell density required for SHSY5Y differentiation after 48 hrs. The SHSY5Y cells
were seeded with given cell densities and showed following confluency after 48 hrs of incubation: A. attained 30%
confluency using 3x104 after 48 hrs of thawing. B. achieved 40% confluency using 4x104. C. with seeded 5x104 cell
density, 50-60% confluency was obtained after 48 hrs of thawing. Images presented were taken at 100-fold
magnification.

3.2.2.1.2 Ethanol concentration
Differentiation of SHSY5Y cells required lyophilized RA to be dissolved in DMSO (to be used
as stock solution) and then in ethanol (to be used as working solution). Two strengths of ethanol
were investigated in this study; 95% and 99.9% ethanol and the impact of 2-8°C storage of the
dilutions prior to use. When the RA was pre-prepared as working solution and stored at 4º C to
be used for the differentiation media change, the results showed increased cell death using 99.9%
and 95% ethanol (figure 3.9.A and C). Although, when RA was freshly prepared before the
differentiation media change using 99.9% ethanol to dissolve RA (figure 3.9.D), there was no
adverse effect on cell viability and normal cell proliferation at the initial differentiation stage
continued in comparison to RA when dissolved in 95% ethanol (figure 3.9.B).
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Figure 3.9 Microscopic images of SHSY5Y cells displayed the impact of prepared RA on the viability of SHSY5Y
cells. A. RA was dissolved in 95% ethanol and added to the media prepared in bulk for further use. B. RA was
added to the media freshly before treating the SHSY5Y cell using 95% ethanol. C. 99.9% ethanol was used as
solvent for RA to prepare bulk media to be used for SHSY5Y cells differentiation. D. RA was dissolved in 99.9%
ethanol and added freshly to the media before treating the SHSY5Y cells. The images were captured at 100-fold
magnification.

Morphological changes were observed during the incubation for differentiation, for example, in
figure 3.9.B, with freshly pre-prepared RA-95% ethanol, the cells appeared to have thinner cell
body in comparison to the cells incubated with rest of the treated cells, figure 3.9. A, C and D.
Highest cell viability was associated with RA diluted with 99.9% ethanol and used as freshly
prepared and this was subsequently used for further experiments. The optimization of ethanol
concentration experiment was performed once to confirm the optimum percentage of ethanol
concentration as solvent required to obtain differentiated SHSY5Y cells (discussed in section
2.2.1.1).

3.2.2.1.3 Assessment of RA stability
RA is light sensitive even when it is dissolved in the media, therefore, assessment of
differentiation media storage was required to ensure differentiation inducing properties were not
lost during the procedure (Tolleson et al., 2005).
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This was accomplished by comparing SHSY5Y cells viability during differentiation with and
without direct light exposure to the prepared differentiation media. As shown in figure 3.10.A,
the cells were treated with the differentiation media with no protection from direct light and on
day4 of differentiation, the cells demonstrated no outgrowth of neurites with substantial cells loss
which indicated unsuccessful differentiation.

Figure 3.10 Microscopic images of SHSY5Y showing the impact of exposure of differentiation media to direct
light on SHSY5Y cells on day4. A. The differentiation media was not protected from direct light. B. The
differentiation media was protected from direct light by foil wrapping. The black arrows are pointed on the initial
neuritic projections between adjacent neuronal cells after 4 days of incubation. Images were captured using 200fold magnification.

However, when RA was added in the differentiation media and the media was protected from
direct light by covering in aluminium foil, on day4 the cells were observed and demonstrated
initial neurites projections or outgrowth as early signs of differentiation, indicated by arrows in
figure 3.10. B. Morphologically, the cells in light exposed RA, figure 3.10.A, looked slightly
flattened and irregular shapes in comparison to the cells with RA protected from light, which
appeared to have sharp ends and uniformed cell bodies in the cell culture (figure 3.10.B). Based
on the RA stability optimization, all future experiments involved were followed by this step
where the differentiation media was protected from direct light to prevent RA inactivation. The
optimization of RA stability in media experiment was performed once to confirm the importance
of RA in media exposure to direct light required to obtain differentiated SHSY5Y cells (discussed
in section 2.2.1.1).
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3.2.2.2 Optimization of ICC to confirm SHSY5Y differentiation
RA induced differentiation of SHSY5Y cells into neuronal-like cells was confirmed by ICC to
detect recognized neuronal markers which mark a shift in phenotype after the differentiation
process. Fully differentiated SHSY5Y cells have been previously mentioned to express a variety
of neuronal specific markers.

The neuronal markers used to determine the differentiation of SHSY5Y cells by following the
10-day and 21-day protocol in this study were: NSE (Forster et al., 2016), NF and MAP2
(Kovalevich & Langford, 2013). These neuronal markers were found to be associated with the
neuronal-like differentiated cells in comparison to the undifferentiated cells. Visualisation of the
specific markers present in the differentiated SHSY5Y cells were recorded using polyclonal PEconjugated secondary antibody as described in section 2.2.4.4.

Neuronal markers (NSE, MAP2 and NF) have been used by researchers to demonstrate efficiency
of neuronal differentiation but there are some variations in the antibody conditions or ratio used
to demonstrate the neuronal phenotype (Abdulwanis Mohamed et al., 2020). Various primary
and secondary antibody dilutions or ratios were initially assessed in SHSY5Y cells, which were
differentiated by using the 10-day protocol.

After optimization, the final primary and secondary antibody conditions achieved from 10-day
protocol SHSY5Y cells (differentiated) were used in 21-day protocol differentiated SHSY5Y
cells. Therefore, ICC confirmation remained consistent between the 10 and 21-day protocols.
The optimization of the ICC experiment was performed once to confirm the optimum ratio of
primary and secondary antibodies required for confirmation of differentiated SHSY5Y cells
(discussed in section 2.2.1.1).
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Figure 3.11. Immunofluorescence images of differentiated SHSY5Y cells are presented: different ratios of NF and
PE-conjugate Ab was used, however, ratios used were unable to locate the NF fluorescence. A. 1:50 for NF Ab and
1:100 for PE-conjugate Ab was used. B. 1:100 for NF Ab and 1:100 for PE-conjugate Ab was used. C. 1:200 for NF
Ab and 1:100 for PE-conjugate Ab was used. Images were taken using 100-fold magnification.

The neurofilaments are the intermediate filaments present in the cytoplasm of the neuron,
essential for the axonal development (Yuan et al., 2017). The NF marker was used as primary
antibody Ab, to detect the presence of neuronal filaments in the differentiated neuronal-like
SHSY5Y cells. PE-conjugated secondary Ab was used as a secondary antibody. Slight NF
fluorescence within the neurite projection between distant neuronal-like cells was present and
detected when primary/secondary Ab (NF/PE-conjugate) ratio of 1:50/1:100 and 1:200/1:100
were used (figure 3.11.A and C, respectively). In addition, the NF/PE-conjugate Ab ratio of
1:100/1:100, demonstrated NF fluorescence in close vicinity with the nuclei stained DAPI.
However, it is likely that non-specific binding of the secondary antibody resulted in the higher
background fluorescence, therefore making the location of extended neurites projection more
difficult to detect (figure 3.11.B). The blue fluorescence detected, figure 3.11.A, B and C, was
DAPI stained nuclei of cells, which confirmed the presence of intact SHSY5Y. Therefore, the
ratios of primary and secondary Ab used was not optimum to locate the presence of neurofilament
in the cytoplasm of the differentiated SHSY5Y cells.

Another neuronal marker verified was MAP2. MAP2 is an isoform of MAPs family, which
stabilizes the cytoskeleton and localized in the dendrites of the differentiated neurons. The MAP2
marker with concentration 1µg/1ml, was used to determine the presence of neuron specific MAP2
to confirm the differentiation in line with recommendations of another research (Soltani et al.,
2005).
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Figure 3.12. Immunofluorescence images of differentiated SHSY5Y cells are presented: different ratios of MAP2
and PE-conjugate Ab was used, however, ratios used were unable to locate the MAP2 evidently: A. 1:100 for MAP2
Ab and 1:100 for PE-conjugate Ab was used. B. 1:150 for MAP2 Ab and 1:150 for PE-conjugate Ab was used. C.
1:150 for MAP2 Ab and 1:200 for PE-conjugate Ab was used. Images were taken using 100-fold magnification.

PE-conjugated secondary Ab was used as a secondary antibody. Negligible MAP2 fluorescence
was detected when primary/secondary Ab (MAP2/PE-conjugate) ratio of 1:100/1:100 was used
(figure 3.12.A). No MAP2 fluorescence within the neurite projections between distant neuronallike cells was present with 1:150/1:200 (MAP2/PE-conjugate), only the presence of DAPI stained
nuclei of SHSY5Y cells was observed (figure 3.12.C). In addition, the MAP2 /PE-conjugate Ab
ratio of 1:150/1:150, the MAP2 fluorescence was detected, but only near the clustered SHSY5Y
cells with blue fluorescence by DAPI stained nuclei. Maybe non-specific binding by the
secondary antibody, resulted in presence of higher background fluorescence and the location of
extended neurites projection was difficult to detect. Therefore, the ratios of primary and
secondary Ab used was not optimum to locate the presence of microtubule associated protein in
the cytoplasm of the differentiated SHSY5Y cells.

Third neuronal marker used for the ICC was NSE. NSE is an isozyme of glycolytic enzyme
enolase which is highly specific to the late events of differentiating neurons progressing towards
neuronal maturation (Isgrò et al., 2015). NSE marker with concentration 5µg/ml, was used as
primary Ab to verify the presence of specific enolase enzyme in the cytoplasm of the neuronal
like SHSY5Y cells.
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Figure 3.13. Immunofluorescence images of differentiated SHSY5Y cells are presented: different ratios of NSE and
PE-conjugate Ab was used, however, ratios used were unable to locate the NSE clearly: A. 1:50 for NSE Ab and
1:150 for PE-conjugate Ab was used. B. 1:100 for NSE Ab and 1:150 for PE-conjugate Ab was used. C. 1:100 for
NSE Ab and 1:100 for PE-conjugate Ab was used. Images were taken using 200-fold magnification.

PE-conjugated secondary Ab was used as a secondary antibody. The NSE /PE-conjugate Ab
ratio of 1:50/1:150 used, was unable to detect the presence of NSE clearly due to weak
fluorescence was observed in outer area of clustered cells with the nuclei stained with DAPI
(figure 3.13.A). The incubated, 1:100/1:150 Ab ratio (NSE /PE-conjugate) showed presence of
increased background fluorescence, maybe due to non-specific binding of the secondary antibody
which resulted in difficult detection of enolase specifically present in cytoplasm of neuronal-like
cells (figure 3.13.B). In addition, very weak NSE fluorescence was detected when
primary/secondary Ab (NSE /PE-conjugate) ratio of 1:100/1:100 was used, only the presence of
DAPI stained nuclei of SHSY5Y cells was observed clearly (figure 3.13.C). Therefore, the ratios
of primary and secondary Ab used was not optimum to locate the presence of neuron specific
enolase in the cytoplasm of the differentiated SHSY5Y cells. The ICC optimization was
performed once to confirm the presence of neuronal specific markers so the success of the
differentiation can be confirmed (discussed in section 2.2.1.1). Based on the detection of the
markers i.e., NF, MAP2 and NSE, none of the dilutions were optimum for the ICC to detect the
presence of neuronal markers and successful differentiation followed by this optimization
protocol could not be concluded.

After the series of optimization attempted, the finalized primary Ab/secondary Ab ratio used as
definitive ratio in combination to confirm the differentiation of all-trans-RA mediated
differentiation protocol was obtained and the final Ab ratio for ICC are listed in table 3.1. The
final fluorescence images obtained will be discussed in section 3.2.2.3.1 and 3.2.2.4.1.
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Table.3.1. Final antibody ratios used for the concluding ICC SOP followed by SHSY5Y
differentiation are shown in the table below. The table below includes types of Ab and ratio,
manufacturer and incubation time used.

Antibody Used

Type of Ab

Dilution used

NF Ab

Primary

1:500

MAP2 Ab

Primary

1:500

NSE Ab

Primary

1:200

PE-Conjugated

Secondary

1:200

IgG monoclonal

Negative control

Same as primary Ab for each
marker

3.2.2.3. SHSY5Y differentiation: 10-days protocol
During neuronal differentiation, a number of morphological changes have been reported such as
the extension of neuritic ends, halted cell division and clustering of neuronal cells (Agholme et
al., 2010). These progression of SHSY5Y cells differentiation was visually observed every 48
hrs and images were captured and presented in figure 3.14. The RA mediated SHSY5Y cells
were differentiated using 10µM concentration for 10-days, as discussed in 2.2.4.2. Upon
differentiation, SHSY5Y cells exhibited morphological and confluency change including
discontinued cell division, extensive neurite outgrowth, clustered cells with neurite extensions
connected to the other grouped cells as well as individual cells for stronger networking with other
cells (the progression of differentiation is shown in figure 3.14). Undifferentiated SHSY5Y cells
(figure 3.14.E) showed no sign of neurite elongation in comparison with differentiated cells
(figure 3.14.F). Confluency played a vital role to initiate differentiation in SHSY5Y cells. After
24 hrs of cell seeding, approximately 50-60% confluency was achieved in each well as shown in
figure 3.14. A-day0.
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Figure 3.14. Morphological changes in SHSY5Y cells during the neuronal differentiation progression when 10-day
protocol was followed, in presence of RA (10µM). A. day 0, after 24 hrs of cell seeding the cells appeared as sparse
in monolayer. B. day3, the initial presence of neurite extensions and axonal outgrowth were observed (follow black
arrows). Epithelia-like cells which did not differentiate as neuronal-like or S-type cells were also captured (see
orange arrows). C. day 5, the cells continued to differentiate with visible stronger neurites extension (follow black
arrows), and initial small, clustered cells as grouped neuron cells were noted (follow yellow arrows). Fewer S-type
cells were seen (follow orange arrows). D. day7, the cells demonstrated stable and solid neurites projections with
nearby cells (follow black arrows) and outreaching the distant placed grouped cells (follow yellow arrows). No Stype cells were observed. E. day10, cells showed very well organized and strong neurite outgrowths interconnection
between differentiating cells (follow black arrows) and as well as with stable clustered grouped neuronal like cells
(follow yellow arrows). F. day10, undifferentiated cells were observed to be 100% confluent neuroblastoma cells.
The images were captured using 200-fold magnification.

It is well documented in literature that SHSY5Y cells are heterogenous culture type and
comprised of S and N type of cells inherited from the parental cell line, SK-N-SH (Yusuf, 2013).
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S-type cells retain epithelial-like properties and appear large and flatter, whereas N-type cells
possess neuronal characteristics such as small and slightly elongated cell bodies with sharp ends
with potential to differentiate into mature neuronal-like cells (Bell et al., 2020). We therefore
expected to observe higher number of N-type over S-type as differentiation progressed towards
end day and the results obtained were as expected. The first sign of SHSY5Y differentiation was
observed on day 3, presence of short extensions from neurite ends to outreach the neighbouring
cells for cellular networking (shown by black arrows). Moreover, an increased number of S-type
cell population was observed (figure 3.14. B, shown by orange arrows). On day 5, small clusters
of cells were present (figure 3.14.C, shown by yellow arrows) and more interconnected cells,
with both distant and neighbouring cells were observed (figure 3.14.C, shown by black arrows)
as well as the presence of stable and mixed neuritic extensions were present (short and elongated,
respectively). The number of S-type population was reduced in comparison to day 3 (figure
3.14.C, shown by yellow arrows). On day 7, the cells showed an increased number of
interconnected cells, an increased number of elongated neurites extension to communicate with
distant adhered differentiating or clustered group (figure 3.14.D, shown by black arrows), the
presence of more interconnected clustered cell groups (figure 3.14.D shown by yellow arrows),
and S-type cells were absent. On day 10, a well-established network of homogeneous neuronallike cells was observed. The neuritic connections appeared to be strong, stable and elongated
with complete absence of S-type cell population (figure 3.14.E). Increased number of clustered
cell groups were present (figure 3.14.E, shown by yellow arrows) with excellent neurite
extensions between differentiating cells (figure 3.14.E, shown by black arrows). On day 10, the
undifferentiated cells (which were cultured parallelly to the differentiating cells) were observed
as confluent, heterogenous mixture of cells (figure 3.14.F), with no signs of differentiation in
comparison to the day 10 (figure 3.14.E) differentiated SHSY5Y cells. Using neuritic outgrowth
and increased N- type population over S-type as an indicator of neuronal differentiation, it was
confirmed that by day 10, differentiation had been achieved only when SHSY5Y cells were
exposed to RA and but not in cells in the absence of RA. This was further confirmed using ICC
method for detection of neuronal markers (will be discussed in following, section 3.2.2.3.1 and
for the independent experiment refer section 2.2.1.1).
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3.2.2.3.1 Determination of differentiated SHSY5Y by ICC: 10-day protocol
Expression of neuron specific markers was determined by ICC, using NF (with ratio 1:500),
MAP2 (with ratio 1:500) and NSE (with ratio 1:200) markers as the primary Ab and DAPI for
nuclei of neuronal-like cells. A PE-conjugated secondary antibody (with ratio 1:200) was used
to give fluorescence with specific combination of primary Ab. An IgG Ab was used as negative
control to ensure any unspecific binding and visual confirmation of specific marker present
(discussed in detail in section 2.2.4.4).

ICC was performed on differentiated and undifferentiated SHSY5Y cells on day 10 (on the final
day of differentiation). Upon incubation of differentiated cells with primary/secondary Ab
(NF/PE-conjugated) ratio of 1:500/1:200, neuronal filaments specific to neuronal-like cells
showed green fluorescence (figure 3.15. A). Due to differentiation, a higher number of neurite
extensions were present which made it difficult to identify individual DAPI stained nuclei. In
addition, cells were present behind or on the neurites projection due which few extended neurites
and clustered cell groups were stained, and identification of individual nuclei was difficult. As
expected, the DAPI stained neuronal-like cells showed blue fluorescence and confirmed the
presence of nuclei (figure 3.15.B) with no green fluorescence. Green and blue fluorescence
obtained from the NF marker with DAPI (figure 3.15.C) confirmed the existence of intermediate
filament in the cytoplasm of differentiated SHSY5Y cells and successful neuronal-like
differentiation was achieved. In addition, the differentiated SHSY5Y cells were incubated with
primary/secondary Ab (MAP2/PE-conjugated) ratio of 1:500/1:200 and microtubule related
protein specific to neuronal-like cells showed green fluorescence (figure 3.15. D). Higher number
of neurite extensions were present which made detection of individual DAPI stained nuclei
difficult to detect. In addition, maybe presence of clustered cell groups appeared to be stained
and identification of individual nuclei was difficult. The presence of blue fluorescence obtained
after DAPI stained neuronal-like cells determined the presence of nuclei of differentiated cells
(figure 3.15.E) without green fluorescence. The fluorescence obtained from the MAP2 marker +
DAPI combined (figure 3.15.F), confirmed the presence of proteins correlated to microtubules
in the cytoplasm of differentiated SHSY5Y cells and successful neuronal-like differentiation was
attained.
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Figure 3.15. Immunofluorescence images representation after RA- mediated differentiation to detect the expression
of neuron specific markers (NF, MAP2 and NSE) in differentiated in comparison to undifferentiated cells. NF,
MAP2 and NSE were used as primary Ab, PE- conjugated secondary Ab and IgG Ab was used as negative control
(incubated alongside with each primary Ab, but only one of the images is shown for reference). In addition, each
neuronal marker was incubated with undifferentiated cells, but only one condition was showed as reference. A. green
fluorescence was detected in the presence of NF marker. B. blue fluorescence was detected due to specific binding
of DAPI to the nuclei in neuronal-like cells. C. the localization of intact differentiated cells was observed in the
presence of NF + DAPI. D. microtubule associated proteins in the cytoplasm in differentiated cells was recorded in
the presence of MAP2 marker. E. differentiated cells incubated with DAPI showed blue fluorescence. F. in the
presence of MAP2 + DAPI as marker, the microtubule associated proteins in neuronal-like cells and associated
nuclei was detected. G. green fluorescence was observed upon incubation of differentiated cells with NSE marker.
H. blue fluorescence shown by the DAPI stained differentiated cells, confirmed the presence or location of nuclei
of neuronal-like cell. I. in the presence of NSE marker + DAPI, the differentiated cells were precisely localized. J.
the differentiated cells did not show any sign of fluorescence, in the presence of IgG Ab. K+L. the differentiated
cells did not show any fluorescence in the presence of only DAPI and IgG Ab with DAPI, respectively. M. the
undifferentiated cells did not showed any fluorescence in presence of the neuronal markers. N+O. the
undifferentiated cells showed presence of DAPI stained nuclei, but no fluorescence was detected when incubated
with neuronal markers and DAPI, respectively. Images were taken with 100-fold magnification.
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Furthermore, the differentiated SHSY5Y cells were incubated with primary/secondary Ab
(NSE/PE-conjugated) ratio of 1:200/1:200 and enolase enzyme specific to neuronal-like cells
showed green fluorescence (figure 3.15. G). Blue fluorescence was obtained upon DAPI stained
neuronal-like cells and confirmed the presence of nuclei of differentiated cells (figure 3.15.H)
with no green fluorescence. Because higher number of neurite extensions were present, detection
of individual DAPI stained nuclei was difficult but still few nuclei were visibly detected. The
fluorescence obtained from NSE marker with DAPI combined (figure 3.15.I), determined the
existence of enolase enzyme in the cytoplasm of differentiated SHSY5Y cells and successful
neuronal-like differentiation was accomplished.

Moreover, the differentiated SHSY5Y cells were incubated with IgG/secondary Ab (NF or
MAP2 or NSE /PE-conjugated) with ratio similar to then primary Ab used (only one of the ICC
images is presented as shown in figure 3.17 (J-L), as reference of ICC results obtained) and no
green fluorescence was detected specific to neuronal-like cells (figure 3.15. J) which suggested
no non-specific binding. The presence of blue fluorescence obtained after DAPI stained
neuronal-like cells determined the presence of nuclei of differentiated cells (figure 3.15.K) and
confirmed the presence of cells. No green fluorescence obtained from the IgG marker with DAPI
combined, confirmed the presence of differentiated SHSY5Y cells and successful neuronal-like
differentiation was attained with no unspecific binding (figure 3.15.L).Likewise, the
undifferentiated SHSY5Y cells were incubated with primary/secondary Ab (NF or MAP2 or
NSE /PE-conjugated) with ratio similar to then primary Ab used (only one of the ICC images is
shown as reference of results obtained) and no green fluorescence was detected specific to
neuronal-like cells (figure 3.15.M-O) which suggested that the cells were not differentiated. The
presence of blue fluorescence obtained after DAPI stained nuclei of undifferentiated cells (figure
3.15.N) and confirmed the presence of cells. No green fluorescence obtained from the primary
Ab + DAPI combined, confirmed the presence of undifferentiated SHSY5Y cells and no
differentiation was attained in these set of cells (figure 3.15. O). The NF, MAP2 and NSE markers
were detected in the differentiated SHSH5Y cells but not in the non-differentiated cells and
negative controls, thus confirmed that after following 10-day protocol was successfully achieved
neuronal differentiation. The experiment was performed once to confirm successful
differentiation (discussed in 2.2.1.1).
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3.2.2.4 SHSY5Y differentiation: 21-day protocol
The 21-day neuronal differentiation protocol was trialled, and results were compared to the
previously described 10-day differentiation protocol (section 3.2.2.3) to assess if there was any
perceived value in using the more time consuming 21-day method.

Differentiation in SHSY5Y cells was performed mediated by RA (1µM). On day 0, the cells were
60% confluent (figure 3.16. A). On day 3, the first neuritic extensions were noted (pointed by
black arrows). The neurite extensions were low in number and the majority of cell population
looked heterogeneous and intact in morphology with no sign of axonal outgrowth (figure 3.16.
B). On day 5, the heterogenous culture was observed with epithelial-like or S-type (shown by
orange arrows) and N-type (indicated by black arrows) cells (figure 3.16.C). In addition (on day
5), increased number of S-type cells were present along with N-type cells (neuronal-like), short
neuritic projections were observed as well as decreased cell density in comparison to day 0 was
observed. On day 7, the cells continued to differentiate and the presence of short and long neuritic
extensions were recorded. The neighbouring cell started to interconnect, as well as with distantly
adhered cells. The S-type cells were observed with no sign of axonal outgrowth (shown by orange
arrows) (figure 3.16. D). On day 10, an increased number of S-type of cells were observed
(indicated by orange arrows) along with increased number of elongated neuritic outgrowths. The
projections seemed to be very stable and thick (indicated by black arrows) (figure 3.16. E). On
day 13, an initial clustered group of cells were noted (indicated by yellow arrows) in the
differentiating cells. The clustered cells at this point did not look like an intact group. Increased
number of interconnected neuritic outgrowths were observed (indicated by black arrows). The
differentiating culture seemed homogeneous with no sign of S-type of cells at this point (figure
3.16. F). On day 15 and 17, the cultured cells continued to differentiate into neuronal-like cells.
An increased number of rigid clustered cells was observed and captured (figure 3.16. G + H) and
were interconnected with the other cultured groups as well as differentiated cells by axonal
outgrowths. More neuritic extensions were observed and reduction in cell density was recorded.
On day 21, a well-organized and significant group of cells were observed with excellent
interconnection with other differentiating cells by extending out the neuritic projections (figure
3.16.I).
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Figure 3.16. Morphological changes in SHSY5Y cells during the RA mediated neuronal differentiation (21-day
protocol). A. the SHSY5Y cells were seeded, day 0, after 24 hrs of the cells appeared as monolayered and sparsely
distributed. B. day3, first neurite extensions and axonal outgrowths were observed (pointed by black arrow). C. day
5, epithelial-like cells which do not differentiate into neuronal-like, or S-type cell population was visible (pointed
by orange arrows) and short neurite extension between adjacent cells (pointed by black arrows). Also, reduced cell
density was observed. D. day7, differentiating cells showed short and long neurite projections to outreach with each
other (pointed by black arrows), S-type cells were observed with no axonal outgrowth (pointed by orange arrows).
E. day10, cells showed strong neurite outgrowth between differentiating cells, also, outreaching distant adherent
grouped cells (pointed by black arrows). More S-type cells were observed (pointed by orange arrows). F. day13,
first loosely fitted clustered group of neuronal-like cells were observed (pointed by yellow arrows). Increased
number of extended axonal outgrowth was observed (pointed by black arrows) with no S-type cells present. G+H.
day15+17, increased number of clustered group of cells (pointed by yellow arrows) and more elongated neuritic
projections (pointed by black arrows) were visible with reduced cell confluency. I. well established network of
neuronal-like cells was attained on day 21 with thick and extended neurite projections. J. undifferentiated cells were
observed to be 100% confluent neuroblastoma cells. The images were captured using 200-fold magnification. Over
the period of incubation variation in thickness of cell body was observe

The undifferentiated cells (cultured in parallel to the differentiated cells) on day 21 appeared to
be over confluent and heterogenous population of cells with no sign of neuronal-like
morphological characteristics such as neuritic projections between cells (figure 3.16. J).
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3.2.2.4.1 Determination of differentiated SHSY5Y by ICC: 21-day protocol
Neuron specific markers association with differentiated cells in comparison to the
undifferentiated cells was determined by ICC. NF (using ratio 1:500), MAP2 (using ratio 1:500)
and NSE (using ratio 1:200) markers were used as primary Ab. PE-conjugated secondary Ab
(using ration 1:200) was used to investigate the presence of fluorescence as a result of incubation
with primary/secondary Ab to confirm the success of differentiated SHSY5Y cells using 21-day
protocol. IgG Ab was used as negative control (discussed in section 2.2.4.4) in relation to
detected fluorescence from specific markers. DAPI was used to stain individual cell nuclei.
Differentiated and undifferentiated cells were used for ICC on day 21 (end day of differentiation
protocol).

In addition to the morphological changes observed (as shown in previous section,3.2.2.3.1), ICC
was carried out on the differentiated and undifferentiated SHSY5Y cells on day 21 (the final day
of differentiation). After differentiated cells were incubated with primary/secondary Ab (NF/PEconjugated) ratio of 1:500/1:200, neuronal filaments specific to neuronal-like cells showed green
fluorescence (figure 3.17. A) and the DAPI stained neuronal-like cells showed blue fluorescence
which confirmed the presence of nuclei (figure 3.17.B) with no green fluorescence. The
fluorescence obtained from the NF marker with DAPI together (figure 3.17.C) confirmed the
existence of intermediate filament in the cytoplasm of differentiated SHSY5Y cells and
successful neuronal-like differentiation was achieved after 21-days.

Furthermore, the differentiated SHSY5Y cells were incubated with primary/secondary Ab
(MAP2/PE-conjugated) ratio of 1:500/1:200 and green fluorescence confirmed specific binding
to the microtubule related protein specific to neuronal-like cells (figure 3.17. D). The presence
of blue fluorescence obtained after DAPI was incubated with neuronal-like cells, confirmed the
presence of nuclei of differentiated cells (figure 3.17.E) with no fluorescence. The fluorescence
obtained from the MAP2 marker with DAPI combined (figure 3.17.F), confirmed the presence
of proteins associated with microtubules in the cytoplasm of differentiated SHSY5Y cells and
successful neuronal-like differentiation was attained.
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Figure 3.17. Immunofluorescence images to assess neuron specific markers (NF, MAP2 and NSE) in differentiated
in comparison to undifferentiated cells after RA- mediated differentiation. NF, MAP2 and NSE were used as primary
Ab and PE- conjugated secondary Ab and IgG Ab was used as negative control (incubated alongside with each
primary Ab, but only one of the images is shown for reference). In addition, each neuronal marker was incubated
with undifferentiated cells, but only one condition was showed as reference. A. green fluorescence was detected in
the presence of NF marker. B. blue fluorescence was detected in DAPI stained neuronal-like cells to locate the
nuclei. C. the localization of intact differentiated cells was observed in the presence of NF + DAPI. D. microtubule
associated proteins in the cytoplasm of the differentiated cells was detected in the presence of MAP2 marker. E.
differentiated cells stained with DAPI showed blue fluorescence. F. in the presence of MAP2 + DAPI as combined
marker, the microtubule associated proteins in neuronal-like cells and associated nuclei were detected. G. green
fluorescence was observed upon incubation of differentiated cells with NSE marker. H. blue fluorescence obtained
by the DAPI stained differentiated cells, confirmed the presence or location of nuclei of neuronal-like cells. I. in
the presence of NSE + DAPI, the differentiated cells were precisely localized. J. the differentiated cells did not show
any sign of fluorescence, in the presence of IgG Ab. K+L. the differentiated cells did not show any fluorescence in
the presence of only DAPI and IgG Ab with DAPI, respectively. M. the undifferentiated cells did not showed any
fluorescence in presence of the neuronal markers. N+O. the undifferentiated cells showed presence of DAPI stained
nuclei, but no fluorescence was detected when incubated with neuronal markers + DAPI, respectively.

Moreover, the differentiated SHSY5Y cells were incubated with primary/secondary Ab
(NSE/PE-conjugated) ratio of 1:200/1:200 and enolase enzyme specific to neuronal-like cells
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showed green fluorescence and confirmed the SHSY5Y cells were effectively differentiated
(figure 3.17. G). Blue fluorescence was detected in neuronal-like cells when stained with DAPI
and confirmed the presence of nuclei of differentiated cells (figure 3.17.H) with no green
fluorescence. The fluorescence obtained from NSE marker + DAPI together (figure 3.17.I),
determined the presence of enolase enzyme in the cytoplasm of differentiated SHSY5Y cells and
successful neuronal-like differentiation was accomplished. It was interesting to observe the
increased activity of enolase enzyme due to which very bright and dominant green fluorescence
was measured. In addition, the differentiated SHSY5Y cells were incubated with IgG/secondary
Ab (NF or MAP2 or NSE /PE-conjugated) with ratio similar to the primary Ab used (only one
of the ICC images is presented in figure3.17 (J-L), as reference of ICC results obtained) and no
green fluorescence was detected specific to neuronal-like cells (figure 3.17. J) which suggested
that no non-specific binding was present. The presence of blue fluorescence obtained after DAPI
stained neuronal-like cells determined the nuclei of differentiated cells located (figure 3.17.K)
and confirmed the presence of cells. No green fluorescence obtained from the IgG marker +
DAPI combined staining and confirmed the presence of differentiated SHSY5Y cells and
successful neuronal-like differentiation was attained with no unspecific binding (figure 3.17.L).
Similarly, the undifferentiated SHSY5Y cells were incubated with primary/secondary Ab (NF or
MAP2 or NSE /PE-conjugated) with ratio similar to then primary Ab used (only one of the ICC
images is showed for reference of ICC results obtained, as shown in figure 3.17 (M-O) and no
green fluorescence was detected specific to neuronal-like cells (figure 3.17.M) which suggested
that the cells were not differentiated. The presence of blue fluorescence obtained with DAPI
stained nuclei of undifferentiated cells (figure 3.17.N) and confirmed the presence of cells. No
green fluorescence obtained from the primary Ab + DAPI combined and confirmed the presence
of undifferentiated SHSY5Y cells, and no differentiation was attained in this group of cells
(figure 3.17.O).

The NF, MAP2 and NSE markers were detected in the differentiated SHSH5Y cells in
comparison to the undifferentiated cells and negative controls, thus confirmed that the neuronal
differentiation was successfully achieved using 21-day protocol. The ICC was performed once
to confirm the successful differentiation of SHSY5Y cells (discussed in section 2.2.1.1).
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3.2.2.5 Comparing 10-day and 21-day protocol for differentiation

As discussed in detail in the above sections, neuronal differentiation of SHSY5Y cells was
achieved by following both the 10-day and 21-day protocols, in table.3.2. The table given above
was constructed to compare different criteria of both protocols to see if there was an advantage
to either of the two methods. Therefore, in order to utilize time efficiently, the 10-day protocol
was adopted as the final protocol for further experiments in this study.

Table.3.2. The table below compares the features and results obtained from RA-mediated 10and 21-day protocols in the efficacy to achieve neuronal differentiation.

Criteria of
comparison

Differentiated SHSY5Y
cells (10-days protocol)

RA concentration

10µM

Differentiation rate

Differentiated SHSY5Y Undifferentiated
cells (21-days protocol)
SHSY5Y cells
(10+21days
protocol)
1µM

Neurite outgrowth

Neurite outgrowth

visible after day5

visible after day10

No RA added
Neurite
outgrowth absent

NSE marker

Present

Present

Absent

MAP2 marker

Present

Present

Absent

NF marker

Present

Present

Absent

Morphology

Stable neurite with
Stable neurite outgrowth,
Overconfluent
outgrowth, networking with
networking with
culture with no
neighbouring group of
neighbouring group of
neurite outgrowth.
cells, on day10
cells, on day21
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3.3 Estimation of cell viability in oxidative stress
Oxidative stress is a common feature of both AD and obesity. It affects the mitochondrial
function resulting in Aβ accumulation and finally AD pathogenesis (Fracassi et al., 2021). H2O2
is well known oxidative stress inducer in SHSY5Y cell culture within 24 hrs incubation (Huang
et al., 2020). In the present study, established cell culture models were used to investigate the
interaction of neuronal- and adipocyte-like cells when exposed to oxidative stress.

It has been established within our lab that 3T3-L1 cells can be differentiated into adipocyte-like
cells (section 2.2.3.2) and it was confirmed that the profile of adipokines or growth factors
secreted by these cells were comparable to differentiated or mature adipocyte-like including
resistin, leptin, chemerin, adiponectin, interleukins, and others (Dewhurst et al., unpublished).
We investigated whether these adipokines or growth factors secreted had any impact on SHSY5Y
cell viability, when exposed to oxidative stress. Furthermore, to recapitulate the obese adipocyte
state, we examined whether adipokines secreted from differentiated 3T3-L1 had a different
impact on SHSY5Y cell viability.

3.3.1. Optimization of H2O2 dose on SHSY5Y cells
Firstly, the experiments were aimed to identify the optimum concentration of H2O2, and
incubation times required to induce cell death in approximately 50% of the cell population. In
the literature, a range of H2O2 concentrations between 50-500µM and incubation periods of 12
hrs and 24 hrs have been used to obtain oxidative stress induced cell death. Therefore, these
parameters (H2O2 concentrations and incubation time) were investigated in differentiated and
undifferentiated SHSY5Y cells (Garcimartín et al., 2017; Hanafy et al., 2020).
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3.3.1.1. Effect of variable H2O2 concentration on differentiated SHSY5Y cell
viability at 12 hrs and 24 hrs

Figure 3.18. Impact of H2O2 dose on cell viability in differentiated SHSY5Y cells (12 hrs and 24 hrs incubation)
was explored. The differentiated cells were treated with H2O2 doses between 50-500µM for 12 hrs and showed a
small increase in cell viability at dose 50µM but decline in cell viability was observed using H2O2 doses between
100 - 500µM. The EC50 obtained for 12 hrs was 250µM. Similarly, differentiated cells were treated with H2O2 dose
range between 50-500µM for 24 hrs. 50µM dose showed minor reduction in cell viability and H2O2 dose range 100
-500µM showed continued cell viability reduction. The EC50 obtained for 24 hrs was 150µM. Data was analysed
by GraphPad- Prism5. Each point of dose are in triplicate (n=3) and presented as mean ± SEM.

Cell viability of differentiated SHSY5Y cells was assessed after 12 hrs incubation with H2O2
dose range of 50, 100, 150, 250 and 500µM. Although there was small increase in cell viability
at 50µM and 100µM (128.3 ± 13.8 and 116.1 ± 15.2, respectively) but there was an overall
decrease in cell viability with increasing H2O2 concentration, 150µM and 500µM (102.1 ± 11.2
and 26.4 ± 4.28, respectively). The EC50 dose obtained was 250µM with half (52.9 ± 2.4) for
differentiated SHSY5Y after 12 hrs incubation with H2O2 dose (figure 3.18, 12 hrs). Similarly,
results obtained after the differentiated SHSY5Y cells were incubated with H2O2 for 24 hrs, an
overall decrease in cell viability was observed. Slight reduction in viability was found with 50
µM with (92.9 ± 5.4). Further decreased cell viability was obtained with increased dose of H2O2
i.e., 100µM, 250µM and 500µM with (63.9 ± 5.4, 29.3 ± 5.2, 23.5 ± 4.02, respectively). The
EC50 dose obtained was 150 µM with (43.6 ± 7.2) for neuronal-like cells after 12 hrs incubation
with H2O2 dose (figure 3.18, 24 hrs). On the basis of results obtained from 12- and 24 hrs with
H2O2, the concentration of 150 µM for 24 hrs was considered as the final dose to induce oxidative
stress in differentiated SHY5Y cells in further experiments.
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Results are stated as mean ± SEM (% viability). To obtain the EC50, the experiments were
repeated in triplicate (n=3) and data was analysed using GraphPad Prism 5 (detailed in section
2.3).

3.3.1.2 Effect of variable H2O2 concentration on undifferentiated SHSY5Y
cell viability at 12 hrs and 24 hrs

Figure 3.19. The impact of H2O2 dose on cell viability of undifferentiated SHSY5Y cells (12hrs and 24hrs
incubation). The undifferentiated cells were treated with H2O2 dose range between 50-500 µM for 12hrs. The H2O2
doses between 50-500 µM showed gradual decrease in cell viability and 50 µM was obtained as EC50 for H2O2
doses. Undifferentiated cells were also treated with H2O2 dose range between 50-500 µM for 24hrs. 50µM dose
showed minor reduction in cell viability and H2O2 dose range 100-500 µM showed gradually decreased cell viability
and EC50 attained was 100µM. Data was analysed by GraphPad Prism5. Each point of dose were repeated in
triplicate (n=3) and presented as mean ± SEM.

Cell viability of undifferentiated (non-neuronal cells) SHSY5Y cells was evaluated after 12 hrs
of incubation with H2O2 dose range between 50 – 500 µM (figure 3.19, 12 hrs). A minor
reduction in cell viability was recorded using 50 µM H2O2 dose with (91.3 ± 18.2) and an overall
decrease in cell viability with increasing H2O2 concentration i.e., 100, 150, 250 and 500 µM with
(46.4 ± 9.28, 39.2.9 ± 11.2, 28.8 ± 1.5 and 22.3 ± 12.28, respectively). The EC50 dose calculated
was 50 µM with (52.9 ± 2.4) for undifferentiated cells after 12 hrs incubation with H2O2 dose.
In addition, the results obtained after the undifferentiated cells were incubated with H2O2 for 24
hrs, an overall decrease in cell viability was observed. Slight reduction in viability was found
with 50 µM with (93.2 ± 15.4). Further decreased cell viability was obtained with increased dose
of H2O2 i.e., 150, 250 and 500 µM (41.3 ± 9.4, 27.8 ± 1.2, 20.5± 8.02, respectively).
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The EC50 dose obtained was 100µM with (52.6 ± 8.2) for undifferentiated cells after 24 hrs
incubation with H2O2 dose (figure 3.19, 24hrs). Based on results obtained from 12- and 24hrs
with H2O2, the concentration of 100 µM for 24 hrs was considered as the final dose to induce
oxidative stress in undifferentiated SHY5Y cells in further experiments. Results are stated as
mean ± SEM (% viability). The EC50 was calculated, and experiments were repeated in triplicate
(n=3) analysed using GraphPad Prism 5 (detailed in section 2.3).

3.3.2 Exploring the effect of co-treatment using differentiated and
undifferentiated (3T3-L1) derived conditioned media on oxidative stress
induced cytotoxicity in differentiated and undifferentiated SHSY5Y cells
Adipokines have a recognized role on cell viability. Adipokines are secreted from adipocytes into
their environment (cultured media in case of this study) ( Little & Safdar, 2015; El-Hattab et al.,
2020). To understand the effect of adipokines on the viability of neuronal cells under oxidative
stress, conditioned media (CM) was taken from cultured differentiated, as well as
undifferentiated (3T3-L1), and incubated with undifferentiated (non-neuronal) and differentiated
(neuronal-like) SHSY5Y cells for 24 hrs with and without H2O2 (figure 3.20. A-B). Overall, the
CM from differentiated 3T3-L1 showed neuroprotective effect evident by increased cell viability
of SHSY5Y cells under oxidative stress.

The effect of 3T3-L1 CM on the viability of undifferentiated cells under oxidative stress was
investigated (figure. 3.20.A). 100µM of H2O2 as well as CM from differentiated 3T3-L1 and
undifferentiated 3T3-L1 were used as co-treatment condition and were incubated with
undifferentiated cells for 24 hrs. CM from differentiated and undifferentiated 3T3-L1 caused a
significant decrease (***p<0.001) in the overall cell viability of undifferentiated SHSY5Y cells
with and without H2O2 in comparison to the untreated cells (CM from differentiated 3T3-L1
without H2O2 = 48 ± 8.09; CM from differentiated 3T3-L1 with H2O2 = 29 ± 1.7; CM from
undifferentiated 3T3-L1 without H2O2 = 43 ± 6.7; CM from undifferentiated 3T3-L1 with H2O2
= 38 ± 11.9).
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In addition, significantly reduced cell viability (*p<0.05) was noted in CM from differentiated
3T3-L1 without H2O2 = 43 ± 6.7 in comparison to CM from differentiated 3T3-L1 with H2O2 =
23 ± 0.7. The reduced cell viability indicated that the undifferentiated SHSY5Y cells were not
able to adjust and continue the normal growth in the presence of CM.

Figure 3.20. To explore the impact of co-treatment using differentiated and undifferentiated 3T3-L1 derived CM on
oxidative stress induced cytotoxicity in differentiated and undifferentiated SHSY5Y cells. A. undifferentiated
SHSY5Y cells were treated with 100µM H2O2 for 24 hrs, associated with a decrease in cell viability. CM from
differentiated and undifferentiated 3T3-L1 elicited a decrease in cell viability in comparison to untreated controls.
Co-incubation of CM from undifferentiated 3T3-L1 had restorative effect on the response of the undifferentiated
SHSY5Y cells treated with H2O2. B. The differentiated SHSY5Y cells were treated with 150µM H2O2 for 24 hrs
which was related to decrease in cell viability. Overall variation in the cell viability of differentiated SHSY5Y cells
was observed when incubated with different treatments in comparison to the untreated cells. Significant increase in
the viability of differentiated SHSY5Y cells was observed when incubated in CM from differentiated 3T3-L1 with
and without H2O2 and CM of undifferentiated in comparison to the H2O2 treated. The data obtained are presented as
mean ± SEM (each experiment was repeated in triplicate, n=3). Data was analysed by using GraphPad Prism5 and
statistical significance was considered at *p<0.05, **p<0.01, ***p<0.001.

The MTT assay results obtained showed overall inconsistent cell viability of differentiated
SHSY5Y in the presence and absence of H2O2 co-treated with CM from differentiated and
undifferentiated 3T3-L1, as shown in figure 3.20.B. 150µM of H2O2 was used in this
experimental study to induce oxidative stress for 24 hrs. The H2O2 only treated cell showed
significant reduced cell viability in comparison to the untreated cells (*p<0.05).
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Moreover, the CM from differentiated 3T3-L1 with and without H2O2 as well as undifferentiated
3T3-L1 supported a significant increase (*p<0.05), ***p<0.001, **p<0.01, respectively) in cell
viability of in comparison to the H2O2 only treated cells (CM from differentiated 3T3-L1 without
H2O2 = 132.6 ± 9.01; CM from differentiated 3T3-L1 with H2O2 = 95.1 ± 4.3; CM from
undifferentiated 3T3-L1 without H2O2 = 102.6 ± 7.8; CM from undifferentiated 3T3-L1 with
H2O2 = 44 ± 3.9). In addition, significant increase in cell viability was measured in CM from
differentiated 3T3-L1 with H2O2 and CM from undifferentiated 3T3-L1 without H2O2 (*p<0.05,
**p<0.01, respectively) in comparison to CM from undifferentiated 3T3-L1 with H2O2.

The data was analysed using GraphPad Prism 5. The data are presented as mean ± SEM (%
viability) and each experiment was repeated in triplicate, n=3. Statistical significance was
considered with *p<0.05, **p<0.01, ***p<0.001, when the incubated treatments were compared
to untreated and H2O2- only treated cells (statistical analysis detail given in section 2.3).

The cell viability experimental results suggested that the adipokines/other growth factors secreted
by the differentiated 3T3-L1 cells or adipocyte-like had a neuroprotective effect during H2O2
induced oxidative stress. No effective neuroprotective effect was observed in the undifferentiated
SHSY5Y cells or non-neuronal cells. Therefore, the following experiments were performed to
better understand the effect of these released adipokines or growth factors in the conditioned
media in relation to the cell viability under oxidative stress.

3.3.3. Exploring the effect of co-treatment using stressed adipocyte and preadipocyte (3T3-L1) derived CM on oxidative stress induced cytotoxicity in
differentiated and undifferentiated SHSY5Y cells
Obesity is characterised by chronic low-level inflammation and persistent oxidative stress. The
adipocytes secreted adipokines and oxidative stress are co-related which could influence the
adipokine level and effectiveness (Li et al., 2019; Sakurai et al., 2009). Cultured media was
therefore derived from adipocytes (differentiated 3T3-L1 cells) that had been ‘stressed’ by
exposure to H2O2 to investigate whether the resultant conditioned media had a different influence
on the viability of neuronally differentiated and undifferentiated SHSY5Y cells. Because the

118

H2O2 was added or mixed to/with the cultured media of adipocyte-like cells, it was not possible
to separate the added H2O2 from cultured media, so we had to consider the possibility that
neuronal-like cells damage was not solely because of CM.

The cytotoxic assay results showed for the undifferentiated SHSY5Y cells under oxidative stress
(figure 3.21.A), 100µM of H2O2 was used to stress the differentiated 3T3-L1 and CM from
differentiated 3T3-L1 and undifferentiated 3T3-L1 were used as co-treatment condition to be
incubated with undifferentiated SHSY5Y cells for 24 hrs. CM from both differentiated and
undifferentiated 3T3-L1 caused a significant decrease (***p<0.001) which was observed as the
overall cell viability of undifferentiated SHSY5Y cells with and without H2O2 in comparison to
the untreated SHSY5Y cells (CM from differentiated 3T3-L1 without H2O2 = 48 ± 0.09; CM
from differentiated 3T3-L1 with H2O2 = 37.1 ± 1.7; CM from undifferentiated 3T3-L1 without
H2O2 = 74 ± 0.07; CM from undifferentiated 3T3-L1 with H2O2 = 68 ± 1.09).

In addition, significant increase in cell viability was recorded in CM from differentiated 3T3-L1
without H2O2, CM (pre-stressed with H2O2) from differentiated 3T3-L1 without H2O2 (43.3 ±
0.7), and CM from undifferentiated 3T3-L1 with and without H2O2 in comparison to the H2O2
only treated cells (**p< 0.01, ***p<0.001). Moreover, significantly reduced cell viability was
obtained in CM from undifferentiated 3T3-L1 with and without H2O2 in comparison to the CM
from differentiated 3T3-L1 with and without H2O2 (***p<0.001).

The results obtained suggested that the undifferentiated SHSY5Y cells were not able to adjust
and continue the normal growth in the presence of CM whereas slightly increased cell viability
in undifferentiated SHSY5Y (non-neural) with undifferentiated 3T3-L1(pre-adipocytes) CM
indicated the possibility of presence of growth factors that supports the cellular proliferation even
under oxidative stress.
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Figure 3.21. To explore the impact co-treatment using differentiated 3T3-L1 (or non-stressed in this study), stressed
differentiated 3T3-L1 and undifferentiated 3T3-L1 derived CM on oxidative stress induced cytotoxicity in
differentiated (neuronal-like) and undifferentiated (non-neuronal) SHSY5Y cells. A. non-neuronal SHSY5Y cells
were treated with 100µM H2O2 for 24 hrs to achieve induced oxidative stress. An overall, significant decreased cell
viability was measured when SHSY5Y cells were treated with CM from differentiated and undifferentiated 3T3-L1
with and without H2O2 in comparison to the untreated SHSY5Y cells. Significant increase in cell viability was
observed in differentiated (stressed and non-stressed) CM without H2O2, CM from undifferentiated 3T3-L1 with
and without H2O2 in comparison to the cells with H2O2 only treated cells. B. The undifferentiated SHSY5Y cells
were treated with 150µM H2O2 for 24 hrs to attain induced oxidative stress. A significant increase in differentiated
SHSY5Y cell viability was measured with CM from differentiated 3T3-L1 without H2O2 and CM of undifferentiated
3T3-L1 with and without H2O2 in comparison to the H2O2 only treated cells. The data are presented as mean + SEM
and each experiment was repeated in triplicate (n=3). The data was analysed using GraphPad Prism5. Statistical
significance was considered at *p<0.05, **p<0.01, ***p<0.001.

The effect of pre-oxidized or stressed CM from differentiated and differentiated 3T3-L1 on the
differentiated SHSY5Y (neuronal-like) cell viability under oxidative stress was further explored
following the co-treatment experiment (figure 3.20). In section 3.3.2, the SHSY5Y cells were
examined for neuroprotection against oxidative stress, however, in this section, the obesity-like
condition was attempted to be mimicked.

150µM of H2O2 was used to induce oxidative stress prior to the experiment and thereafter, CM
from differentiated-undifferentiated 3T3-L1 were used as co-treatment condition for 24 hrs
(figure 3.21.B). An overall, significant reduction in cell viability of differentiated SHSY5Y cells
was observed in different treatment conditions (**p<0.01) in comparison to the untreated
SHSY5Y cells.
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Decreased cell viability indicated that neuronal-like cells were unable to proliferate to full
potential in the presence of the CM from differentiated and undifferentiated 3T3-L1 under
oxidative stress, especially when the CM from the differentiated were already stressed. When the
differentiated SHSY5Y cells were incubated with the CM from differentiated 3T3-L1 without
H2O2 and CM from undifferentiated 3T3-L1 with and without H2O2, a significant increase in cell
viability was attained (differentiated 3T3-L1-CM without H2O2= 66.29 ±1.02, undifferentiated
3T3-L1-CM without H2O2 = 50.66 ±10.06, preadipocyte CM with H2O2 =52 ± 11.06) in
comparison to the H2O2 only treated cells.

The data was analysed using GraphPad Prism 5, detailed in method section 2.3. The data are
presented as mean ± SEM (% viability) and each experiment was repeated in triplicate, n=3.
Statistical significance was considered at *p<0.05, **p<0.01, ***p<0.001. The data obtained
suggested that under H2O2 induced oxidative stress condition, the differentiated SHSY5Y
(neuronal-like) cells with stressed growth factors or adipokines did not show distinguished cell
proliferation in compare to the untreated SHSY5Y cells.

3.3.4. Exploring the effect of co-treatment using stressed adipocyte and preadipocyte (3T3-L1) derived half CM change on oxidative stress induced
cytotoxicity in differentiated and undifferentiated SHSY5Y cells
Half media change has been used successfully and allowed adipokine exposure with a reduced
impact of complete removal of normal growth media. To eliminate the possibility that in previous
experiments (section 3.3.3, figure 3.21), the complete replacement of cultured media from
SHSY5Y cells with CM from 3T3-L1 cells may had removed essential growth factors in
SHSY5Y cell culture. Therefore, this experiment was performed to understand the
neuroprotection using SHSY5Y cells under oxidative stress, and instead of complete removal of
normal growth media, only half volume of media was replaced on SHSY5Y cells so that the cells
could be exposed to both normal growth media as well as CM.
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Figure 3.22. To investigate the effect of co-treatment using half media change condition derived from differentiated
3T3-L1 (or non-stressed in this study), stressed differentiated 3T3-L1 and undifferentiated 3T3-L1 on oxidative
stress induced cytotoxicity in differentiated and undifferentiated SHSY5Y cells. A. non-neuronal SHSY5Y cells
were treated with 100µM H2O2 for 24 hrs to induce oxidative stress. Significant decrease in cell viability was
observed with H2O2 only treated SHSY5Y cells in comparison to the untreated SHSY5y cells. Significantly
increased cell viability was measured in undifferentiated SHSY5Y cells when incubated with differentiated 3T3L1- CM without H2O2with in comparison with H2O2 only treated SHSY5Y cells. In addition, significant reduction
in cell viability was recorded in stressed differentiated 3T3-L1 and undifferentiated 3T3-L1 with and without H2O2
in comparison to the differentiated 3T3-L1- CM without H2O2. B. The differentiated SHSY5Y cells were treated
with 150µM H2O2 for 24 hrs to obtained induced oxidative stress. Significant increase in differentiated SHSY5Y
cell viability was measured with CM from undifferentiated 3T3-L1 without H2O2 in comparison to H2O2 only treated
SHSY5Y cells. Significant decrease in cell viability was measured with stressed differentiated 3T3-L1-CM with
H2O2 in comparison to differentiated 3T3-L1-CM without H2O2 and significant increased cell viability was observed
in undifferentiated 3T3-L1 without H2O2 in comparison to stressed differentiated 3T3-L1-CM with H2O2. The data
are presented as mean ± SEM and each experiment was repeated in triplicate, (n=3). The data was analysed using
GraphPad Prism5. Statistical significance was considered at *p<0.05, **p<0.01, ***p<0.001.

The MTT assay results were obtained using undifferentiated SHSY5Y cells under oxidative
stress, showed in figure 3.22.A. 100µM of H2O2 dose was used to stress the differentiated 3T3L1 and CM from differentiated 3T3-L1 and undifferentiated 3T3-L1 were used as co-treatment
condition to be incubated with undifferentiated SHSY5Y cells for 24 hrs. Significant decrease in
cell viability was observed in H2O2 only treated SHSY5Y cells in comparison to the untreated
SHSY5Y cells. In addition, significant increase in cell viability was measured in CM from
differentiated 3T3-L1 without H2O2 (280.6 ± 17.9) in comparison to the H2O2 only treated
SHSY5Y cells. Moreover, significantly reduced cell viability was measured in undifferentiated
and stressed differentiated 3T3-L1-CM with and without H2O2, with (undifferentiated 3T3-L1CM without H2O2 = 80.3 ± 2.07, undifferentiated 3T3-L1-CM with H2O2= 51.6 ± 2.67, stressed
differentiated 3T3-L1-CM without H2O2 = 81.6 ± 7.5, stressed differentiated 3T3-L1-CM with
H2O2 = 54.6 ± 9.03) in comparison to the CM from differentiated 3T3-L1 without H2O2.
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Differentiated SHSY5Y cells were incubated with differentiated 3T3-L1-CM and
undifferentiated 3T3-L1-CM with and without H2O2. Significantly increased cell viability was
measured in SHSY5Y cells in undifferentiated 3T3-L1-CM without H2O2 (128 ± 7.5) in
comparison to the H2O2 only treated SHSY5Y cells. Similarly, significant increase in cell
viability was measured in SHSY5Y cells in undifferentiated 3T3-L1-CM without H2O2 in
comparison to the stressed differentiated-3T3-L1-CM with H2O2 (38.1 ± 6.1). Reduced cell
viability was measured in stressed differentiated-3T3-L1-CM with H2O2 in comparison to the
undifferentiated 3T3-L1-CM without H2O2. The data was analysed using GraphPad Prism 5,
detailed in method section 2.3. Data are presented as mean ± SEM (% viability) and each
experiment was repeated in triplicate, n=3. Statistical significance was considered at *p<0.05,
**p<0.01, ***p<0.001.

3.3.5. Understanding the effect of commercial adipokines on SHSY5Y cell
viability
Considering the ability of adipocyte derived CM to influence differentiated (neuronal-like) and
undifferentiated (non-neuronal) SHSY5Y cells under oxidative stress, the next step was to study
the influence of key individual adipokines. Previous studies have identified that adipokines may
have neuroprotective effects as antioxidant and anti-inflammatory agents (Haidari et al., 2019).
The next phase of this study therefore used commercially available adipokines to determine their
individual role on the cell viability of differentiated and undifferentiated SHSY5Y cells. The
adipokines used were chemerin, leptin and resistin. Chemerin and leptin were selected because
studies have confirmed the expression of their respective receptors in SHSY5Y cells (Tümmler
et al., 2017; Lu et al., 2006). Furthermore, resistin has been strongly inter-linked with IR and
obesity (Tripathi et al., 2020), however no study so far has confirmed their direct involvement in
relation to AD and obesity under oxidative stress (detailed in chapter 4, discussion).
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3.3.5.1 Effect of chemerin on differentiated and undifferentiated SHSY5Y
cell viability in the presence and absence of H2O2 induced oxidative stress

Fig.3.23. Exploring the impact of commercially available chemerin on differentiated SHSY5Y cell viability. A. The
differentiated SHSY5Y cells were treated with increasing doses of chemerin (5nM, 10nM and 20nM) for 24hrs
without H2O2. B. differentiated SHSY5Y cells were co-treated with 150µM of H2O2 and chemerin for 24 hrs. A
significant increase in cell viability was observed in differentiated SHSY5Y cells co-treated with H2O2 and 5 and
20nM doses of chemerin in comparison to H2O2 only treated differentiated SHSY5Y cells. C. the undifferentiated
SHSY5Y cells were treated with three doses of chemerin- 5nM,10nM and 20nM for 24 hrs incubation without H2O2
and no significant change in cell viability using different doses of chemerin was observed. D. undifferentiated
SHSY5Y cells were co-incubated with 100µM of H2O2 with chemerin for 24 hrs. There was statistically significant
increase in cell viability cells was obtained with in chemerin (5nM) +H2O2 in comparison to cells H2O2 only treated
undifferentiated SHSY5Y cells. The data are presented as mean ± SEM and was analysed using GraphPad Prism5.
Statistical significance was considered at *p<0.05, **p<0.01. Each experiment was performed in triplicate, (n=3).

Three doses of chemerin (5,10 and 20nM) without and with 150µM of H2O2 were used and cotreated with differentiated SHSY5Y cells (figure 3.23.A and B, respectively) for 24 hrs.

In the absence of H2O2 treatment, the incubated three doses of chemerin did not show any
statistical difference in cell viability (figure 3.23.A) in comparison to the untreated cells. Whereas
significantly increased cell viability was measured in differentiated SHSY5Y cells co-treated
with H2O2 + 5nM (130.3 ± 6.1) and 20nM (115 ± 4.4) doses of chemerin in comparison to the
H2O2 only treated differentiated SHSY5Y cells, *p<0.05, **p<0.01.
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Similarly, undifferentiated SHSY5Y cells were incubated with three doses of chemerin and coincubated without and with 100µM of H2O2 for 24 hrs (figure 23.C and D, respectively).
Different doses of chemerin showed no change in cell viability in undifferentiated SHSY5Y cells
in the absence of H2O2. However, co-treated condition of chemerin of 5nM (12.3 ± 0.79) and
H2O2 with an undifferentiated SHSY5Y cells showed significant increased cell viability under
oxidative in comparison to the H2O2 only treated undifferentiated SHSY5Y cells, **p<0.01.

The data was analysed using GraphPad Prism 5, detailed in section 2.3. The data are presented
as mean ± SEM (% viability) and each experiment was repeated in triplicate, n=3. Statistical
significance was considered at *p<0.05, **p<0.01. Overall, the results suggested neuroprotective
effects of chemerin against H2O2 induced cell death are specific to the differentiated SHSY5Y
(neuronal-like) cells. The increasing concentration of chemerin effectively improved the cell
viability of neuron-like cells under H2O2 induced oxidative stress condition with statistically
significant difference, but in undifferentiated SHSY5Y (non-neuronal) cells, chemerin failed to
show effective protection towards cell survival.

3.3.5.2 Effect of leptin on differentiated and undifferentiated SHSY5Y cell
viability in the presence and absence of H2O2 induced oxidative stress
To determine the neuroprotective effect of commercially available leptin on differentiated
SHSY5Y cells (neuronal-like) and undifferentiated SHSY5Y cells (non-neuronal), three doses
of leptin (50,100 and 200nM) were co-treated without and with H2O2 for 24 hrs (figure 3.24).

Leptin had no effect on the viability of differentiated SHSY5Y cells in comparison to the
untreated SHSY5Y cells (absence of H2O2) (figure 3.21.A). However, H2O2 induced decrease in
cell viability was significantly inhibited by leptin (50, 100 and 200nM) in differentiated SHSY5Y
cells (leptin (50nM) + H2O2 =109.6 ± 5.3, leptin (100nM) + H2O2 = 106.6 ± 1.3 and leptin
(200nM) + H2O2= 100.3 ± 1.9) in comparison to the differentiated SHSY5Y (neuronal-like) cells
with H2O2 treatment (figure 3.21.B), *p<0.05, **p<0.01.
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Figure 3.24. Exploring the impact of commercially available leptin on H2O2 induced oxidative stress in differentiated
(neuronal-like) and undifferentiated (non-neuronal) SHSY5Y cells. Leptin was used with 3 doses (50,100 and
200nM) for 24hrs with and without H2O2. A. No change in the cell viability of differentiated SHSY5Y cells was
recorded with 50nM,100nM and 200nM doses of chemerin without H2O2. B. H2O2 dose of 150µM was co-treated
with leptin on differentiated SHSY5Y cells. Significantly increased cell viability was measured using 50, 100 and
200nM doses of leptin in comparison to H2O2 only treated differentiated SHSY5Y cells. C. 3 doses of leptin was
used on undifferentiated SHSY5Y cells for 24 hrs incubation without H2O2. No significant change in
undifferentiated SHSY5Y cell viability was measured using 50,100 and 200nM doses of chemerin. D. The H2O2
induced oxidative dose on undifferentiated SHSY5Y cells used was 100µM co-treated with leptin. No significant
change in cell viability was measured using 50, 100 and 200nM dose in comparison to the H2O2 only treated
undifferentiated SHSY5Y cells. The data are presented as mean ± SEM. The data was analysed using GraphPrism5,
and statistical significance was considered at *p<0.05, **p<0.01. Each experiment performed was in triplicate, n=3.

Similar to differentiated SHSY5Y cells, three doses of leptin were used on undifferentiated
SHSY5Y cells for 24 hrs with and without H2O2, as shown in figure 3.24. C and D. The results
obtained demonstrated no impact of leptin doses (all 3 doses) on the undifferentiated SHSY5Y
cell viability in absence as well as presence of H2O2 induced oxidative stress and no statistical
difference was measured. Whereas the differentiated SHSY5Y (neuronal-like) cells showed
neuroprotection with all doses under oxidative stress with statistical difference in comparison
to only H2O2 treated cells. The data was analysed using GraphPad Prism 5, detailed in method
section 2.3. The data are presented as mean ± SEM (% viability) and each experiment was
repeated in triplicate, n=3. Statistical significance was considered at *p<0.05, **p<0.01.
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3.3.5.3 Effect of resistin on differentiated and undifferentiated SHSY5Y cell
viability in the presence and absence of H2O2 induced oxidative stress

Figure 3.25. Exploring the impact of commercially available resistin on differentiated (neuronal-like) and
undifferentiated (non-neuronal) SHSY5Y cells with and without H2O2 induced oxidative stress. 3 different doses of
resistin were used i.e., 5,10 and 20nM for 24hrs. A. the treatment of resistin only with different doses had no
significant effect on the differentiated SHSY5Y cell viability in comparison to the untreated differentiated SHSY5Y
cells. B. resistin prevented decrease in SHSY5Y cell viability in presence of H2O2 co-treated with 10nM dose of
resistin with statistically significant difference in comparison to H2O2 only treated differentiated SHSY5Y cells. C
and D. The treatment of undifferentiated SHSY5Y cells without and with H2O2 (100µM), respectively in presence
of resistin had no impact on the viability with either of doses used. The data are presented as mean ± SEM. The data
was statistically analysed using GraphPad Prism5. Statistical significance was considered at *p<0.05, **p<0.01.
Each experiment performed was in triplicate, n=3.

The neuroprotective effect of commercially available resistin was assessed by incubating dose
range of 5,10 and 20nM for 24 hrs on differentiated (neuronal-like) and undifferentiated (nonneuronal) SHSY5Y cells with and without H2O2 induced oxidative stress (figure 3.25). Although
the incubation of increasing doses of resistin (5-20nM) with differentiated SHSY5Y cells without
H2O2 (figure 3.25.A), showed effective increase in cell viability, there was no statistically
significant difference in comparison to the differentiated SHSY5Y cells with no H2O2 treatment.
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Results obtained from the co-treatment of differentiated SHSY5Y cells (figure 3.22.B) with
150µM H2O2 + 10nM resistin showed significant increase in cell viability in comparison to H2O2
only treated differentiated SHSY5Y cells (resistin+ H2O2 =133.6 ± 17.3). The highest rescue
effect in relation to cell viability under oxidative stress was measured in 10nM dose in
comparison to the neuronal-like cells with H2O2 only treatment.

The undifferentiated SHSY5Y cells were incubated with three different doses of resistin for 24
hrs without H2O2 (figure 3.22.C). Using 5,10 and 20nM doses of resistin, no significant change
in cell viability (p>0.05) was measured in undifferentiated SHSY5Y cells with resistin treatment
in comparison to the untreated cells. The results suggested that the resistin did not have any active
impact on the cell proliferation without oxidative stress condition. For H2O2 induced oxidative
stress in undifferentiated SHSY5Y cells, 100µM dose of H2O2 was used for the co-treatment with
resistin (figure 3.22.D), no significant rescue effect in relation to cell viability (p>0.05) were
measured with all three doses in comparison to the H2O2 only treated undifferentiated SHSY5Y
cells. Overall, the neuroprotective effect of resistin on neuronal-like cells was only observed with
10nM dose of resistin under oxidative stress condition. The data was analysed using GraphPad
Prism 5, detailed in method section 2.3. The data are presented as mean ± SEM (% viability) and
each experiment was repeated in triplicate, n=3. Statistical significance of data was considered
at *p<0.05.

3.3.6 Understanding the effect of commercial chemerin on human skin
derived fibroblast cell viability
Considering the impact of individual adipokines effect on the neuroprotection, it would be
interesting to investigate the effect of adipokines on AD patient derived skin fibroblast cells as
these cells possess characteristics associated with AD. For example, increased activity of
bradykinin (neuropeptide mediator) signal transduction cascade leads to tau phosphorylation and
significant oxidative stress in AD skin fibroblast could be predictive of AD development (Jong
et al., 2003). Commercially available adipokines were used to establish their individual impact
on the cell viability of human skin- derived fibroblast cells. The impact of chemerin, leptin and
resistin on cell lines from AD and non-AD donors were investigated.
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The concentration dose of H2O2 used was optimised and 1mM for 15 mins H2O2 incubation was
used as finalised dose to induce oxidative stress in fibroblast cells. MTT, a cytotoxicity assay
was performed to obtain the data (Uberti et al., 2002; Hahn et al., 2017). Very short exposure of
H2O2 was given to the fibroblast and the optimisation was performed by referring the literature.

3.3.6.1 Optimization of H2O2 dose to induce oxidative stress in fibroblast cells
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Figure 3.26. Exploring the impact of different doses of H2O2 for 15 mins to induce oxidative stress in fibroblast cells.
Non-AD fibroblast, AG80125 cell line was used to obtain the EC50 value of H 2O2 induced oxidative stress with 15
mins incubation. The H2O2 doses between 0.05-1.5mM was used and showed gradual decrease in cell viability and
1mM dose was calculated as EC50 for H2O2 doses in comparison to the untreated fibroblast cells. MTT assay was
used as cytotoxic assay and data was analysed by GraphPad Prism 5. Each point of dose are presented as mean ±
SEM (n=3).

To obtain a specific H2O2 dose for induced oxidative stress in the fibroblast cells, optimization
using different doses of H2O2 for 15 mins was performed (Uberti et al., 2002). The human skin
derived fibroblast cell line, AG08125, from non-AD donor were used and investigated the
cytotoxic effect of H2O2 induced oxidative stress using doses: 0.05, 0.1, 0.5, 1 and 1.5mM. As
shown in figure 3.26, when 0.05mM and 0.1mM H2O2 doses were incubated for 15 mins, no
significant change in cell viability was measured in comparison to the untreated fibroblast cells
(without H2O2 treatment). The 0.5mM H2O2 dose showed decrease in cell viability in comparison
to the untreated fibroblast cells. In addition, the doses using 1 and 1.5mM, H2O2 showed reduced
cell viability. The H2O2 dose concentration of 1mM for 15 mins was obtained as EC50 value
(57.2 ± 3.01) and considered as final dose concentration for further experiments to induce
oxidative stress in fibroblast cells from AD and non-AD skin donors.
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Data was analysed by GraphPad Prism5 using non-linear regression for EC50. Each point of dose
are presented as mean ± SEM (% viability) (experiments performed in triplicate, n=3, detailed in
section 2.3).

3.3.6.2 Comparing the effect of chemerin (10nM) on non-AD and AD donors
skin derived fibroblasts under H2O2 induced oxidative stress
To understand the protective effect of commercially available chemerin on AD patient skin
derived fibroblasts, a 10nM dose of chemerin was incubated with fibroblast cells with and
without H2O2. The cell lines: AG08125, AG08517 and AG08509 were used as non-AD
fibroblasts and for AD fibroblasts cell lines: AG07872, AG05809 and AG06869 were used. The
co-treatment with chemerin and H2O2 caused a significant decrease in viability of fibroblast cells
in AD patients (57.14 ± 0.07) in comparison to with the non-AD fibroblasts (79.46 ± 2.09) and
suggested that chemerin had no protective impact on the viability of AD group.

Figure 3.27. Exploring the impact of chemerin with and without H2O2 induced oxidative stress for 15 mins using
AD patient derived and non-AD fibroblast cells. Chemerin showed protective effect in the non-AD donors in
comparison to the AD patients (**p<0.01). Data was statistically analysed by GraphPad Prism5. Each experiment
was performed in triplicate (n=3) and data are presented as mean ± SEM.

The results shown in figure 3.27 confirmed that protective effect of chemerin was only present
in the non-AD donors in relation to increased cell viability in comparison to the AD donors
derived skin fibroblast cells under H2O2 induced oxidative stress. The results were statistically
analysed by GraphPad-Prism5 using two-way ANOVA (section 2.3, discussed in detail). Each
experiment was performed in triplicate (n=3) and data are presented as mean ± SEM (%
viability).
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3.3.6.3 Comparing the effect of chemerin (20nM) on non-AD and AD patient
skin derived fibroblasts under H2O2 induced oxidative stress
To understand the protective effect of commercially available chemerin on non-AD and AD
donors skin derived fibroblasts, 20nM dose of chemerin was used and incubated with fibroblast
cells with and without H2O2. The cell lines: AG08125, AG08517 and AG08509 were used as
non-AD control fibroblast and for AD patients’ fibroblasts cell lines: AG07872, AG05809 and
AG6869 were used.

Figure 3.28. Exploring the impact of chemerin with and without H 2O2 induced oxidative stress for 15 mins using
AD patient derived and non-AD fibroblast cells. Chemerin showed no protective effect in the non-AD patients in
comparison to the AD patient (p>0.05) with and without H2O2 induced oxidative stress. Data are presented as
mean ± SEM and was statistically analysed by GraphPad-Prism5. Each experiment was performed in triplicate
(n=3) and data are presented as mean ± SEM.

The results shown in figure 3.28 demonstrated that the cell viability of AD and non-AD patients
are similar and there was no statistically significant difference in cell viability of AD donors
fibroblasts in comparison to the non-AD donor cells when treated with chemerin in the presence
and absence of H2O2 induced oxidative stress (p>0.05). The results were statistically analysed
using GraphPad-Prism5 using two-way ANOVA (discussed in detail in section 2.3). Each
experiment was performed in triplicate (n=3) and data are presented as mean ± SEM (%
viability). The results suggested that chemerin showed protective effect under H2O2 oxidative
stress conditions using slightly higher dose of 20nM whereas no protective effect was observed
in 10nM of chemerin, as shown in figure 3.26.
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Chapter 4. DISCUSSION
Alzheimer’s disease is the most common form of dementia in elderly people and its prevalence
will increase to 152 million by 2050 (WHO, 2017). Its pathogenesis is underpinned by a raft of
complex molecular mechanisms resulting in the accumulative neuronal damage, synaptic
dysfunctional and subsequent cell death (Cohen et al., 2016). At present there is no cure for this
debilitating condition and therefore understanding the contributing factors to disease progression
is important. Midlife obesity is known to be a risk factor for the development of AD (Pedditizi
et al., 2016). The prevalence of obesity is increasing globally, and it is a significant burden to
healthcare providers. As we are faced with an ever-increasing ageing population who are more
likely to be obese, it is more important than ever to understand how obesity contributes do the
progression of AD. Only in understanding the interface of these two debilitating diseases the time
bomb can be disarmed facing society.

Adipose tissues/adipocytes are vital for the regulation of various physiobiological functions,
primarily lipid and glucose homeostasis. The white adipose tissues are essentially involved with
the energy storage and distribution whereas brown adipose tissues are responsible for
thermogenesis. Apart from these roles the adipocytes secrete various adipokines and hormones
such as leptin, chemerin, resistin, adiponectin, fibroblast growth factors 21 and others (Cuevas
Ramos et al., 2009; Farooqi & O’ Rahilly, 2014; Chait et al., 2020).

Obesity is associated with the accumulation of white adipose tissue and is accompanied by a
change in the circulating levels of several adipokines which have the capacity to influence a raft
of physiological processes including satiety, blood pressure and mood. Furthermore, adipocyte
dysfunction link to obesity has been shown to alter brain metabolism, induced
neuroinflammation, neuronal dysfunction, brain atrophy, impaired mood and cognitive decline
(Luppino et al., 2010; Chellappa et al., 2019; Uddin et al., 2021) suggesting that there is a close
relationship between the brain and the negative effects of obesity. It is thought that perhaps
adipokines are key molecules in mediating this cross talk.
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A cross sectional study has shown that hyper adiponectin and leptin secretion can modulate the
early rheumatoid arthritis (eRA) disease development and can be considered as diagnostic
measure (Chaparro-Sanabria et al., 2019). Another study on mice (fed with controlled diet) has
shown that after 60 days of stroke, adipokine levels were disturbed significantly. In addition,
resistin and adiponectin levels were highly increased whereas leptin levels were found to be
unaffected (Haley et al., 2020). A similar study using diet induced obesity in animal models
showed that harmful impact of obesity on stroke depends on the prolongation of ischemic
condition and remodelling of inflammatory factors due to obesity which could impact negatively
on stroke (Maysami et al., 2015). Interestingly, a recent patient study has shown that the maternal
obesity can potentially increase the risk of neuropsychiatric disorders, development of cognitive
impairment and can negatively influence on the fetal brain development (Letra & Santana, 2017).

Finally, oxidative stress is common to both obesity and AD. In obesity, it is thought that
adipocytes become enlarged to an extent that oxygen cannot diffuse efficiently across the
adipocyte resulting in oxidative stress, dysregulated adipokine profiles and low-grade chronic
inflammation (Parimisetty et al., 2016). The changes in adipokines and immune response,
alongside lipid and glucose handling are all thought to be contributory to many diseases.
Interestingly, oxidative stress has also been linked to pathogenesis of AD, evident by a study that
confirmed the presence of protein, lipid, and DNA oxidation in the brain tissues of AD patients
due to oxidative stress (Gella & Durany, 2009). Studies related to conserved kinase consensus
sequences confirmed that the protein hyperphosphorylation in neurofibrillary tangles and senile
plaques due to the cellular oxidative damage in the AD pathogenesis (Perry et al., 2002). During
the AD progression, various sources were considered to be the contributing factors in inducing
neuronal oxidative damage leading to neuronal death such as iron induced lipid peroxidation,
activated microglia forming peroxy-nitrite, ROS generated by Aβ itself and advanced glycation
of redox end products resulting in the dysfunctional mitochondria which is leading source of
ROS release in AD (Smith et al., 2000; Youssef et al., 2018; Ton et al., 2020). Therefore,
understanding how adipocytes have the capacity to influence neuronal functioning under
oxidative stress in relation to AD forms the basis of this study.
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We hypothesized that adipocyte-derived adipokines and specific named adipokines i.e.,
chemerin, leptin and resistin possess the ability to restore the neuronal proliferation under
oxidative stress.

In order for us to address this hypothesis, we:

1. Generated and validated cell culture models of AD and obesity using SHSY5Y cells
and 3T3-L1 cells, respectively.
2. Optimised the treatment of our cell models with hydrogen peroxide to recreate the
oxidative stress environment associated with AD and obesity.
3. Used conditioned media technique to evaluate the role of an adipokine rich environment
on cultured neuronal cell viability in response to oxidative stress.
4. Investigated the effect of specific individual adipokines (chemerin, leptin and resistin)
on cultured neuronal cells.
5. Explored the role of chemerin using skin-derived fibroblast of AD and non-AD human
patients.

The results described in this thesis demonstrated that the differentiation of SHSY5Y and 3T3-L1
cells was successfully achieved by using specific chemical inducers and confirmed the
maturation by ICC and Oil Red-O staining, respectively. In addition, optimal H2O2 dose in the
SHSY5Y and fibroblast cells was attained by dose-dependent response cell viability and the
EC50 dose was obtained to induce oxidative stress. Moreover, in the presence of adipokine rich
CM from adipocyte-like demonstrated rescue effect on the neuronal cell viability under oxidative
stress. Furthermore, the incubation of chemerin, leptin and resistin with the SHSY5Y and
fibroblast cells showed protective effect under oxidative stress. These key findings will be
explored in the following sections but first, the selected cell culture models used in this study
will be considered.
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4.1. Consideration of the cellular models used in this study
In the present study, 3T3-L1, SHSY5Y and skin derived fibroblast cells were used as cellular
models. To make 3T3-L1 and SHSY5Y cell lines more relevant as adipocytes and neuronal cells,
differentiation of 3T3-L1 and SHSY5Y cells was performed.

There are a number of different pre-adipocyte cells which could have been chosen for this study.
The most common of which come from rats and mice, although other animal sources are available
and all these models exist as pre-adipocytes which can be differentiated into mature adipocytes
once they are provided with correct chemical signals (Armani et al., 2010; Lee et al., 2019).
Despite the advantages of using cells from different animal sources there are some limitations in
using cellular models such as 3T3F442A cells, which are more commonly utilized for the
estimation of potential effect of a compound of interest in an adipogenic study (Torabi et al.,
2016). In addition, the TA1 cell line is more useful for adipocytes lineage study i.e., to investigate
the expression of pre-existing and new genes during differentiation process in comparison to any
other cell lines, making this cell line more suitable for research in identification of adipogenic
markers, effective agents screening and others (Vohra et al., 2020). Our study used widely
available 3T3-L1 cells which are derived from Murine Swiss 3T3-L1 cells from embryos and are
relatively easy and convenient to use compared with freshly isolated cells. They can withstand a
high number of passages and they produce a homogeneous response in experiments which makes
them particularly suitable to address our hypothesis (Ruiz-Ojeda et al., 2016) to understand the
impact of adipocytes secreted adipokines on the neuronal cell proliferation under oxidative stress.
In literature it has been shown that the differentiation of 3T3-L1 cells is important to understand
the pathology of molecular mechanism in obesity (Pacifici et al., 2020). The 3T3-L1 cells were
differentiated into adipocytes-like by following chemically induced protocol with persistent
insulin incubation for 3 weeks. During the differentiation progression from pre-adipocytes to
mature adipocytes, the majority of genes are up or down regulated at transcriptional level in the
initial 4 days, for example transient receptor potential, or TRP (trpv1 and trpv3 mRNA levels
significantly decreases and trpv2 and trpv4 mRNA levels significantly increases) and signalling
pathway alteration, release of lipids and proliferation occurs in later stage of differentiation (Sun
et al., 2020).
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In line with many studies, our 3T3-L1 cells differentiated from day1 and had achieved full
differentiation by day21. Because the differentiation of 3T3-L1 cells into adipocyte-like cells is
based on the increased synthesis and accumulation of triglycerides (Rizzatti et al., 2013), we used
Oil Red-O to confirm that the cells presented were indeed adipocyte-like. Oil Red-O staining has
been used by many studies (Blanco et al., 2020) and is a dye that strongly stains the lipids helping
to identify adipocyte-like (Kraus et al., 2016). On day21, differentiated cells were used for further
experiments. Recent studies have confirmed that the use of 3T3-L1 cells for obesity related
studies is useful. A study on adipogenesis used 3T3-L1 cells to understand the factors affecting
insulin signalling pathway as well as adipokine secretion and demonstrated that the site-specific
methylation of DNA impairs the insulin signalling pathway (Malgorzata et al., 2019). Obesity is
chronic disease, associated with multifactorial risk factors which contributes to the increase in
body mass and excess accumulation of body fat (Pollin et al., 2008; Zhang & Wang, 2012).
Research studies have confirmed that obesity, adipose dysfunction, and oxidative stress are
closely related and impairment in adipogenesis or increased levels of reactive oxygen species
could be the major cause of obesity (Manna & Jain, 2015). In this study we have used the 3T3L1 cells which are commercially available in pre-adipocytes state and can be differentiated into
mature adipocytes by chemical induction of dexamethasone, IBMX and insulin to attain the
adipocyte-like cellular model.

Similar study for 3T3-L1 cell differentiation used rosiglitazone as an additional inducing factor
to achieve complete differentiation within 10-12 days (Zebisch et al., 2012). The differentiated
3T3-L1 cells were appeared as matured and differentiated fat cells with higher lipid
(triglycerides) presence confirmed by Oil Red-O staining. The Oil Red-O staining is widely
accepted to confirm successful 3T3-L1 cells differentiation (Uto-Kondo et al., 2008; Kong et al.,
2017). For the investigation of AD pathology in-vivo models are being used in research studies
with limitations of success rate in understanding of progression of AD due to the only availability
of brain tissue as post-mortem extraction at the later stages of AD (Arber et al., 2017). Therefore,
the in-vitro cellular models are becoming increasingly popular for better understanding of
translational and detailed mechanism of AD pathology. Various cellular models based on
different source of origin are being used such as human brain microvascular endothelial cells
(HBMEC), mouse brain endothelial cells (MBEC), induced pluripotent stem cells (iPSC),
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pheochromocytoma cell line (PC-12) and others (Wang et al., 2002; Dubey et al., 2019; Penney
et al., 2020).

In our study, SHSY5Y cells were used (human neuroblastoma), the differentiation of SHSY5Y
cells was carried out to obtain neuronal-like cells. Studies have confirmed that it is vital to
differentiate the cells because the mature neuronal-like cells show adrenergic, cholinergic, or
dopaminergic characteristics which are absent in undifferentiated cells (Xie et al., 2010). During
differentiation, retinoic acid induced reactive species play vital role in regulation of
mitochondrial NADH oxidation and expression of various markers which is important for the
full differentiation of neuronal cells (Kunzler et al., 2017). In addition, a knockout study has
shown that decreased level of Dicer (a ribonuclease crucial for microRNA biogenesis) and
increased expression of p53 is important for the regulation of proteins during differentiation
progression (Jauhari et al., 2017). In our lab by following 10-and 21-day protocol, the
undifferentiated SHSY5Y (continuously dividing, small projections with no networking
characteristics) cells were differentiated into mature SHSY5Y cells (non-dividing cells, with
extended axonal projections with visible interconnections characteristics). The differentiation
was confirmed by ICC to detect the specific neuronal markers i.e., NF, NSE and MAP2.

Alzheimer’s disease is a progressive neurodegenerative disorder and the most common cause of
dementia affecting majorly the elderly people (Weller et al., 2018). Two hallmarks of AD are Aβ
accumulation and neurofibrillary tangles (Crews & Masliah, 2010). In various neurodegenerative
disorders SHSY5Y cells have been used to understand the underlying molecular mechanisms.
Differentiated SHSY5Y cells, in the presence of various inducing factors such as BDNF, and RA
exhibit neuronal-like characteristics due to which this cell line is ideal for this study (Arosio et
al., 2021; de Medeiros, 2019). Various methods are used to distinguish the undifferentiated and
differentiated SHSY5Y cells such as electrophysiology and measuring the elasticity by atomic
force microscopy to identify the presence of K+ channels in undifferentiated and Na+ channels in
differentiated SHSY5Y cells (Şahin et al., 2021). Studies have confirmed that the oxidative stress
is considered as major risk factor for the developing neurodegenerative disorders including AD
due to increased level of free radicals released (Chen et al., 2018). In our study, SHSY5Y cells
were cultured and differentiated into neuronal-like cells using all-trans RA.
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These neuronal-like cells were used as cellular model for experimental use to understand the
neuroprotective effect of adipocytes secreted adipokines and other growth factors under oxidative
stress condition. The differentiation of SHSY5Y cells was confirmed by using ICC by using
neurofilament, neuron specific enolase and microtubule associated protein. The differentiated
cells showed presence of above-mentioned markers after following 10- and 21-day
differentiation protocol in comparison to the undifferentiated SHSY5Y cells (non-neuronal) and
IgG Ab incubated with differentiated cells (negative controls).

AD patient derived fibroblast cells were used as relevant model for understanding the pathology
of AD. Studies have shown that the skin derived fibroblast cells from non-AD and AD donors
can potentially be induced to develop into an induced neuronal-like cell line which can give very
useful cell therapeutics in relation to neuronal diseases (Qiang et al., 2011). In very early studies
it has been established that the dysregulation of signal transduction pathway and protein kinase
C isoform availability was measured in the AD patient’s neuronal as well as fibroblast cells,
which makes these fibroblast cells (derived from AD donors) very useful model of study.
Interestingly, bradykinin (BK) a neuropeptide mediated by G protein coupled receptors was
found to be expressed in brain under induced conditions that contributes towards the AD such as
stroke or severe head injury. The modulation of these receptors demonstrated that Aβ- rich
environment in the skin derived fibroblast cell is possibly responsible for the dysregulated
expression of BK receptors via disrupted signal transduction mechanism and may lead to the
characteristic Alzheimer’s plaque lesion in the brain (Jong et al., 2002; Jong et al., 2003).
Traditionally, AD has been considered as a CNS related disorder, but new investigations have
demonstrated that AD is a systemic disorder, multiple interconnected pathways extend from the
AD-affected brain whereby other organs or peripheral tissues, demonstrate similar characteristics
to the AD affected brain, such as defect in calcium homeostasis, membrane trafficking or glucose
oxidation. A study using AD patient’s skin derived fibroblast cells recapitulated similar
dysfunctional mitochondrial biogenesis and morphology as in AD brain (Pérez et al., 2017;
Trushina, 2019).

With this in mind, it is proposed that peripheral tissues and the cells making these tissues, such
as skin fibroblasts, could be considered as a reliable model of the dysregulated neurological
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diagnosis (Ambrosi et al., 2014). An in-vitro study using embryonic fibroblast and endometrial
mesenchymal stem cells has shown that the high doses of H2O2 induced oxidative stress alters
the cellular responses leading to cell death or early senescence (Kornienko et al., 2019). In our
study, we used non-AD and AD donors skin fibroblast cells. All the cell lines used were obtained
from unrelated individuals between age range 50-75 years and the age was matched as close as
possible between the non-AD and AD donors to maintain the comparative study more reliable.
In an animal study, used AG07872 and AG08509 cell lines (same as our cell lines) alongside the
mutation of presenilin (PSEN) in the C.elegans to understand the mitochondrial dysfunction
mechanism mediated by Ca+ signalling, confirms that the mitochondrial defect increases the
release of reactive superoxide species which leads to defective metabolic activity causing
neurodegenerative diseases (Sarasija et al., 2018). Skin derived fibroblasts were used for the
preliminary neurodegeneration studies as they are considered as good source of understanding of
AD patients due to the fact that studies have shown that similar effects are shown on the ectoderm
and brain cells in AD (Forster et al., 2016). A similar study has used the for the mitochondrial
dysfunction and oxidative stress, the results of this study showed mitophagy dysfunction due to
impaired autophagy process (Martín-Maestro et al., 2017). In this study, human skin derived
fibroblast cells were used from non-AD and AD donors to compare the protective effect of
chemerin on the cell survival in with and without H2O2 induced oxidative stress. The results
obtained from the experimental study will be explored later in this section. A recent study on corelation of aldehyde dehydrogenase 2 (ALDH2) as AD risk factor used human skin derived
fibroblast as useful tool to understand the expression of ALDH2 in AG05809 (AD patient
derived) showed oxidative stress lead mitochondrial dysfunction and aldehyde load when
exposed to ethanol (Joshi et al., 2019).

4.2. Consideration of different concentrations of H2O2 to induce oxidative
stress
The induction of oxidative stress in cellular model can be achieved by using various agents such
as nitric oxide, nonsteroidal inflammatory drugs, n-3-polyunsaturated fatty acids and others
(Rigas et al., 2008). H2O2 is efficient and permeable to membrane which means the intracellular
H2O2 levels can induce functional alteration in adjacent cells (Konyalioglu et al., 2013).
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Therefore, H2O2 was used as oxidising agent to induce oxidative stress in growing cultures of
3T3-L1 cells, SHSY5Y cells and fibroblast cells to investigate the neuroprotective effect of
adipokines or growth factors in adipocytes derived conditioned media and commercially
available chemerin, leptin and resistin under H2O2 induced oxidative stress and the rescue effect
of chemerin on skin derived non-AD and AD donor’s fibroblast cells under H2O2 induced
oxidative stress. The results obtained will be discussed in the following section of this chapter.
The neuronal-like (differentiated SHSY5Y) cells exhibit cholinergic, adrenergic, and
dopaminergic characteristics and these neurotransmitter factors were observed to be disturbed or
modulated in AD research in relation to Aβ modulation by incubating SHSY5Y cells with H2O2
confirming the influence of H2O2 on cholinergic, acetylcholinesterase and dopamine transmission
(Nagpure & Bian, 2014; de Medeiros et al., 2019; Garcimartín et al., 2017).

Numerous research studies have confirmed the relation of oxidative stress as major risk factor in
various diseases including age-related neurodegeneration including AD, CVD, obesity, cancer
and others (Donato et al., 2007; Arnandis et al., 2018; Liguori et al., 2018;). Different research
studies use different oxidising agents to induce oxidative stress depending on their availability
and types of study model such nitric oxide, H2O2, bacterial endotoxins hypoxia condition and
others (Ridnour et al., 2005; Safaeian et al., 2020; Spitzer et al., 2020). We used H2O2 to induce
oxidative stress with different concentrations and attained the optimal H2O2 dose, after
optimization was performed. A similar study was carried out, using H2O2 induced oxidative stress
to induce neuronal apoptosis in differentiated and undifferentiated PC-12 and SHSY5Y cells in
a concentration and time dependent manner, the results showed that downregulation of the
mitogen activated kinases (MAPK) inhibitors and activation of serine/threonine phosphatases or
ani-oxidants possess the potential to prevent the neurodegenerative disorders (Chen et al., 2009).
In another study, where 100µM of H2O2 was used for 24 hrs to induce oxidative stress in
differentiated SHSY5Y cells demonstrated protective effect of insulin on neuronal viability in
comparison to the lactate dehydrogenase, ROS, nitric oxide, and calcium ions (Ramalingam et
al., 2014). Our study used different concentrations of H2O2 ranging between 50-500µM for 12
and 24 hrs. The dose dependent assay for H2O2 dose optimisation showed that EC50 (H2O2) in
non-neuronal cells was 100µM of H2O2 and in neuronal-like cells was 150µM of H2O2 for 24hrs.
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However, to induce the oxidative stress in the 3T3-L1 cells, 150µM of H2O2 was used so that the
level of oxidation induced in the neuronal-like and adipocyte-like remained with same
concentration, this could be one of the factors that can be considered in the future work where
the EC50 value of the adipocytes should be optimised to confirm the optimal dose of H2O2
required to induce oxidative stress in relation to cell viability reduction. A cellular model study
using differentiated 3T3-L1 cells has shown that using 100µM of H2O2 for 2 hrs with every
passage for period of 14 days in serum free medium to induce oxidative stress resulted in cell
senescence in comparison to the control evidenced by SA-β-gal staining (Monickaraj et al.,
2013). Interestingly, a study has been reported which demonstrates that the resistance against
oxidative stress was observed with the progression of 3T3-L1 cells differentiation from preadipocytes to adipocytes (Muraoka et al., 2017).

4.3. Considering use of conditioned media technique to evaluate the role of an
adipokine rich environment on cultured neuronal cell viability under H2O2
induced oxidative stress
Studies have shown that, the conditioned media technique is very useful in-vitro method to
understand underlying effect on continued cultured cells, when incubated with multiple factors
containing media (from another cell culture) as conditioned media and investigate the altered
cellular and molecular mechanisms of growing cells (Sagaradze et al., 2019). Specifically, in
relation to our work, the CM of differentiated 3T3-L1 cells has been shown to contain adipokines
as well as various other growth factors and could induce remodelling of extracellular matrix that
regulates the growth (Wang et al., 2004). Due to the complexities around the co-culture of two
cell lines which require differentiation to become functional mature cells (Pawitan et al., 2014).
This technique was chosen to allow us to investigate the impact of adipokine containing CM
from differentiated 3T3-L1 cells (adipocyte-like) on differentiated SHSY5Y (neuronal-like) and
undifferentiated SHSY5Y (non-neuronal) cells under oxidative stress condition. Different
manoeuvres were carried out using non-neuronal and neuronal-like cells by co-incubating
complete growing culture media replaced with CM, replacing the growing culture media with
pre-stressed CM from adipocyte-like and replacing half of the growing culture media with the
pre-stressed CM, which will be discussed in the following sections.
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4.3.1. Does conditioned media from adipocyte-like possess neuroprotective
effects against H2O2 induced oxidative stress in neuronal -like cells?
The CM technique is considered as very useful in-vitro study in understanding the interaction
and cellular behaviour of two different cell lines in very closed environment. An investigative
study on wound healing used adipocytes and pre-adipocytes CM to understand the impact on
fibroblast conversion into myofibroblast cells, interestingly, the results showed that both
adipocyte and pre-adipocytes have proliferative effect on the fibroblast cells but only with
adipocytes derived CM possess the ability to induce the conversion of fibroblast to the
myofibroblast cells mediated by TGF-β (El-Hattab et al., 2020). This is suggestive that CM from
adipocytes does have positive impact on the regulation of TGF-β, which is multifunctional
cytokines. In our experimental study, we used CM from adipocyte-like and pre-adipocytes on the
neuronal-like and non-neuronal cells under oxidative stress condition. Our results had shown that
in H2O2 only treatment, reduction in non-neuronal cell viability was measured. Although we have
not confirmed this, but it was likely that was occurred due to oxidative stress as evidenced in
literature where H2O2 was used as inducer of oxidative stress in SHSY5Y cells and the molecular
and oxidative stress markers identification were confirmed that ensures the H2O2 induced
oxidative stress (Alvariño et al., 2017; El-Hattab et al., 2020).

Co-incubation of CM from adipocyte-like and pre-adipocytes with the non-neuronal cells under
oxidative stress showed an overall reduced cell viability in comparison to without H2O2 treated
cells, indicated that the factors secreted from these cells were unable to protect or rescue from
the effect of oxidative stress. Other possibility was may be the non-neuronal cells do not have or
expressed the necessary receptors for the proliferation and resulted in cell death due to an
immediate and complete change in the culture environment. However, it was interesting to note
that the adipocyte-like derived CM was able to rescue at least 50% cell population without H2O2
when compared to H2O2 only treated cells. Whereas, when we investigated the impact of CM in
neuronal-like cells, the results were found to be very resistant and proliferative outcome after coincubation with adipocyte-like derived CM under oxidative stress. The viability was almost fully
restored when neuronal-like cells were co-incubated with the CM from adipocytes with H2O2 in
comparison to CM from adipocytes without H2O2 treated cells.
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A comparative study has shown that the neuronal-like cells express the Unc5D, neuropilin-1 in
comparison to the non-neuronal cells, which is a multifunctional transmembrane protein with
many ligands and play vital role in the cell survival and neural innervation and vascularisation
(Gu et al., 2003). The CM from pre-adipocytes incubated with neuronal-like cells did not show
protective effect under oxidative stress condition when compared with only H2O2 treated cells
and indicated that the CM from pre-adipocytes cells do not contain essential factors required by
the neuronal-like cells to proliferate or the neuronal-like cells were unable to express required
receptors for the factors in the CM of pre-adipocytes that could have rescued the cells under
oxidative stress.

As a limitation, both cell lines (3T3-L1 and SHSY5Y cells) were from different sources i.e.,
murine, and human due to which maybe it is possible that if the cell lines from similar source
were used i.e., human-human, or murine-murine, the cell viability assay might had shown
different results under oxidative stress. Also, only one incubation time was used to understand
the cellular behaviour. In future, for further and more evident understanding of the neuronal-like
cells rescuing effect from CM of adipocytes different time of incubation should be performed. In
addition, expression of adipokine receptors could be explored to understand the responsiveness
of a particular adipokine under oxidative stress. Studies have shown that the expression of
adipokine receptor changes during the neuronal differentiation, for instance, SHSY5Y cells
expresses functional leptin and insulin receptors upon differentiation, which could be further
explored to investigate leptin and insulin resistance at neuronal level (Benomar et al., 2005).

Work from our peer group identified elevated adiponectin within CM extracted from adipocytelike cells using an adipokine profile assay, it is possible that adiponectin mediated the
neuroprotective effect, as discussed above. A previous study has shown that adiponectin is
protective against oxidative stress induced cytotoxicity in amyloid beta neurotoxicity using the
same SHSY5Y model (Chan et al., 2012). Furthermore, a study using the secreted CM of cultured
adipose tissue from lean and obese patients, showed neuroprotective effects only in CM obtained
from the lean patients. This suggests that obesity-related dysregulation of growth factor or
adipokine expression may be linked with loss of neuroprotective capabilities (Wan et al., 2015).
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4.3.2. What is the effect of conditioned media from H2O2 stressed-adipocytelike on the viability of neuronal-like cells under oxidative stress?
The treatment with stressed conditioned media has been used in other neurodegenerative studies
which is helpful to determine the rescue effect of a drug against the pathological effect of
causative agent (Pokrishevsky et al., 2016). One of the hallmarks of obesity is systemic oxidative
stress due to increased free radical and hydrogen peroxide (Bausenwein et al., 2010). In section
4.3.1, we discussed the results when neuronal-like cells were stressed with H2O2 to imitate the
AD-like condition, whereas, in this section both obesity-like and AD-like conditions were
mimicked by H2O2 induced oxidative stress in adipocyte-like (incubated or stressed with H2O2
for 24 hrs before the experiment) and in the neuronal-like cell.

Our data demonstrated that no neuroprotective effect was measured in neuronal-like and nonneuronal cells in stressed CM with H2O2, this observation strongly suggested that the CM from
adipocyte-like did not contain vital growth factors or adipokines that holds synergic effect on
neuronal cell viability under oxidative stress (Arnoldussen et al., 2014). It was perhaps
unsurprising that there was no neuroprotection under these conditions; oxidative stress has been
shown to change the profile of adipokines secreted by cultured adipocyte-like such that the
intracellular signalling is altered which leads to the metabolic dysregulation related pathogenesis.
Another impact of adipokines secretion disruption is gradual development of insulin resistance
and higher level of ROS production due to mitochondrial dysfunction (Maslov et al., 2019).
Perhaps what startled was that the CM from stressed adipocyte-like with and without H2O2 had
no further increase on the neuronal-like viability; if midlife obesity is a risk factor for AD, it may
be intuitive to think that this was due to dysregulated adipokines impacting neuronal survival.
However, as our models is a homogeneous culture of adipocyte-like, we are not truly reflecting
the complexities and the heterogeneity of adipose tissue in-situ, in that there are no changes to
immune populations or sympathetic nerve activity which could be linked pathogenesis of AD
(Parimisetty et al., 2016; Zhou et al., 2021). There are some recent studies which suggests that
oxidative stress may elicit neuroprotective effects; one study evaluated the therapeutic potential
of human adipocyte derived mesenchymal cell (hASCs) preconditioned with low doses of H2O2
to overcome the deleterious effects of oxidative stress in an in-vitro model of oligodendrocyte-
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like cells (HOGd) and found reparative effects associated with the co-culture (Garrido-Pascual
et al., 2020). Whilst our experiments did not show any restorative effects, our models are
distinctly different ranging from progenitor-like nature of the cells used and the low level of H2O2
that the cells were exposed to. Interestingly, non-neuronal cells were able to restore at least half
of the viability (and maximum in comparison to all other conditions) in presence of preadipocytes derived CM with and without H2O2. The minor rescued effect by the pre-adipocytes
towards the non-neuronal cells (which is neuroblastoma or cancerous in nature) suggested that
may be the pre-adipocytes secreted factors are beneficial for the cancerous like cells instead of
neuronal-like cells, this intention is supported by a research study where it has been confirmed
that the hASCs secretome possess the ability to promote the differentiation of neuroblastoma
cells mediated by AMPK pathway activation. In addition, another study has confirmed that the
CM from the hASCs can protect the neuroblastoma cells against the arsenic toxicity and
oxidative stress induced by arsenic toxicity (Tan et al., 2011; Choi et al., 2015; Curtis et al.,
2018). The reduction in cell viability under oxidative stress indicated that the CM from
adipocyte-like do not possess the ability to support non- neuronal cell proliferation , especially
the stressed CM from adipocyte-like, although the CM from pre-adipocytes showed some
protective effect under H2O2 induced oxidative stress suggested that maybe both immature cell
lines (non-neuronal and pre-adipocytes) shared some common growth factors which had synergic
effect on the cell survival in comparison to the only H2O2 treated cell viability.

We limited this study to understand the behaviour of adipocyte-like under oxidative stress and
did not pre-stressed the pre-adipocytes, however, what could be interesting is to assess whether
pre- adipocytes exposed to low H2O2 have the potential to be protective and furthermore why.
Taken together, our findings suggested that possibly stressed CM has a fluctuation in the
accessibility of certain growth factors/adipokines due to which minor but not effective
neuroprotection effect from stressed CM was observed in the neuronal-like cells under with and
without H2O2 induced oxidative stress. To understand, if the reduction in cell viability was
exclusively due to the complete replacement of growing culture media from SHSY5Y cells with
CM from 3T3-L1 cells or not, the half media change technique was explored and only half
volume of growing culture media from SHSY5Y cells was replaced with CM from 3T3-L1 cells.
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4.3.3 Do adipokines in half condition media change from adipocyte-like
possess neuroprotective effect in co-treatment with neuronal-like cells under
oxidative stress?
The co-culturing and 1:1 ratio mixing of culture media is becoming increasingly popular among
research groups and especially in neurobiological studies which helps in the reshuffling of
different ingredients without changing the basic components (Jordan et al., 2013; Ray et al.,
2014) as well as obesity-related research designed to understand the underlying molecular
mechanisms underpinning cell viability, whilst excluding cell death which may have resulted
from the complete change of growing culture condition (Bechor et al., 2017). Experiments in
which half of the media volume was replaced were performed.

Our results were such that non-neuronal cells showed an increase in viability when half of the
growth media was replaced with that CM from adipocyte-like, which had not been observed
previously. Perhaps adipokines in CM could be supporting increased proliferation of nonneuronal cells, an observation seen in other research where it has been confirmed that the
adipocytes could promote proliferation and migration of cancerous cells (Ko et al., 2019), this
may be supported by the observation that there was little impact of pre-adipocyte CM on the nonneuronal cell viability.

Whereas non-neuronal cells co-incubated with stressed CM from adipocyte-like did not showed
neuroprotective effect under oxidative stress condition after half media change, which further
affirmed the above stated study and probably the pre-stressed condition affected the release of
some essential growth factors or adipokines into the CM which was further disturbed by H2O2
induced oxidative stress. Why this was not seen in the full media replacement is uncertain.
Perhaps most striking was, the co-incubation of CM from pre-adipocytes on non-neuronal cells
produced contrasting results to those observed in full CM change experiments and cell viability
was found to be increased, perhaps the presence of key growth factors in the remaining SHSY5Y
media promoted the cell cycle progression, instead of directing cells down a cell death pathway.
For example, adiponectin itself can behave as an anti-proliferative signal in some cells (Alanteet
et al., 2021).
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Furthermore, metformin, which can act via same AMPK pathway as adiponectin, has been shown
to promote neuronal differentiation via ROS (Binlateh et al., 2019). This raises the question,
could the combination of conditions here be driving our non-neuronal cells down a differentiation
pathway, even though the exposure is relatively brief? Also, how the non-neuronal cells
responded to H2O2 treatment with half media change at molecular level is not clear.

No neuroprotection and decrease in cell viability was measured when neuronal-like cells in
stressed CM from adipocyte-like with H2O2 induced oxidative stress were compared to CM from
adipocyte-like and pre-adipocytes with H2O2, may be an increased level of released reactive free
radicals in the incubated media caused the neurotoxicity, which was supported by a peer group
research study confirming neurotoxic effects of an increased free radicals due to oxidative stress
(Ferraro et al., 2020). Similarly, no neuroprotection with decreased neuronal-like viability was
measured when co-incubated with stressed CM from adipocytes without H2O2 in comparison to
CM from the adipocytes and pre-adipocytes without H2O2, indicated that maybe with preoxidised CM and continuous growth media mixing (because of half media change) had made the
neuronal-like cells to shift the transcription of existing neuronal growth promoting factors to the
required neuronal survival factors due to change in environment or may be pre-oxidised CM had
inhibited some receptors essential for the neuronal proliferation, which was supported by a
research. It has been discussed that due to oxidative stress the antioxidant defences mechanism
gets disrupted and various proteins and lipids undergo modifications responsible for the cell death
(Shi et al., 2007).

It was observed that this experimental study was limited to the positive or negative impact of
stressed CM from adipocyte-like on the neuronal-like and non-neuronal cells (mimicking the
obesity-like and AD-like models) after half media change, further investigations on this baseline
experiment could potentially reveal the down regulating factors involved during the hyper
oxidative stress environment by using adipokine antagonists or performing the RNA based PCR
for the expression of adipokine or growth related factors such as chemerin, resistin or leptin
receptors, which will be explored in detail in later section in relation to neuronal cell viability
under oxidative stress.
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4.4 Do commercial adipokines have neuroprotective potential under oxidative
stress?
Research studies have shown that the circulating adipokines secreted from adipocytes vary in
obesity which was supported by a clinical study where non-obese, type-2 diabetes male- patients
were examined and found that the positive co-relation between circulating adipokines
(adiponectin and chemerin) secretions vary due to glucose tolerance (or insulin sensitivity)
without any change in the size of adipocytes (Supriya et al., 2018; Andersson et al., 2016). In an
in-vitro study using epithelial cells of mammary gland, chemerin was also found to have positive
impact on the autophagy and apoptosis by regulation of various physiological and pathological
processes such as immune response and lipid metabolism (Hu et al., 2019). Leptin is one of most
studied adipokines and directly proportional to chemerin circulating levels (Coimbra et al., 2014),
although its mechanisms are complicated and information regarding leptin resistance is still
limited, especially its inability to cross blood brain barrier to reach hypothalamus to exert
anorexigenic effect in obesity (Izquierdo et al., 2019). Another adipokine, resistin, which is
considered as adipose specific newly discovered hormone was measured to have positive
corelation with insulin resistance leading to higher circulating levels in the type-2 diabetes and
obese patients (Su et al., 2019). The accurate expression and site of secretion of resistin is still
unclear as studies have shown its secretion by the blood cells especially monocytes which
supports the fact that resistin is involved in metabolic and inflammatory diseases (Kumar et al.,
2019). In the previous sections so far, we discussed the role of adipocytes secreted adipokines,
as strongly supported in literature, on the neuronal-like and non-neuronal cells under oxidative
stress. To investigate the adipokines impact further and specifically, chemerin, resistin and leptin
were co-incubated with neuronal-like and non-neuronal cells under H2O2 induced oxidative stress
and will be discussed in this section. Our data suggested that the presence of all 3 adipokines i.e.,
chemerin, leptin and resistin showed neuroprotective effect in neuronal-like cells under oxidative
stress and furthermore, in the absence of oxidative stress, promoted neuronal viability. Although
this would seem to contradict our hypothesis, as it would be fair to predict that an adipokine
which is positively associated with obesity and has a vast number of studies demonstrating its
role in inflammation (Martin et al., 2008; Landgraf et al., 2012; Tripathi et al., 2020) would lead
to further cell death.
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However, other studies have shown that chemerin can have a neuroprotective effect, for example,
it has been shown to reverse neurological impairments and ameliorate neuronal apoptosis through
a ChemR23/CAMKK2/AMPK pathway (Zhang et al., 2019). We cannot move away from our
system being a homogenous cell culture and perhaps the complexity of the in-vivo situation is
not recreated in the present study. Neuroprotection is priority of an organ, perhaps the
mechanisms behind this are designed to protect the brain function when challenged by disease
which was supported by an engaging research study, where the directed and self-repair of
neuronal damaged tissue was measured via infrared light induced mitochondrial activation for
neuroprotection (Johnstone et al., 2015). Interestingly, the chemerin receptor CMKLR1 is a
functional receptor for Amyloid-β peptide which further points to an important role within AD
progression. Perhaps receptor expression changes in those more susceptible to disease and maybe
an interesting new avenue to explore further (Peng et al., 2015). On the contrary to the neuronal
protection by chemerin under oxidative stress the same protection was not observed in most
treated non-neuronal cells under oxidative stress. This study was limited to examining the impact
of chemerin under oxidative stress on neuronal-like cells, for further investigation and better
understanding of chemerin receptor role, the knocking down of ChemR23/ CMKLR1 gene would
be an advantage.

A study on endothelial cells from human aorta has shown that knock down of ChemR23 resulted
in decreased chemerin associated ROS production and upregulation of autophagy related genes
(Shen et al., 2012). In research studies it was shown that the chemerin is closely linked with
obesity and the levels of chemerin evidently increases during 3T3-L1 cells differentiation
(Bozaoglu et al., 2007). Research studies have confirmed that the expression of leptin receptors
in the hypothalamus and it has direct corelation with learning and memory which can be observed
during the AD progression due to dysregulation in leptin expression being severely affected
(Marwarha & Ghribi, 2012). Leptin is one of the most studied adipokines and directly
proportional to the chemerin circulating levels (Coimbra et al., 2014). In literature it has been
shown that the pre- adipocytes did not expressed leptin but progression towards differentiation
of 3T3-L1 cells increases leptin expression in the mature adipocytes (Kuroda et al., 2016).
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An insulin related study has shown that the insulin enhances the leptin action via GRP78 (glucose
regulated protein) using SHSY5Y cellular model (Thon et al., 2016). In a leptin related study
increase in cell viability and decrease in apoptotic cells were recorded when neuroblastoma
SHSY5Y cells were incubated with toxic methylglyoxal (Zmeskalova et al., 2020). In this study,
as expected the data suggested that leptin possesses neuroprotective ability in neuronal-like cells
under oxidative stress condition, although, no neuroprotection was observed in non-neuronal
cells under oxidative stress which can be further supported by a similar research to measure
neurotoxicity in the presence of 1-methyl-4-pyridinium, the neuronal-like cells expressed
functional leptin receptors and the non-neuronal cells showed very low levels of leptin receptor.
Resistin is another type of adipokine and the circulating levels of resistin varies in obesity (Liu
et al., 2020). A research study on cellular mechanism of resistin on neuronal autophagy using
neuroblastoma SHSY5Y cells under neuroinflammatory condition, showed that significant
reduction in the LC3 marker indicating its role as novel regulatory pathway in neuronal
autophagy (Miao et al., 2018).

Our results showed that the incubation of neuronal-like cells with resistin has enhanced neuronal
proliferation in the absence of oxidative stress and neuroprotection when subjected to oxidative
stress. However, in non-neuronal cells, resistin showed no neuroprotective effect, may be the
non-neuronal cells did not express relevant receptors or in the presence of oxidative stress the
non-neuronal cells activates autophagy or other apoptotic pathway which leads to cell death. In
a resistin related research, human coronary artery endothelial cells were used and co-incubated
with human recombinant resistin for 24 hrs which resulted in the inhibitory effect on the
endothelial nitric oxide synthase leading to dysregulation in redox enzymes distribution (Chen et
al., 2010). Interestingly, in recent study, it has been shown that when non-neuronal cells were
treated with resistin, it induced the neuroinflammation via increasing the levels of IL6, TNFα
and other proinflammatory mediators (Aminse et al., 2021). May be the additive impact of
neuroinflammation and increased ROS production due to oxidative stress enhanced the cell death
in the non-neuronal cells but not in the neuronal-like cells. Further, understanding of resistin
receptor expression on the neuronal-like cells could be a very useful investigation as this
adipokine is new and there is much more to explore in relation to its specific secretion,
mechanism of action and involvement with various pathways.
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Considering the results obtained from the individual adipokine impact on the neuroprotection,
chemerin was used to understand its impact on the AD patient derived fibroblast cells, which will
be discussed in the following section.

4.5. Does commercial chemerin have protective effect in AD-like condition
under oxidative stress?
Use of peripheral cells for the examination and understanding of AD is very reliable and
convenient for the research, accumulating evidence have confirmed that AD is a systemic
disorder and patient derived RBCs, skin derived fibroblasts, lymphocytes can be used as relevant
model because the impact of AD is connected to guts, cardiac and metabolic abnormalities
leading to sporadic AD development (Trushina et al., 2019). Recent studies have shown that
chemerin is closely associated with oxidative stress and autophagy (An et al., 2021). Our data
using SHSY5Y cells suggested that the protective role of chemerin in neuronal-like cells which
is in line with other studies. Peer researcher groups have used skin derived fibroblast cells from
AD patients to understand the mitochondrial pathology and proteasomal alterations (Auburger et
al., 2012). We used the patient derived skin fibroblasts to see whether our findings would be
similar in AD patient derived and non-AD donor’s fibroblast cells using chemerin under
oxidative stress. No study has focussed on the impact and underlying molecular mechanism of
chemerin in AD using patient derived skin sample. Our data showed no protective effect by
chemerin on AD patient skin derived cell using 10nM dose under oxidative stress condition in
comparison to the non-AD donors. In addition, the increased dose of chemerin i.e., 20nM showed
no protective effect evident with no change in AD donor skin derived fibroblast viability under
oxidative stress condition in comparison to the non-AD donors. From the results it can be
estimated that may be chemerin does not possess any rescuing effect on the fibroblast cells. It is
may be possible that higher doses of chemerin is required to show any protective effect under
oxidative stress, whereas in our study only two different doses were used. This hypothesis can
be supported by carcinoma related patient study where role of chemerin was explored using
senescent dermal fibroblast from the elder patients, interestingly, the results showed increased
expression of CCLR2, a chemerin receptor that promotes the cell migration via MAPK and GPR1
receptor signalling (Farsam et al., 2016).
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The fibroblast cell lines we used are from the elderly patients (above 50 years) and the AD is
age-related syndrome which enhances the possibility that may be the senescent cell lines used
had certain minimum chemerin concentration requirement to trigger the signalling pathway,
however, both doses used in our study did not showed rescue effect in AD donor cells under
oxidative stress. However, it needs further chemerin receptor/expression targeted investigation
which can achieved by using a broad range of chemerin doses and estimation of ROS generated
in each dose in comparison to the non-AD donors. In an animal study, it has been shown that the
chemerin receptors (CMKLR1) were upregulated in the AD patient brain suggesting their vital
role in Aβ-42 clearance (Li et al., 2014), therefore, it is quite possible that these patients derived
cells also express CMKLR1 and prevent cellular damage under oxidative stress.

In another patient based research confirmed that chemerin and obesity are directly co-related, as
the results showed that the obese patients with increased chemerin levels higher oxidative stress
and increased recruitment of pro-inflammatory factors was measured via c-reactive proteins and
oxidised low density lipoproteins as mediators (Fülöp et al., 2014; Li et al., 2020) and may be
based on this oxidative stress theory it is possible that the inflammatory receptors are also
involved in the protecting effect by chemerin, because of chemerin and pro-inflammatory
positive co-relation. An epithelial cell-based research has shown that chemerin play vital role in
autophagy and apoptosis pathway regulation and an increased reactive oxygen species alter the
mitochondrial functioning and hence autophagy (Goralski et al., 2019; Hu et al., 2019), the corelation between chemerin and autophagy markers can be explored by using autophagy
associated markers such LC3/2. Based on the AD patient derived fibroblast study under oxidative
stress condition there are many more questions to be answered. From our study, the cell viability
assay has shown that the chemerin lack the ability to protect the cells under oxidative stress and
different dose range should be used with minimum 20nM dose and above, however, it is possible
that maybe these AD patients were non-obese or suffering from any other physiological
complications or whether the patients were on any prescribed medicine that had any relation with
lowering/increasing the oxidative stress or inflammation. The other conditions were not
considered in this study because the aim of study was to understand the role of chemerin on the
AD derived fibroblasts only in relation to the cell viability, but for the future research it has been
confirmed that these doses were not effective and other conditions should also be considered.
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Future Work
On the basis of preliminary study which includes the understanding of neuronal-like cell
behaviour in the presence of pooled and individual adipokine environment under oxidative stress
condition. The results obtained from the analysis of cell viability gave better understanding of
adipokines impact in relation to neuroprotection. This study holds huge potential in future
research because modulation in adipokines can potentially be used as novel therapeutic method
to prevent the Alzheimer’s disease in mid-life obese patients. From the present study findings,
further exploration of the followings may be useful:

1. Adipokine profiling: A comparative adipokine array can be performed between the
stressed CM and unstressed CM from adipocyte-like and pre-adipocytes which can
provide an insight in the changed factors secreted into the CM.
2. Receptor expression: Expression of chemerin, leptin and resistin receptors could be
investigated in neuronal-like cells to understand the underlying molecular/ signalling
pathway mediators involvement using mRNA expression assays or immunostaining
with receptor specific antagonist.
3. Different doses of adipokine: In this study only 3 doses of chemerin, resistin and leptin
were investigated. To better understand the impact of individual adipokines wide range
of doses can be explored.

4. Different adipokine investigation: There are wide range of adipokines present in the
CM. After the adipokine array analysis, more adipokines can be used to understand
their effect on neuronal cell viability.
5. Exploring different adipokines: There are various adipokines available commercially
which can be used with different concentrations, and treatment conditions.
6. Human adipocytes use: In the present study mouse adipocyte model was used on the
human neuronal model. It would be an advantage and interesting to use human
adipocytes on human neuronal cellular model. In addition, the adipokine array profiling
would confirm the participation of adipokines present during incubation.
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Overall, the present study had given preliminary evidence that the adipocyte-like secreted
adipokines and individual adipokines (chemerin, leptin and resistin) have the ability of
neuroprotection under oxidative stress. In addition, chemerin doses with 10 and 20nM does not
have protective effect on the AD derived fibroblast cells. Based on this preliminary findings,
further exploration of underlying molecular mechanisms can be explored for better understanding
and connecting the broken links between AD, midlife obesity, and adipokines.
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APPENDIX
5.1. Understanding the impact of H2O2 on cell viability in oxidative stress
The cell viability of differentiated SHSY5Y cells in H2O2 induced oxidative stress condition was
observed. To understand the effect of CM obtained from adipocyte-like and pre-adipocytes
(differentiated and undifferentiated 3T3-L1 cells, respectively) on differentiated SHSY5Y cells,
three different treatment conditions were considered during initial phase of research and 150µM
of H2O2 was used to induce oxidative stress (see result section 3.3.1.1). First treatment was pretreatment of differentiated SHSY5Y cells with H2O2 and then CM was added after 24 hrs. Second
treatment was co-treatment of differentiated SHSY5Y cells with H2O2 and CM and last treatment
was post-treatment of differentiated SHSY5Y cells with H2O2 after 24 hrs of CM treatment.

Research studies have shown that cells can be exposed to H2O2 in various ways to obtain a
quantitative response or observation (Sobotta et al., 2013). Co-treatment was considered as
reliable treatment condition on the basis of results obtained (discussed in results section 3.3) and
all the experiments were performed using concurrent treatment with CM and H2O2 to avoid 48
hrs (total incubation period of pre- and post-treatment). In the following sections pre-treatment,
post-treatment and after effect of CM treatment will be discussed (which were not included as
main experiments). The differentiated SHSY5Y cells were incubated with the CM from the
differentiated and undifferentiated 3T3-L1 cells for 24 hrs and then MTT assay was performed.

The data was analysed by GraphPad-Prism5 using one-way ANOVA by parametric test and
tested for normal distribution and post hoc Bonferroni multiple comparison test. Each experiment
was performed in triplicate (n=3) and data are presented as mean ± SEM (% viability). The data
was considered significant with p<0.05.
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5.1.1. Pre-treatment:
Research condition: In the present set of experiment with differentiated SHSY5Y cells, pretreatment with 150µM of H2O2 for 24 hrs was used to induce oxidative stress and then incubated
with CM from differentiated/undifferentiated 3T3-L1 cells for another 24 hrs.

Research question: Does CM possess the neuroprotective ability to protect already oxidised
differentiated SHSY5Y cells under H2O2 induced oxidative stress?

Figure 5.1 Impact on SHSY5Y cell viability after induction of oxidative stress H2O2 as pre-treatment and CM was
added after 24 hrs. Significant increase in cell viability was measured in H2O2, H2O2+CM1 and CM-2 treatments in
comparison to the control. Control- no treatment, H2O2 –only H2O2 treatment, CM-1- CM from differentiated 3T3L1 cells, H2O2+CM-1- H2O2 and CM from differentiated 3T3-L1 cells, CM-2- CM from undifferentiated 3T3-L1
cells, H2O2+CM-2- H2O2 and CM from undifferentiated 3T3-L1 cells (data are presented as mean ± SEM and
experiments were repeated in triplicate, n=3, ****p <0.0001).

Result: Significant increase in cell viability was obtained with and without H2O2 (186 ± 1.3),
H2O2 + CM-1 (H2O2 and CM from differentiated 3T3-L1 cells) (166 ± 3.03) and CM-2 (CM from
undifferentiated 3T3-L1 cells) (154 ± 3.53) treatments in comparison to the control (figure 5.1).
Overall, increased cell viability was measured in all treatment conditions in comparison to the
control. Data are presented as mean ± SEM (% viability) and experiments were repeated in
triplicate, n=3. Data was considered statistically significant with ****p <0.0001).
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Conclusion: Results obtained did not answered our research question because in the H2O2 treated
differentiated SHSY5Y cell viability was not decreased. Therefore, it was uncertain that
oxidative stress was induced or not. Further investigation using pre-treatment of H2O2 was
discontinued.

5.1.2. Post-treatment
Research condition: The differentiated SHSY5Y cells were incubated with the CM from
differentiated and undifferentiated 3T3-L1 cells for 24 hrs and then 150µM of H2O2 was added
for another 24 hrs. The MTT was performed, and data was analysed using GraphPad-Prism5
(detailed in section 5.1).

Research question: How CM affect cell viability of differentiated SHSY5Y cells under H2O2
induced oxidative stress after 24 hrs of CM treatment?

Figure 5.2 Impact on SHSY5Y cell viability using CM (added before 24 hrs) and subsequent induction of oxidative
stress as post-treatment with H2O2. Significant increase in cell viability was measured in all given treatments in
comparison to the control. Control- no treatment, H2O2 –only H2O2 treatment, CM-1- CM from differentiated 3T3L1 cells, H2O2+CM-1- H2O2 and CM from differentiated 3T3-L1 cells, CM-2- CM from undifferentiated 3T3-L1
cells, H2O2+CM-2- H2O2 and CM from undifferentiated 3T3-L1 cells (data are presented as mean ± SEM and
experiments were repeated in triplicate, n=3, ***p<0.001, ****p <0.0001).
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Result: Significant increase in cell viability was obtained with and without H2O2, H2O2 (123.3 ±
0.03), CM-1 (CM from differentiated 3T3-L1 cells) (145.9 ± 0.09), H2O2 + CM-1 (142.6 ± 0.07)
and CM-2 (CM from undifferentiated 3T3-L1 cells) (145.4 ± 0.03) in comparison to the control
(figure 5.2). Significantly reduced cell viability was obtained with H2O2 + CM-2 (67.4 ± 0.06)
treatments in comparison to the control. Overall, all treatment conditions showed increased cell
viability except the undifferentiated 3T3-L1 cells derived CM + H2O2 in comparison to the
control. Data are presented as mean ± SEM (% viability) and experiments were repeated in
triplicate, n=3. Data was considered significantly different with ***p <0.001, ****p <0.0001).

Conclusion: Similar results were obtained (as pre-treatment of H2O2 results) with post treatment
of H2O2 and the cell viability of differentiated SHSY5Y was not decreased using H2O2 only
treated cells. Therefore, it was uncertain that oxidative stress was induced or not. Further
investigation using post-treatment of H2O2 was discontinued.

5.1.3 Understanding the effect of CM from differentiated 3T3-L1 cells after
recovery from H2O2 induced stressed on the differentiated SHSY5Y cells.
The effect of CM from differentiated 3T3-L1 cells after being recovered from H2O2 induced
oxidative stress on the differentiated SHSY5Y cells was investigated. To explore if the CM
secreted growth factors or adipokines were restored after oxidation or become worst and what is
the impact on the differentiated SHSY5Y cells (neuronal-like cells)? This experiment was
performed after the results obtained from co-treated stressed CM from differentiated 3T3-L1
cells on SHSY5Y cells (section 3.3.3 and 3.3.4).

Research condition: In this experiment, the differentiated 3T3-L1 cells were incubated with
150µM of H2O2 for 24 hrs and then the media was removed and replaced with pre-warmed fresh
differentiation media on mature 3T3-L1 cells for 24 hrs. After 24 hrs of incubation the media
was removed and used as CM from the oxidation recovered 3T3-L1 cells and incubated on the
differentiated SHSY5Y cells for another 24 hrs as treatment condition.
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Research question: What is the impact of CM on the differentiated SHSY5Y cell viability after
being recovered from 24 hrs of oxidative stress?

Figure 5.3 The impact of recovered CM after being oxidised with H2O2 for 24 hrs on the differentiated SHSY5Y
cells in comparison to the control. Significantly deceased cell viability was measured in H2O2 and CM-1 treatments
in comparison to the control. Control- no treatment, H2O2 –only H2O2 treatment, CM-1- CM from differentiated 3T3L1 cells, H2O2+CM-1- H2O2 and CM from differentiated 3T3-L1 cells, CM-2- CM from undifferentiated 3T3-L1
cells, H2O2+CM-2- H2O2 and CM from undifferentiated 3T3-L1 cells (data are presented as mean ± SEM and
experiments were repeated in triplicate, n=3, **p<0.01).

Result: Significant decrease in cell viability was obtained with and without H2O2, H2O2 (26.06 ±
11.03), CM-1 (CM from differentiated 3T3-L1 cells) (59.07 ± 6.09) in comparison to the control
(figure 5.3). Overall, an inconsistent cell viability was measured in comparison to the control.
Data are presented as mean ± SEM (% viability) and experiments were repeated in triplicate, n=3.
Data was considered statistically significant difference with **p <0.01).

Conclusion: Results obtained were informative but due to higher difference within the
experimental repeats higher SEM was obtained in differentiated SHSY5Y cell viability and
statistical significance was not measured. Therefore, further investigation using stressed
recovered CM and H2O2 was discontinued.
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5.2 To estimate the cytometric responsiveness of chemerin on SHSY5Y cells
FACS analysis is based on the principle of fluorescence emission and detection by following
three stages which are fluidics, optics and electronics. The single cell suspension preparation was
accomplished by sheath fluid and core hydrodynamic focusing as single file detected by focused
laser beam adjusted at defined wavelength for excitation and emission to emit fluorescence,
which is converted to electronic signals, further processed by computer for visualization at
computer screen for data interpretation and gating (Menon et al.,2011).

Research Question: Does chemerin (5nM) possess anti-apoptotic ability under H2O2 (100µM)
induced oxidative stress in undifferentiated SHSY5Y cells?

Research Condition: This experiment was performed to understand the effect of chemerin dose
of 5nM in the presence and absence of H2O2 induced oxidative stress after 24 hrs of incubation
in undifferentiated SHSY5Y cells. This was experimented to further explore the impact of
chemerin in relation to anti-apoptotic property, on the basis of results obtained by MTT assay
and showed slight but significant increased cell viability on undifferentiated SHSY5Y cells
(section 3.3.5.1, C and D). The SHSY5Y cells were cultured in T75 flask. The cells were
harvested from T75 flask (70-80% confluency) after being trypsinized using EDTA-trypsin. The
cells were collected in falcon and centrifuged, the cell pellet obtained was resuspended in
complete media and seeded with 5 x 104 cell density per well in 24 well plate. The cells in 24
well plate was placed in the humid incubator, 37°C and 5% CO2 for 24 hrs to allow the cells
adhere and adjust in each well. Next day, the plate was taken out in sterile hood for dosing with
H2O2 and chemerin. Four conditions were prepared, and the plate was placed back in the
incubator for further 24 hrs incubation, 37°C and 5% CO2:

1. Control with no treatment
2. Chemerin with 5nM concentration
3. H2O2 with 100µM to induce oxidative stress
4. Chemerin (5nM) + H2O2 (100µM)
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After the incubation, the cells from respective treatments were harvested by using EDTAtrypsinization. The detached cells were added in the different 1.5ml labelled eppendorfs and
centrifuged for 10 mins at 1000rpm. The collected pellet was washed with PBS and the cells
were centrifuged again for 10 mins at 1000 rpm. The collected pellet was washed with PBS again
and centrifuged for 10 mins at 1000 rpm. After the final centrifuge, the cell pellet in each
eppendorfs, 0.5ml of 1% Annexin binding buffer was added and pipetted gently to prevent the
cell lyses. The resuspended cells were then incubated with 5µl of APC ready flow TM reagent and
5µl of propidium iodide. The samples were incubated in dark for 15 mins. The samples were
analysed using BD FACS verse instrument with BD FACSuite v1.0.6 software. After incubation,
each sample was added to the reaction tube one by one. Each data was recorded as cell
distribution/scattering within the gates. Gating (divided the cells that are scattered into groups)
was made by testing individual dyes to measure the range for excitation and emission for the
cells. After each sample analysis, the data was analysed using FACSuite software to obtain the
percentage of treated cells going through the stages of apoptosis.

Figure 5.4 The anti-apoptotic properties of chemerin (5nM) was explored. A. The undifferentiated SHSY5Y cells
were incubated with chemerin only and showed 69.64% cells in the early apoptotic stage (LR). B. Chemerin+ H2O2
incubated undifferentiated SHSY5Y cells demonstrated 67.63% of cells in early apoptotic phase (LR) and 11.75%
in late apoptotic phase (UR). C. In the presence of only H2O2, the undifferentiated SHSY5Y cells demonstrated that
majority of cell population was in late apoptotic phase with 77.03% (UR). No statistical analysis was performed
because the experiment was completed once (n=1). The data are presented as obtained by FACSuite software during
the experimental run as basic statistics on the cell population run. LL- lower lest represents live cells, LR-lower
right-represents early apoptosis, UR-upper right-represents late apoptosis, UL- Upper left- represents necrosis.
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To investigate the underlying anti-apoptotic ability of chemerin with and without H2O2 induced
oxidative stress in undifferentiated SHSY5Y cells, FACS analysis was performed. 5nM dose of
chemerin was used on the basis of MTT assay results obtained, as discussed in section 3.3.5.1.
The results obtained from only chemerin (5nM) treated undifferentiated cells, demonstrated that
higher percentage of cell population was in early apoptotic phase with 69.64% and 23.52% in
live phase (figure 5.4. A-LR, LL, respectively). As expected, the neuroprotective effect of
chemerin with H2O2 was recorded as the higher percentage of cell population was in early
apoptotic phase with 67.63% (figure 5.4. B-LR) and in comparison, to the only H2O2 treated cells
with higher levels of late apoptotic cell population with 77.03% and 20.25 % in early apoptotic
stage (figure 5.4. C-UR, LR, respectively). The statistical analysis was performed by the FACS
suite software analyser during the sample run. No statistical analysis was performed to obtain the
concluded results using n=3, because the experiment was performed once and completion of n=3
and data analysis should be performed as future work.

Conclusion: Chemerin possess the ability to delay the apoptosis in 24 hrs treatment, however,
the cells were observed to be inclined in the progressive direction of apoptotic pathway, which
means, the cells will eventually reach late apoptosis and finally necrosis or cell death. In addition,
the experiment was performed once, therefore, no concluded result can be estimated, but further
experiment should be performed in triplicate (n=3) for statistical analysis.

5.3 Impact of H2O2 induced oxidative stress on mitochondrial function using
dichlorodihydrofluorescein diacetate (DCFDA) assay in undifferentiated
SHSY5Y cells.
Research question: Does the cell viability results obtained from MTT assay (section 3.3) are
due to mitochondrial dysfunction related cellular ROS production under H2O2 induced oxidative
stress in undifferentiated SHSY5Y cells?

Research condition: To explore the cellular ROS production which is specific to mitochondrial
dysfunction under H2O2 induced oxidative stress in undifferentiated SHSY5Y cells by DCFDA
assay kit. The cells were cultured in 96 well plate using 5 x 104 per well for 24 hrs.
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Next day, the cells were washed for twice with PBS. Diluted DCFDA solution was added and
incubated with for 45 mins at 37°C in the dark. After incubation, cells were washed for twice
with PBS. Cell microscopy was performed with filter set for fluorescein (FITC). Maintained low
light conditions to avoid photo-bleaching and photo oxidation of dichlorodihydrofluorescein.

Figure 5.5. Fluorescence images of undifferentiated cells using DCFDA assay. A. No DCFDA solution incubated
with the SHSY5Y cells. B. ROS specific DCFDA solution showed bright green fluorescence (indicated by arrows)
in the presence of chemerin. C. In the presence of chemerin + H2O2, strong bright green fluorescence was measured
(indicated by the arrows). No clear difference was concluded between bright green and less green fluorescence
images obtained. The images were taken using Cytation3 with FITC filter and the experiment was performed once,
so, no statistics was performed.

In the figure 5.5.A, the fluorescence images obtained from undifferentiated SHSY5Y cells using
DCFDA assay did not showed green fluorescence in the absence of DCFDA solution. Few bright
green fluorescence undifferentiated SHSY5Y cells were observed (shown by arrows, figure
5.5.B) in the presence of chemerin (5nM) without H2O2. In addition, in the presence of chemerin
(5nM) + H2O2 treatment, the results showed that few very dominant bright green fluorescence
was visible due to the presence of higher ROS production (indicated by arrows, figure 5.5.C).
The experiment was performed once, so image analysis was performed.

Conclusion: The results obtained from incubated chemerin (5nM) and chemerin (5nM) + H2O2
was not very conclusive in relation to the ROS production in undifferentiated SHSY5Y cells.
However, presence of minor but dominant green fluorescence confirmed that under H2O2 induced
oxidative stress chemerin with dose of 5nM was ineffective to reduce the ROS production.
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