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ABSTRACT

Introduction and aims: Alzheimer's disease (AD) has for decades been
associated with increased accumulation of brain amyloid B peptides (AB) and
phosphorylated tau. Unfortunately, targeted therapy to AB in particular has not
been successful resulting in a diversified approach to understanding the disease
pathology. Mitochondrial dysfunction is among a range of cellular and molecular
processes postulated to contribute to AD, which could be a target for lifestyle
factors such as alcohol and micronutrients. Ethanol-mediated neurotoxicity and its
contribution to AD has in part been associated with increased oxidative stress and
AB levels. However, conflicting reports debate whether moderate levels offer
protection whereas heavy alcohol consumption accelerate cognitive decline.
Similarly, micronutrient, which are essential requirements for proper growth and
development can become neurotoxic when taken or when accumulated in excess.
Toxic levels of Zinc (Zn) and Manganese (Mn), the focus in this thesis have both
been associated with neurotoxicity and implicated in AD. To address if different
levels of alcohol evoke a switch from neuroprotection to neurotoxicity and the
neurotoxic impact of excessive Zn and Mn, we investigated the contribution of
ethanol, Zn, Mn-induced neurotoxicity in regulating protein aggregation, AB, p-tau
accumulation. We hypothesize using the SH-SY5Y neuronal cell model, ethanol,
Zn and Mn-induced regulation of protein aggregation, AB, p-tau accumulation is
mediated by a dysregulation of mitochondrial function and fusion/fission
dynamics.

Methods: Using Western blot analysis, antioxidant proteins, fusion/fission
proteins, autophagy and apoptotic markers, ERK/AKT kinases, AB and p-tau were
assessed. Mitochondrial membrane potential (MMP) was analyzed using the JC-
1 MMP assay and SOD activity using enzyme activity assay. Confocal microscopy
of live cells was used to determine changes in mitochondrial morphology while
fixed cells were assessed for LC3 levels. Mitochondrial respiration and function
were assessed using the Seahorse Mitostress Assay.

Results: In response to toxic ethanol exposure, SH-SY5Y cells show an increase
in ROS, a targeted antioxidant response, dysregulated mitochondrial dynamics
and function indicated by a significant increase in fission protein, Drpl,
fragmented mitochondria while decreasing fusion proteins, Opal and Mfnl and
decrease in mitochondrial membrane potential, low basal mitochondrial
respiration and low mitochondrial ATP production. This results in shift towards
autophagy/mitophagy, a switch between cell survival and toxicity linking to ERK
activation and mTORC1 suppression that leads to increased apoptosis and cell
death. Despite protein aggregation and AR increase with toxic ethanol exposure,
levels of p-tau showed a dramatic decrease indicating that ethanol regulation of
AD supports AB production rather than p-tau increase. Similar response was
observed following toxic Mn and Zn levels, however cells exposed to toxic levels
of Zn undergo a possible alternative pathway which is hon-apoptotic.

Discussion: Together these findings have identified new and novel mechanisms
by which ethanol, Zn and Mn affects mitophagy and mitochondrial fusion/fission
integrity through increased ROS generation and MMP dissipation and consequent
cell survival pathway response impact modulation of AR and p-tau, offering insight
into how these pathways become dysregulated under conditions that are
associated with AD pathology.
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Chapter 1
1.0- INTRODUCTION
1.1- ALZHEIMER'’S DISEASE

Alzheimer’s disease (AD) is the most common type of dementia accounting for
60- 80% of diagnosed dementia cases (Neugroschl and Wang, 2011). The
incidence of this disease has increased from 36 million in 2010 to a reported
50 million worldwide in 2018 (World Alzheimer’s Report, 2010 and 2018) and
affects mostly people aged 65 and above. There are however, cases of an
earlier onset which presents in the 40s or 50s (Alzheimer’s Association, 2015)
and is mostly associated with a genetic predisposition. The rare early-onset
AD has been linked with mutations in the amyloid precursor protein (APP),
presenilin-1 (PSEN1) and presenilin-2 (PSEN2) genes, with the late-onset AD
associated with an apoE variation as a major risk factor (Chouraki and
Seshadri, 2014). Apolipoprotein E (ApoE) functions as a cholesterol carrier
involved in the transport of lipids and brain injury repair. ApoE allele
polymorphism especially in individuals carrying the €4 allele have been
associated with the strongest risk factor for AD (Liu et al., 2013). Studies have
suggested that ApoE play an important role in the modulation of A
metabolism, aggregation and deposition with the €4 allele being less efficient
in AB clearance due its weaker affinity for AR binding compared to the €2 & 3
alleles thereby mediating an overall gain of toxic function and loss of
neuroprotective function in AD pathology (Kim et al., 2009). Therefore, age of
onset and genetic factors, which represent only 1-5 % of cases, are the only
known correlations with the progression of the disease. While there is the
hereditary form as a result of the mutation of any of the above mentioned
genes, there is also the sporadic form whose aetiology remains unknown.
What is however known is that in post-mortem brains, patients present with

amyloid plaques (amyloid beta- AB), neurofibrillary  tangles
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(hyperphosphorylated tau protein), severe neuronal loss and brain shrinkage
(Figure 1.1).

1.1.1 AMYLOID AND TAU HYPOTHESIS IN ALZHEIMER’S DISEASE

The idea that the accumulation of AR peptide could be the causative factor for
AD put forward by (Glenner and Wong, 1984) have been met with scepticism
and over time, there have been evidences for and against this hypothesis. In
support of the amyloid hypothesis are that all AD patients manifest glial and
neuritic cytopathology as a result of progressive deposition of AB, apoE4 allele
increase AD risk and decrease AP clearance resulting in AB aggregation and
neuropathologies typical of AD, missense mutation of presenilinl&2, a
common feature of early-onset AD increases the production of hydrophobic
AB42/43 peptides which self-aggregate causing downstream AD pathology
(Mori et al., 1992, Hardy and Selkoe,2002, Selkoe and Hardy, 2016, Han et
al.,, 2017). Despite these evidences, there are findings that appear to
undermine the amyloid hypothesis such as decreased correlation between
amyloid plaque burden and the degree of cognitive impairment as evidenced
in mouse model (Kim et al., 2007), amyloid imaging reporting the accumulation
of AB in healthy brain and few amyloid deposits in AD brains suggesting
neurodegeneration and neuronal cell loss occurs through a process
independent of AB. There are suggestions that it is the accumulation of APP
C-terminal fragment that causes phosphorylated tau accumulation and
neuronal impairment (Tamayev et al., 2012) with neuropathological studies
suggesting neurofibrillary tangles formation may preceed amyloid plaques
(Schonheit et al, 2004). Also recently considered is the inability of numerous
clinical trials of anti-amyloid agents to meet their pre-specified endpoints
(Mehta et al., 2017). Despite the linkage of APP with AD pathophysiology,
understanding its physiological role is important in ascertaining whether a loss
of function is contributory to AD pathology. Under normal physiological
conditions, APP mediates developmental axonal pruning following sensory
loss, neurite outgrowth, synaptogenesis and acts as a cell adhesion molecule
(Marik et al., 2016). APP is cleaved by a-secretase to give rise to soluble APP
(sAPPa) which play a neuroprotective role of promoting memory retention and

maintaining synaptic plasticity (Zhang et al., 2011). With aging or under
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pathological conditions, B-site APP cleavage enzyme BACEL, the major B-
secretase in the brain cleave APP yielding a large secretory APP- 3 (SAPP)
and an intracellular C-terminal fragment CTF99 which is cleaved by the y-
secretase producing an APP intracellular domain (AICD), p3 and AB. The
hydrophobic nature of AB peptides confer on them an intrinsic ability to self-
assembly forming aggregates and different conformations like the monomeric
and oligomeric forms. The monomeric forms have also been reported to bind
to plasma membrane where they form an aggregate and are taken up into
endocytic vesicles (Jin et al., 2016). Additionally, the oligomeric forms have
been reported as capable of directly inserting into plasma membranes where
they form pore-like structures that are selectively permeable to calcium
causing a disruption in calcium homeostasis which leads to synaptic
degeneration, memory loss and intracellular AB accumulation through its
binding to the a7 nicotinic acetylcholine receptor (a7nAChR) (reviewed in

Kayed and Lasagna-Reeves, 2013).

The tau hypothesis proposes that the abnormal phosphorylation of tau results
in generation of paired helical filaments and neurofibrillary tangles (Itther and
Gotz, 2011). Tau is a natively unfolded, soluble, microtubule-associated
protein of mature neurons which facilitate stabilisation of axonal microtubules,
polymerisation and assembly. On its own, tau protein normally show little
tendency for aggregation and have been described as being preferentially
located at neuronal axons where it undergoes posttranslational modifications
such as glycosylation, phosphorylation, oxidation, glycation and cross-linking
which contribute to its microtubule stabilizing attribute with tau phosphorylation
being the most widely studied. Tau phosphorylation sites involve those that
can be modified by proline directed kinases such as GSK3, tau protein kinase
Il (cdk5), MAP kinase, JNK and those modified by non-proline directed kinases
such as protein kinase A, C, calmodulin kinase Il. This process regulates its
binding to microtubules acting as the major regulatory mechanism of tau
function (Avila et al., 2004). The binding affinity of tau to microtubules, major
neuronal transport system places tau as a central focus in the facilitation of
molecular movements within the axon (Kopeikina et al., 2012). In normal

physiological conditions, tau function is maintained by a balance between the
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activities of these kinases and tau-directed phosphatases - PP2A and PP1.
Under pathological conditions such as AD, it is proposed that a shift in balance
elicits tau hyperphosphorylation, resulting in decreased affinity between tau
and the microtubules thus affecting its function as a stabilizer with GSK3
majorly implicated. It is also proposed that an accumulation of misfolded
hyperphosphorylated tau leads to the formation of toxic oligomeric
neurofibrillary tangle suggested to be as a result of a loss of function and gain
of toxic function of tau (Pirscoveanu et al., 2017, Bejanin et al., 2017). In
frontotemporal dementia, another neurodegenerative condition, tau mutations
and an impairment of its microtubule-stabilising capacity leads to tau
aggregate formation and an increase in the mutated and hyperphosphorylated
form over normal tau (Yamada et al.,, 2015), correlating well with disease
progression and cognitive decline (Rademakers et al., 2004). To enable ease
of description for disease process progression, the Braak staging of AD-related
neurofibrillary pathology was performed on neuronal sections and largely
involved scoring the topographic expansion of lesions consisting of
hyperphosphorylated tau protein, neurofibrillary tangles and neurophil threads
deposited within specific neurons at specific sites (Braak et al., 2006).
Furthermore it is thought that tau aggregate formation in cells is enhanced by
the extracellular domain of APP which act as a receptor enabling tau fibril
incorporation into cells (Takahashi et al., 2015) suggested to be through 5'
adenosine monophosphate-activated protein kinase (AMPK) at Ser422
happening late in the disease process (Mairet-Coello et al., 2013) revealing
that although the accumulation of AB is considered the starting point of AD, tau
hyper-phosphorylation mediates the processes that lead to disease
progression (Figure 1.2). Hyper-phosphorylated tau accumulates in neuronal
cells and disrupts neuronal function, reducing mitochondrial respiration and

membrane potential (Eckert et al., 2010).
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Figure 1.1- Representation of a healthy brain compared to an AD brain.
The general neuronal loss and shrinkage distinguishing healthy brain from AD
brain with the smaller size of the AD brain is also accompanied by atrophied

grooves and folds at the outer layer and larger ventricles (Kidd, 2008).

These findings led to the development of two so-called fundamental
hypotheses thought to underpin the pathogenesis of AD, (1) the amyloid
hypothesis and (2) the tau hypothesis.

Overall despite the evidence in support of these hypotheses, drugs targeted
towards amelioration of AR aggregation have not been effective, therefore the
need for more focus on therapies targeted at tau aggregation and
accumulation as evidence from AD mouse models expressing human APP
suggest that a reduction in endogenous tau levels prevented AB—induced

memory impairment (Roberson et al., 2007).
1.1.2- OTHER AD RISK FACTORS

Individuals carrying the Apo €4 allele have been reported to be at increased
risk for AD compared to their counterparts carrying Apo €3 allele and is linked
to age-related cognitive decline (Liu et al., 2013). ApoE isoforms have been
suggested to regulate AB aggregation and tau-mediated neurodegeneration
(Shi et al., 2017) with impairment in ApoE function implicated in AB clearance
(Robert et al., 2017).

Triggering receptor expressed on myeloid cells 2 (TREM) expressed on

microglial membrane and resultant neuroinflammatory response have been
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reported to promote tau-dependent neurodegeneration. Experiments with
ApoE lacking mice and TREM2 deficiency showed reduced neuroinflammation
thereby protecting against neuronal cell damage (Leyns et al., 2017, Ulland et
al., 2017).

1.1.3- ALZHEIMER’S DISEASE: CURRENT THINKING

Beyond the traditional and most commonly held views about the aetiology of
AD (AR cascade and phosphorylated tau), recent research now involves a
diversification in approach to better understand the mechanism that underlies
the disease manifestation. This has been necessitated by recent failures of
anti-amyloidogenic trials supporting the stance that the pathomechanism
recognised to trigger familial AD does not necessarily mean a direct correlation
to sporadic cases. Although there are increasing number of AD drugs in trial
phases, the trials have been marked with continuous failures with the CREAD
1 & 2 (a Roche-sponsored clinical research study of drugs targeted at plaques
and other AD proteins) at phase lll trial stage being discontinued very recently
(

). Although AB generation and processing is a
prominent feature of AD, it is not exclusive. As reviewed by Wang et al.,
(2017), it is currently proposed that there are associations and links between
the abnormalities at systemic levels and AB production/metabolism and that
the manifestation of these abnormalities underlie the disease process. The
interactions between the brain and the peripheral body systems have a huge
role to play in the changes associated with the progression of AD (Kozlov et
al., 2017).

Several scientific experiments to challenge the status quo have put forward
the postulation that based on current knowledge; there are a range of cellular
and molecular processes that contribute to the pathology of AD. These
processes include cell cycle events, alterations in lipid metabolism, tau
biochemistry, autophagy, protein misfolding, and neurotransmitter
metabolism, mitochondrial dysfunction, vascular dysfunction and inflammatory

processes (Behl and Ziegler, 2017).
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Figure 1.2- Proposed order of major pathogenic processes leading to AD.
Impairment of APP metabolism and accumulation of APP c-terminal
fragments trigger tau pathology leading up to disease progression,
neuronal loss and cognitive function decline (Adapted from Kametani and
Hasegawa, 2018).

1.1.4- DYSFUNCTIONAL MITOCHONDRIA: NEW AD TARGET

The mitochondrion, an important organelle and a pivotal point when
considering the free radical theory of aging have been proposed to play an
important role in AD pathology because it is both the main source of energy
production and reactive oxygen species (ROS) generation in cells (Grimm and
Eckert, 2017). There is a growing body of experimental evidence reflecting a
disturbance of neuronal mitochondrial bioenergetics/dynamics and
transportation/distribution during aging and oxidative stress conditions
(Amadoro et al., 2014). As a result, deficient antioxidant defense mechanisms
and a simultaneous increase in oxidative stress contribute to cell death (Rebrin
et al., 2007, Pandya et al., 2013).
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Figure 1.3- Proposed mitochondrial cascade hypothesis. This
hypothesis maintain mitochondrial function is genetically determined and
decline with the aging process. A threshold of mitochondrial decline over
time is surpassed which triggers AD associated symptoms such as APP
expression, processing and AB accumulation all eventually contributing to
late-onset AD. Adapted from Swerdlow et al., 2014.

A mitochondrial cascade hypothesis has been postulated implicating this
organelle as a target for late-onset sporadic AD (Figure 1.3). The hypothesis
infers firstly that individual baseline mitochondrial function, which includes rate
of ROS and mitochondrial damage accumulation, is genetically determined
with more maternal contribution due to pattern of mitochondrial DNA
inheritance. Secondly, in addition to genetic input, environmental factors such
as alcohol and toxic metals also contribute to mitochondrial changes
associated with the aging process and lastly, an individual's baseline
mitochondrial function and function change rate will influence their sequence
of AD onset by affecting APP expression, processing and AR accumulation
(Swerdlow et al., 2014). Linking AD to mitochondrial function lends support to
the suggestion that there is a general decline in mitochondrial function as aging
progresses and that adequate or inadequate compensation determines the
manifestation of symptoms (Navarro and Boveris, 2007). Recent studies

suggest that AB plaque formation precedes clinical AD manifestation
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supposedly up to a decade (Jack et al., 2011). Mitochondrial cascade and AB
accumulation hypothesis propose that as aging-dependent mitochondrial
decline starts, bioenergetics is stimulated to enable compensation in neurons
leading to a rise in AB production and accumulation, which coincides with the
asymptomatic phase of compensated brain aging. Following further
mitochondrial decline as brain aging continues, bioenergetic compensation is
no longer sustained for leading to a decline in AB accumulation and AD

symptom manifestation (Swerdlow, 2014).
1.2- MITOCHONDRIAL FISSION/FUSION

Under normal physiological conditions, mitochondrial homeostasis is
maintained through the regulation of the mitochondrial quality control
mechanism-fission/fusion dynamics, mitochondrial biogenesis and mitophagy.
The fission/fusion dynamics is a tightly regulated and important mechanism for
maintaining mitochondrial quality control. In mitochondrial fission, the
organelle components are split into 2 daughter mitochondria whereas the
merging of 2 daughter mitochondria is fusion. In the event of increased fission,
there is fragmentation characterised by small round-shape mitochondria that
are poorly connected while in fusion, mitochondria is characterised by
elongated and high connectivity (Shirihai et al., 2015). Mitochondrial fission is
regulated by the GTPase protein Drpl (Onyango et al., 2016) while mitofusins
Mfnl & 2 control mitochondrial fusion at the outer mitochondrial membrane
(OMM) level and Opal at the inner mitochondrial membrane (IMM) level
(Tilokani et al., 2018). The fission-mediating Drpl act similar to dynamin by
assemblying into spirals around the neck of endosomes constricting lipid
tubules and twisting following GTP cleavage. This assembly at division sites
around the OMM drives the fission process and involves actin filaments and
microtubules. Fusion on the other hand is mediated by the C-terminal coiled
regions of Mfn 1 and Mfn2 which bring about a tethering between mitochondria
through the formation of heterotypic or homotypic complexes between
adjacent mitochondria (Suen et al., 2008). Dysregulation of this pathway is
associated with various pathophysiology with mitochondrial fission linked to
mitochondrial dysfunction, increased oxidative stress and cell death (Zemirli et

al., 2018). Increased expression of Drp1 and mitochondrial fragmentation, loss
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of mitochondrial membrane potential (MMP) and ATP production, increased
oxidative stress are all associated with AD (Wang et al., 2009) which overtime
overpowers the mitochondrial fusion-mediated repair leading to selective
mitochondrial degradation-mitophagy (Martinou and Youle, 2011). Using
double-labeling immunofluorescence and immunoprecipitation analysis in AD
brain and 3xTg.AD mouse, Drpl have been shown to interact with major AD
hallmarks, AR and phosphorylated tau. Increased mitochondrial fission and
interaction of fission protein Drp1 with AR and phosphorylated tau which leads
to an increase in mitochondrial fragmentation and a decrease in mitochondrial
fusion have been reported in AD neuronal cells (Manczak and Reddy, 2012).
Mitochondrial biogenesis and degradation is another key regulator of
mitochondrial dynamics. Both processes are stimulated and regulated by
several factors with the stress response playing a major role in its regulation.
Kinases such as AMPK, mTOR kinases and the transcription factor Nrf2 are
involved in mitobiogenesis. In response to stress, mitobiogenesis is increased
to compensate for and restore the effect of an increase in the degradation of
damaged mitochondria or for an overall improvement in mitochondrial function
(Zong et al., 2002, Dorn et al., 2015).

In addition to their role in energy metabolism of the cell, the mitochondria also
play a role in the regulation of apoptosis upstream of caspase activation. This
physiologic phenomenon can be mediated via the modulation of calcium Ca?*
signalling and intrinsic signals such as DNA damage, kinase inhibition
ischemia and oxidative stress (Jeong and Seol, 2008). The Bcl-2 family
members and Bax protein, the two widely studied apoptosis-mediating factors
upon receiving cell death stimuli translocate to the mitochondria from the
cytosol where they induce the release of apoptogenic mitochondrial proteins
such as cytochrome c¢ (cyt ¢). p53 and TR3 are transcriptional activators
respond to DNA damage by targeting the mitochondria. p53 activate caspases
through apoptotic protease-activating factor Apaf-l/caspase 9 pathway
independent of cyt c release whereas TR3 triggers the release of cytc. Apaf-
1 protein is hydrolysed in the cytosol resulting in a conformational change that
allows it to bind cyt c at the same time undergoing oligomerisation. Apaf-1
oligomerisation results in the exposure of its caspase-recruitment domain

(CARD) allowing it to bind procaspase-9 resulting in subsequent release of
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active caspase-9 which activate other downstream caspases such as
caspase-3, 7 and 7 (Parone et al., 2002). As cyt c is released, the mitochondria
fragments into smaller units. Inhibiting this fission process inhibits the release
of cyt ¢ thereby delaying cell death (Suen et al., 2008)

Fission

Drp1, Fis1

Tubular
Mitochondria

r—
mm Fragmented
Mitochondria
—
Mitochondrial W
Dynamics U
Opa1, Mfn1

Fusion

Figure 1.4- Mitochondrial dynamics. Under physiological conditions,
mitochondrial dynamics homeostasis is maintained by constant fusion and
fission events. In stress conditions, fission results in small rounded
mitochondria and fusion form elongated tubular networks (Adapted from
Balog et al., 2016).

The removal of damaged mitochondria is enhanced by fission as this process
reduces the mitochondrial size and cause a loss of membrane potential while
also differentiating dysfunctional parts of the mitochondrial network enabling
its removal (Lemasters, 2014). Mitophagy, a selective form of autophagy
involves the selective engulfment of damaged/dysfunctional mitochondria by
autophagosomes for degradation and recycling. ROS generation has been

implicated as a trigger for mitophagy activation (Kim et al., 2007). In mitophagy,
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PTEN-induced putative kinase 1 (PINK1), which accumulates on damaged
OMM recruits parkin which ubiquinates OMM proteins resulting in p62-LC3
interaction which triggers autophagosomal clearance of damaged
mitochondria (Onyango et al.,, 2016). Studies have reported impaired
mitophagy in AD leading to accumulation of dysfunctional mitochondria

alongside an increase in oxidative stress (Ashrafi and Schwarz, 2015).

An additional aspect that can undergo changes in response to oxidative stress
is the mitochondrial membrane potential (MMP). The mitochondrial
permeability transition pore (MPTP) is an inner mitochondrial membrane
channel known to open following high levels of calcium in the mitochondrial
matrix leading to the collapse of MMP and swelling of mitochondrial matrix
(Elrod and Molkentin, 2013) and comprise of the voltage-dependent anion
channel (VDAC), ANT and Cyclophilin D (Cyp D). A loss of MMP impacts ATP
production (Martinez-Reyes et al., 2016). Cyp D has been implicated as the
most critical regulator of MPTP, playing a protective role in cell apoptosis and
necrotic death. (Schinzel et al., 2005). Cyclosporine A (CsA), generally used
as an immunosuppressant desensitizes the MPTP has the ability to bind and
inhibit Cyp D (Giorgio et al., 2010). In human studies, CsA has been shown to
normalize dysfunctional mitochondria and reduce apoptotic frequency in
patients with skeletal muscle diseases (Merlini et al., 2008). Nevertheless, on
its own CsA at a concentration of 1 to 10uM, CsA has been shown to
significantly increase ROS intracellularly (Chen et al., 2002). CsA was included
in this study especially in mitochondrial dynamics and function investigation,
to harness its protective potential from ethanol, zinc and manganese-induced

oxidative stress.
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Figure 1.5- Cyclophilin D regulation and the mitochondrial permeability
transition pore (MPTP). Several components of the IMM and OMM combine
to make up the MPTP. All solutes <1.5 kDa cross the IMM giving rise to
organelle swelling and rupture, a key factor in necrotic cell death. The negative
MMP cause calcium efflux into the mitochondrial matrix. ROS increases MPTP
opening while ATP inhibits the pore formation. CypD inhibition using CsA will
cause an increase in ATP synthesis and prevent cell death. PiC- mitochondrial
phosphate carrier, ANT- adenine nucleotide translocase, sfA- sanglifehrin A,
UQo- ubiquinone (Adapted from Halestrap and Pasdois, 2009).

1.3- ETHANOL METABOLISM AND ROS GENERATION

Alcohol is a widely consumed substance with numerous profound effects on
the body particularly the nervous system (Imam 2010). Alcohol metabolism
occurs via by two main pathways, the oxidative and non-oxidative pathway
(Figure 1.6). The oxidative pathway of alcohol metabolism is catalysed by
alcohol dehydrogenase (ADH), cytochrome P450 2E1 and catalase in the

cytosol, peroxisome and microsomes respectively (Zakhari, 2006).

The oxidative pathway of alcohol metabolism involve ADH oxidizing alcohol to
acetaldehyde, a toxic product in the cytosol accompanied by NAD* reduction
to NADH. Acetaldehyde is oxidised to acetate in the mitochondria with NAD*
reduction to NADH catalysed by acetaldehyde dehydrogenase (ALDH)
(Cederbaum, 2012). During sustained alcohol consumption at high levels, the
cytosolic route of alcohol metabolism is increased but only to a limited extent
therefore increase in CYP2E1l-mediated alcohol oxidation is activated for
enhanced alcohol clearance giving rise to the production of ROS and NAD*

reduction to NADH. Increase NADH/NAD* ratio in the cytosol and mitochondria
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leads to the perturbation of carbohydrate, protein, lipid metabolism via protein
carbonylation and lipid peroxidation, mitochondrial permeability transition
(MPT) and gene expression modulation, cell death, ROS and acetate
formation (Zakhari, 2013). Mitochondrial permeability transition and
mitochondrial membrane potential are affected following ethanol metabolism
causing specific pores to open, resulting in swelling and eventual apoptosis
(Alano et al., 2004). In acute alcohol ingestion, there is an increase in brain

acetate uptake as an alternative energy source (Volkow et al., 2013).
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Figure 1.6- Oxidative and non-oxidative pathway of alcohol metabolism. The
oxidative pathway is catalysed by ADH, CYP2E1 and catalase in the cytosol,
microsomes and peroxisome respectively. Acetaldehyde is oxidised by
ALDH to acetate accompanied by an increased NADH/NAD* ratio (A). The
non-oxidative pathway is considered as minor under normal conditions and
gives rise to the products, FAEE and phosphatidyl ethanol both of which
accumulates in the liver and disrupts cell signalling due to their poor
metabolism (B) (Cederbaum, 2012, Zakhari, 2013 ).
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Also associated with chronic alcoholism is inflammation, vitamin
malabsorption, altered methionine metabolism, glutathione depletion, DNA
damage and cognitive defect. Methionine is activated to S-adenosyl
methionine (SAM), which donates its methyl group and is converted to S-
adenosylhomocysteine which is hydrolysed to homocysteine and reduced to
glutathione (GSH) through the transsulfuration pathway. Alcoholic liver injury
induces alteration in methionine metabolism resulting from decreased
transmethylation and transsulfuration depleting GSH thereby increasing
oxidative stress (Figure 1.7). The non-oxidative pathway is not very prominent
under normal conditions but gives rise to fatty acid ethyl ester and phosphatidyl
ethanol which can accumulate in the liver disrupting cell signalling (Nassir and
Ibdah, 2014).

Although the main intracellular source of ROS is the mitochondrial ETC,
ethanol metabolism also promotes ROS generation and oxidative stress from
enzymatic activation of CYP2E1 and NADPH oxidases, resulting in
mitochondrial function impairment further aggravating ROS generation and
oxidative stress with a resultant vicious cycle that activate MPT and increase
cell susceptibility to apoptotic signals. In more recent studies, mitochondrial
dysfunction have been explored as an AD target and because ethanol
metabolism increase ROS generation and mitochondrial dysfunction, therefore
this thesis focus on the impact of ethanol, Zn and Mn on ROS signalling, its

impact on mitochondrial dynamics and function in SH-SY5Y neuronal cells.
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Figure 1.7- Chronic alcoholism alters methionine metabolism. Chronic
drinking reduces folate level and inhibit methionine synthase. This gives
rise to DNA hypo methylation as a result of DNA methyl transferase
inhibition and oxidative stress from GSH depletion.

1.3.1- ETHANOL AND MITOCHONDRIAL DYNAMICS/ BIOENERGETICS

Ethanol metabolism generate ROS and diminish the cell’s antioxidant system,
resulting in mtDNA damage, mitochondrial function impairment, further ROS
generation perpetuating a vicious cycle (Hoek et al., 2002).

Oxidative stress as a major factor has been shown to elicit differing response
from the fusion/fission pathway implying an association between ethanol-
induced ROS generation and mitochondrial dynamics disruption. ROS have
been shown to mediate dysregulation of mitochondrial fission and fusion as
seen in cerebellar granule neurons where ROS generation resulted in
extensive mitochondrial fusion thereby increasing Mfn2 expression and
protecting the cells from apoptotic death (Jahani-Asl et al., 2007).

Similarly ethanol-induced disruption of mitochondrial dynamics and function in
ARPE-19 epithelial cell line indicated by dose dependent increase in
mitochondrial fission via activation of DRP1 and proteolytic cleavage of OPA1
(Bonet-Ponce et al., 2015), there are however limited studies on the effect of

ethanol on fusion/fission dynamics especially in SH-SY5Y neuronal cells.
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1.3.2- ETHANOL AND THE RAS/ERK SIGNALLING PATHWAYS

ROS acts as a signalling molecule that induces activation of the RAS/ERK
pathway to enhance cell survival in oxidative stress conditions. The schematic
diagram (Figure 1.8) highlights kinases of these pathways important cellular
role such as cell growth, differentiation, survival and death (Ravingerova et al.,
2003) with protein synthesis, autophagy and apoptosis similarly activated by
binding of growth factors to PI3K receptors leading up to Akt and mTOR
activation (Abraham and O’Neill, 2014).

Ethanol exposure to cells elicits a series of effects on intracellular signalling
pathways enabling neuroadaptation to repeated ethanol exposure. Several
studies have highlighted how ethanol alter signalling pathways involving
different kinases among which are ERK, MAPK, AKT, MTORC1 and S6K (Ron
and Messing, 2013). These pathways are important for cell survival following
oxidative stress conditions. Acute exposure to 100 mM ethanol in cortical cell
culture was shown to inhibit phospho-ERK activation with similar effects in the
cortex, hippocampus and cerebellum of the brain (Chandler and Sutton, 2005).
Similarly, AKT phosphorylation have been reported in the medial prefrontal
cortex of rats exposed to acute ethanol (Neznanova et al., 2009) and in juvenile
rats following a 48-hr ethanol exposure (Yang et al., 2017). In PC-12 neuronal
cells, acute ethanol exposure increase AKT phosphorylation (Liu et al., 2017)
suggesting that the ERK/AKT pathways mediates the ethanol-induced
neurotoxicity and in a bid to activate survival mechanisms. mTORCL1 signalling
pathway responds differently to ethanol exposure in a cell-specific manner but
largely function as a protective mechanism in oxidative stress conditions.
Phosphorylation of mMTORC1 and its substrates S6K and 4EBP1 have been
reported in the nucleus accumbens of mice with excessive ethanol
consumption history (Neasta et al., 2010, Beckley et al., 2016). The inhibitory
action of ethanol on mTOR has been described as ethanol being similar to
pharmacologic mTOR inhibitors, however, there is only a partial inhibition of
MTOR signalling following ethanol administration in B-cell lymphoma in
comparison to complete inhibition by INK128, an active-site mTOR inhibitor

(Mazan-Manmczarz et al., 2015).
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Figure 1.8- Activation of PI3BK/MAPK pathways. Both pathways are
interconnected leading to activation or inhibition at different points under
certain conditions. PI3K-coupled receptors were activated by Ras, receptor
tyrosine kinases (RTK) direct binding and ROS transduces signal to
different downstream effectors-AKT, mTORC1, S6K, activating pro-cell
survival or death downstream effects such as autophagy, apoptosis, protein

synthesis and cell proliferation (Adapted from Lei and Kazlauskas, 2009).

1.3.3- ETHANOL-INDUCED NEUROTOXICITY

The Central Nervous System (CNS) requires and consumes high amounts of
oxygen, has lower levels of antioxidant enzymes and is more susceptible to
oxidative stress, therefore require strict ROS homeostasis (Cohen-Kerem and

Koren, 2003). Excessive alcohol consumption has many detrimental
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neurological effects which include increased oxidative stress, mitochondrial
dysfunction and cell death (Reddy et al., 2013). The impact of ethanol on its
targets produce both acute and chronic toxic effects resulting from its
metabolism, with acetaldehyde, one toxic metabolite particularly implicated in
non-specific protein and DNA modifications (Wallner and Olsen,2008). Ethanol
interact with and potentiates y-aminobutyric acid (GABA)a and glycine
receptors GlyR while inhibiting glutamate and N-methyl-D-aspartate (NMDA)
receptors in neurons and synapses throughout the brain depending on the
exposure level, resulting in suppression of neuronal synaptic communication
giving rise to the intoxication symptoms that ensue and in some cases

withdrawal anxiety-like behaviour (Abrahao et al., 2017).

At different regions of the brain, varying effects are observed most especially
affecting cognitive function and morphology (Fadda and Rosetti, 1998).
Ethanol neurotoxicity results in general brain shrinkage, significant reduction
in white matter (Kril et al., 1997) diminished brain volume and remarkable cell
loss (Pitel et al., 2012). The frontal lobe is characterised by cortical atrophy,
ventricular enlargement, meningeal thickening accompanying cell loss and
hippocampal bilateral volume deficits evidenced from microscopic analysis
(Moselhy et al., 2001). Studies have shown that ethanol also affects the
maturation of neurons by impacting on their differentiation. It does this by
altering the membrane proteins and cytoskeleton involved in synapse
maturation as well as inducing neuronal apoptosis (Guadagnoli et al., 2016).
Ethanol exposure to the hypothalamic region of rat foetal brain was shown to
increase cellular apoptosis. Ethanol activates microglia together with cytokine
release resulting in neuroinflammation which enhance apoptosis due to an
increase in microglial-derived factors (Boyadjieva and Sarkar, 2013).
Neuroinflammation following microglial activation mediate ROS generation
which play a signalling role influencing cell survival by the activation of the
gene expression kinase pathways (Rojo et al., 2014). Ethanol metabolism also
target astrocytes, oligodendrocytes and synaptic terminals within the nervous
system impacting functions such as neuronal survival and cell migration (de la
Monte and Krill, 2014).
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There have been suggestions over the years to the protective effect of low and
moderate alcohol consumption on cognitive function. While some studies
suggest neuroprotective effects (Zuccala et al., 2001, Galanis et al., 2000),
others show no significant benefit at all (Huang et al., 2002) resulting in a rather
inconclusive perception. Several studies have engaged differing approaches
to define alcohol levels considered low, moderate or excessive with some
relating this to blood alcohol level (Getachew et al., 2018). In human drinkers,
8 or more alcoholic drinks per week have been considered heavy or excessive
drinking while 1-7 drinks per week is considered mild to moderate drinking
(Heymann et al., 2016). This is considered as 1-<7 units per week (light), 14-
21 units per week (moderate) and > 30 units per week (heavy/excessive)
drinking (Topiwala et al., 2017). Experimental studies in SH-SY5Y cells have
considered 500 mM ethanol exposure as relatively high hence represent heavy
or excessive alcohol exposure with 10 mM considered low alcohol level
(Getachew et al., 2018, Ramlochansingh et al., 2011). In human endothelial
cells, 17.1 mM ethanol concentration was considered low level exposure
(Grenett et al., 2000).

1.3.4- ETHANOL, MCI AND ALZHEIMER’S DISEASE

Ethanol consumption has been associated with a wide range alcohol related
brain damage with Wernicke-Korsakoff syndrome (WKS) representing an
extreme case. (Venkataraman et al., 2017). WKS occur from a combination of
chronic alcoholism and thiamine deficiency (Day et al., 2013) and is shown via
MRI to cause lesions in the mammillary bodies and periventricular areas and
volume deficits of the hippocampus, thalamus, cerebellum and pons (Zahr et
al., 2009). The pathobiology of this syndrome is however different from that of
AD as thiamine administration is a potent treatment strategy in the acute phase
of WKS (Day et al., 2013).

Although AD is associated with age-related cognitive decline, not all memory
complaints are presumed to be indicative of AD as some are associated with
the normal aging process. There is however a staging of mild cognitive

impairment (MCI) where an individual is cognitively impaired memory-wise
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relative to age expectation but do not meet the criteria for clinically-determined
AD (Kelley and Petterson, 2007). There is an effort to develop a tool for
accurately predicting progression from MCI to AD. However, female MCI
patients with abnormal CST tau levels, lower mini-mental state exam (MMSE)
score, hypertension, atrophy of the medial temporal lobe and hippocampus
had a high risk of progressing to AD (Li et al., 2016).

Mild to moderate alcohol consumption have been linked to a decreased risk of
dementia and other cognitive impairments and heavy alcohol use associated
with increased risk of dementia and severe cognitive impairments (Rehm et
al., 2019). A population-based study over a 43-year period have shown no
difference between non-drinkers and light drinkers with respect to dementia
predisposition. On the other hand, heavy drinking has been associated with an
increase in the predisposition to dementia risk with a stronger link to spirit
consumption relative to wine (Handing et al., 2015). A cohort study of 360
patients over 19 years have shown that heavy drinkers had a faster decline in
cognitive abilities as evidenced by a deteriorating MMSE score compared to
the abstainers or moderate drinking counterparts with hard liquor associated
with a faster decline rate (Heymann et al., 2016). MCI patients with moderate
alcohol consumption have been reported to present a lower rate of AD
progression, with moderate wine consumption showing an even significantly
lower rate of disease progression compared to abstainers (Solfrizzi et al.,
2007). MCI patients who were light drinkers were shown to have better MMSE
scores (Xu et al., 2009) and moderate drinking in AD patients reported to slow
cognitive decline rate (Heymann et al., 2016), however a cohort study have
reported that even at moderate alcohol consumption, hippocampal atrophy

results (Topiwala et al., 2017).

Using animal models, moderate ethanol consumption (10 and 50 mM) has
been shown to have a potential for protection from A toxicity while improving
memory and cognitive functions in 3xTgAD mice (Munoz et al., 2014). In the
3XxTgAD mice, ethanol binding to fibrillary Ap caused a destabilisation of A
oligomers into monomers thereby preventing neuronal membrane disruption
and increased intracellular calcium concentration which would have otherwise

occurred with resulting synaptic failure (Munoz et al., 2014). An in vitro study
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of 10 mM ethanol exposure to A decreased its toxicity by disrupting the critical
salt bridge between residues Asp 23 and Lys 28, an important step for AB
dimerization which correlates with AR toxicity (Ormeno et al., 2013). ‘Moderate
ethanol preconditioning’ phenomena (a case of prolonged moderate alcohol
intake) with 20-30 mM ethanol in hippocampal slice culture was shown to
prevent AB-induced neurodegeneration by suppressing pro-inflammatory
mediators and increasing the molecular chaperone hsp70 (Belmadani et al.,
2004).

Neuroinflammation, a characteristic feature of alcohol consumption is closely
associated with aggravated amyloid pathology (Karuppagounder et al., 2009).
Emerging experimental evidence not only suggests a link between AD
progression and neuroinflammation, but propose that neuroinflammation is a
potential event that drives AD pathogenesis (Heppner et al., 2015). Activation
of microglial cells are differentially perpetuated by different forms of Ap leading
to inflammatory cytokine release pushing further aggregation of Ap required
for plague formation. This is a self-driven cycle that leads on to
neurodegeneration and cell death (Heurtaux et al., 2010, Wu et al., 2000).
Alcohol directly or indirectly contributes to this cycle by stimulating TLR2/4
production causing a greater amount of inflammatory cytokine release
(Venkataraman et al., 2017).

1.3.5- AUTOPHAGY AND MITOPHAGY

Autophagy and mitophagy are regulated through crosstalk between key
signalling pathways governed by the mammalian target for rapamycin
(mTORC1) and the Ras/Erk pathway. Autophagy is a self-degrading process
that play a housekeeping role geared towards clearing damaged organelles,
intracellular pathogen and removal of misfolded or aggregated proteins. This
process is either selective or non-selective in the removal of specific
organelles. The three forms of autophagy- macro, micro and chaperone-
mediated autophagy (CMA) all function to promote degradation of cytosolic
contents at the lysosome (Glick et al., 2010). In macro-autophagy, the content
to be degraded are delivered through the autophagosome, a membrane-bound
vesicle which binds to a lysosome forming an autolysosome and directly

engulfed by the lysosome in micro-autophagy and delivered to the lysosome
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bound to a chaperone such as Hsc-70 in CMA. The autophagy process begins
with phagophores expansion to engulf cytosolic cargo sequestrating them in a
double-membraned autophagosome which fuses with the lysosome which
releases lysosomal acid proteases which degrade the autolysosomal conent.
The resultant by-products such as amino acids are transported into the
cytoplasm where they are re-used to build macromolecules making autophagy
a cell recycle factory promoting energy efficiency of the cell (Axe et al., 2008).
At the molecular level, phagophore formation is regulated by the activity of
Atgl kinase complex with Atg 13/17 alongside Vps34 and Beclin followed by
Atg5-Atg12 conjugation, phagophores multimerisation and interaction with
Atgl6L, LC3 processing and insertion into the membrane of extending
phagophores, capture of targets for degration and fusion of the
autophagosome with lysosome leading to protease-mediated degradation.
This pathway is regulated by signalling pathways such as stress signalling
kinases in the cells like JNK-1 and the mTOR kinase. The mTOR kinase
mediates autophagy via the inhibition of ATG1/Ulk-1/2 when pahagophore
formation is at its earliest phase while JNK-1 mediates autophagy process by
phosphorylation Bcl-2 and enhancing Beclin-1 ability to bind with VPS34 (Wei
et al., 2008). Autophagy induction is also mediated by hypoxia, nutrient
starvation and low cytosolic ATP levels and inhibited by increased growth
factor signalling. In neuronal cells, there is a hypothesis that biosynthesis of
autophagosomes are normally maintained at a low level despites changes in
nutrient availability due to the neuron’s ability to maintain normal neuronal
function using several energy sources (Nixon et al., 2005). A counter
hypothesis proposes that the low level of basal autophagy is due t the neuron’s
efficiency is clearing formed autophagosomes by fusing them with the
lysosome (Boland et al., 2008). In AD, autophagy is seen as playing a dual
role of benefits and detriments. In a healthy central nervous sytem, there is an
efficient clearance of AR peptide as it is produced maintaining balance
however in AD brain there is increased level of aggregation of AB peptide due
to a disturbance of the autophagosome-lysosomal pathway where there is
deficient lysosomal clearance and accumulation of incompletely digested
proteins (Bordi et al.,, 2016). AD mouse model exposed to rapamycin,

generated an increase in autophagy which led to reduced AB accumulation,
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improved cognitive abilities and caused a decline in AD progression (Zhang et
al., 2017). Conversely, there is an argument that overstimulation of autophagy
overpowers the clearing capacity of the lysosome causing an accumulation of
AB-containing autophagosomes in neurones resulting in intracellular toxicity
(Liang and Jia, 2014).

Mitophagy a selective form of mitochondrial autophagy have been implicated
in the pathogenesis of AD (Kerr et al., 2017) and as discussed in section (1.2),
disruption of mitochondrial dynamics has been implicated in several
neurodegenerative diseases resulting in severe neurological dysfunction due
to inactivation or mutation of the major fusion/fission proteins (Berthelot et al.,
2016). However, neither the role of ethanol induced mitophagy nor the
underpinning mechanisms have been studied in neuronal cells relative to AR

and tau expression, key markers of AD pathology.

1.4- MICRONUTRIENTS IN THE NERVOUS SYSTEM: IMPACT OF ZN AND
MN IRREGULARITY

Micronutrients are one of the major groups of nutrients required by the body in
small amounts necessary for proper growth and development. They include
vitamins, minerals and trace elements such as manganese (Mn), zinc (Zn),
iron (Fe), selenium (Se), molybdenum (Mo), cobalt (Co), chromium (Cr) and
iodine (). This thesis is focused on Zn and Mn and the mechanism associated
with AD pathology. In brain and CNS development, inadequate micronutrient
supply results in negative structural and functional impact (Gonzalez and
Visentin, 2016).

In neurodevelopment, Zn is required for both prenatal and postnatal
development and is required for gene expression, cell growth, differentiation
and metabolism (Jackson et al., 2008). Zn also serves as a regulatory factor
for different enzymes while contributing to cognitive neurodevelopment
(Salgueiro et al., 2002, McCall et al., 2000). Mn is required for carbohydrate
and lipid metabolism, improved immune function and as metalloenzymes
necessary for different metabolic processes in the body (Avila et al., 2013, Li
and Yang, 2018).
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Although Zn has a beneficial role to play, in excess it is toxic and detrimental
to cell wellbeing affecting metabolic functions in the body (lgic et al., 2002).
Similarly, in excessive amounts, Mn toxicity in the brain, lung, and liver has
been reported, with accumulation in brain tissue resulting in a Parkinson’s
disease-like disorder commonly reported (Crossgrove and Zheng, 2004).
Excessive Zn and Mn have been implicated in AD (Tong et al., 2014, Religa et
al., 2006). High plasma Mn have been linked to high plasma AB-peptides with
invitro studies showing an increase of AR following excessive Mn exposure
(Tong et al., 2014) and a two-fold increase level of Zn in AD brain compared
to control counterpart (Religa et al., 2006). What is not known is the role of
Zn/Mn-induced dysregulation of mitochondrial dynamics on AD pathology.
Here, the impact of micronutrients Zn and Mn on neurotoxicity, mitochondrial

function and homeostasis will be studied.

1.4.1- ZINC-INDUCED NEUROTOXICITY

Zn is abundantly required in the body for cell development and as a functional
component of several proteins (McDonald, 2000). Zn, an essential trace
element is important for different biological processes playing a variety of roles
which can be categorised as structural, catalytic and regulatory functions
(Kambe et al., 2015). Zn fingers play an important role in DNA replication and
transcription, acting as a structural ion in transcription factors helping them
bind to DNA sequences in an accurate manner (LatifWani et al., 2017). Zn also
acts as a regulatory signalling ion mediating the transfer of information
intracellularly and in-between cells (Maret, 2013). Additionally Zn is a part of a
large number of enzymes with carbonic anhydrase 1l being the first
metalloenzymes to be discovered. Zn is located at the catalytic site of many
enzymes where it interact with substrate molecules during chemical reactions
and also play a role in the stabilisation of tertiary protein structure (McCall et
al., 2000).

In the brain, the estimated Zn concentration is 150 uM with the majority (about
80%) bound to proteins. Post-synaptic release of Zn from the synaptic vesicles
give rise to a range of 10-100 uM free ions (Bozym et al., 2006). Intracellularly,

free unbound zinc ranges from nanomolar to a few micromolar which is

39| Page



Okoro, G.U 2019

regarded as non-toxic (Frederickson et al., 2005). In adult rat brain also, the
intracellular physiologic concentration of zinc has been reported to be
approximately 150 uM and extracellular concentration less than 1 pM (Takeda
et al., 2010, Takeda et al., 2001). In cortical neurons, exogenously applied 300
UM Zn have been reported to elicit a dose-dependent generalised neuronal
injury (Yokoyama et al., 1986).

In glutamatergic neuronal cells, under normal physiological conditions, zinc,
exists alongside glutamate in presynaptic vesicles. Under pathological
conditions, vesicular zinc is released to the synaptic cleft alongside glutamate
in excess and gain entrance into post synaptic neurons through NMDA and
AMPA/kainate receptors and voltage-gated calcium channels (Martinez-Galan
et al., 2003, Morris and Levenson, 2012). This post-synaptic accumulation of
excessive free zinc acts as a signal that triggers glutamergic excitotoxicity

thereby exacerbating cell toxicity (Zatta et al., 2003).

Table 1.1- Zn distribution in various parts of the human body

‘Body Location % distribution
Skeletal Muscle 57
Liver 5
Bone 29
Brain 1.5
Heart 0.4
Skin 6
Kidney 0.7

A number of molecular mechanisms have been suggested to mediate Zn-
induced neurotoxicity including mitochondrial dysfunction and neuronal
signalling. This is suggested to be elicited by increased ROS production
resulting in the opening of the permeability transition pore thereby disrupting
mitochondrial enzymes and respiration (Sensi et al., 2003). An acute elevation
(increase from 0.001-0.1 mM Zn for 24 h) of Zn in cholinergic neuroblastoma
cells resulted in reversible pyruvate dehydrogenase activity inhibition. When
cells were exposed to higher Zn (0.15-0.2 mM) for 24 h, pyruvate
dehydrogenase activity inhibition was irreversible (Ronowska et al., 2007)
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further contributing to an increase in ROS production. Zn has been shown to
increase the expression of superoxide dismutase and heme-oxygenase,
enzymes associated with increased oxidative stress leading to dopaminergic
neurodegeneration (Singh et al., 2011). Various alterations in gene expression
of metal-related genes (metallothioneins, Zn transporter), ER stress- related
genes and the Arc gene have been implicated in Zn-induced
neurodegeneration (Kawahara et al., 2013). Zn-mediated intracellular calcium
ion metabolism in neurons is suggested to play a role in Zn-induced

neurotoxicity and eventual apoptosis (Mizuno and Kahawara, 2013).

e Zinc
o Glutamate

{Excess Zn ][ Excess Ca]

Mitochondrial
dysfunction

Apoptosis

Neuronal death

Figure 1.9- Mechanism of Zn-induced neurotoxicity. High Zn
concentrations are secreted from pre-synaptic neuronal vesicles alongside
excessive glutamate enhancing the expression of Ca-A/K-R which mediates
the translocation of Zn into surrounding neurons where it inhibit
mitochondrial respiration, deplete energy production while increasing ROS
production. This increases Ca?* levels, thus leading up to activation of the
apoptotic pathway and eventual neuronal cell death (Adapted from
Kawahara et al., 2014).
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1.4.2- ZINC AND ALZHEIMER’S DISEASE

Abnormal deposition and accumulation of Af together with its tendency to form
insoluble aggregates that promote neurotoxicity is regarded as a key hallmark
of AD, therefore factors promoting this are regarded as contributory to AD
pathogenesis (Kawahara et al., 2014). Zn concentration > 300 nM have been
reported to enhance AR aggregation and the binding of APP to extracellular
matrix (Bush et al., 1994). The study of post-mortem hippocampal tissue from
AD patients revealed synaptic vesicles contained three times the amount of
free Zn found in the hippocampus compared to non-AD matched control
suggesting that Zn plays a role in enhancing AB oligomer-induced toxicity in
AD (Szutowicz et al., 2017). A similarity between the post-mortem analysis of
human AD brains and the mitochondrial compartments of post-synaptic
cholinergic neuronal cells exposed to Zn treatment have been reported where
similar patterns of inhibition of mitochondrial enzymes- isocitric acid
dehydrogenase, pyruvate dehydrogenase, aconitase and a-ketoglutaric acid
dehydrogenase precede loss of neurotransmitter functions and structural
damage (Bubber et al., 2005, Ronowska et al., 2007). There has been a wide
study of biometal-induced AB aggregation in AD with copper and Zn being the
prominent participants. Zn has been shown to have a greater influence in the
aggregation process, enhancing AB aggregation even in small quantities due
to Zn ion rapid exchange between A peptides (Mattheou et al., 2016, Sharma
et al., 2013). Interactions between Zn and APP, AB, metallothioneins, GSK3B
and tau proteins and the resultant ROS generation, mitochondrial dysfunction,
energy deficit, protein aggregation have been widely studied in AD
pathogenesis and linked to Zn dyshomeostasis. However, the impact of Zn on
fusion/fission dynamics and how this impacts Zn-induced mitochondrial
dysfunction and contribute to protein aggregation, A and phosphorylated tau

production.

Zn has been reported to form a component of the AB plaque where it catalyses
oxidative stress through ROS generation (Stelmashook et al., 2014). Despite
the findings on Zn interaction with AP, its definitive role in AD pathology is not

fully clear. As Zn binds to AR, it inhibits its proteolytic cleavage while also
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inhibiting the activity of the v-secretase enzyme necessary for AB generation
suggesting a paradoxical role of preventing AR generation and degradation
(Ayton et al.,, 2013). Zn also interacts with the tau-protein enhancing its
aggregation, phosphorylation and the formation of neurofibrillary tangles that
impair cognitive functions (Craddock et al., 2012). The paradoxical identity of
Zn has been reported through its response to stress as both inhibitory and via
promotion of stress response. Zn promotes oxidative stress when it is in
concentrations outside the physiological range, either in excess or deficient
amount. This it does by altering mitochondrial respiration thereby increasing
the amount of ROS generated (Sensi et al., 2003, Dineley et al., 2003). Zn has
been shown to protect sulthydryl groups against oxidation and reduce thiol
reactivity suggesting an antioxidant role. Its role in the conformational changes
to AB has been proposed to protect AR from interacting with oxidising metals
which could lead to further peroxide formation (Powell, 2000, Gibbs et al.,
1985, Cuagungco et al., 2000).

1.43- IMPACT OF ZINC ON MITOCHONDRIAL FUNCTION,
BIOENERGETICS AND THE FUSION/FISSION PATHWAY

In the mitochondria of cholinergic neuronal cells, only 1% of the total zinc pool
is found in the mitochondria with the cytosol contains a higher concentration of
Zn. Exposure to 100-300 pM Zn of neuronal cells resulted in intra-
mitochondrial Zn accumulation, shown to be mediated by the activation of
AMPA/kainate receptors, with a subsequent loss in MMP. This accumulation
led to long persisting Zn-triggered ROS generation and failure of several
mitochondrial functions even after Zn exposure has been terminated (Sensi et
al., 2000, Ronowska et al., 2007) suggesting the mitochondria is a key target
for Zn-induced neurotoxicity. Further evidence show that an increase in
intracellular free Zn concentration subsequently results in disruption of
mitochondrial functions and energy deficits thereby leading to depolarisation
of the neurons affected. Mitochondrial exposure to excessive Zn (> 250 uM
Zn) has been reported to also cause an irreversible inhibition of specific
mitochondrial enzymes such as isocitrate NADP* dehydrogenase and
aconitase through a direct reaction with the enzyme’s —SH groups (Ronowska
et al., 2010). Similar enzymes involved in acetyl CoA metabolism found in the
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cytoplasmic compartment were shown to remain unaffected by high zinc
concentrations strongly indicating that excessive free Zn-induced neurotoxicity

targets the mitochondria specifically (Ronowska et al., 2007).

Studies have shown a swelling of the mitochondria associated with the
movement of high concentrations of Zn into the mitochondria from the cytosolic
pool. Under basal conditions, isolated neuronal mitochondria exposed to
submicromolar levels of Zn (40 pmol- 400 nmol per mg of protein) result in the
opening of the inner mitochondrial membrane channel (MPTP), an increase in
oxygen consumption and decrease in ROS generation. However, an increase
in Zn concentration (40-400 nmol/mg) resulted in a partial loss in MMP linked
to inhibition of the electron transport and MPTP opening, increase in ROS
formation and decrease in oxygen consumption (Sensi et al., 2003). In HepG2
cells, Zn challenge diminished ATP production as a result of delayed ADP
conversion to ATP, also a follow-on from the perturbation of enzymes involved
in the ETC and TCA cycle. There is a suggestion also that ATP production
dysregulation results from a decrease in the expression of mitochondrial
aconitase. This is linked to zinc’s disruption of the Fe-S cluster in mitochondrial
aconitase, a key enzyme required for the production of ATP thereby
diminishing its production. (Lemire et al., 2008).

In epithelial cells and INS1-832/13 B-cell line, exposure to hydrogen peroxide
caused the activation of the transient receptor potential melastatin (TRPM)-2
channel, allowing the influx of Ca?*. This influx led to the release of lysosomal
Zn thereby resulting in an uptake of Zn into the mitochondria promoting Drpl
recruitment and an increase in mitochondrial fission (Li et al., 2017, Abuarab
et al., 2017). This thesis seek to investigate the impact of excessive Zn

exposure on mitochondrial fusion/fission dynamics SH-SY5Y neuronal cells.
1.4.4- ZINC AND METABOLIC SIGNALLING PATHWAYS

The movement of Zn across cell membrane (as illustrated in Figure 1.10) is
mediated by a family of ZIP channels and ZnT transporters. While the ZIP
channels mediate Zn influx from extracellular space into intracellular
compartments, ZnT transporters mediate Zn efflux (Nimmanon et al., 2017).

ZIP channel subfamilies exist from ZIP1-14, however in different cells, there
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are specific ZIP channels responsible for the intercompartmental movement of
Zn. In DT4O0 cells, the ZIP9 facilitates Zn influx while ZIP6, 7, 10 is involves in
Zn influx in breast cancer cell lines (Nimmanon et al., 2017, Taylor et al., 2008,
Taniguchi et al., 2013). Zn neurotoxicity results in the activation of various
neuronal signalling molecules such as ERK 1/2 (Seo et al., 2001). Activation
of Ras an upstream regulator of ERK phosphorylation has been linked to
oxidative cell death in neuronal cells (Du et al., 2002). The Zn-sensing receptor
has been evidenced as a link between extracellular Zn and the intracellular

release of calcium which then leads to the phosphorylation of ERK1/2.

Extracellular
zinc

GSK3p ——| AKT;

= [
|PI3K | |mTOR

Figure 1.10- Schematics showing ZIP6/10, ZIP7 and ZIP9-mediated
activation pathways. In cancer cells, stimulation of EGFR results in ZIP7
phosphorylation which in turn result in Zn release from the ER/Golgi
thereby activating the kinases of Akt, ERK1/2. In MCF-7 cells, CK-
mediated phosphorylation of ZIP7 release Zn from intracellular stores
activating ERK1/2, PI3k- AKT and mTOR signalling pathways. In DT40
cells, ZIP9-induced increase in intracellular Zn concentration activates AKT
and ERK1/2 (Taylor et al., 2008).

An alteration of this receptor has been shown to inhibit ERK1/2
phosphorylation suggesting a strong dependence of this process on

extracellular Zn (Azriel-Tamir et al., 2004). Similar study reported extracellular
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Zn in rat neuronal cells gives rise to ERK1/2 activation which has also been
implicated as the mechanism that mediated Zn-induced neurotoxicity (He and
Aizenman, 2010). The Zn transporter ZIP9 responsible for increase in the
levels of intracellular Zn play an important role in Akt and ERK phosphorylation.
Results show that this phosphorylation is facilitated by the presence of
intracellular Zn (Taniguchi et al., 2013). Zn has been shown to possess an
antidepressant-like property linked to the phosphorylation of mTOR and
p70S6K (Szewczyk et al., 2015). The deficiency of Zn however, has been
linked to an impairment in ERK1/2 phosphorylation leading to several
alterations in brain development and behavioural deficiencies (Nuttal and
Oteiza, 2012). This study investigated Zn-induced activation of the ERK/AKT

metabolic signalling pathway.
1.5- MANGANESE-INDUCED NEUROTOXICITY

Although Mn is an essential nutrient, there is the need to maintain a
homeostatic Mn level to prevent either deficiency or excess. Mn deficiency
results in growth impairment, defects in the skeletal system, dysregulated
glucose tolerance, oxidative stress and mitochondrial dysfunction (Li and
Yang, 2018). Excessive exposure of Mn to cells on the other hand stimulates
apoptosis, neurological and motor disorders, oxidative stress and
mitochondrial dysfunction (Smith et al., 2017).

When Mn is accumulated in the basal ganglia, there is the manifestation of
cognitive and motor impairments resembling manifestations of Parkinson’s
disease, known as manganism (Peres et al., 2016). This manifestation of
motor impairment has been the focus of investigations regarding the
connection between Mn overexposure and its cognitive effects. More recently,
there is an increase in attention to the cognitive deficit arising from Mn
neurotoxicity and its contribution to neurodegenerative disorders following
decades of exposure (Weiss, 2010). It is hypothesized that this accumulation
at the basal ganglia in astrocytes result in inflammation of the region giving rise
to nitric-oxide induced neuronal injury (Liu et al., 2006). Chronic exposure to
Mn is implicated in neurotoxicity and impairment of neurodevelopment at
critical stages with sensitivity to Mn toxicity being cell-dependent (Hernandez

et al., 2011). Elevated Mn level have been shown to trigger oxidative stress
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thereby inducing mitochondrial dysfunction that results from excessive
production of ROS. This leads to loss of mitochondrial inner membrane
potential, opening of the mitochondrial transition pores, mitochondrial swelling
and the impairment of oxidative phosphorylation, which results in decreased
ATP synthesis (Gavin et al., 1999, Milatovic et al., 2009). The impact of Mn
neurotoxicity is suggested to be partly mediated through deregulation of
neurotransmitters. This results in excitotoxicity and cell death, however, the
underlying mechanism is not understood (Quintanar, 2008). Excessive
exposure of neuronal cells to Mn-induced oxidative stress and dopaminergic
neurodegeneration as shown by dopamine depletion and downregulation of its
transporters. This effect was suggested to trigger motor dysfunction and
neuronal loss, pointing to a possible interaction between oxidative stress and
the resulting neurodegeneration in the substantia nigra (Deng et al., 2015).
Like Zn, excessive accumulation of Mn in the mitochondria inactivate enzymes
such as aconitase thereby impairing oxidative phosphorylation and causing
further oxidant production. This effect has been reported to inhibit complex Il
activity of the electron transport chain promoting ROS generation and MMP
disruption (Galvani et al., 1995, Gavin et al., 1992 and Milatovic et al., 2007,
Smith et al., 2017). Oxidative stress resulting from excessive exposure to Mn
has been linked to apoptotic cell death. Predominantly expressed is caspase-
3 cleavage dependent apoptotic pathway. PC12 cells exposed to excessive
Mn demonstrated an increased apoptotic rate which is directly linked to oxidant
production levels. Treatment of the cells with antioxidants prevented apoptotic
events indicating the role of oxidants in Mn-induced apoptosis (Deng et al.,
2015, Chtourou et al., 2014).

1.5.1- MANGANESE AND ALZHEIMER’S DISEASE

Manganese homeostasis (increased and decreased levels) is considered to
play an important role in the pathogenesis of neurodegenerative diseases.
Meta-analysis of serum Mn levels in AD and MCI patients reveal a significant
decrease in the levels of serum Mn levels in AD and MCI patients compared
to healthy control subjects indicating that Mn deficiency is a risk factor for the

pathology of AD (Du et al., 2017). Mn is regarded to potentially play a dual role
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in its link with AD pathology. There is evidence of changes in the expression
of the Mn-dependent antioxidant SOD2 in lymphocytes of AD patients, with
amyloid pathology enhanced in MNnSOD enzyme deficiency. Overexpression
of this enzyme slowed down the formation of plaques, enhanced plaque

degradation and AP resistance (Dumont et al., 2009).

However, a study involving 40 elderly adults with different cognitive levels of
cognitive abilities showed a significant correlation between blood Mn levels
and cognitive rating, a simultaneous increase in Mn and A levels and in vitro
evidence to support an increase in AB levels following Mn treatment (Tong et
al., 2014). Further evidence from analysis of Mn concentration in plasma and
CSF of AD patients reveal a significantly higher concentration of Mn in AD
plasma versus the control subjects with an inverse outcome in CSF. Mn
concentrations were lower in CSF of AD patients than in the control subjects
(Gerhardsson et al., 2008).

Neuropsychological dysfunction has been reported in primates chronically
exposed to Mn. In this study Mn-exposed monkeys demonstrate an
upregulation of AR plaques deposition in the frontal cortex, increased mRNA
expression of AB precursor-like protein (APLP1) and changes to the paired
associate learning- a tool for diagnosis of preclinical AD (Schneider et al.,
2013, Guilarte, 2013). Nuclear magnetic resonance was used to show a weak
Mn ion binding to the N-terminal of AB (1-40) suggesting an AD Mn metal
chemistry and a potential implication in the disease pathogenesis (Wallin et
al., 2016).

1.5.2- IMPACT OF MANGANESE ON MITOCHONDRIAL FUNCTION,
BIOENERGETICS AND THE FUSION/FISSION PATHWAY

Mn has been shown to easily accumulate in neuronal mitochondria but has a
very slow efflux rate and as a result causes Mn-induced neurotoxicity which
disrupts mitochondrial functions and dynamics (Prakash et al., 2017). Like Zn,
Mn exposure has been implicated in the inhibition of the activities of
mitochondrial enzymes aconitase and MnSOD and mitochondrial respiration
(Anantharaman et al., 2006, Zheng et al., 1998). In addition to its disruptive

effects on mitochondrial enzymes, there is also a disruption of the
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mitochondrial electron transport chain, mutation of the mitochondrial genome

thereby enhancing free radical production (Brown et al., 1999).

In a study where SH-SY5Y cells were exposed to Mn over a range of 0 — 100
MM to mimic human brain Mn content at baseline (< 10 yM) and at toxic
concentration exposure (< 50 pM), it was evidenced that following toxic
exposure range, there was an increase in hydrogen peroxide production,
SOD2 activity and a decrease in oxygen consumption rate (Fernandes et al.,
2017). Likewise, exposure of primary astrocytic cells to 100 uM Mn for 24 h
showed a significant decrease in basal mitochondrial respiration and oxygen
consumption rate compared to untreated cells. There was also a simultaneous
decrease in mitochondrial ATP production, non-mitochondrial respiration and
a decline in glycolytic function measured by the extracellular acidification rate
(ECAR). Indicative of impaired mitochondrial function and biogenesis, human
astrocytic U373 cells exposed to 50.46 uM Mn for 24 h shows reduced
mitochondrial mass and increase in circularity signifying enhanced

mitochondrial fission (Sarkar et al., 2018).

Mn exposure (750 pM) to C6 neuronal cells for 24 h has been shown to affect
mitochondrial dynamics. Results show an increase in expression of the fission
protein Drpl and a decrease in Opal fusion protein. Co-treatment with CsA,
an MPTP opening inhibitor protected the cells from Mn-induced mitochondrial
disruption (Alaimo et al., 2014). Further studies on Gli36 astrocytic cells also
demonstrates Mn-induced deregulation of the fusion/fission proteins Opa-1,
Mfn-2 and Drp-1 expression, mitochondrial network disruption and increased
fragmentation of neuronal mitochondria (Alaimo et al., 2013). PC12 cells
exposed to Mn demonstrates a significant decline in Mfn2 expression closely
associated with caspase-3 activation. Overexpression of Mfn2 attenuated Mn-
induced apoptosis, however, inhibition of apoptosis does not rescue the
downregulation of Mfn2 indicating Mfn2 loss as an early event following

excessive Mn exposure (Liu et al., 2017).
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1.5.3- MANGANESE AND MAPK/mTORC1 SIGNALLING

Results from several invitro studies have demonstrated that Mn exposure
impact the MAPK/AKT/mTORC1 pathways. Several studies demonstrate that
Mn exposure increases inflammatory mediators which have an effect of
inducing an increase in MAPK activity. In activated glia cells, ERK activation is
achieved following Mn exposure due to the activation of kinases upstream of
MAPK (Crittenden and Filipov, 2011). Exposure to 500 pM Mn in microglial
cells have also been shown to increase phosphorylation of Erk and Akt while
activating INOS inflammatory mediator expression indicating Erk/Akt pathway
activation following Mn exposure acts as a survival mechanism (Bae et al.,
2006).

Exposure of U87 glioblastoma cells to 100 pM Mn an increase in
phosphorylation of mTOR with the mTOR protein level remaining unchanged.
However, at a concentration of 400 pM, there is a decline in mTOR
phosphorylation (Puli et al., 2006). Chronic Mn exposure has been shown to
increase basal mMTOR and phosphorylated mTOR expression (Srivastava et
al., 2016).In vivo experiment involving developing rat striatum exposed to Mn
show an activation of the MAPK/Erk/Akt pathways. In the in vivo study, striatal
and hippocampal slices exposed to 10-1000 uM Mn show a significant
increase in ERK phosphorylation with the in vivo study showing a further
increase in phosphorylation of Akt (Peres et al., 2013, Cordova et al., 2012).
There is also evidence from in vivo studies indicating Mn exposure from
fertilisation reflect persistent activation of the ERK pathway (Pinsino et al.,
2011).

Considering conflicting reports and debate regarding neuroprotective role of
moderate alcohol intake, this study will determine if different levels of alcohol
evoke a switch from neuroprotection to neurotoxicity. Despite the association of
excessive ethanol, Zn and Mn exposure with AD hallmarks- AB and
phosphorylated tau, there is the need to understand the role of mitophagy and
the mitochondrial fission/fusion dynamics mechanism and cell survival

pathway response in modulating the expression of these key AD hallmarks
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1.6- RESEARCH HYPOTHESES

Hypothesis: Ethanol, zinc and manganese-induced neurotoxicity impairs
mitochondrial function through disruption of the fusion/fission dynamics
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Chapter 2

2.0- MATERIALS AND METHODS
2.1- MATERIALS

SH-SY5Y neuroblastoma cell line was purchased from ATCC (Manassas, VA).
Antibodies to superoxide dismutase SOD 1 (ab16831), glutaredoxin GRX 1
(ab187507), thioredoxin TRX 1 (ab57675), 4- hydroxynonenal (4-HNE)
(ab46545), SQSTM1/ p62 (ab56416), actin (ab8226), Nrf2 (ab62352),
glutathione peroxidase GPx (ab108427), glutathione reductase GSR
(ab124995), Hsp60 (ab59458), Opal (ab42364), Mfnl (ab57602), Drpl
(ab56788), Bax (ab182733), Bcl2 (ab692), Akt (ab8805), phospho-Akt T308
(ab8933), Erk 1/2 (ab196883), phospho-Erk Thr202/Tyr204(ab214362),
MTOR (ab134903), phospho-mTOR S2481(ab137133), p70S6K (ab9366),
phospho-S6K T229 (ab59208), phospho-tau S396 (ab109390), beta-amyloid
1-42 (abl12267), glutamate dehydrogenase GDH (ab154027), alcohol
dehydrogenase ADH1B (175515), rabbit raised antibody to aldehyde
dehydrogenase ALDH2 (70917), malondialdehyde (MDA), 1x 2, 4-
dinitrophenylhydrazine (DNPH) solution, 1x derivatization solution, standard
protein with DNP residues, 2x extraction buffer, 5000x primary anti-DNP
antibody (rabbit), 5000x HRP conjugated secondary antibody (goat anti-
rabbit) all part of the oxidized protein western blot kit (ab178020) were
purchased from Abcam (Cambridge, UK). MAP LC3B Antibody (G-9) was
purchased from Santa Cruz Biotechnology, Heidelberg, Germany and
Phospho-p70 S6 Kinase (Thr389) Antibody was purchased from Cell
Signalling Technology, Leiden, Netherlands. Goat raised antibody to rabbit IgG
and horse raised antibody to mouse IgG were purchased from Vector Labs
(Peterborough, UK). Rabbit raised antibody to divalent metal transporter DMT-
1 (AB S983) was purchased from Millipore, UK. Amersham hybond ECL
polyvinylidene fluoride (PDVF) membrane, Amersham hyper film ECL were
purchased from GE HealthCare Life Sciences (UK) and phosphate buffered

saline (PBS) tablets was purchased from Oxoid (Hampshire, UK). Bovine
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serum albumin (BSA) was purchased from Gemini Bio Products (USA) and
triton X-100, B-mecarptoethanol, bromophenol blue dye, coomasie blue G dye,
Amido black dye, TWEEN 20, Tris, TEMED, thiobarbituric acid, hydrogen
peroxide, potassium bromate, pure ethyl alcohol, 30 % acrylamide, ammonium
per sulphate (APS) were purchased from Sigma-Aldrich (Dorset, UK). Foetal
bovine serum (FBS), Dulbecco’s minimum essential medium (DMEM), Tris-
Glycine SDS-PAGE gel, 0.25 % Trypsin- EDTA, NUPAGE MES SDS running
buffer (20x) were purchased from Life Technologies (Carlsbad, CA).
Cyclophilin D monoclonal antibody clone E11AE12BD4 (10458653), Glacial
Acetic Acid, sodium hydroxide, methanol, sodium chloride, glycine, sodium
dodecyl sulphate (SDS), EDTA, EGTA, trichloroacetic acid were purchased
from Fisher Scientific (Loughborough, UK). Marvel was locally purchased.

2.2- METHODS
2.2.1- TISSUE CULTURE

SH-SY5Y cells were maintained at 60-80% confluence in antibiotics-free Gibco
Dulbecco’s modified eagle medium containing 10% FBS and 1X L-glutamine
at 37°C and 5% CO.. The cells were sub-cultured every 48 hours. At 70 — 80%
confluence the cells were rinsed with 3 mL sterile PBS, PBS was then removed
and discarded. The adherent cells were detached from the bottom of the flask
by adding 2.5 mL of 0.25 % EDTA-Trypsin, incubated at 37°C for 5 minutes.
The trypsin was neutralised by adding 2.5 mL of DMEM, transferred into a 14
mL eppendorf tube and centrifuged at 1,300 rpm for 5 minutes. The
supernatant was decanted, and the cell pellet resuspended in DMEM and
transferred into new T75 flasks or transferred onto the improved Neubauer

chamber for cell counting.
2.2.2- CELL DIFFERENTIATION

SH-SY5Y cells were differentiated by incubating the cells in 10 uM retinoic acid
for 7 days. In a T75 culture flask, 5 x 108 cells were seeded overnight followed
by treatment with 10 uM retinoic acid in 3 % FBS DMEM for 48 h. Subsequent
incubation with fresh 10 uM retinoic acid in 3 % FBS DMEM for 48 h was
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carried out twice, followed by an overnight incubation of cells in 3 % FBS

DMEM prior to cell treatments.

2.2.3- ETHANOL, ZINC AND MANGANESE CELL TREATMENTS

SH-SY5Y cells were treated with 250 mM, 500 mM ethanol, 150 uyM, 300 uM
zinc and 200 uM, 400 uM manganese, respectively. Depending on the
proposed experiment, cells are co-treated with 2.5 mM NAC, 2.5 mM GSH, 1
MM cyclosporine A.

Table 2.2- Treatment solutions

Treatments Stock Stock Working conc.
concentration concentration protocol
protocol
40 I.IM H202 100 mM H202 51 |J|_ 30 % wiv 4 |J|_ stock i.n 10
H,05 in 5 mL mL media
media
250 mM EtOH 100 % EtOH 16O Bl AT
10 mL media
500 mM EtOH 100 % EtOH e[l SE s
10 mL media
150 uM Zn 200 mM 0.057g Zn sulphate 7.5 uL stockin
in 2 mL media 10 mL media
300 pM Zn 200 mM 0.057g Zn sulphate 15 pL stockin
in 2 mL media 10 mL media
200 pM Mn 200 mM 0.039g Mn chloride 10 pL stockin
in 2 mL media 10 mL media
400 pM Mn 200 mM 0.039g Mn chloride 20 pL stockin
in 2 mL media 10 mL media

2.2.4- PROTEIN EXTRACTION USING RIPA BUFFER

Cells grown in a T75 flasks at 70 — 80% confluence had the culture media
aspirated, washed twice with sterile PBS and incubated with 2 mL of trypsin at
37°C for 5 minutes. Detached cells were washed twice with sterile PBS, the

cell pellet was resuspended in 80 pL of RIPA (10 mM TRIS, 150 mM NacCl, 1
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mM EDTA, 1 mM EGTA) buffer (4285 pL RIPA, 714 pL protease inhibitor and
50 pL Triton X), and allowed to sit on ice for 30 minutes. One mL syringes and
G23/25 needles were used to break cells. The suspension was centrifuged at
15,000 rpm at 4°C for 10 minutes. The protein concentration of the supernatant
was quantified using the Amido black assay (Section 2.2.3), Bicinchoninic acid
(BCA) (Section 2.2.4) protein concentration assay or Bradford (Section 2.2.5)

protein determination assay or stored at -20°C until required.
2.2.5- PROTEIN ESTIMATION USING THE AMIDO BLACK ASSAY

Protein standard solutions (1, 2.5, 5, 7.5 and 10 pg) were prepared from a 1
mg/ mL BSA solution using ultrapure water (Table 2.1). Unknown samples
were diluted (Y2, 1/5, 1/10, 1/20) accordingly. Once samples were prepared,
30 pL 1 M Tris-HCI buffer was added to each standard and test sample.

Table 2.1 Amido Black Standard Solutions

BSA (ug/ulL) BSA (uL) Ultrapure Water (plL)
0 0 270
1 10 260
2.5 25 245
5 50 220
7.5 75 195
10 100 170

To each tube, 60 pL of 60% TCA was added and samples were vortexed and
incubated at room temperature for 5 minutes. The Buchner flask and whatman
membrane were prepared with the whatman membrane washed thrice with 6
% TCA. Each sample was added onto the individual square of the Whatman
membrane. The membrane was rinsed intermittently between every 4 to 5
samples with 6 % TCA. The membrane was stained using the amido black dye
solution (0.1% amido black 10B sodium salt, 45% methanol, 10% acetic acid)
for 2 minutes, washed with water for 30 seconds and destained with a
destaining solution (90% methanol, 2% glacial acetic acid, water) for 1 minute.
This cycle of washing and destaining was repeated 3X. The membrane was

cut into the individual squares containing the protein standards and samples,
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eluted with an eluent buffer (25 mM NaOH, 0.5 mM EDTA and 50%ethanol),
vortexed and allowed to standard for 30 minutes. Into each well of a 96-well
plate, 200 uL of the elution buffer was added in duplicate and the change in

absorbance measured at 620 nm wavelength.

2.2.6- PROTEIN ESTIMATION USING THE BICINCHONINIC ACID (BCA)
ASSAY

The BCA protein assay working reagent was prepared according to the
manufacturer’s instructions by adding 50 parts of the BCA solution to 1 part of
4 % copper (II) sulphate solution. In a 96 well plate, 25 puL each of BSA
standard solutions 2, 4, 6, 8, 10 ug, blank and samples were added in triplicate
followed by 200 uL of BCA working solution and plate was incubated at 37°C
for 30 minutes in the dark and then the absorbance was measured at 562 nm.

2.2.7- PROTEIN ESTIMATION USING THE BRADFORD ASSAY

The Bradford working reagent was prepared from 1.5 % stock solution (330
mg Coomasie blue G, 66.6 mL phosphoric acid, 33.3 mL ethanol), 1.9 %
ethanol, 4 % phosphoric acid made up to 100 mL water. Standard protein
solutions of 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 pg/ yL, blank and diluted samples were
added in triplicate to a 96-well plate followed by 200 uL of the Bradford working
reagent. The change in absorbance was recorded at 620 nm with the fluostar
spectrophotometer and unknown sample protein concentration calculated

from a standard calibration plot.
2.2.8- CELL VIABILITY ASSAY

In a 96-well plate, 50,000 cells are seeded overnight in triplicate. The cells
were treated with 100 uM H202, 125, 250, 500, 1000 mM ethanol, 200, 400,
800, 1600 uM zinc and 200, 400, 800, 1600 uM manganese, respectively with
control cells incubated with media only and incubated for 24, 48 and 72 hours,
in a sealed plate and incubated at 37°C and 5% CO2. The cell treatment
solution is replaced by 100 pL of media and 20 pL of the CellTitre Aqueous
One Solution Reagent (containing tetrazolium compound [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt; MTS and an electron coupling reagent (phenazine
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ethosulfate; PES) was added. This was followed by incubation for 90 minutes
at 37°C and 5% CO: in the dark. The change in absorbance was measured at
490 nm. The assay blank well contained 100 pL of media and 20 pL of the
CellTitre Aqueous One Solution Reagent with no cells. The change in

absorbance was monitored at 490 nm.
2.2.9- 1D SDS-PAGE

Reduced protein samples (20 pg) were prepared by adding 6.25 pL of 4X
loading buffer (150 mM Tris-HCI pH 8.5, 0.175 mM phenol red, 0.51 mM EDTA,
0.2 mM blue G250, 2% LDS, 10% glycerol) and 1 pL of 5% [- mecarpto-
ethanol , adjusting the volume to 25 pL in an eppendorf tube and heated at
95°C for 10 minutes. Each protein sample (20 pL) was loaded onto a 4-12%
SDS-PAGE gel (1.5 M Tris-HCI pH 8.8, 0.5 M Tris-HCI pH 6.8, 30%
acrylamide, 10% SDS, TEMED, 1% APS) with a protein ladder. Using the
running buffer (250 mM Tris-HCI, 1.9 M Glycine, 1 % SDS, pH 8.3), the
proteins were separated at 120 V and 175 V for 20 minutes and 60 minutes,
respectively. Proteins were transferred onto a PVDF membrane for 16 hours
at 65 V and 500 mA in transfer buffer (250 mM Tris, 1.9 M Glycine, 1 % SDS,
pH 8.3) at 4°C. The membrane was washed 4 times for 5 minutes each with
1X TBST (20 mM Tris-HCI, 150 mM NacCl, 1%Tween, pH 7.5), blocked with 5
% Marvel for 1 hour and probed with primary antibody (anti-SOD, GRX, TRX,
Nrf2 depending on the requirement for individual experiment) in 5 % Marvel
overnight at 4°C. The membrane was washed four times for 5 minutes each
and blocked with secondary antibody (Goat raised antibody to rabbit IgG or
horse raised antibody to mouse IgG) for 1 hour at room temperature in the
dark. The membrane was imaged following exposure to chemiluminescent
HRP substrate using the Odyssey Imager from Li-Cor Biosciences according

to the manufacturer’s instructions.

2.2.10- GEL ELECTROPHORESIS OF PROTEINS MODIFIED THROUGH
PROTEIN CARBONYLATION

The cells were treated with 100 uM H202, 250 and 500 mM ethanol, 150 and
300 uM zinc, 200 and 400 uM manganese, respectively for 3 and 6 hours at
37°C and 5 % COz, harvested using 0.25 %Trypsin-EDTA and washed twice
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in PBS. Protein extraction was completed according to the manufacturer’s
instruction. Protein was incubated with manufacturer’s 2x extraction buffer (up
to 1x) on ice for 20 minutes followed by centrifugation at 15,000 x g for 20
minutes at 4°C and the supernatant transferred into a fresh tube. The sample
protein concentration was quantified using the Amido black assay (Section
2.2.3). The protein was separated on a 4-12 % SDS, derivatised using 1x
DNPH solution, incubated at room temperature for 15 minutes and neutralised
before loading onto a Tris-Glycine gel according to the manufacturer’s
instruction. Modified proteins were separated at 150 V for 90 minutes. The
membrane was washed using 1x PBST (PBS, pH 7.5 containing 0.05 %
Tween) as opposed to the TBST used for other Western blot procedures.

2.2.11- JC1-MITOCHONDRIAL MEMBRANE POTENTIAL ASSAY

In a clear bottomed, dark sided 96-well plate 15,000 SH-SY5Y cells were
seeded and allowed to attach overnight. The cells were (according to the kit
manufacturer’s instruction) washed once with 1x dilution buffer, stained with
20 uM JC-1 dye in 1x dilution buffer and incubated for 10 minutes at 37° C.
The cells were washed twice in 1x dilution buffer solution after incubation with
the dye before adding each treatment (100 uM H202, 250 and 500 mM ethanol,
150 and 300 pM zinc, 200 or 400 uM manganese, respectively). These were
prepared in supplemented buffer (1x dilution buffer supplemented with 10%
FBS) and incubated for 3, 6 and 24 hours after which the fluorescence was
monitored at an excitation wavelength of 535/475 nm for aggregate only and
aggregate plus monomer and 590/530 nm emission wavelength. FCCP 100

UM treatment for 4 hours is used as a positive control for the assay.

2.2.12- RHODAMINE 123 MITOCHONDRIAL MEMBRANE POTENTIAL
ASSAY

Using a 12-well plate, 500,000 SH-SY5Y cells were seeded overnight. The
cells were treated with 100 uM H202, 250 and 500 mM ethanol, 150 and 300
MM zinc, 200 and 400 uM manganese, respectively for 3 and 6 hours. An hour
prior to the treatment end point, 6 pL of 2500 pg/mL Rhodamine 123 dye was
added to each well with 3 mL DMEM. This was mixed thoroughly with culture
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medium and incubated at 37° C for 1 hour. The media was removed into
respective labelled tubes and the cells were washed with 1 mL ice cold PBS.
Trypsin was added to the cells and the detached cells transferred into the
previously labelled tubes. Each of the wells were rinsed with 1 % FBS DMEM
to harvest all remaining cells and the suspension centrifuged at 500 g for 5
minutes. The supernatant was discarded, the cell pellets washed once in 1 mL
ice cold PBS and resuspended in 500 pL of ice cold PBS containing 2 % FBS.
The cells were analysed using the flow cytometer at the FL2 channel for
Rhodamine 123 dye.

2.2.13- PROTEOSTAT AGGREGATION ASSAY

All reagents were brought to room temperature and vials centrifuged at 16,000
rpm for 5 seconds. Using a clear bottom dark sided 96-well plate, Proteostat
positive and negative control were prepared according to the manufacturer’'s
instruction. The protein standard solutions (0, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25
and 12.5% aggregate, respectively) were mixed on a rotating rocker for 30
minutes and briefly centrifuged before use. Working detection reagent was
prepared by mixing 10 pL stock detection reagent, 20 pL 10X assay buffer and
170 pL DMSO together in the dark according to manufacturer’s instruction. To
each well was added 2 uL of diluted detection reagent and 98 uL each of
positive and negative control solutions, standard solutions and protein extract
from 100 uM H202, 250 and 500 mM ethanol, 150 and 300 puM zinc, 200 and
400 pM manganese cell treatments respectively. The microplate was
incubated in the dark for 15 minutes at room temperature and fluorescent
signal was measured using the microplate reader at an excitation and emission

filter setting of 550 nm and 600 nm, respectively.
2.2.14- DCFDA ROS ASSAY

In each well, 25,000 SH-SY5Y cells were seeded overnight. The cells were
treated with 100 pL of 40 uM H202, 150 uM and 300 pM zinc sulphate, 200 uM
and 400 uM manganese chloride, 250 mM and 500 mM ethanol, respectively
for 6 and 24 hours using a phenol red free media. To each reactant, 100 pL of
2X 30 uM DCFDA solution was added and incubated in the dark at 37° C for
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45 minutes. The fluorescent intensity was measured using a fluorescence

plate reader at excitation of 485 nm and emission of 535 nm.

2.2.15- IMMUNOCYTOCHEMISTRY

Coverslips were sprayed with a generous amount of ethanol in the cell culture
hood and left for 30 minutes to dry. The coverslips were transferred onto each
well of a 12-well plate, and treated with 0.1% poly-L-lysine for 20 minutes.
Coverslips were washed thrice and allowed to dry. SH-SY5Y cells were
seeded (50, 000) on each coverslip and incubated for 48-72 hours to allow
cells reach 70-80% confluence. Cells were treated with 500 mM ethanol, 300
MM zinc and control cells incubated with media for 24 hours. Following
treatment, cells were washed twice with PBS and fixed with 0.25%
glutaraldehyde for 20 minutes. Cells were incubated in PBS, 100 mM glycine
and 10% FBS for 5 minutes each, washed twice with PBS, incubated with
Triton X-100 for 20 minutes, washed twice with PBS, washed 4 times for 10
minutes each with 1mg/ mL sodium borahydride, washed twice with PBS and
incubated overnight with 3% BSA at 4°C. Cells were washed twice with PBS
and incubated with anti-LC3 (1:250) in the dark for an hour and anti-mouse
secondary antibody (1:250) for another hour. Cells are washed twice with PBS
and mounted with DAPI mounting medium, ready for imaging with the Leica

confocal microscope.

Live cell modification: Cells (50,000) were seeded on a chamber slide to
achieve 70-80% confluence, treated for 24 hours with 500 mM ethanol, 300
UM zinc and 400 uM manganese with control cells incubated in media. The
cells are stained with 1 uM Mitotracker red for 20 minutes and 500 nM
Lysotracker green for 15 minutes. The stains are replaced with phenol red free

media and imaged using the Leica confocal microscope.

2.2.16- CELL FRACTIONATION

Cells treated with 250 mM and 500 mM ethanol for 24 hours were washed
twice in ice cold PBS, scraped and centrifuged in an eppendorf at 4°C, 900 g
for 5 minutes. The supernatant was discarded, and the pellet was resuspended
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in ice-cold 1 M TRIS buffer (200 uL), sonicated and incubated on ice for 30
minutes. The lysate was centrifuged at 900 g, 4°C, for 5 minutes, the pellet is
resuspended in RIPA buffer containing SDS and 0.01 % triton x-100. The
supernatant was transferred into a new tube and centrifuged at 20,000 g 4°C,
for 30 minutes. The resulting supernatant (cytosolic fraction) was collected
while the pellet (membrane fraction) was washed with extraction buffer and
then resuspended in 10 mM MES-buffered saline, incubated in ice for 1 h and
centrifuged at 4°C, 20,000 g for 30 minutes and then stored at -20°C for

subsequent analysis.
2.2.17- SOD ENZYME ACTIVITY ASSAY

This procedure was carried out according to the manufacturer’s instructions
(Fridovich, 1985). In brief, 9 x 10 é differentiated SH-SY5Y cells were seeded
overnight, treated with 250 and 500 mM ethanol, 150 and 300 puM zinc, 200
and 400 pM manganese, respectively for 24 h. Cells were harvested using a
scraper in 500 L of cold PBS, centrifuged for 10 minutes at 2,000 g, 4°C and
the supernatant discarded. The cells were washed again in 1 mL PBS and
centrifuged for 10 minutes at 2,000 g and 4°C. Cells were lysed using a freeze-
thaw method of incubating cells at -20°C for 20 minutes and 37°C for 10
minutes thrice. Cells were sonicated in an ice bath to aid lysis and centrifuged
at 4°C, 10,000 g for 15 minutes. The supernatant was diluted with 100 uL PBS.
Sample solutions and blanks were added to each well as described in the table

below:

Table 2.2- SOD enzyme assay protocol

Sample Blank 1 (uL) Blank 2 {ul) Blank 3

(uL) (nL)
Sample solution 20 20
Double distilled water 20 20
WST working solution 200 200 200 200
Enzyme working 20 20
solution
Dilution buffer 20 20
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The solutions were mixed thoroughly and the plate was incubated at 37°C for
20 minutes. The absorbance was monitored at 450 nm using the fluostar
microplate reader. The following equation was used to calculate the SOD

activity:

SOD activity (inhibition rate %) = {[(Ablank 1 - Ablank 3) — (Asample -
Ablank 2)]/ (Ablank 1 - Ablank3)} x 100.

2.2.18- SEAHORSE ASSAY CELL TITRATION

Several parameters reflecting mitochondrial function were analysed using the
Seahorse XFe Analyzer (Seahorse Biosciences, Massachusetts, USA).
Several optimisation experiments were carried out to achieve optimal baseline
readings and then the mitostress assay was carried out according to the
Seahorse MitoStress Test Manual. SH-SY5Y cells were seeded at different
densities into a Seahorse XF24 microplate in triplicate using recommended
seeding density from the seahorse website database. The cells were seeded
in 100 uL DMEM and incubated at 37°C, 5% COz2 for 5-6 hours to adhere to
the bottom of the plate, then topped up with 400 pL of DMEM and incubated
overnight. The Seahorse XFe 24 analyser was warmed overnight and the
assay cartridge soaked in 1 mL per well of XF calibrant overnight in a COz2 -
free incubator at 37°C. Using the XF 24- well plate, wells A1, B4, C3 and D6
are media only blank well with no cells. After approximately 24 hours, the XF
media for the assay was prepared by supplementing the media with 10 mM
glucose, 2 mM glutamine and 1 mM pyruvate. The pH of the media was
adjusted to 7.4 using 0.1 M NaOH and the media was warmed up. An hour
prior to the experiment, the cells are washed twice with the prepared XF media,
where 500 puL of media was added and the plate incubated in CO: -free
incubator at 37°C for at least 45 minutes before the start of the experiment.
During incubation the software was prepared as per the manufacturer’s
instructions. When prompted the sensor cartridge with the calibrant plate is
loaded onto the analyser tray to be calibrated and equilibrated. Subsequently,
the cell culture microplate was loaded, tray door closed, and the assay started.

Following the protocols already set up in the software, oxygen consumption
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rate (OCR) and extracellular cell acidification rate (ECAR) readings for each

well were taken and recorded.
2.2.19- THE MITOSTRESS TEST

Following the optimization experiments, the mitostress assay was carried out
to determine the cell’'s mitochondrial responses to different treatments. This
assay involved the measurement of the OCR of cells as a key parameter. After
the injection of compounds (1 uM FCCP, 1 uM oligomycin and 0.5 uM
antimycin A / rotenone mix) that are the modulators of the electron transport
chain, parameters like the basal respiration, ATP production, proton leak,
maximal respiration, spare respiratory capacity and non-mitochondrial
respiration were measured/calculated. Differentiated SH-SY5Y cells were
seeded overnight, the cells were treated with 250 mM ethanol, 250 mM ethanol
and 1 uM CsA, 500 mM ethanol, 500 mM ethanol and 1 yM CsA, 150 uM zinc,
150 uM zinc and 1 yM CsA, 300 pM zinc, 300 uM zinc and 1 uM CsA, 200 uM
manganese, 200 yM manganese and 1 yM CsA , 400 yM manganese, 400
MM manganese and 1 uM CsA, respectively and control cells incubated in
seahorse media for 24 h and the mitostress assay performed on the cells

following treatment.

An hour prior to the experiment, the cells are washed twice with the prepared
XF media, in each well is added 500 pL media and the plate incubated in CO2
-free incubator at 37°C for at least 45 minutes before the start of the
experiment. During this incubation, the assay software was prepared
according to the manufacturer’s instruction. The cartridge ports A, B and C
were loaded with 56 pL of 1 uM oligomycin, 62 pL of 1 uM FCCP and 69 uL
of 0.5 uM Rotenone/ antimycin A respectively. When prompted the sensor
cartridge with the calibrant plate is loaded onto the analyser tray to be
calibrated and equilibrated. Subsequently, the cell culture microplate was
loaded, tray door closed, and the assay initiated. Following the set protocols
the OCR and metabolic profile for each well was assessed and recorded. The
protein concentration from each well was also determined and result

normalised using crystal violet.
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Figure 2.1- Diagram showing the typical metabolic profile of cells when
studying mitochondrial function using the Seahorse MitoStress test assay

(taken from Seahorse Biosciences MitoStress Test manual).
2.2.20- PROTEIN NORMALISATION

OCR readings were normalised against protein concentration. Here, cells were
washed in PBS, and then lysed in 30 pL of RIPA buffer (Millipore, UK) for 30
minutes for 4°C. The protein concentration was determined for each well using
5 uL of lysate/BSA standard loaded in duplicate using Bradford reagent
(Section 2.2.5).

2.2.21- SEAHORSE DATA ANALYSIS

The data file was analysed using the Seahorse Wave 2.0 software, which
allows for normalization of OCR values against protein concentration of each
well (or other means) and the removal of outlying values (determined by the
standard deviation). The analysed data was then saved as a new Excel file.
which is opened in MitoStress Report Generator. The assay parameters are
automatically calculated and reported by the Muulti-File XF Report Generator.
The table below explains the equations used to calculate each assay

parameter.
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Table 2.3- XF Cell Mito Stress Test Parameter Equations

Parameter value Equation

Non-mitochondrial Minimum rate measurement after

Oxygen Rotenone/antimycin A injection

Consumption

Basal Respiration (Last rate measurement before first injection) —
(Non-Mitochondrial Respiration Rate)

Maximal (Maximum rate measurement after FCCP injection)

Respiration — (Non-Mitochondrial Respiration)

H+ (Proton) Leak Minimum rate measurement after Oligomycin
injection) — (Non-Mitochondrial Respiration

ATP Production (Last rate measurement before Oligomycin
injection) — (Minimum rate measurement after
Oligomycin injection)

Spare Respiratory (Maximal Respiration) — (Basal Respiration)

Capacity

2.2.22- STATISTICAL ANALYSIS

Densitometry data was calculated using value from the Li-Cor Odyssey imager
and estimated as a fold increase relative to loading control-GAPDH/ B-actin.
Statistical analysis was conducted using Graph Pad Prism 7.0 software. Data
analysis were performed with one-way analysis of variance (ANOVA), Turkey’s
test for post-hoc analysis and two-way ANOVA test for the MTS assay.
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AD pathology in ethanol-induced oxidative stress
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3.1- INTRODUCTION

With ageing, there is an increased susceptibility to alcohol-related injury (Moos
et al., 2009), and alcohol-related cognitive impairment, largely associated with
alcohol dependency and misuse (National Institute for Health and Care
Excellence 2015). Ethanol can easily cross the blood brain barrier therefore
prolonged exposure can cause an increase in reactive oxygen species (ROS),
which leads to a series of deleterious events including increased lipid
peroxidation, protein modification and DNA damage, which collectively
activates a neuroinflammatory response leading to cell death (Comporti et al.,
2010). Whilst heavy alcohol consumption, together with reports of heavy
smoking, and a positive apoE allele has been associated with earlier onset AD
(up to 10 years earlier) (Harwood et al., 2010), moderate alcohol consumption
have been reported to play a protective role. Experimental studies in SH-SY5Y
cells have considered 500 mM ethanol exposure as relatively high hence
represent heavy or excessive alcohol exposure with 10 mM considered low
alcohol level (Getachew et al., 2018, Ramlochansingh et al., 2011) hence the
choice of ethanol concentration used in this study. Although the mechanisms
have not been elucidated, transgenic AB mouse models exposed to ethanol
have reported increased levels of amyloid precursor protein (APP), beta-site
APP cleaving enzyme 1 (BACE 1) and increased AB production indicating a
link between ethanol consumption and AD pathology (Kim et al., 2011).

In alcohol-related brain injury the regions most affected are the frontal temporal
and hippocampal areas, the latter identified as the origin of AD onset (Lindberg
et al., 2012). In cells, a key target includes the mitochondrion, as it is the site
for ethanol detoxification and a key source of ROS and mitophagy, both of
which have been linked with ethanol-induced toxicity (Bonet-Ponce et al.,
2014). Mitophagy functions to maintain homeostasis, where mitochondria
undergo constant fusion and fission throughout the cell cycle in response to
changes in the redox environment and energy needs (Pi et al., 2013). Itis a
form of selective autophagy and is considered a protective mechanism to avoid
toxic accumulation of damaged mitochondria. Mitochondrial dynamics are
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tightly regulated through mitochondrial fission proteins (dynamin-related
protein 1 (Drpl), optic atrophy 1 (OPA1) or the pro-apoptotic Bcl-2 family
member Bax) and mitochondrial fusion proteins (Uo et al., 2009). Autophagy
and mitophagy are regulated through crosstalk between key signalling
pathways governed by the mammalian target for rapamycin (nTORC1) and
the Ras/Erk pathway. Disruption of mitochondrial dynamics has been
implicated in several neurodegenerative diseases resulting in severe
neurological dysfunction due to inactivation or mutation of the major
fusion/fission proteins (Berthelot et al., 2016). However, the role of ethanol
induced mitophagy nor the underpinning mechanisms have not been studied
in neuronal cells relative to AR and tau expression, key markers of AD

pathology.

.....

P W _‘\77 =
Ethanol 1 (,ydophlllnD(MPTP)
l Mitochondrial respcrution

Prt aggregation
Ap

Figure 3.1-Pathways impacted by ethanol-induced neurotoxicity.
Exposure of neuronal cells to toxic ethanol levels impair mitochondrial
function, modulates the cell’s antioxidant system and elicits response
from the metabolic signalling pathways.
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The schematic diagram (Figure 3.1) above highlights the processes and
pathways impacted by chronic amount of ethanol. Exposure of SH-SY5Y
neuronal cells to toxic amount of ethanol induce significant mitochondrial
dysfunction as reflected by increased cyclophilin D, a mitochondrial protein
closely related to mitochondrial permeability transition pore, thereby
decreasing membrane potential. As a result, there is increased ROS
generation with activation of antioxidant response. The levels of SOD and TRX
proteins were raised to combat oxidative stress with mitochondrial respiration
and ATP production both impaired (A). There is a disruption of the
mitochondrial fission/fusion dynamics, with increased autophagy and
apoptosis (B), through dysregulation of the Ras/ERK and PI3k/AKT/mTOR
pathway ultimately leading to increase in protein aggregation and AR build-up

©).
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3.2- AIMS AND OBJECTIVES

Hypothesis: Ethanol-induced neurotoxicity contribute to AD pathology
through impairment of mitochondrial function and disrupted fusion/fission

dynamics.

Specific aim 1: Investigate the impact of ethanol-induced oxidative stress on

the redox status of SH-SY5Y neuronal cells.

Specific aim 2: Determine the effect of ethanol on neuronal cell mitophagy

(fusion/fission dynamics) and protein aggregation.

Specific aim 3: Evaluate the impact of dysregulated mitochondrial function
on Ras/ERK metabolic signaling pathway.

Specific aim 4: To understand the role of cyclosporine A in regulating

mitophagy following ethanol-induced neurotoxicity.

Specific aim 5: Determine if ethanol-induced toxicity contribute to AD

pathology in SH-SY5Y neuronal cell model.
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3.3- RESULTS

3.3.1- ETHANOL DECREASES SH-SY5Y CELL VIABILITY, INCREASES
ROS FORMATION AND MODULATES THE CELL ANTIOXIDANT SYSTEM
Exposure of SH-SY5Y neuronal cells to moderate and high ethanol (EtOH)
concentrations caused a loss in cell viability and an increased production of
ROS (Figure 3.2). SH-SY5Y cell viability was significantly decreased in a
concentration (125-1000 mM) and time dependent manner (6 h, p< 0.0001 for
all EtOH concentrations, 24 h, p= 0.0046, <0.0001 and <0.0001 for 250 mM,
500 mM and 1 M concentrations respectively and 48 h, p<0.001 and p<0.0001
for 500 mM and 1 M EtOH concentrations, Figure 3.2A). To better understand
the mechanism underlying the cytotoxic effects of EtOH in SH-SY5Y cells,
ROS generation following EtOH exposure was investigated. SH-SY5Y cells
were labelled with DCFDA which forms a highly fluorescent compound DCF in
response to ROS oxidation. A significant increase in DCF intensity was
measured in a dose dependent manner after 6- and 24-hour EtOH exposure.
There was a significant increase in cells exposed to 500 mM EtOH for 6 h and
cells exposed to 250 mm 500 mM EtOH for 24 h (p= 0.0403 and p= 0.0012, <
0.0001 respectively, Figure 3.2B). In response to EtOH-induced toxicity, there
was significant increase in SOD levels following exposure to 500 mM EtOH for
24 h, no significant change to GRX levels and significant increase in TRX
levels in cells exposed to 250 mM EtOH for 24 h (p=0.0268 and p=0.0071
respectively, Figure 3.3A & C) with 40 uM H20:2 used as oxidative stress-
inducing positive control. SOD activity, which plays an important role in ROS
metabolism was also measured. At 3 h EtOH exposure, there was a significant
increase in SOD activity following 250 and 500 mM EtOH concentrations and
a significant decrease from 500 mM exposure for 24 h (p=0.0019, 0.0063 and
p=0.0215 respectively, Figure 3.4A & B)

The results suggest that the SOD and TRX systems rather than the GRX
protect the cells from ethanol-induced neurotoxicity and SOD activity is
increased as a coping mechanism to combat the induced oxidative stress in
acute condition but is eventually overwhelmed with persistent exposure to
EtOH.
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3.3.2- ALTERED MITOCHONDRIAL MEMBRANE POTENTIAL AND
BIOENERGETICS IN ETHANOL-TREATED SH-SY5Y CELLS

In response to EtOH treatment, mitochondrial membrane potential (MMP) was
measured using the fluorogenic dye JC-1. A significant reduction of MMP was
observed following EtOH treatment at 500 mM (p= 0.0130, Figure 3.5A), with
no significant change or recovery effect observed following ethanol-CsA
cotreatment.

The effect of EtOH on mitochondrial bioenergetics using the Agilent seahorse
XFe24 analyzer was determined. SH-SY5Y neuronal cells were treated with
250 mM and 500 mM EtOH and control cells treated with 10 % FBS DMEM for
24 hours prior to performing the Mito Stress assay. This assay measures OCR,
basal mitochondrial respiration, proton leak, spare respiratory capacity and
ATP production (Figure 3.5 C, D and E). In a concentration-dependent
manner, varying effect of EtOH treatment was observed with 250 mM ETOH
treatment causing an increase and 500 mM ETOH treatment causing a
decrease in basal mitochondrial respiration and oxygen consumption. There
was a significant increase in basal mitochondrial respiration following 250 mM
EtOH treatment (p<0.0001) and significant decrease following 500 mM EtOH
(p=0.0008). The same pattern was observed in proton leak (p=0.0054 and
0.0446), spare respiratory capacity (p=0.0007 and <0.0001) and ATP
production (p<0.0001and <0.0001) respectively (Figure 3.5 C, D and E).

The expression of the mitochondrial matrix marker cyclophilin D was
significantly increased in response to 250 mM EtOH treatment (p=0.0088,
Figure 3.6A) suggesting also a possible disruption of calcium metabolism with
no significant change following 40 uM H20:2 treatment used as a positive
control for oxidative stress. The mitochondrial chaperone Hsp60 level following
250 mM EtOH treatment was significantly decreased (p=0.0392, Figure 3.6B).
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3.3.3- ETHANOL-INDUCED MITOCHONDRIAL DYNAMICS DISRUPTION

Cyclosporine A, an inhibitor of cyclophilin D responsible for MPTP opening and
function was used as co-treatment the EtOH treated cells to determine whether
it plays a protective role with reference to EtOH-induced neurotoxicity.
Furthermore, the mitochondrial fusion/fission cycle plays an important
intracellular role in maintaining neuronal cell homeostasis. To determine the
effect of EtOH on mitochondrial dynamic complexes, the fission/fusion
pathway protein levels were examined. The protein levels of dynamin-like
GTPases Drpl, OPA1 and MFN1 were determined by Western blot analysis.

As shown in Figure 3.7A, EtOH exposure increased fission, as shown by a
significant increase seen in Drpl in response to 250 mM EtOH (p=0.0061) with
no recovery effect observed by 250 mM EtOH + CsA co-treatment. Cells
exposed to 1 pM CsA showed significant increase (p=0.0243). The level of the
fusion protein, MFN1, was decreased on exposure to 500 mM EtOH. Cells
treated with 1 uM CsA only showed significant increase (p=0.0033) suggesting
its tendency to promote mitochondrial fission while cells co-treated with 500
mM EtOH and CsA showed a significant increase suggesting a likely recovery
effect (p=0.0284, Figure 3.7C). Similarly, OPA1, was decreased on exposure
to 500 mM EtOH. Cells treated with both 250 mM EtOH + CsA and 500 mM
EtOH + CsA showed a significant increase suggesting a likely recovery effect
(p=0.0047 and p=0.0362, Figure 3.7B).

Morphological changes in mitochondria were also observed in cells exposed
to 500 mM EtOH as monitored by the mitochondrial dye Mito Tracker.
Following 24 h treatment, cells become rounded with punctate structure typical

of mitochondrial fission (Figure 3.7D) .

In response to 500 mM EtOH, there was significant increase in the apoptotic
marker Bax (p=0.0470), however a significant decrease in Bax levels from 250
mM EtOH and 250 mM EtOH + CsA treatments (p= 0.0111 and p=0.0267
respectively, Figure 3.8A). Interestingly, anti-apoptotic marker Bcl2 protein

levels did not show any significant change (Figure 3.8B).
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3.3.4- ETHANOL TREATMENT ELICITS AUTOPHAGY IN SH-SY5Y CELLS
Cells maintain homeostasis by recycling damaged organelles through the
process of autophagy. To maintain cell homeostasis, autophagy is activated to
allow for recycling of damaged cell organelles. This process is an adapted
mechanism for cell survival. In this study, it has been shown that exposing SH-
SY5Y cells to EtOH caused an increase in autophagy evidenced by an
increase in LC3l/ll and p62. Results showed a significant increase in the
conversion of LC3-I to its lipid-conjugated autophagosome-bound form LC3-II
in both EtOH treatments (Figure 3.9A, p=<0.0001). The levels of p62, the
protein delivering ubiquinated autophagic cargo to the autophagosomes by
interacting with LC3 was also increased at 500 mM EtOH treatment (Figure
3.9B).

Immunofluorescence confocal microscopy was also used to detect LC3
following EtOH exposure showing an increased LC3 staining in cells exposed
to EtOH treatment after 24 h (Figure 3.9C). The autophagic machinery is
sometimes specifically targeted to a single organelle and this was determined
by confocal imaging of EtOH-treated cells stained with Mitotracker Red and
Lysotracker green. Results showed possible co-localization of Mitotracker
Red and Lysotracker green (Figure 3.10) and a completely disrupted and
fragmented mitochondria in response to EtOH treatment.

This is suggestive of autophagy/mitophagy playing a role in mediating EtOH-
induced neurotoxicity. The activation of both pathways is indicative of the cell's
response mechanism of initiating a process targeted at getting rid of
dysfunctional and damaged organelle.

8l |Page



Okoro, G.U 2019

"|0IU02 0] PBJRAWOD TOO'0 S Uxxx SIUBLWILIBAXS JUBPUSABPUI € JO NIS F UBBW Sk Passalaxa ale ejeq "snajonu
3Ul Ul €17 JO uone|NWNdde Ue Moys HOIJ W 005 Yim pareas sjjad €07 Jaxtew ABeydoine ay Jo Buiurels Jesjonu snsian
aueIqWAW MOUS MOLIY °S|0JIU0D 01 aAnejal sajdwes parean HOIF Ul pasealoul sem uoissaldxa €97 Adodsoloiw [220ju09
Buisn :D |aued "uoissaldxa HAdVO 01 aAnejal zod Jo sisAjeue OLIBWONSUSP puR 10|q UIBISOAN aANelussalday g [aued
uoissaldxa HAdVO 01 aAleal |I/1ISD] 10 SisAfeue d118WONSUSP pue 10|q UIBISaM aAeIuUasalday v [aued ‘ssjdwes |01u09
pue HadVvo 01 aAle|al passaldxa si eleq "sisAjeue 10|q UIB1Sa/\ AQ paullIalap sem uoissaldxa uis1oid "y ¢z JoJ S||8d |01u09
01 BAITe[a] PaledIpUl Se Paleal] 81aMm S||9D "S||99 [eUOIN3BU AGAS-HS paleall [ouryla ul pasealoul s Abeydoiny -6'¢ ainbi

(aseasou pjoy)
Hadv9/zed
(aseaiou| pjoy)
HAdVvO/IEDT

HOI3
Ww 005
-0Z
it 10 Pl
-0T “0t
eqay /¢ e HAdVO BQY LOwt - . w— |HAdVO
|jol3uod
BN 19 =] - — (290 B &[] e e . e [11/1£07

uiels-¢01 Idva

20%H i op
|jonu0)H
20%H Wil o
|onuod

[2] [a]

HOI3 Ww 005
HOI3 Ww 052
HOI3 WW 005
HOI3 WwW 0S¢

(vl

82|Page



Okoro, G.U 2019

‘ABeydoyiw Jo aAedIpUl Y1 PUB Y1\ UdaMIaq UOIjeSI|BO0|0D MOYS SMOLIY "9Ap Y1 A\ @Y} Buisn pasijensiA sem ainsodxe
HO3 INW 00G 0} suodsal Ul elipuoyooiw 8y} jo ABojoydiow ay] "y $Z 104 HOIT INW 00G INOYNM 1O Y}im pajeal) s||ad
AGAS-HS ul (9]7) uaaub uayoes] 0sA] pue (YLIN) pay 19)oel] o)\ Jo sabewl [eo0ju0d aAljejuasasday -0 ¢ 94nbi4

Gz wrl

HO3
Ww 00S

wrl Lo 04
4

eIpa

pabiap paJl ia)oeno) uaaib 19)oen0sA

83|Page



Okoro, G.U 2019

3.3.5- ETHANOL EXPOSURE ACTIVATES THE RAS/ERK AND PI3K/AKT,
MTORC1/S6K PATHWAYS IN SH-SY5Y NEURONAL CELLS

The Ras/ERK and PI3K/Akt/mTORC1 pathways are involved in various cell
signalling events such as cell survival and death, play a role in maintaining
neuronal plasticity and this pathway has been implicated in the pathogenesis
of many human diseases. Receptors to several growth factors are linked to
the Ras/ERK and PI3K/Akt signalling pathways. For instance, the mTORC1
complex, an important regulator of growth and metabolism is regulated by the
Ras/Erk signalling pathway. In this study, to understand the potential
pathways involved in autophagy-induced cell death the effect of EtOH
exposure on the inter-related pathways- PI3K/Akt and mTORC1/p70S6K axis
and the Ras/ERK, pathways was determined using Western blot analysis.

The activation of Erk, Akt, mMTORC1 and S6k indicated by the ratio of
phosphorylation of Erk at Thr202/Tyr204, Akt at T308, S6K at T229 and mTOR
at S2481 respectively against the total Erk, Akt, mTOR and S6K values were
determined. Result showed significant increase in activation of Akt in response
to 500 mM EtOH, 250 mM and 500 mM EtOH-CsA cotreated cells (p= 0.0177,
p= 0.0194, p= 0.0464, Figure 3.11B) and significant increase in activation of
MTOR in 500 mM EtOH and 500 mM EtOH-CsA cotreated cells (p=0.0294, p=
0.0003, Figure 3.11C) and no significant changes to p-S6K and Erk activation.
(Figure 3.11A & D).
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3.3.6- IMPACT OF ETHANOL ON METABOLIC PROTEINS BCATM AND
GDH

The BCATm and GDH are both enzymes responsible for branched chain
amino acids (BCAA) and glutamate catabolism. GDH is part of a protein
complex formed by BCATm and BCKDC responsible for BCAA oxidation and
cycling of nitrogen (Islam et al., 2010). As a result of the participation of these
enzymes in BCAA metabolism and its potential involvement in AD pathology

we investigated the impact of EtOH on BCATm and GDH expression.

There was a significant increase in BCATm protein in cells were exposed to
250 mM and 500 mM EtOH for 24 h (p= 0.0371 and p= 0.0003, Figure 3.12A)
with 40 pM H20:2 used as oxidative stress positive control significantly
decreased (p= 0.0228). However, there was a decrease in GDH levels in cells
exposed to 40 uM H20:2 (p= <0.0001) and 500 mM EtOH treatment for 24 h
(p=0.0104, Figure 3.12B). This data suggests the key proteins involved in
BCAA metabolism are regulated by EtOH exposure.

3.3.7- ETHANOL INCREASES PROTEIN AGGREGATION WHILE
INCREASING AB LOAD

Protein misfolding is a hallmark of several neurodegenerative disorders
including Alzheimer’s disease. As a result of its association with increased
oxidative stress, we investigated the impact of EtOH treatment on total cell
protein aggregation. There was a significant increase in aggregated protein
following 250 mM EtOH treatment (p= 0.0168, Figure 3.13A) with similar effect
when cells cotreated with CsA (p=0.0236, Figure 3.13A). At 500 mM EtOH
concentration, significant increase in aggregated proteins was sustained and
similarly with CsA co-treatment (p= 0.0003 and 0.0018, Figure 3.13A).

Finally, an increase in the expression of AR was observed in 1 uM CsA, 250
and 500 mM EtOH treated cells (p= 0.0001, 0.0013, Figure 3.13B) with a
significant reduction when cells were co-treated with CsA (Figure 3.13B).
Interestingly, there was an inverse effect on phosphorylated tau expression
with EtOH treatment. Cells treated with 250 mM and 500 mM EtOH showed a
significant decrease in p-tau protein expression (p< 0.0001 and < 0.0001,

Figure 3.13C) respectively.
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3.4- DISCUSSION

Previous studies have established that EtOH and its toxic metabolite
acetaldehyde, induces oxidative stress in neuronal cells and dysregulates
intracellular redox balance (Yan et al., 2016, Liu et al., 2014, Hernandez et al.,
2016). Several studies in humans have tried to link alcohol consumption and
AD pathology with competing outcomes and theories. Some studies propose
a faster decline in cognitive function in heavy alcohol users while others
suggest moderate alcohol consumption ameliorate AR accumulation as seen
in AD. With some others reporting no association between EtOH consumption
and AD (Huang et al., 2016, Piazza-Gardner et al., 2013, Heymann et al.,
2016). What remains unclear however is the mechanism underlying EtOH-
induced neurotoxicty and the eventual manifestation of AD-like pathobiology.
The impact of EtOH on mitochondrial fission/fusion dynamics, mitochondrial
bioenergetics and cell metabolic signalling pathway with the possible
protective role played by CsA is yet to be determined. This study has
demonstrated that EtOH exposure to neuronal cells caused a significant
decrease in cell viability and increased ROS production with a resultant
dysregulation of the antioxidant system of the neuronal cell. Additionally, we
observed an increase in autophagy and apoptosis with a resultant impairment
of mitochondrial function. The mitophagy-regulating fusion/fission pathway
was dysregulated leading to activation of Ras/ERK, PI3K/MAPK, key cellular
metabolic signalling pathways necessary for cell survival, proliferation and
function. Protein aggregation and AR formation both significant parts of AD
hallmarks were also increased in response to EtOH treatment, however there
was a decrease in hyperphosphorylated tau. We therefore propose EtOH
could play dual role in relation to AD pathology. Finally, co-treatment with CsA
has the potential to attenuate the damaging effect of increased fission but

effecting a compensatory increase in fusion.
3.4.1- IMPACT OF ETHANOL ON CELL REDOX MECHANISM

Data from our study show an increase in oxidative stress and activation of the
cell antioxidant system following EtOH exposure. ROS generation is increased

in cells treated with 250 and 500 mM EtOH in a concentration and time
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dependent manner (Figure 3.2B). This reflects in the subsequent loss in cell
viability from EtOH exposure (Figure 3.2A). As a result, the predominant
antioxidant response was facilitated by the Trx system (Figure 3.3B) as
opposed to the glutaredoxin system. This may be in part due to reduced levels
of GSR which would affect glutathione levels required by both glutaredoxin and
GPx for optimal activity. Similar patterns were reported in response to acute
ethanol posioning in mouse models (Zhong et al., 2013). In humans, there is
an age-related decrease in GSH, exaccerbated in neurodegenerative
conditions (Vogt and Richie, 2007]. Levels reported in conditions such as
Parkinsons disease have been shown to be decreased but supposedly remain
unchanged in AD (Aoyama and Nakaki, 2013), however, this will depend on
the overall cellular redox status. Morever, glutaredoxin system system has
been suggested to be a thioredoxin backup system providing support and
keeping Trx in a reduced state (Fernandes and Holmgren, 2004, Du et al.,
2010). SOD activity was also significantly increased in response to ethanol but
only in response to moderate ethanol exposure over short time periods (Figure
3.4A). Increased SOD activity is considered an adaptive response to ethanol
toxicity, however, prolonged exposure reduces this activity as reported in our
model (Ledig et al., 1981). Further consequence of increased ROS include
increased lipid peroxidation and protein carbonylation which contribute to GSH
decline resulting in MPTP opening and cytochrome C release triggering
apoptosis (Latham et al., 2001). Therefore in SH-SY5Y neuronal cells, ethanol-
induced toxicity trigger a cell protective antioxidant mechanism that bypass
decrease in glutathione levels but is upheld by the support of the thioredoxin

system.

3.4.2- ETHANOL IMPAIR MITOCHONDRIAL BIOENERGETICS AND
DYSREGULATES MITOCHONDRIAL FISSION/FUSION DYNAMICS IN SH-
SY5Y CELLS

Ethanol exposure has also been implicated in reducing mitochondrial
membrane integrity resulting in reduced MMP (Yang et al., 2012). Here we
show that mitochondrial dynamics were altered together with a global
depression of mitochondrial bioenergetics parameters (Basal and maximal

oxygen consumption rate, proton leak, spare respiratory capacity, coupling
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efficiency and ATP production) in response to EtOH. There is paucity of
studies on the impact of EtOH on mitochondrial bioenergetics in neuronal cells
using the seahorse mitostress assay. Here, we have shown a decrease in
maximal OCR in myoblasts exposed to chronic binge alcohol (Duplanty et al.,
2018). Hypoxic conditions resulting from chronic EtOH consumption have
been shown to result in decreased mitochondrial ATP production (Young et
al., 2006). Mitochondrial fragmentation is another measure of oxidative stress
induced toxicity in SH-SY5Y cells with an increase in Drpl protein expression
reported (Qi et al., 2011, Bonet-Ponce et al.,, 2015). Under normal
physiological conditions, mitochondrial dynamics, i.e. fusion/fission are
necessary for the maintenance, function and distribution of mitochondria
(Berthelot et al.,, 2016). We report an imbalance in the mitochondrial
fusion/fission pathway, where we propose that acute exposure elicits a
cytoprotective effect which becomes compromised with chronic ethanol
exposure. In this study, increase in Drpl is observed following EtOH treatment
in SH-SY5Y cells (Figure 3.7A). Studies have shown a crosstalk between
mitochondrial fission and oxidative stress. Paraquat-induced oxidative stress
in mice alveolar cells showed that there is a resultant increase in Drpl and
decrease of fusion proteins (Zhao et al., 2017). PKC-induced oxidative stress
in SH-SY5Y cells also caused an increase in fragmentation hence the increase
in Drpl protein expression, with a PKC inhibitor resulting in decreased Drpl
expression levels (Qi et al., 2011). Comparative studies using human retinal
pigment eptithelial ARPE-19 cells treated with 600 mM EtOH also reported an
increase in fission, however, this was sustained at these higher
concentrations, which could reflect the sensitivity of neuronal cells to EtOH
(Bonet-Ponce et al., 2015). This explains that neuronal mitochondria respond
to oxidative stress via increase in fragmentation to enable the removal of
damaged mitochondria during high cellular stress levels. In this study, there
was decrease in expression levels of Opal and Mfnl proteins following 500
mM EtOH treatment. There was an opposite response of slight increase
following 250 mM EtOH treatment (Figure 3.7B), supporting evidence from
studies suggesting a neuroprotective effect from mild (1-3 and 1-7 U/week for
women and men respectively) to moderate >3 and >7 U/week for women and

men respectively) alcohol intake (Scott et al., 2008). Study of hepatocytes
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isolated from EtOH chronically-fed rats show a decrease in fusion activity
compared to normal hepatocytes. While there was mitochondrial matrix
continuity and many fusion events going on in hepatocytes isolated from
control rats, there was a suppressed mitochondrial matrix continuity and
dynamics due to sensitivity to EtOH exposure (Das et al., 2012). Moreso,
cardiomyocytes chronically exposed to EtOH exhibited a 40% decrease in
mitochondrial continuity and a 75% decrease in fusion activities (Eisner et al.,
2017). These data evidence the role of mitochondrial dynamics in maintaining
balance and the role EtOH play in disrupting this fusion/fission dynamics
similar to phenotype of neurodegeneration suggesting the potential for
targeting this pathway providing insight into the amelioration of mitochondrial

dysfunction-induced neurodegenerative manifestations.

3.4.3- ETHANOL ACTIVATES AUTOPHAGY AND MITOPHAGY IN SH-
SY5Y CELLS

Autophagy is fundamental to maintaining brain health which has high
metabolic activity and extensive oxygen consumption. Autophagy is thought to
be scarce in a nutrient-rich neuronal environment, but studies have shown that
it occurs physiologically in neurons at undetectable levels, with evidence to
support that autophagy is very efficient at physiologic level hence the difficulty
in its detection (Bland et al., 2008, Lee et al., 2011). On the other hand,
excessive or imbalanced autophagy can lead to autophagosome or aggregate
accumulation contributing to neurodegenerative conditions such as AD, Lewy
body dementia and Parkinson’s disease. Accumulation of autophagosomes
may be due to an increase of autophagosome synthesis, disruption of
autophagosome-lysosome fusion or both (Orr and Oddo, 2013). Under normal
physiological conditions autophagy is responsible for the clearance of protein
aggregates and indeed entire organelles. Here, we showed that increased
autophagy in response to high EtOH load corresponded with an increase in
LC3Il-lipidation and p62/Sequestosomel (SQSTM1) (Figure 3.9A & B), a
multifunctional scaffold protein, which acts as a receptor that binds and
delivers poly-ubiquitinated proteins to the UPS or to the autophagosome for
degradation, playing a major role in recognition and selective autophagy

(Komatsu and Ichimura, 2010). The increase in both these markers suggest
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that accumulation is due to the increase in autophagosome synthesis rather
than increased flux, as a decrease in p62 is characteristically associated with

enhanced degradation of the autolysosome (Flores-Bellver et al., 2014).

Together with autophagy, mitophagy a specialised form of autophagy, function
to remove dysfunctional mitochondria. An accumulation of autophagosomes
therefore signals the beginning of cell death i.e. identifying the stage by which
autophagy moves from cytoprotective to cytotoxic. Aberrant mitophagy could
accelerate the development of neurodegenerative diseases through the
imbalanced MQC, mitochondrial dysfunction induced apoptosis, necrosis and
axon degeneration (Liu et al., 2017, Franco-Iborra et al., 2018). Reports have
indicated that p62 is required for the transportation of mitochondria via
microtubules to a juxta-nuclear site forming mito-aggresomes, which is
considered to precede autophagic clearance of mitochondria (Geisler et al.,
2010; Lee et al., 2010; Okatsu et al., 2010). Here, aberrant p62 expression
and a loss in autophagy regulation, could cause a defect in the transport of
mitochondria and provoke synaptic loss through dysregulated mitophagy (Du
et al., 2010). These together indicate a role for increased autophagycombating
EtOH-induced toxicity in SH-SY5Y neuronal cells in a bid to enhance the
clearance of damaged organelles and mitophagy stepping in to get rid of
excessively fragmented mitochondria in a bid to restore balance and optimal

function of the energy metabolic system of the cells.
3.4.4- CHRONIC ETHANOL EXPOSURE ENHANCE APOPTOSIS

The marked decrease in mitochondrial membrane potential was assocated
with an increase in Bax, where in this instance it functions as a pro-apoptotic
marker, as opposed to participating in mitochondrial fission, supported by the
fact that Bax was not upregulated in repsonse to moderate levels of ethanol
when mitophagy was at its highest but was upregulated at chronic alcohol level
(Figure 3.8A). Bax is required for EtOH-induced neuronal apoptosis in
developing mouse brain (Young et al., 2003). Neurons exposed to EtOH
undergo intrinsic apoptotic cell death program independent of p53 and
caspase-3 activation (Nowoslawski et al., 2005). Neuronal cells exposed to

acetaldehyde, the toxic metabolite of EtOH activate apoptotic signalling via
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downregulating the antiapoptotic proteins Bcl2 and Bcl-xL while upregulating
the proapototic protein Bax (Yan et al., 2016). Phosphatidylserine (PS)
accumulation promotes neuronal cell protection from apoptosis. EtOH inhibits
PS accumulation thereby enhancing apoptotic cell death (Akbar et al., 2006).
Disruption to PS-Akt interaction necessary for cell survival increases
susceptibility to cell death (Huang et al., 2011). Upregulation of the pro-
apoptotic marker Bax following EtOH-induced toxicity indicates an activation
of apoptosis which could potential lead to cell death in the absence of an

effecient compensatory process equivalent to the ensuing damage.

3.45- RECOVERY EFFECT OF CSA ON ETHANOL-INDUCED
DYSREGULATION OF MITOCHONDRIAL DYNAMICS IN SH-SY5Y CELLS

EtOH disruption of fusion/fission dynamics correlates with ROS-mediated
injury. A level of recovery was also observed following EtOH co-treatment with
CsA indicating the potential role for the toxic effects being superseded. This
toxicity was associated with a decrease in MMP (Figure 3.5A) where CsA
affords partial protection. This is comparable to previous studies carried out on
mice cerebellar cells that have shown EtOH treatment resulting in decreased
MMP, which was ameliorated by the use of antioxidant Vitamin E suggesting
that the decrease in MMP is ROS induced (Heaton et al.,, 2011). EtOH
treatment has been implicated in reducing mitochondrial membrane integrity
thereby resulting in reduced MMP (Yang et al., 2012). Opening of the MPTP
will result in loss of MMP as implicated by EtOH in pancreatic acinar cells. Here
EtOH treatment sensitised cell mitochondria leading to MTPT activation and
subsequent reduction of basal MMP. MPTP has been implicated also to induce
mitochondrial injury in Huntington disease (Shalbueva et al., 2013, Quintanilla
et al., 2013). In cultured rat hippocampal cells modelling AD, exposing cells to
AB1-42 alongside CsA improved cell death index compared to when exposed to
AB1-42 alone (Kravenska et al., 2016) suggesting a role for MPTP in AD
pathology. Similarly, genetic or chemical inhibition of CypD have been reported
to confer protection on neuronal mitochondria (Du and Yan, 2010) with
reduced dementia incidence observed in solid organ transplant patients

exposed to the calcineurin inhibitor CsA when compared to the general
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population (Taglialatela et al., 2015) suggesting MPTP as a target for AD
amelioration.

Under normal cell conditions, mitochondrial fusion/fission are necessary for the
maintenance, function and distribution of the mitochondria (Berthelot et al.,
2016). Various disease models show that manipulation of this dynamics can
partially rescue phenotype (Chen and Chan, 2009). In this study, increase in
Drpl, a mitochondrial fission marker succeed EtOH treatment in SH-SY5Y
cells (Figure 3.7A). Following fusion proteins (Mfnl and Opal) decrease from
500 mM EtOH treatment, there is a subsequent recovery and induced increase
in the protein levels following 500 mM EtOH cotreatment with CsA (Figure
3.7B & C). Studies have shown that BGP-15 which protects against oxidative
stress promotes mitochondrial fusion (Szabo et al., 2018) with oxidative stress
causes a reversal of stimulated mitochondrial hyperfusion in C2C12 murine
models (Redpath et al., 2013). This points to CsA being a potential target for
regeneration of the disruption to the fission/fusion dynamic process in the SH-
SY5Y neuronal cells and that MPTP play a role in maintaining the balance of
both mitochondrial structural integrity and subsequently the bioenergetic

functions of the cell.

3.4.4- ETHANOL-INDUCED ACTIVATION OF RAS/ERK AND MTOR CELL
SIGNALLING PATHWAYS IN SH-SY5Y CELLS

The loss of mitochondrial dynamics and associated increase in autophagy was
linked to changes in key signalling pathways, such as the Ras/ERK and
P13/Akt/mTORC1 pathways. Using hepatocyte and rat models of EtOH-
induced liver toxicity, various MAPKs have been shown to be differentially
activated, dependent on the concentration and exposure time to EtOH.
Moreover, administration of MAP kinase inhibitors was shown to decrease liver
injury and suppress endotoxin-induced liver injury (Kaizu et al., 2008). In our
study, moderate exposure to EtOH resulted in effective activation of
pAKT(Figure 3.14B) but this repsonse was attenuated in SH-SY5Y cells
exposed to high levels of alcohol. The effect on neuronal cells is important as
the majority of studies focus on EtOH-induced liver toxicity, in particular with

an emaphsis on binge drinking. In some hepatocyte models, outcomes were
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reported where rats exposed to chronic levels of EtOH showed depressed
activation of several MAPK including p38 MAPK and JNK1/2 suggesting these
pathways were not involved in the liver injury reported in this model (Lee et al.,
2002). Interestingly, ERK1/2 activation was considered anti-apoptotic in EtOH
treated primary hepatocytes (Lee and Shukla, 2005). Itis widely accepted that
ERK1/2 regulate several neuronal functions including synaptic remodelling,
differentiation and survival. Changes to its subcellular localisation and
activation have been reported in human Parkinson disease brain tissue, where
ERK1/2 was found to be colocalised with mitochondria and autophagosomes
signalling a shift in its cellular role in pathogenic conditions (Zhu et al., 2003).
Using the neuronal cell model, SH-SY5Y, increased ERK expression
increased toxin-induced mitochondrial autophagy, indicating that ERK is a
modulator of mitophagy and autophagy (Dagda, 2008). Here, we propose that
increased ERK activation is a pre-requisite step to autophagy-induced
apoptosis.

Conversely, an increase in Akt/mTORC1 was observed in response to higher
levels of EtOH exposure (Figure 3.14B & C). Although controversial, some
studies have indicated that there is a role for insulin sensitization in
neurocognitive recovery and psychosocial adaption in chronic alcoholics (Esler
et al., 2001). Although light to moderate alcohol intake may reduce
cardiovascular risk via triglyceride load and insulin sensitivity, chronic alcohol
consumption is closely correlated with insulin resistance (Vernay, 2004).
Using mice models Li and Ren established that chronic alcohol exposure
caused glucose intolerance. Usually activated mTORCL1 inhibits autophagy, so
why does increased levels of EtOH induce autophagy yet show activated
MTORCL1. Interestingly, in senescent cells despite an active mTOR, the
autophagy pathway is also active, which was potentially linked to cell cycle
arrest (Carrol et al., 2017). Indeed, under conditions where AD pathology
persists, levels of Akt activation, mTORC1 phosphorylated at Ser248 only,
together with phosphorylated 4EBP1, p70S6K and elF4E were significantly
increased in AD brain and correlated with Braak staging and tau pathology,
indicating that protein translation is radicallly disordered. mTORC1
hyperactivation also correlated with cognitive decline in AD individuals (Shafei
et al., 2017).
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Activation of Akt through phosphorylation can signal this kinase to migrate to
the cytsol and the nucleus to regulate metabolism, cell proliferation or
apoptosis (Ogita and Lorusso, 2011). Sterol regulatory element-binding
protein-1 (SREBP-1) activation plays an important role in EtOH-induced fatty
liver associated with the PI3K/Akt pathway (Zeng et al., 2012).The
consequence of increased Akt activation was increased phosphorylation of
GsKB. The activation of AKT and mTOR despite increased autophagy points
to the fact that in the SH-SY5Y neuronal cells, there is a potential
disorganisation of protein translation and a potential for the activation of a cell-
cycle arrest in a bid to activate a repair mechanism capable of restoring

balance to cell function.

3.4.5- IMPACT OF ETHANOL ON PROTEIN AGGREGATION, AB AND
PHOSPHORYLATED TAU PRODUCTION IN SH-SY5Y CELLS

Ultimately, the consequence of EtOH exposure resulted in an overall increase
in protein aggregation and AB accumulation at both EtOH concentrations
indicating that EtOH-induced AR deposition precedes apoptosis. This study
show first a significant increase in total protein aggregation with a minimal but
significant reduction in aggregation levels following 500 mm EtOH and CsA
co-treatment (Figure 3.15A). Experiments involving focal brain ischemia has
shown the presence of persistent protein aggregation (Ge et al.,, 2007).
Formaldehyde a metabolite of EtOH has been shown to cause induced
misfolding and aggregation of amyloid-like tau aggregates in SH-SY5Y cells
(Nie et al., 2007). Several studies support a contributory link between chronic
alcohol consumption (or thiamine deficiency) and AB generation (Gong et al.,
2016), however, low concentrations of EtOH are considered protective (Munoz
et al., 2014). Not only are ApB levels reported as increased but so too are the
levels of the amyloid precursor protein (APP), BACEL and presenillin 1, in the
cerebellum, hippocampus, and striatum regions of rodent brain from the
chronic alcohol-fed group (Kim et al., 2010; Huang et al., 2017). Using the
3XTgAD triple transgenic mouse model of AD, one study showed that primary
hippocampal cultures exposed to co-treatment with A and low EtOH levels
(10-100 mM) showed a neuroprotective effect against AB toxicity, through

direct action on AB oligomers (Munoz et al., 2015). In a separate in vitro study,
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EtOH levels at 10 mM was shown to reduce the formation of AR dimers. Using
insilico modelling the authors suggest that EtOH alters the dynamics for
assembling AB (Ormeno et al., 2013).

The abnormal accumulation of Tau protein in intracellular aggregates is
observed across a broad spectrum of neurodegenerative disorders collectively
referred to as tauopathies. Phosphorylation of Tau are cruical for its
physiological and pathological activities. An increase in the phosphorylation
of Tau together with increased accumulation of NFT have long been described
as a halmark of AD pathology. Despite this fact, these intraneuronal NFTs do
not appear to be the main toxic entities and more soluble forms of Tau rather
than fibrillar tangles are involved in toxicity and disease progression (Guo et
al., 2016). Reports of Tau inclusions in cell populations, such as microglia,
that do not normally expressed Tau indicate that Tau is transferred between
brain cell populations (Perea et al., 2018). Interestingly, Tau
dephosphorylation through tissue-non-specific alkaline phosphatase is
required before secretion to the extracelular space (Diaz-Hernandez et al.,
2010). We show a dose-dependent decrease in the phosphorylation of Tau,
uncharacteristic of AD pathology. However, male Sprague-Dawley rats
exposed to low (6-48 mM EtOH) and high (96-768 mM EtOH), showed a
biphasic response to the incorportaion of y3?P into microtubule preparations,
where low concentrations showed an increase in phosphorylation and high
concentrations decreased phosphorylation. There are several possible
explanations to the decreased level of phosphorylated Tau reflected in this
study: 1) a decrease in the amount of substrate available for phosphorylation
2) EtOH has a toxic effect on the catalytic activity of kinases (Ahluwalia et al.,
2000) 3) Tau is dephosphoryated and exported or 4) Tau has formed
aggregates and has been sequestered in atuophagosomes. When
dephosphorylated, it behaves as a muscarinic receptor agonist, causing a
sustained increase in intracellular calcium that finally leads to neuornal death.
Moreover, npTau has devastating effects on the structural plasticity of
hippocampal newborn neurons (Perea et al., 2018).

EtOH-treatment of mouse brains results in subsequent caspase-3 and GSK-
3B activation which in turn leads to the elevation of phosphorylated tau

measured by paired helical filament (PHF)-1 antibody (Saito et al., 2010) with
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GSK-3B inhibitor lithium blocking phospho-tau increase. GSK-3f has been
linked as an integral molecule playing a role in multiple proliferation and
differentiation signals in neuronal progenitor cells (Kim et al., 2009) with
several studies linking GSK-3[ inhibitor to neuroprotection from different
stress-induced injuries (Chin et al., 2005, Chuang et al., 2011). Experiments
involving the inhibition of GSK-3 revealed an induction of proliferation,
migration and differentiation of neural stem cells towards neuronal phenotype
(Morales-Garcia et al., 2012), however another study show that cells stably
expressing GSK-3B isoform particularly using retroviral vectors inhibits
neuronal differentiation of progenitor cells (Ahn et al., 2014). Several studies
in the treatment of acute myeloid leukaemia have found that instead of
targeting to kill rapidly replicating cells, the enhancement of differentiation
using GSK3 inhibitor, lithium and all-trans retinoic acid (ATRA) have been a
clinical potential in ameliorating the disease (Gupta et al., 2012). The increase
in total protein aggregation and AR levels from EtOH-induced neurotoxicity
indicate a similarity in neurodegenerative phenotype despite a decrease in
phosphorylated tau suggesting a potential link between chronic alcohol
consumption and AD-like phenotype which is independent of increased burden
of phosphorylated tau. This also suggests a focus on anti-amyloid drug trials
maybe the way forward towards combating AD phenotype.

3.4.6- SUMMARY

In this study the impact of EtOH on cell viability, ROS generation, autophagy
and apoptosis were investigated. EtOH influence on mitochondrial
bioenergetics, morphology and the fusion/fission pathway was also
determined. The downstream effect of all these on the Ras/Erk pathways and
AD hallmark, AB and phosphorylated tau were evaluated. The results indicate
ethanol induces significant mitochondrial dysfunction shown by increased
ROS, fission, suppressed fusion combined with increased autophagy and
apoptosis through dysregulation of the Ras/ERK and PI3K-PDK-mTOR
pathway ultimately leading to an increase in protein aggregation and AR build-
up. Interestingly, phosphorylated tau was rather decreased and remains to be

further investigated on its potentiality as targeted therapy against tauopathy.
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Chapter 4

Dysregulated mitochondrial function and dynamics in

AD pathology following zinc-induced oxidative stress
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4.1- INTRODUCTION

As previously introduced, Zn is an essential micronutrient important for gene
regulation, antioxidant enzyme synthesis and activity, neuronal cell growth,
development, differentiation and cell signaling. (MacDonald, 2000; Pfaender
etal., 2016, Takeda, 2001). The link between Zn and AD hallmarks- increased
AB peptide deposition and phosphorylated tau (Craddock et al., 2012,
Szutowicz et al.,, 2017) and the unanswered questions regarding the
underlying mechanisms involved is the premise of this study.

Although the physiologic level of total Zn in adult brain is estimated to be about
150-200 uM, the majority of it is bound to cytosolic proteins (Sensi et al., 2011).
Excessive amounts of Zn exogenously introduced to rat cerebellar neuronal
cells at a concentration range of 100 uM to 500 uM were found to be neurotoxic
and associated with early onset mitochondrial injury (Manev et al., 1997). In
mice cortical cells, the EDso of Zn after 18-24-hour exposure was reported to
be 225 uM with higher concentrations and longer exposure time enhancing
glial and neuronal injury (Choi et al., 1988). In SN cholinergic neuroblastoma
cells, an acute elevation of Zn in cholinergic neuroblastoma cells (up to 200
M) resulted in a decrease of cell viability. However, prolonged Zn treatment
led to irreversible inhibition of pyruvate dehydrogenase (PD) activity indicating
the ability of zinc neurotoxicity to impair the mitochondrial energy signalling
and its associated pathways (Ronowska et al., 2007). The link between Zn-
induced neurotoxicity and its contribution to several neurodegenerative
conditions is suggested to be mediated through the inhibition of various
mitochondrial enzymes and glycolysis, via the production of ROS (Sensi et al.,
2003). In rat striatal tissue, Zn-induced oxidative stress induced the cell
antioxidant system mediated by an increase in the levels of SOD and heme-
oxygenase, both associated with increased oxidative stress (Singh et al.,
2011).

Whilst previous studies suggest a link between Zn toxicity and ROS
generation, AR aggregation, enhanced neurofibrillary tau tangle formation,
there is paucity of data on the impact of differential toxic Zn concentrations on
associated pathways especially mitophagy. Furthermore, despite literature
evidence of a link between dysregulation of mitochondrial dynamics-
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fission/fusion and AD, there is no study linking dysregulated mitochondrial
dynamics and impaired mitochondrial function following excessive Zn
exposure related to AB aggregation and neurofibrillary tangle formation in
neuronal cells.

In this thesis, differentiated SH-SY5Y cells were used to investigate the impact
of 150 uM and 300 uM Zn on cell viability, ROS generation and modulation of
the antioxidant system. Downstream effects on mitochondrial dynamics
(mitophagy), mitochondrial respiration and energy production, autophagy and
apoptosis were also determined. The response of the cell survival mediating
Ras/Erk/MAPK, mTORC1 signalling pathways and AB, phosphorylated tau
production to Zn exposure have been described. Here, we show that Zn
exposure reduced cell viability over time in a concentration-dependent
manner. This is correlated with an increase in ROS production which induced
increased levels of the antioxidant proteins GRX and TRX, SOD especially at
150 uM Zn concentration. A dysregulation of mitochondrial dynamics by an
increase in fission at 300 uM Zn with no corresponding fusion increase as
compensation to maintain organelle integrity triggered mitophagy and even
apoptosis. Zn also decreased MMP, depressing mitochondrial respiration and
energy production. Additionally, Zn activated kinases of the Ras/Erk/MAPK,
MTORCL1 signalling pathways, increased AB generation tau phosphorylation.
Taken together, these results suggest that Zn-induced increase in AR
production and tau phosphorylation is potentially mediated by dysregulated
mitophagy and impaired mitochondrial function.

The schematic diagram (Figure 4.1) highlights the processes and pathways
impacted by exposure to excessive amount of exogenous Zn. They include
ROS generation, antioxidant enzymes levels and activity, mitochondrial
respiration, ATP production, mitochondrial fission/fusion dynamics, autophagy

and apoptosis, protein synthesis and MAPK/PI3k/AKT signalling.
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4.2- AIMS AND OBJECTIVES

Hypothesis: Zn-induced tau phosphorylation and increased AR production is
mediated by dysregulated fusion/fission dynamics and impaired mitochondrial

function.

Specific aim 1: Investigate the impact of zinc-induced oxidative stress on the

redox status of SH-SY5Y neuronal cells.

Specific aim 2. Determine the effect of zinc on neuronal cell mitophagy

(fusion/fission dynamics) and protein folding.

Specific aim 3: Evaluate the impact of dysregulated mitochondrial function

on cell survival signaling pathways as a result of zinc toxicity.

Specific aim 4: Assess Zn-mediated contribution to AD pathology using the

SH SY5Y neuronal cell model.
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4.3- RESULTS

4.3.1- ZINC DECREASES SH-SY5Y CELL VIABILITY, INCREASES ROS
FORMATION AND MODULATES THE CELL ANTIOXIDANT SYSTEM

The uptake of Zn in neuronal cells at high concentrations caused a loss in cell
viability and an increased production of ROS (Figure 4.2). SH-SY5Y cell
viability was significantly decreased in a concentration (200-1600 pM) and time
dependent manner (6 h, 24 h and 48 h) (p< 0.0001-0.03, Figure 4.2A). To
better understand the mechanism that underpins the cytotoxic effects of Zn in
SH-SY5Y cells, ROS generation following Zn exposure was investigated. SH-
SY5Y cells were labelled with DCFDA which forms a highly fluorescent
compound DCF in response to ROS oxidation. A significant increase in DCF
intensity was measured in a dose dependent manner after 6- and 24-hour Zn
exposure (p< 0.001-0.001, Figure 4.2B). In response to Zn-induced toxicity,
there was also an increase in GRX levels (p=0.0016 and 0.0475) following
exposure to 150 and 300 pM Zn for 24 h and an increase in thioredoxin (TRX)
levels following exposure to 150 uM Zn for 24 h (p=0.0164) (Figure 4.3 B and
Q).

SOD activity, which plays an important role in ROS metabolism was also
measured (Figure 4.4). At shorter exposure times (3 hour), there was a
decrease in SOD activity at 300 uM concentrations of Zn (p=0.0153, Figure
4.4 A) and significant increase by comparing 300 uM Zn to 300 uM Zn + CsA
treatments (p=0.0280, Figure 4.4 A) whereas an increase in SOD activity at
longer exposure times (24 hour) in cells treated with 150 uM Zn was observed
(p=0.0377, Figure 4.4 B). Cells co-treated with CsA suggested a boost to the
protective role of the antioxidant system. Here, cells exposed to 300 uM Zn +
CsA treatment showed significant increase in SOD activity after 24 h treatment
(p=0.0198)

These results suggest that the GRX and TRX systems protect the cells from
Zn-induced neurotoxicity and SOD activity is enhanced with persistent

exposure to Zn as a coping mechanism to respond to induced oxidative stress.
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4.3.2- ALTERED MITOCHONDRIAL MEMBRANE POTENTIAL AND
BIOENERGETICS IN ZN-TREATED SH-SY5Y CELLS

In response to Zn treatment, mitochondrial membrane potential (MMP) was
measured using the fluorogenic dye JC-1. A significant reduction of MMP was
observed following Zn treatment at 150 pM and 300 pM (p= 0.0401 and
0.0370, respectively, Figure 4.5A), with no significant changes observed

following CsA onlly and 300 uM Zn co-treatment with CsA.

The effect of Zn on mitochondrial bioenergetics using the Agilent seahorse
XFe24 analyzer has not been previously examined. SH-SY5Y neuronal cells
were treated with 150 uM and 300 uM Zn and control cells treated with 10 %
FBS DMEM for 24 hours prior to performing the Mito Stress assay. This assay
measures OCR, basal mitochondrial respiration, proton leak, spare respiratory
capacity and ATP production (Figure 4.5 C, D and E). Zn treatment resulted in
both increased and decreased basal mitochondrial respiration and oxygen
consumption in a concentration dependent manner. There was a significant
increase in basal mitochondrial respiration following 150 uM Zn and CsA
treatment (p=0.0048) and significant decrease following 300 uM Zn and CsA
treatment (p=0.0004). Similar trends were observed in proton leak (p=0.00094
and 0.0445), spare respiratory capacity (p=0.0206 and 0.0432) and ATP
production (p=0.0041 and <0.0001), with an increase and decrease following
150 uM and 300 uM Zn treatments, respectively. This indicates the toxic extent
of 150 uM Zn is not sufficient to elicit an impairment of mitochondrial function
and ATP production whereas 300 uM Zn induces cell toxicity sufficient to
diminish mitochondrial function and respiration overriding any recovery effect

from CsA cotreatment.

The level of the mitochondrial matrix marker cyclophilin D was significantly
increased in response to 300 pM Zn treatment (p=0.0289, Figure 4.6A)
indicating also a possible disruption of calcium metabolism. There was also an
increase in the mitochondrial chaperone Hsp60 level following Zn treatment
(Figure 4.6B).
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4.3.3- MITOCHONDRIAL DYNAMICS DISRUPTION IN RESPONSE TO ZN
TREATMENT

Cyclosporine A, an inhibitor of cyclophilin D responsible for MPTP opening and
function was used to co-treat the Zn treated cells to determine whether it plays
a protective role with reference to Zn-induced neurotoxicity. Furthermore, the
mitochondrial fusion/fission cycle plays an important intracellular role in
maintaining neuronal cell homeostasis. To determine the effect of Zn on
mitochondrial dynamic complexes, the fission/fusion pathway protein levels
were examined. The protein levels of dynamin-like GTPases Drpl, OPAl and

MFN1 were determined by Western blot analysis.

As shown in Figure 4.7A, cells exposed to 1 pM CsA showed significant
increase (p=0.0224) in Drpl, significant increase in the level of the fission
protein Drpl (p=0.0386) in response to 300 uM Zn alone was observed with
no significant change observed in response to 150 uM Zn. Incubating cells with
CsA only caused a significant decrease in Opal (p=0.013). Both 150 uM and
300 uM Zn caused a decrease in Opal (p=0.0002, 0.0412, Figure 4.7B), with
sustained decrease following co-treatment of 150 uM Zn with CsA (p=0.0321).
The level of the fusion protein, MFNL1, is decreased on exposure to 150 uM
(p=0.0003) and 300 pM (p=0.0265) Zn where cells co-treated with CsA
showed a protective effect (p= 0.0453, Figure 4.7C).

Using 300 puM Zn, mitophagy was increased as evidenced by the increase
expression of Drpl, Mfnl. Morphological changes in mitochondria were also
reported as monitored by the mitochondrial dye Mito Tracker (Figure 4.7D).
Although there was increased fission in response to 300 uM Zn, there is no
evidence of apoptosis, indicated by no change in the levels of the apoptotic
marker Bax. Co-treatment with CsA in fact caused a significant decrease in
Bax protein levels (p= 0.0379 and p=0.0003 respectively) (Figure 4.8A). It is
also important to note that both Zn concentrations elicited an increase in the
anti-apoptotic marker Bcl2, which was significant at 300 uM Zn (p= 0.048,
Figure 4.8B) suggesting that despite zinc-induced toxicity, the apoptotic
pathway is not activated..
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4.3.4- ZN TREATMENT ELICITS AUTOPHAGY IN SH-SY5Y CELLS

Cells maintain homeostasis by recycling damaged organelles through the
process of autophagy. To maintain cell homeostasis, autophagy is activated to
allow for recycling of damaged cell organelles. This process is an adapted
mechanism for cell survival. In this study, it has been shown that exposing SH-
SY5Y cells to Zn caused an increase in autophagy evidenced by an increase
in LC3I/Il and p62. Results showed a significant increase in the conversion of
LC3-1 to its lipid-conjugated autophagosome-bound form LC3-Il in 300 uM
treatment (Figure 4.9A, p=0.0001). The levels of p62, the protein delivering
ubiquinated autophagic cargo to the autophagosomes by interacting with LC3,
was also increased at both concentrations of Zn treatment (Figure 4.9B,
p=<0.0001 and 0.0005). Immunofluorescence confocal microscopy was also
used to detect LC3 following Zn exposure showing an increased LC3 staining
in cells exposed to Zn treatment after 24 h, with a unique feature of the
autophagy marker concentrating in the nucleus is observed at 300 uM Zn
(Figure 4.9C) suggesting a prominent role of nuclear LC3 pool to enable
autophagic flux. The autophagic machinery is sometimes specifically targeted
to a single organelle. Evaluation of autophagy using confocal microscope
imaging of Zn-treated cells stained with Mitotracker Red and Lysotracker
green. Results showed possible co-localization of Mitotracker Red and
Lysotracker green (Figure 4.9D) in response to Zn treatment indicating
disruption to mitochondrial biogenesis and cell attempt to restore mitochondrial
integrity by degrading defective mitochondria.
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4.3.5- ZN EXPOSURE REGULATES THE ACTIVATION OF THE RAS/ERK
AND PI3K/AKT, MTORC1/S6K PATHWAYS IN SH-SY5Y NEURONAL
CELLS

The Ras/ERK and PI3K/Akt/mTORC1 pathway mediates cell survival and
death and are implicated in the pathogenesis of many human diseases.
Receptors to several growth factors are linked to the Ras/ERK and PI3K/Akt
signalling pathways. The mTORC1 complex, an important regulator of growth
and metabolism is regulated by the Ras/Erk signalling pathway. In this study,
the effect of Zn exposure on ERK, AKT and mTORC1 activation was
determined using Western blot analysis.

Activation of kinases of the Ras/Erk/MAPK pathway reflected by their
respective phosphorylation was determined. Results showed cells exposed to
1 puM CsA manifested no significant change to phosphorylation of ERk, AKT
and mTOR. There was a non-significant activation of ERK1/2 upon exposure
to 150 uM and 300 uM Zn followed by inactivation from 150 uM and 300 pM
Zn CsA cotreatment (Figure 4.11a). Similarly, 150 uM Zn exposure activated
AKT kinase in a non-significant manner, however, upon exposure to 300 uM
Zn, this activation is significantly lost (p=0.0416, Figure 4.11b) corresponding
to decrease in cell metabolism and failed cell survival. There was no significant
change to mTORCL1 phosphorylation following both 150 uM and 300 pM Zn
exposure (Figure 4.11c).
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4.3.6- ZN INCREASES METABOLIC PROTEINS BCATM AND GDH

The BCATm and GDH are both enzymes responsible for branched chain
amino acids (BCAA) and glutamate catabolism. GDH is part of a protein
complex formed by BCATm and BCKDC responsible for BCAA oxidation and
cycling of nitrogen (Islam et al., 2010). Using western blot analysis, the effect
of Zn treatment on the expression of BCATm and GDH was investigated.
Results show a significant increase in BCATm levels on exposure to 150 uM
and 300 pM Zn (Figure 4.11A, p= 0.0047 and <0.0001) and a significant
increase in GDH levels (Figure 4.11B, p=0.0157 and 0.0009) with 40 uM H20:2
used as oxidative stress positive control significantly decreased (p= 0.0139) .
This data suggests that key proteins involved in BCAA metabolism are
regulated by micronutrients such as Zn.

4.3.7- CONCENTRATION-DEPENDENT EFFECT OF ZN ON PROTEIN
AGGREGATION WHILE INCREASING AB LOAD

Protein misfolding is a hallmark of several neurodegenerative disorders
including Alzheimer’s disease. As a result of its association with increased
oxidative stress, we investigated the impact of Zn treatment on total cell protein
aggregation. There was a significant increase in aggregated protein following
150 uM Zn treatment (p= 0.0216, Figure 4.12A), which was prevented with
CsA cotreatment (p=0.0021, Figure 4.12A). At higher concentrations of Zn, a
decrease in aggregated proteins occurred when SH-SY5Y neuronal cells were
treated with 300 pM Zn or with CsA co-treatment (p= 0.0057 and 0.0013,
Figure 4.12A).

Finally, an increase in the levels of B-amyloid (AB) was observed in both Zn
and CsA cotreated samples (p=0.0025, 0.0001, 0.0015 and 0.0199, Figure
4.12B). There was a significant increase in phosphorylated tau protein levels
with 150 uM and 300 pM Zn exposure (p=0.0077, p=0.0032, Figure 4.12C).
These results suggest that exposing differentiated SH-SY5Y neuronal cells to
excessive Zn levels manifest a similar pattern of increased AR production and

tau phosphorylation observed in AD.

120 |Page



Okoro, G.U 2019

"|ou0d 01 pasedwod TO0O'0 > Juxxx ‘TO0'0 > Uyxx ‘TO'0 > dxx ‘SO°0 > dy "S1USWILIBAXS JUBPUBdapUI
€ J0 NS F ueaw se passaldxa ale eleq ‘uolssaldxa HAdVYO 01 aAle|al HASO JO SISAfeue 21118wWolisuap
pue 10|q UISISSA\ BANRIUSSaIday g [pued ‘uoissaldxe HAJVD 01 aAleal wlydg Jo SIsAjeue dlawWolSUsp
pue 10|g UISISaA\ aAleIUaSalday (v [aued "sajdwes |0juod pue HAdVS 01 aAle|al passaldxa Si ereq 'sisAfeue
10|q WId1SaM Ag pauIwIalap UoISSaldxa uld1oild "y 72 10} S||99 |01U0D 0) dAIR[S] PajedIpul Sk pajeal] aiam S||18)
"S||99 [RUOINBU AGAS-HS paleall oulz ul pale|nbaidn ate HOO pue w]vy)4g suloloid aljogeisiN g1’ 24nbi4

001

F¥NY

(aseasoul pjoy)
HAdVO/HA9
(aseasoul pjoy)
HAdvO/wlivddg

¥ ¥

Lo’ ~0'SL

BN L = e e s | HAJVO BAN LE = HAdVvO
QN 9= == « w.| HOO BAA || — — | wivOog

w = & 0O w = » 0O

8 8 = S 8 8 £ §

= T S = S

= = ¢ [q] 2 = 29 [v]

N N S N N

S S 7mu ) S .mu

121 |Page



Okoro, G.U 2019

"|01u09 01 pasedwod TO0O'0 > Juxxx ‘TO0 > dyx ‘SO0 > dy "SlUSWILIBAXS JUSpUadapUI € JO NIS F ueaw
se passaldxa aJe ereq ‘uoissaldxa Hadvo 01 8Aie|al ne -d Jo SISAjeue JLI18WONSUSP pue 10|q UIBISSAN dARIUSSaIday D |aued
‘uoIssaldxa HQdVvo 01 aAile|al gy JO SiSAjeue 91118WO0NSUSP pue 10|q UIBISON SAIBIUSSaIday g [ued ‘luswieal] |90 AGAS-HS
Buiwmo||o) |011U0D 0] BANR|a4 Uolew.lo) swosalbbe jo abejuaalad ay) Bunuasaidal welboISIH Y [aued ‘SISAfeur 10|q uleisap) Buisn
passasse alam neld pue gy JO [9A8] 8yl ‘SUOIIPUOI awes ay)] Japun ‘uawiiadxa areredas e u| ‘Aesse uonebaibbe uialoid [ejo]
1e1509101d 9y} Buisn pauiwialap sem uonebalbbe uisloid "y 7 10} S||99 |0J1U0D 0} SAIIe|a) paredipul Se pajeal] alam s|i8) ‘nejd
Ul 9SBaJ29P JUBRHWOOUOI B Jng gy ul dSealdul ue YUm s||9d AGAS-HS Ul paleall ouiz ul uolehaibbe uidlold €T 8inbi4

& o & o
& & o & &°
¥ ¢ R P &ro Y
KU Y o) /Ov IV v Ozv/‘.f 70@
00 x %0 Ox \f@ ‘VOO
PSRN e

h
o

St

(aseaou| pjoy)
Hadv9/piojfwe-¢
2

(eseasoul pjoy)
Hadv9/nej-oydsoyd

(lo1u02 jo9)
uopebaibby udjoid

~G'Z
eay ¢ oo
HAdVO B LS~ e s o HOJYO
RO G- . |(96€S) NEY}-d Oy T_- ) “ _ oy :
- ~0G1
w = = 0O ——
8 8 £ S 4 23 3 Q
T = £ 3§ (o] 882 °2 3 gl o
N N = =2 2 2 ¢
= 5 9 N N N N
" = >3 - =
+ +
O (9]
4 s

122 |Page



Okoro, G.U 2019

4.4- DISCUSSION

Previous studies have established that the release of accumulated Zn in pre-
synaptic vesicles in neuronal cells into the synaptic cleft induce neurotoxicity
due to accompanying release of excessive glutamate which impact on calcium
homeostasis eventually resulting in neuronal cell death (Zatta et al., 2003).
While this is thought to be the main source of Zn-mediated neuronal cell injury,
there is evidence that exogenously acquired Zn can be transported into
neurons. Mitochondria have been identified as targets for Zn induced toxicity,
however, details of the underpinning mechanisms are limited. Previous
evidence supports a role for Zn-induced mitochondrial damage through
targeting of key mitochondrial enzymes including cytochrome C oxidase,
succinate dehydrogenase, alpha-ketoglutarate and aconitase, which will
ultimately affect ATP generation and lead to increased ROS generation
(Lemire et al., 2008). A link between Zn and AD pathology have been
established (Huang et al., 2000, Yuan et al., 2014, Li et al., 2016) as shown in
Zn-induced AR peptide aggregation, colocalization of toxic Zn concentration
(1055 uM) within amyloid plaque deposits (Miller et al., 2006, Lim et al., 2007),
increased Zn staining in the hippocampus of AD brains (Danscher et al., 1997).
The aim of this study however, was to determine the possibility of a link
between Zn-induced tau phosphorylation, increased AB production and
dysregulation of the fusion/fission dynamics, impairment of mitochondrial
function while exploring the potential protective role of CsA.

For the first time the impact of differential Zn concentrations- 150 uM and 300
UM have been investigated in differentiated SH-SY5Y neuroblastoma cell line.
The findings suggested that Zn increased ROS generation, modulating the cell
antioxidant system and decreasing mitochondrial respiration and energy
production. This results in dysregulation of the fission/fusion dynamics eliciting
autophagy-mediated anti-apoptotic response suggesting that activation of the
MAPK/PISK/AKT/mMTORCL1 signalling pathways mediated cell survival and
recovery through an alternative non-apoptotic pathway.
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4.4.1- IMPACT OF ZN ON CELL REDOX MECHANISM: PROOXIDANT OR
ANTIOXIDANT

An increase in ROS generation was stimulated in response to Zn (Figure
4.2b). In similar studies, exposure of cultured cortical neurons (expressing Ca
AMPA/Kainate channel) to 300 uM Zn resulted in increased mitochondrial
permeability via the mitochondrial Ca?* uniporter (MCU), sustaining ROS
production, whereas blocking Zn entry into the mitochondria through the MCU
decreased ROS generation (Sensi et al.,, 1999, Clausen et al., 2013)
suggesting Zn-induced ROS generation is specifically as a result of its entry
into the mitochondria. Similarly sympathetic neurons exposed to 400 uM Zn
showed increased activation of NADPH oxidase in a PKC-dependent manner
thereby increasing ROS generation (Noh and Koh, 2000). Here, a pivotal role
of the MCU has been suggested and explains an observed increase or loss in
cell viability from differential Zn levels (Figure 4.2a), where cell viability
increase at 150 uM Zn levels and significantly decreased at 300 pM Zn and
above. Zn has also been implicated in the upregulation of Nrf2 activity
contributing to decreased oxidative stress (Ha et al., 2006). The binding of Nrf2
to the antioxidant responsive element (ARE) regulates the gene expression of
a number of antioxidant enzymes such as SOD, hemeoxygenase, GSH and
glutathione transferase (Li et al., 2014). ROS is a crucial signalling molecule
regulating cell redox status via the GRX/TRX systems that act to protect
against irreversible protein damage (Ren et al., 2017) with glutathione
peroxidase (GPx) catalysed H202 scavenging a first line defence
(Trachootham et al., 2008). We propose that our reported increase levels of
SOD, GRX and TRX proteins following 150 uM Zn and a sustained increase
in GRX levels at 300 uM Zn (Figure 4.3a, b & c¢) and GPx at 300 uM Zn is
triggered through a ROS-Nrf pathway. In related studies of brown mussels and
killfish systems, exposure to sublethal Zn concentration also activated the
antioxidant response (Loro et al., 2012)

The comparative response of SH-SY5Y cells to differential Zn levels in both
acute and chronic conditions resulting in ROS-induced activation of the
antioxidant proteins SOD, GRX, TRX and SOD activity as first line defence

mechanisms is geared towards restoration of the cell redox balance. This is
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also an indication of the involvement of calcium metabolism hence disruption

of MPTP which inturn stimulates the response from the antioxidant system.

4.42- IMPACT OF ZN ON MITOCHONDRIAL RESPIRATION AND
CELLULAR ENERGY METABOLISM IN SH-SY5Y CELLS

In addition to increased ROS generation, our data showed a concentration
dependent impact on MMP, mitochondrial respiration and ATP production.
(Figures 4.5 a, ¢, d & e). We suggest that Zn-induced dysregulation of
mitochondrial parameters are due to MPTP opening allowing further
impairment of mitochondrial respiration and energy metabolism. This is
supported by observing an increase in Cyp D a regulator of MMP, also reported
in retinal ganglion cells where MPT pore opening was reported (Kim et al.,
2014) supporting data from this study which showed a significant increase in
CypD expression (Figure 4.6a). Despite these findings, there is not sufficient
evidence on the impact of differential Zn concentrations on energy metabolism
in differentiated SH-SY5Y neuronal cells. In a related study in cortical neuronal
cells, 100 pM Zn treatment caused mitochondrial hyperpolarisation and
changes to MMP impacting cell energy production and metabolism (He and
Aizeman, 2010). Supporting studies from Lemire et al., 2008 demonstrated
HepG2 cells exposed to toxic Zn levels showed impaired ATP production
following inhibition of enzymes- succinate dehydrogenase cytochrome C
oxidase, aconitase, alpha-ketoglutarate dehydrogenase and isocitrate.
However, M17 neuroblastoma cells exposed to only 5 uM Zn for 24 h similarly
impaired mitochondrial bioenergetics through decreased basal OCR/ECAR,
ATP production, MMP (Sadli et al., 2013, McGee et al., 2011) implying the
effect of Zn on mitochondrial function is both concentration and cell-specific.
Zn-induced impairment of mitochondrial function have been suggested to be
calcium-dependent. Rat hippocampal neurons exposed to exogenous 300 uM
Zn in a Ca?*-free media reported only depolarisation and ROS generation with
no mitochondrial response which was only triggered in a Ca?*-containing
media, suggesting Zn-induced mitochondrial dysfunction is a Ca2*-dependent
process (Pivovarova et al., 2014). Contrasting evidence from Sensi et al., 2000
using Zn and Ca?* as intracellular toxins reported that Zn-induced

mitochondrial dysfunction were more potent and long-lasting than those from

125 | Page



Okoro, G.U 2019

Ca?* as Zn toxicity persisted even after recovery from Ca?*-induced toxicity
(Sensi et al., 2000). This indicated Zn-induced neurotoxicity is likely to act in
synergy with Ca but also most likely involve intricate mechanisms independent
of Ca?*.

Interestingly, some studies that have suggested that Zn is capable of playing
a protective role from varying compounds-induced toxicity and improve energy
metabolism at low concentrations. In melanocytes, externally applied 50 pM
Zn enhanced mitochondrial biogenesis, stabilised MMP and elevated ATP
levels (Rudolf and Rudolf, 2017), while 50 uM Zn relieved HEK293 cells
exposed to Ochratoxin A-induced toxicity of impaired energy metabolism
(Yang et al., 2017) indicating Zn at very low concentrations and in a cell-
specific manner could play a protective role.

In retinal ganglion cells, mPTP opening was demonstrated to induce
mitochondrial swelling, cytochrome C release, apoptotic cell death with all
these effects ameliorated using the mPTP inhibitor CsA (Kim et al., 2014,
Tsujimoto and Shimizu, 2007) similar to recovery effect of CsA cotreatment
with 300 uM Zn on MMP and CsA cotreatment with 150 uM Zn on basal
respiration, spare respiratory capacity and ATP production evidenced in our
data (Figures 4.5 b, d & e). The recovery effect on basal respiration, spare
respiratory capacity and ATP production is however not demonstrated in CsA
cotreatment with 300 UM Zn suggesting the impact of CsA treatment on Zn-
induced toxicity is obscured by the overwhelming effect of Zn at this
concentration. These findings taken together evidence the negative effect of
toxic Zn levels on mitochondrial parameters and functioning is dependent on
MPTP opening. The extent of impairment and protective potential of CsA is
entirely concentration and cell-specific. A low Zn concentrations however is
implicated in improving mitochondrial function and can be explored as targeted

therapy in neurodegenerative conditions with mitochondrial dysfunction.

4.4.3- IMPACT OF ZN ON MITOCHONDRIAL FUSION/FISSION DYNAMICS
IN SH-SYS5Y CELLS

Data from this study reported a significant increase in mitochondrial fission
protein Drpl level and mitochondrial fragmentation following exposure to 300

UM Zn (Figure 4.7a & d) with a corresponding decrease in fusion proteins
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Mfnl and Opal (Figure 4.7b & c). The impact of Zn toxicity on the
fusion/fission dynamics in SH-SY5Y neuronal cells have not been reported. In
related studies however, palmitate-induced ROS generation in pancreatic 3-
cells and high glucose-induced ROS in endothelial cells activated transient
receptor potential melastatin (TRPM)-2 channel responsible for mitochondrial
Zn and Ca uptake which led to Zn-dependent recruitment of Drpl catalysing
mitochondrial fission and fragmentation (Li et al., 2017, Abuarab et al., 2017)
with Zn chelator TPEN attenuating mitochondrial fission in both studies. In
human olfactory neurosphere (hON) culture, exposure to 100 uM Zn was toxic
to cells and induced an increase in mitochondrial fragmentation which was
prevented upon cell treatment with IBMX, a fusion promoting agent (Park et
al., 2014) supporting our data which showed an increase in Drp1 with toxic 300
UM Zn level with a simultaneous decrease in fusion markers Opal and Mfn1.
Increase in ROS levels are known to play a key role in mitochondrial damage
thereby enhancing mitochondrial fission. Zn-induced mitochondrial fission in
our cells were likely mediated by Zn-induced ROS generation. Given the link
between a MMP dissipation, enhanced mitochondrial fission and mitochondrial
fusion inhibition (Ishihara et al., 2003), the observed mitochondrial fission at
300 uM Zn level together with decreased mitochondrial fusion was caused by
decreased MMP. Furthermore, cotreatment with CsA, an MPTP inhibitor did
not attenuate mitochondrial fission, implying that decrease in MMP is
responsible for mitochondrial fission increase. However, cotreatment-
enhanced level of fusion protein Mfnl indicates MPTP opening play a role in
Zn-induced mitochondrial fusion. Exploring the neuroprotective role of zinc at
low concentrations in SH-SY5Y cells is enabled due to an evidence of
decreased fragmentation despite not being accompanied by a corresponding
increase in fusion regardless of an evidence of decreased MMP. This can be
suggested to reflect that despite a disruption of MPTP and corresponding
decrease decreased membrane potential, this effect is not enough to elicit
mitochondrial fission indicating the need to explore zinc exposure at low
concentration as a possible therapeutic mechanism to attenuate mitochondrial

dysfunction related phenotypes.
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4.4.4- IMPACT OF ZN ON AUTOPHAGY AND MITOPHAGY IN SH-SY5Y
CELLS

Evidence from this study demonstrates that a toxic Zn concentration (300 uM)
results in overt activation of autophagy (Figure 4.9a & c) indicated by a
significant increase in LC3-1l protein expression and LC3 puncta. There is a
further increase in mitophagy as shown by a possible colocalisation between
the mitochondria and lysosome (Figure 4.10). Incubation with Zn has been
shown to direct a dual role for autophagy to be either pro-cell death or cell
survival. Studies have shown that depending on the concentration of
intracellular Zn, autophagy is activated and could either be detrimental or
enhance cell survival (Lee and Koh, 2010). As reported, accumulation of Zn in
autophagic vacoules (AV) with accompanying lysosomal membrane
permeabilisation (LMP) in astrocytes exposed to H20:2-induced oxidative
stress enhanced autophagy and cell death with Zn chelator TPEN attenuated
astrocytic cell death (Lee et al., 2009) suggesting a role for a Zn-induced pro-
cell death autophagic mechanism. Clioquinol, an anti-amyloid drug used in
AD patients, upon exposure to astrocytes increased intracellular Zn levels and
induced autophagy and enhance clearance of aggregated proteins with a
reversal induced by Zn chelation by TPEN (Park et al., 2011) suggesting a Zn-
dependent pro-cell survival autophagic role. This supports our data that
demonstrated increased autophagy/mitophagy that corresponded with a
decrease in aggregated proteins (Figure 4.13a) which led to loss in cell
viability (Figure 4.2a). Taken together, these results suggest that during Zn-
induced toxicity, autophagy is activated as a possible pro-cell survival
mechanism however, this attempt is not sustained and will possibly result in
eventual cell death most likely through a non-apoptotic mechanism therefore
the need for future study distinguishing pro-cell survival from pro-cell death
mediated autophagy.

4.4.5- IMPACT OF ZN ON APOPTOSIS

In this report, we show no significant change in the pro-apoptotic marker Bax
but a significant increase of the anti-apoptotic marker Bcl2 (Figure 4.8a & b).

As previously discussed, growing evidence supports a dual role for Zn in
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regulating cell homeostasis, with very low concentrations conferring a
protective role whereas at very high concentrations and at longer exposure
time, neurotoxic effects are observed. Very low level of Zn (1.5 pM) in IMR-32
cells and primary cortical culture have been reported to activate cyt c mediated
apoptosis (Adamo et al., 2010). Similarly, CA1 neuronal cells exposed to 30-
35 uM Zn showed DNA fragmentation and slowly occurring apoptotic cell death
whereas exposure to 240 uM Zn levels showed indicative features for necrotic
cell death which was completely attenuated using Trolox implicating ROS
generation as a contributory mechanism to both apoptotic and necrotic cell
death (Kim et al., 1999).

In a related study, SH-SY5Y cells exposed to = 400 yM Zn demonstrated
increased cell membrane permeability, DNA fragmentation, decreased MMP
and an anti-apoptotic response possibly via ERK1/2 activation suggested to
be necrotic rather than apoptotic cell death (An et al., 2005). Furthermore, in
C6 rat glioma cells, Zn levels (150-200 uM) resulted in DNA fragmentation and
apoptosis with necrotic cell death shown to prevail in elevated Zn levels
beyond 200 uM (Watjen et al., 2002). Opening of the MPTP is a crucial step in
the initiation of apoptotic and necrotic neuronal cell death and is suggested to
be the principal mechanism involved (Zamzami and Kroemer, 2001). The fact
that toxic zinc levels has no effect on apoptosis in SH-SY5Y neuronal cells
suggests a possible bypassing of the apoptotic pathway and may involve a
necrotic cell death mechanism in response to increased ROS generation and
decreased MMP.

4.4.6- IMPACT OF ZN ON THE RAS/ERK AND MTOR CELL SIGNALLING
PATHWAYS IN SH-SY5Y CELLS

Findings from this study demonstrate a non-significant activation of ERK and
MTOR following 150 uM and 300 puM Zn exposure with a non-significant
activation of AKT in 150 uM Zn treated cells and inactivation of AKT in 300
MM Zn treated cells (Figure 4.11a, b & c¢). Using phosphor-protein arrays, Zn
transporter-mediated Zn release was shown to drive the PISK-AKT, mTOR,
and MAPK pathways (Nimmanon et al., 2017). In a similar study, SH-SY5Y
cells exposed to 100 uM Zn treatment have been shown to activate various
kinases of the PIBK/MAPK pathways by inducing phosphorylation of ERK1/2,
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p70S6K, GSK-3B with a knock-on effect on tau phosphorylation (An et al.,
2005). Similarly in PC12 neuronal cells, there is Zn-induced ERK1/2
phosphorylation and subsequent neuronal cell death (Seo et al., 2001).
Findings from investigating the effect of Zn in epithelial cells show that Zn
mediates the activation of ERK1/2, AKT and mTOR/p70S6K with attenuation
of these pathways following ZnR silencing or Zn chelation strongly linking the
role of Zn in the activation of these pathways (Cohen et al., 2014). Related
study on Zn impact on mTOR/p70S6K pathway reported their activation in rat
adipocytes, showing mTOR activity increase up to 2-5 fold in the presence of
10-300 uM Zn. This activity was maximally stimulated at about 100 uM Zn
concentration but was decreased at higher concentrations (Lynch et al., 2001).
Extracellular Zn (100 pM) has been shown also to activate AKT and p70S6K
in a biphasic manner (activation of AKT peaked at 5 & 60 minutes post
exposure and decreased with increased exposure time) independent of
extraellular calcium and PKC through a PI3K dependent signalling pathway
(Kim et al., 2000). The loss of AKT activation in response to 300 uM Zn
indicates that despite zinc-induced toxicity reflected by increased ROS
generation, this is not signal for the activation of the ERK/AKT pathway also
supported by a failure to activate apoptosis suggesting an alternative pathway

for any zinc related toxicity.

4.4.7- IMPACT OF ZN ON AB AND TAU PHOSPHORYLATION IN SH-SY5Y
CELLS

Findings from our data show an increase in total protein aggregation following
150 pM Zn treatment which decline as the concentration of Zn exposure
increased (Figure 4.12a). Both AR and phospho-tau protein expression were
significantly increased in 150 and 300 uM Zn exposure (Figure 4.12b & c). As
previously introduced, Zn toxicity have been linked to AD pathology. Zn have
been reported to enhance AB aggregation and is a substantive component of
the amyloid plague (Butterfield et al.,, 2001). In vitro studies using NMR
analysis have shown rapid aggregation of AB peptides in the presence of Zn
(Lim et al., 2007). The post-synaptic release of Zn in transgenic mice have
been shown to induce amyloid production (Maynard et al., 2005) and increase

the production of aggregate-prone AB43 found in AD brain senile plagues
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(Gerber et al., 2017). A study to determine how AB-Zn coordination promotes
aggregation reported Zn shift the relative population of the pre-existing amyloid
polymorphism causing a stabilisation of less structured assemblies thereby
promoting AB42 aggregation. It was further shown that increasing Zn
concentration slowed down the aggregation rate (Miller et al.,, 2010),
supporting findings from this study where increasing Zn concentration from
150 uM to 300 pM caused a decrease in protein aggregation (Figure 4.13a).

Tauopathy is thought to result from tau phosphorylation, where a role for Zn
has been implicated. In Drosophila tauopathy model, tau phosphorylation was
dependent on Zn binding both mediating its toxicity (Huang et al., 2014)
specifically Zn-mediated phosphorylation of tau at Ser262 in rat cortical
neuronal cells (Kwon et al., 2015). Isothermal titration calorimetry suggested
5- 10 uM Zn mediated fibrillary tau formation whereas 50- 100 uM Zn formed
granular aggregates (Mo et al., 2009). Report from human tau transfected cells
suggested that phospho-tau accumulation is Zn concentration dependent as
cells exposed to 100 pM Zn showed tau dephosphorylation whereas
increasing Zn concentration enhanced tau phosphorylation (Boom et al.,
2009). The response of zinc to tau phosphorylation suggests it involves a

concentration-dependent mechanism.
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Figure 4.14- Schematic diagram representing the pathways impacted
by excessive zinc exposure to SH-SY5Y neuronal cells. Increase in
ROS open MPTP, dissipate MMP, impair mitochondrial respiration and ATP
production resulting in mitochondrial fission and fragmentation while
inhibiting fusion with a simultaneous increase in AR and phospho-tau.
Autophagy and mitophagy is activated to enhance clearance of fragmented
mitochondria, activating possible restoration from cell survival signalling
PISK/AKT/mTOR pathways. Non-apoptotic cell death mechanism likely
necrotic is activated.
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Chapter 5

Dysregulated mitochondrial function/association with

AD pathology in manganese-induced oxidative stress
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5.1- INTRODUCTION

Mn has been identified as the second most abundant metal next to iron and
has many physiological roles beneficial to cellular function. Homeostatic
dysregulation of Mn can be neurotoxic, giving rise to a condition sharing
pathological similarities with Parkinson’s disease known as manganism (Neal
and Guilarte, 2013, Milatovic et al., 2007). In the nervous system, transporters
such as DMT1, transferrin (Tf) and ZIP8/14 mediate Mn entry into the brain
(Itoh et al.,, 2008, Fujishiro et al., 2013, Fujishiro et al., 2014). Although
previous studies have highlighted the impact of excessive Mn on abnormalities
in movement, new insights have revealed that cognitive functions and cortical
structures are also affected by levels of Mn (reviewed in Prakash et al., 2017).
The physiological and pathophysiological threshold levels of Mn in the brain
have been estimated to be 20-52.8 uM and 60.1-158.4 uM, respectively with
similar sub-threshold and toxic levels suggested to apply for cells in in vitro
studies (Bowman and Aschner, 2014). Similarly, comparing SH-SY5Y cellular
content to literature values for human brain Mn content reported Mn dose <10
MM as comparable to normal human brain content while values =250 uM
correlated with brain from toxic Mn exposure (Fernandes et al., 2017). The
extent and mode of Mn neurotoxicity have been shown to be tissue specific,
with different regions of the brain targeted and damaged to varying degrees.
In the human brain, the distribution of Mn levels are highest in the putamen
and globus pallidus, with the lowest levels found in the medulla which correlate
with age (Ramos et al., 2014). At the cellular level, excessive Mn accumulation
in the mitochondria has been implicated in Mn-induced neurotoxicity (Gavin et
al., 1999) and have been reported to accumulate in the mitochondria via the
mitochondrial calcium uniporter (MCU) (Morello et al., 2008). Similar to Zn-
induced toxicity, elevated Mn levels induced mitochondrial dysfunction
resulting in excessive production of ROS, loss of MMP, opening of the
mitochondrial transition pores, mitochondrial swelling and oxidative
phosphorylation impairment, results in decreased ATP synthesis (Milatovic et
al., 2007 and Yin et al., 2008). This effect is linked to its incorporation into

MnSOD involved in redox status signalling, as a result, Mn accumulation
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impact on oxidative phosphorylation by inhibiting the formation of complex | of
the electron transport chain, thereby generating ROS, causing mitochondrial
dysfunction (Milatovic et al., 2007) and depleting glutathione levels and
glutathione peroxidase activities in the process (Desole et al., 1997,
Prabhakaran et al., 2008). The impact of Mn neurotoxicity is suggested to be
partly mediated through deregulation of neurotransmitters- glutamate,
dopamine and GABA resulting in excitotoxicity and cell death (Erikson and
Aschner, 2003, Fitsanakis and Aschner, 2005). Dopaminergic
neurodegeneration as a result of dopamine depletion and downregulation of
its transporters trigger motor dysfunction and neuronal loss, pointing to a
possible interaction between oxidative stress and the resulting
neurodegeneration in the substantia nigra (Deng et al., 2015). Mn have been
implicated in increasing the AB-like precursor-like protein 1 (APLP1) gene in
the frontal cortex of macaques exposed to Mn treatment for 10 months,
additionally, increased APLP1 labelling have been reported in the white matter
of exposed cells, with AB plaque deposition reported in rat frontal cortex
(Guilarte et al., 2008) suggesting a role for Mn accumulation and AD pathology,

however, reported studies with link between excessive Mn and AD is limited.

Despite Mn weak binding affinity to Ap (Wallin et al., 2016), neurodegenerative
features resulting from cellular stress response such as dysregulated
autophagy in memory-impaired mice (Wang et al., 2017), activation of
inflammatory pathway and glutamate excitotoxicity thereby apoptosis in
excessive Mn are suggested as mechanisms mediating Mn-induced
neurotoxicity. In addition to these mechanisms mediating Mn neurotoxicity, the
link between dysregulated fission/fusion dynamics, impaired mitochondrial
function and its contribution to AD hallmarks- AB and phospho-tau in SH-SY5Y

cells is yet to be explored.

The schematic diagram highlights the pathways affected by Mn neurotoxicity
and the underlying mechanisms involved. Exposure to toxic Mn concentration
increased ROS generation, impaired mitochondrial respiration and ATP
production while modulating antioxidant enzymes to combat ensuing oxidative

stress. As a result, there is dysregulation of the mitochondrial fission/fusion
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dynamics and a non-functional autophagy which activates the

MAPK/PI3k/AKT signalling pathway triggering apoptosis.
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Figure 5.1: Targeted pathways in manganese-induced neurotoxicity.
Accumulation of Mn in the mitochondria results in MPTP disruption mediating
calcium dyshomeostasis, a key mediator of apoptotic cell death (A). Excessive Mn
mediate increase in ROS generation also associated with MPTP opening,
impairing mitochondrial respiration and ATP production. Increase in ROS
generation elicits a response from the MAPK/ERK signalling pathway by activating
ERK, a contributor to apoptotic cell death and mediating decrease in protein
synthesis which play a role in neuronal cell death (B). Increased ROS from
excessive Mn accumulation dysregulates mitochondrial dynamics, thereby
disrupting the fusion/fission cycle which contributes to tau phosphorylation (C).

136 |Page



Okoro, G.U 2019

5.2- AIMS AND OBJECTIVES

Hypothesis: Manganese-induced neurotoxicity impairs mitochondrial function
through disruption of the fusion/fission dynamics.

Specific Aim 1: To investigate the impact of Mn-induced oxidative stress on
the redox state of SH-SY5Y neuronal cells.

Specific Aim 2: To determine the impact of Mn on neuronal cell mitophagy

(fusion/fission dynamics) and protein folding

Specific Aim 3: To evaluate the impact of dysregulated mitochondrial function

on metabolic signaling pathways.

Specific Aim 4: To understand the role of cyclosporine A in regulating

mitophagy.

Specific Aim 5: To determine how Mn-induced toxicity contribute to AD
pathology using the SH- SY5Y cell model.
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5.3- RESULTS

5.3.1- Manganese decreases SH-SY5Y cell viability, increases ROS
formation and modulates the cell antioxidant system

Exposure of neuronal cells to Mn beyond physiological threshold impact on the
cell redox status thereby resulting in ROS production. To understand the
oxidative stress impact of excessive Mn in SH-SY5Y cells, ROS generation
following exposure to 200 uM and 400 uM Mn at 6 h and 24 h was investigated.
The intensity of highly fluorescent DCF produced by ROS oxidation of DCFDA
was measured. Results show a significant increase in DCF intensity in a dose
dependent manner after 6 and 24 h ethanol exposure (p= 0.0001-0.0013,
Figure 5.2B). The impact of increased ROS production on cell viability was
measured using MTS assay. SH-SY5Y cells were exposed to 200 uM, 400
pM, 800 puM and 1600 pM Mn concentrations at time points 6 h, 24 h and 48
h. Results from this investigation show cell viability was significantly decreased
in a concentration and time dependent manner (p< 0.0001-0.01, Figure 5.2A).
Following an increase in ROS generation, modulation of proteins SOD, GRX
and TRX involved in the cell’s antioxidant system was determined. In response
to 400 uM Mn exposure, there was significant increase in the levels of SOD
(p=0.0088), GRX (p=0.0286) proteins and TRX (p=0.0257, 0.0442) following
200 uM and 400 uM Mn exposure (Figure 5.3 A, B and C), respectively with
40 uM H202 used as oxidative stress positive control. In addition to the
proteins, the activity of SOD enzyme, a mediator of ROS metabolism was also
determined in acute and chronic exposure times (Figure 5.4). At 3h time point,
200 puM Mn treatment and 200 uM Mn + CsA cotreatment cause a significant
decrease in SOD activity (p=0.009, 0.0034, Figure 5.4A). At 24 h time point,
400 M Mn treatment caused a marginal decrease, with 400 uM Mn + CsA
cotreatment resulting in a significant decrease in SOD activity (p=0.0334,
Figure 5.4B).

These results suggests the SOD, GRX and TRX activation is a cellular
response to ROS-induced stress signal to compensate for Mn-induced
oxidative stress where an increase in protein expression with decreased SOD
activity results from very toxic Mn levels and sustained ROS generation

thereby overwhelming the antioxidant system resulting in loss of cell viability .
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5.3.2- Altered mitochondrial membrane potential and bioenergetics in
manganese-treated SH-SY5Y cells

Using the fluorogenic dye JC-1, mitochondrial membrane potential was
measured in response to Mn treatment. Presented data show a significant
reduction of MMP following Mn treatments (Figure 5.5A, p= 0.0004 and
0.0003). Further investigation to determine the effect of Mn treatment on
mitochondrial bioenergetics was carried out using the Agilent seahorse XFe24
analyzer MitoStress assay following cell treatment with 200 uM and 400 pM
Mn and control cells treated with 10 % FBS DMEM for 24 hours prior to
performing the Mito Stress assay. This assay directly measures OCR, basal
mitochondrial respiration, proton leak, spare respiratory capacity and ATP
production (Figure 5.5B, C and D). Exposing SH-SY5Y neuronal cells to 200
pM, 400 pM Mn and CsA cotreatments significantly decreased basal
mitochondrial respiration following (p=0.0239, 0.0028, 0.0017 and <0.0001,
Figure 5.5B & C). A similar trend was observed for ATP production with a
significant decrease in 200 uM Mn, 400 uM Mn and CsA co-treated cells
(p=0.0061, 0.0009, 0.0023 and <0.0001, Figure 5.5D). Spare respiratory
capacity was significantly increased in 200 pM Mn + CsA treated cells
(p=0.0014, Figure 5.5C) and proton leak was significantly decreased following
400 uM Mn and 400 uM Mn + CsA treated cells (p=0.0436 and 0.0049, Figure
5.5E), respectively. These results together suggest that in SH-SY5Y neuronal
cells, 200 and 400 pM Mn dysregulates mitochondrial bioenergetics by

disrupting both mitochondrial respiration and ATP production.

There was a significant increase in the level of the mitochondrial matrix marker
cyclophilin D upon 200 uM and 400 uM Mn treatment (p= 0.0213 and 0.0069,
Figure 5.6B) and 40 pM H20:2 exposure showing a non-significant increase in
CypD levels indicating a possible disruption of calcium metabolism and MPTP
involvement. There was a significant increase in the mitochondrial chaperone
Hsp60 level following 400 uM Mn treatment (p= 0.03021, Figure 5.6A) with
with 40 pM H202 used as oxidative stress positive control showing no

significant change to Hsp60 protein levels.
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5.3.3- Mitochondrial dynamics disruption in response to manganese

treatment

Cyclophilin D, a mediator of MPTP opening linked to MMP can be inhibited by
CsA. Due to the important role the fission/fusion cycle play in maintaining
mitochondrial morphology and integrity, the impact of exposing SH-SY5Y cells
to 200 uM and 400 pM Mn were determined. CsA cotreatments were carried
out to ascertain the possibility of a protective role to restore dysregulation of
mitochondrial dynamics.

To ascertain this effect, Drpl, OPA1 and MFN1 were determined by Western
blot analysis. As shown in Figure 5.7A, there was a significant increase in Drpl
level in response to 400 uM Mn (p=0.0170) and a non-significant decrease in
Drp1 expression in 200 uM and 400 uM Mn cells cotreated with CsA. For fusion
proteins Opal and MFN1, there was a significant decrease in Opal levels at
400 uM Mn exposure (p=0.012, Figure 5.7B). However, co-treating 200 uM Mn
with CsA showed a significant increase in Opa-1 (p= 0.047, Figure 5.7B). The
level of the fusion protein, MFN1, was significantly decreased on exposure to
200 uM and 400 uM Mn treatment (p=0.0028 and 0.0009, Figure 5.7C), with
400 uM Mn +CsA co-treated cells not showing any protective effect as it
remained significantly decreased (p= 0.0007, Figure 5.7C).

These results together suggest that Mn exposure to neuronal cells cause an
increase in mitochondrial fission with no corresponding increase in fusion to
compensate for damage to mitochondrial morphology. With an increase in
mitochondrial fission, cells were exposed to 400 uM Mn and stained with
MitoTracker Red to monitor the morphological changes in mitochondria using
confocal microscopy (Figure 5.7D). The image represented show that upon
Mn exposure, there was an increase in mitochondrial fragmentation.

These results suggest that Mn-induced toxicity disrupts the fission/fusion
dynamics in SH-SY5Y neuronal cells. The response is an increase in
mitochondrial fission with a simultaneous depression of the fusion process
causing a failure to balance out the organelle dyshomeostasis thereby eliciting
apoptosis and mitophagy, with CsA conferring some protective effect.
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5.3.4- Manganese treatment in SH-SY5Y cells activates autophagy and
apoptosis

To maintain cell functioning and homeostasis, the autophagic pathway enable
the degradation and recycling of damaged cell components. This process is
an adapted cell survival mechanism in response to stress. Autophagic
response following Mn exposure measured by changes in LC3 and p62 levels
was determine using Western blot analysis. Following 24 h exposure of SH-
SY5Y cells to 200 uM and 400 uM Mn, there was an increase in autophagy
evidenced by increased expression of LC3I/Il and p62. Results show a
significant increase in the conversion of LC3-l to its lipid-conjugated
autophagosome-bound form LC3-11 in 400 pM Mn treatment (p=0.0006, Figure
5.9A). The levels of p62, the protein delivering ubiquinated autophagic cargo
to the autophagosomes by interacting with LC3 was also increased following
200 pM and 400 pM Mn treatment (p=0.0207 and <0.0001, Figure 5.9B).
Exposure to 40 uM H202 caused a significant increased in both LC3Il and p62
levels (p=0.0106 and 0.0303). This suggests that Mn-induced toxicity in
neuronal cells mediates autophagy which is either protective or detrimental
suggested by potential downstream effect of eliciting apoptosis.

Following an increase in mitochondrial fragmentation in response to 400 uM
Mn triggering the autophagy/ mitophagy machinery, the apoptosis pathway
was activated. Result presented show a significant increase in the level of
apoptotic marker Bax (p=0.0456, Figure 5.10A) upon exposure of SH-SY5Y
cells to 400 uM Mn and a simultaneous decrease in anti-apoptotic marker Bcl2
level (p=0.0278, Figure 5.10B). Cotreatment with CsA attenuated Bax level (p=
0.001, Figure 5.10A) suggestive of a protective effect.
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5.3.5- Manganese exposure regulates the phosphorylation of the Ras/Erk
and PI3K/Akt, mtorc1/S6K pathways in SH-SY5Y neuronal cells

The Ras/ERK, PI3K/Akt/mTORC1 and MAPK signalling pathways are involved
in the regulation of processes mediating cell survival such as proliferation and
apoptosis. ROS-mediated dysregulation of this signalling cascade is
implicated in the pathogenesis of several neurodegenerative disease
conditions. The mTORC1 complex, an important regulator of growth and
metabolism is regulated by the Erk/Akt signalling pathway. This study
investigated the effect of Mn exposure on kinases of the above-mentioned
pathways. The activation of Erk, Akt, mTORC1, and S6k indicated by their
respective phosphorylation was measured using Western blot analysis and a
ratio of the phosphorylated to total kinase level determined. Results showed
a general increase in Erk activation following 200 uM Mn + CsA, 400 uM Mn
and 400 uM Mn +CsA cotreatment (p=0.0056, 0.0287, <0.0001, Figure 5.11A)
respectively. Akt activation was significantly increased following 400 uM Mn
exposure (p= 0.0014, p=0.0015 Figure 5.11B) however, was significantly
decreased in response to 200 pM Mn + CsA and 400 pM Mn + CsA
cotreatments (p= 0.0014, p=0.0015 Figure 5.11B) respectively. Downstream
kinases of the Ras/Erk signalling pathway (S6K and mTOR) were also
assessed. Result from this study reported an overall significant decrease in
S6K activation in response to all Mn exposures and CsA cotreatments (p=
<0.0001, <0.0001, <0.0001 and <0.0001, Figure 5.11C), respectively.
Following exposure to 200 uM 400 uM Mn treatments, there was no change in
MTORCL1 activation, with an albeit non-significant decrease seen when cells
are exposed to 200 uM Mn + CsA (Figure 5.11D).
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5.3.6- Manganese increases metabolic proteins BCATm and GDH

The impact of Mn exposure on both BCATm and GDH proteins, responsible
for branched chain amino acids (BCAA) and glutamate catabolism were
determined in this study. Using western blot analysis, the effect of 200 uM Mn
and 400 puM Mn treatment on the BCATm and GDH reported a significant
increase in BCATm following 200 uM Mn exposure for 24 h (p= 0.0021, Figure
5.12A) with 40 pM H202 an oxidative stress-inducingpositive control
significantly decreased (p= 0.0189). Following cell exposure to 400 uM Mn
there was a significant increase in GDH levels (p= 0.0419, Figure 5.12B).

5.3.7- Mn decreases protein aggregation while increasing AB load

Protein misfolding and aggregation is a common in neurodegenerative
disorders including Alzheimer’s disease. Protein aggregation is associated
with increased oxidative stress, therefore we determined the impact of Mn
exposure on total cell protein aggregation. Results showed a general decrease
in aggregated proteins in response to 200 uM and 400 pM Mn with a significant
decrease seen at 400 uM Mn concentration (p= 0.0031, Figure 5.13A) with
further decrease in protein aggregation following 200 uM and 400 uM Mn CsA
co-treatment (p=0.0224 and 0.0068, Figure 5.13A) respectively. Finally, this
study report a significant increase in -amyloid (AB) protein level in response
to 200 hM Mn, 200 uM Mn + CsA and 400 uM Mn + CsA cotreated cells
(p=0.0026, 0.008 and Figure 5.13B). However, in 400 uM Mn treated cells,
there was a significant decrease in AB levels (p=0.0107, Figure 5.13B)
suggesting a correlation between decrease in protein aggregation and the
amount of AB produced. Regardless of a decline in the amount of aggregated
protein, phosphorylated tau protein level was significantly increased in
response to 200 uM Mn and 400 uM Mn treatment. These results together
suggest that following Mn-induced toxicity, tau phosphorylation as a hallmark

of AD will increase despite an observed decline in protein aggregation.
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5.4- DISCUSSION

Previous studies clearly demonstrate the toxic effect that arises from excessive
accumulation of Mn. Mn neurotoxicity commonly refered to as manganism is
thought to be caused by overexposure and accumulation of Mn in neuronal
cells. Excessive Mn exposure have been associated with an increase in ROS
production, diminshed antioxidant defense mechanism, toxic metabolite
accumulation (Wan et al., 2014), altered bioenergetics and ATP production
(Chen and Liao, 2002, Sarkar et al., 2018). Manganism, a Parkinson disease-
like condition poses questions as to why there is a narrow window between
dietary adequacy and toxicity and the role it plays as a mitochondrial life-death
switch (Smith et al., 2017).

Although there are limited reports linking excessive Mn accumulation to AD,
the impact of Mn-induced oxidative stress through ROS generation on
mitochondrial dynamics and bioenergetics and how this contributes to
modulation of AD hallmarks- AB and tau phosphorylation in SH-SY5Y cells was
investigated in this study. This study also aimed at understanding the impact
ROS-dand the role of CsA in ameliorating dysregulated mitochondrial
dynamics and bioenergetics.

5.4.1- Manganese-induced modulation of SH-SY5Y cellular redox

Results from this study showed a concentration-dependent increase in ROS
generation (Figure 5.2b) preceeding antioxidant response of increase in the
levels of antioxidant proteins SOD, GRX and TRX (Figure 5.3a, b & c). In
response to 200 uM and 400 uM Mn exposures for 3h and 24h, there was a
decrease in SOD acivity (Figure 5.4a & b).

In related studies, primary cortical neuronal cells exposed to 500 uM Mn
treatment reported an increase in oxidative injury indicated by lipid
peroxidation biomarker F2- isoprostanes and increased ROS production
(Milatovic et al., 2007, Milatovic et al., 2009) together with decreased SOD
activity in rat astrocytes exposed to 50 uM Mn treatment for 3h (Latronico et
al., 2013). Similarly, a decrease in SOD and catalase activity and increased
levels of lipid peroxidation was reported in rat hippocampus exposed to 3.9
mM Mn over a 6-week period (Cheng et al., 2018, Szpetnar et al., 2016)
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consistent with data from this study. Taken together, our results are consistent
with the suggestion that Mn-induced neurotoxicity is linked to enhanced ROS
generation, increased cellular oxidative stress, and a depleted cell defense
system (Fernandes et al., 2017, Martinez-Finley et al.,, 2013) beyond
physiological brain Mn concentration. In this neuronal cell model, response to
manganese-induced ROS generation is mediated by the GRX and TRX
systems to counteract this effect in a bid to restore redox balance and not SOD
suggesting a possible role for manganese catalysing thiol modifications. The
significant rise in TRX levels following hydrogen peroxide exposure indicate

the involvement of this system in peroxide resuction as opposed to SOD.

5.4.2- Excessive Mn impair mitochondrial respiration and cellular energy
metabolism in SH-SY5Y cells

Mn accumulation in neuronal mitochondria have been described to be
persistent as a result of its poor efflux rate (Gavin et al., 1999, Qin and Zhong,
2018) implicating it in dysfunction of the mitochondrial metabolic pathways. A
significant decrease in mitochondrial OCR, basal mitochondrial respiration,
and ATP production following 200 and 400 uM Mn exposure for 24 h which
was not attenuated by CsA cotreatment was reported (Figures 5.5 ¢, d & e).
In a similar study, SH-SY5Y cells exposed to a range of Mn concentrations for
5h, reported an increase in basal OCR and ATP production at concentrations
<50 uM hence a beneficial effect, however with increase Mn exposure to 100
UM, there was a 6% decrease in basal OCR and no difference in ATP
production relative to control cells (Fernandes et al., 2017). This suggests that
although in the SH-SY5Y cell model Mn concentration =2 50 uM is reported as
being in the toxicological range, 100 UM Mn exposure for a shorter duration
(5h) signifies the acute phase of disruption of mitochondrial OCR, basal
mitochondrial respiration and ATP production. In our study however where SH-
SY5Y cells were exposed to 200 and 400 uM Mn for 24 h depicting Mn
concentration at the higher toxicological range and a more chronic exposure
time, result shows a 14%, 26% and 12%, 17% decrease in basal OCR and
ATP production. This suggest a more profound outcome implying that in this

cell model Mn exposure in the toxicological range will result in a decline in
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mitochondrial respiration, OCR and energy production irrespective of exposure
time.

In related studies, mouse astrocytes and microglial cells exposed to 100 uM
Mn for 24 h showed a significant decrease in oxygen consumption, basal
mitochondrial respiration and ATP production (Sarkar et al., 2018, Sarkar et
al., 2019). Inhibition of the activity of the mitochondrial enzyme aconitase and
ATP production have been reported following Mn exposure in rat brain (Zheng
et al.,, 1998, Gunter et al., 2010, Roth et al., 2002). Taken together, these
findings suggests that in neuronal cells, Mn exposure beyond the physiological
range matched with that observed in the human brain, results in increased
ROS generation impairing mitochondrial oxygen consumption rate and the
overall cell bioenergetic system leading to the inability of the cell to thrive.

5.4.3- Manganese-induced dysregulation of mitochondrial dynamics and
the protective role of CsA in SH-SY5Y cells

The MPT pore (MPTP) largely controlled by cyclophilin D (CypD) is inhibited
by CsA (Kim et al., 2014). Results from this study show a significant increase
in CypD expression (Figure 5.6a) with a simultaneous loss of MMP (Figure
5.5a) indicating Mn exposure and its impact on mitochondrial fission/fusion
dynamics is mediated by MPT. Also shown is a significant increase in
mitochondrial fission following 400 pM Mn exposure for 24h which was
however attenuated by cotreatment with 1 uM CsA (Figure 5.7a) and
significant decrease in expression of fusion proteins Mfnl and Opal. Mfn1 was
significantly upregulated in 200 uM Mn cells cotreated with CsA with no impact
on Opal. (Figure 5.7b & c).

Mn-treated C6 astrocytoma cells exposed to 750 uM Mn for 24h reported
marked decrease in fusion protein Opa-1 and ~43 fold increased level of
fission protein Drpl with CsA pre-incubation preventing MPTP opening hence
MMP disruption, mitochondrial dysregulation and apoptosis (Alaimo et al.,
2014). Similar findings in Gli36 astrocytic cells treated with 350 uM Mn for 24h
reported decrease in fusion proteins Opa-1 and Mfn-2, increase in
mitochondrial fission protein Drp-1 and a resultant disruption in mitochondrial
network evidenced by punctuated structure and loss of mitochondrial mass

(Alaimo et al., 2013). In related studies, 1 uM CsA pre-incubation prior to 10-
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100 pM Mn exposure prevented MMP dissipation and mitochondrial swelling
in astrocytes (Rao and Norenberg, 2004, Rama Rao et al., 2007) and MES
23.5 cells exposed to 600 uM for 2h (Prabhakaran et al., 2009).

Similar to findings in Alaimo et al., 2014 that recorded up to a ~43 fold increase
in Drpl levels, our findings showed a ~2 fold increase suggesting a
concentration and cell model-based difference. Overall this signifies that in
different cell models, Mn exposure exceeding the physiological range favours
an increase in ROS generation and also rise in mitochondrial fission with no
corresponding increase in mitochondrial fusion to counter this imbalance. In
this cell model, CsA attenuation of Drpl increase coupled with its known role
for preventing MPTP opening and MMP dissipation suggests that
dysregulation of the mitochondrial fission/fusion dynamics following toxic Mn
exposure is likely regulated by MMP disruption also suggesting it is the
mechanism mediating the disruption of mitochondrial bioenergetic functions.
5.4.4- Manganese-induced toxicity activates autophagy and apoptosis in
SH-SY5Y cells

Results from our findings reported a significant increase in both autophagy
(Figure 5.8a & b) and apoptosis indicated by an increase in Bax expression
and simultaneous decreased Bcl-2 expression (Figure 5.9a & b) following 400
MM Mn exposure in SH-SY5Y cells. Mn-induced neurotoxicity elicit various
response in cells in a bid to ameliorate the harmful cellular environment
resulting from its excessive accumulation, one of such response being
autophagic flux activation. Several studies have reported autophagy activation
as a protective response to Mn-induced cell damage as well as an apoptotic
cell death response. In a related study, PC12 neuronal cells exposed to 300
UM Mn for 12h resulted in an increase in LC3-ll and p62 accumulation
signifying that despite autophagosome formation, subsequent degradation in
the lysosome is inhibited hence an inhibition of the autophagic flux whereas
when cells were pre-treated with rapamycin and exposed to 300 uM Mn,
autophagic flux induction and significant reduction in cell death was reported
evidenced by an increase in LC3-1l and decrease p62 level suggesting
autophagy play a protective role in Mn-induced toxicity while exposure to
(Zhou et al., 2018). The initial response is consistent with results from our study
suggesting that 200 uM and 400 uM Mn exposure for 24h in SH-SY5Y cells
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activate autophagosome accumulation which is possibly not degradation as
shown by a simultaneous accumulation of p62 hence an inhibition of
autophagic flux. Should this be the case, this could be a cell model and
duration of exposure specific response, however, there is the need to confirm
whether or not the autophagic flux is functional by measuring LC3-11 levels in
the presence of Baf Al, measure Beclin levels or use tandem fluorescence
plasmid RFP-GFP-LC3 double tag assay to monitor autophagic activity in real
time. Also considering that p62 is a multifunctional molecule which could be
initially degraded by autophagy but restored following long starvation periods
(Sahani et al., 2014) also indicates the need to measure p62 in a time-based
manner to observed its modulation pattern. Astrocytoma C6 cells exposed to
750 pM Mn for 6 and 24h showed autophagic activation indicated by
pronounced increase in LC3-1l following pre-incubation with Baf A1 which
counteracts the harmful effects of Mn-mediated toxicity thereby conferring a
protective role (Gorojod et al., 2015). A compensatory activation of autophagy
have been reported following short term (4-12 h) 1 M Mn exposure to rat
striatum reflected by an increase in LC3-II/LC3-I ratio, (Zhang et al., 2013).
These findings taken together suggest that 24h Mn exposure in SH-SY5Y cells
activate autophagosome formation and accumulation, but is unable to
complete the autophagic flux hence failure for autophagy activation to play a
protective role against cytotoxic cell death hence as reported there is
apoptosis.

Apoptotic cell death has been reported as a response to Mn-induced toxicity.
In Gli36 cells, 350 uM Mn exposure for 24 h was shown to trigger apoptotic
cell death evidenced by an increase in Bax protein and concomitant decrease
in Bcl2 protein while increased Bax and decreased Bcl2 mRNA levels were
reported in rat hippocampus exposed to 3.9 mM Mn over 6 weeks (Alaimo et
al., 2013, Cheng et al., 2018) consistent with findings from this study which
showed an increase in Bax with a simultaneous decrease in Bcl2 protein
levels. Features such as increased inter-nucleosomal DNA fragmentation
indicative of apoptosis have been reported in PC12 neuronal cells and
condensed chromatin and shrunk nuclei in SK-N-MC neuroblastoma cells after
24 h Mn exposure (Hirata, 2002, Bahar et al., 2017). SK-N-MC neuronal cells

exposed to a 1000 uM Mn were seen to exhibit increased apoptotic nuclear
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shrinkage similar to cell shrinkage, condensed chromatin, cytochrome c
release and caspase activation seen in neural stem cells (Yoon et al., 2011,
Wang et al., 2015) suggested to be mediated by dysfunctional mitochondria
and endoplasmic reticulum stress with ROS generation and loss of MMP as
the mechanism involved (Tamm et al., 2018, Zhang et al., 2016).

Collectively, these findings suggest that despite evidence of autophagy
activation after 24h, it is not clear whether there is a complete autophagic
activity hence the inability for an autophagy-mediated cell protection hence

activation of apoptosis.

5.4.5- Manganese dysregulates the Ras/Erk and PI3K/Akt/mTOR
signalling pathways in SH-SY5Y cells

Downstream kinases of the MAPK pathway important for cell proliferation,
differentiation, survival and apoptosis have been implicated in
neurodegenerative conditions (Cordova et al., 2012). Our findings show Erk
activation and Akt activation, especially following 400 uM Mn exposure (Figure
5.10a & b). In related studies, exposure to both 500 and 1000 uM Mn reported
an ERK activation in PC12 neuronal cells similar to BV2 microglial cells
exposed to 500 uM Mn (Bae et al., 2006, Cai et al., 2011). Furthermore, Mn
exposure of 100 and 500 uM to neonatal rat astrocytes led to a concentration
and time-dependent ERK activation with antioxidant resveratrol reversing ERK
phosphorylation suggesting an oxidative stress-mediated mechanism (Exil et
al., 2014, Latronico et al., 2013). Similarly, in rat striatum exposed to 10/20
mg/kg Mn from post-natal days 8-12 results reported ERK and AKT activation
as a result of increased ROS production which was reversed with antioxidant,
Trolox also supporting the role of ROS generation in activation of these
pathways (Cordova et al., 2012). These findings are consistent with data from
this study and suggest that exposing neuronal cells to toxic concentration of
Mn increasing ROS generation possibly acts as signal for the activation of
ERK and AKT both necessary to mediate cell survival through different
mechanisms, which could include autophagy or apoptosis activation geared at
maintaining cell homeostasis.

In PC12 neuronal cells, Mn-induced oxidative stress resulted in p70 S6K
phosphorylation at Ser411 and Thr421/Ser424 (Hirata et al., 1998). In vitro
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assessment of immature female rat brain tissue reported chronic exposure to
low dose Mn led to an increased expression of mMTORCL1 (Srivastava et al.,
2016). Similarly, in U87 glioblastoma cells, there was an increased activation
of mTORC1 only at 100 pM Mn exposure. Further increase in Mn
concentration from 400-1000 pM resulted in decreased mMTORC1
phosphorylation (Puli et al., 2006) supporting our findings where 200 uM and
400 uM Mn exposure had no effect on mTORCL1 activation necessary for
synaptic plasticity, memory and learning while significantly decreasing S6K
activation. Consistent with loss in cell viability and increased ROS generation
following Mn exposure at both 6 and 24h in our data (Figure 5.2a&b), it is
evident that both transient and sustained Mn exposure, alongside a
dysregulation of energy metabolism of the cell, induce stress stimuli which
persistently overpowers any cell survival instinct resulting in severe neuronal

damage and apoptosis.

5.4.6- Manganese upregulate AB and phosphorylated tau production and
decrease protein aggregation, in SH-SY5Y cells

Findings from previous research suggested no correlation between Mn and
AD due to a non-significant observation of Mn accumulation in control versus
AD brain (Markesbery et al. 1984). Recent studies seek to answer questions
regarding the role excessive Mn plays in the pathogenesis of AD and how this
relate to AR and phosphorylated tau production. In a study of 40 men with
different cognitive statuses significant correlation between increased plasma
Mn levels and AB peptides accumulation as well as cognitive decline was
reported (Tong et al., 2014). Supporting this, chronic Mn exposure in non-
human primate has been shown to cause an increase in the expression of
APLP1 and AB plaques with silver grains indicating ongoing
neurodegeneration which contributes to the cognitive deficiency (Guilarte et
al.,, 2008, Guilarte, 2010). Post-mortem CSF samples show a significant
inverse correlation between Mn levels and AB concentration, the higher the
concentration of Mn present! in CSF, the lower the AB levels (Strozyk et al.,
2009) consistent with our findings where despite a significant increase in AR
protein level at 200 uM Mn exposure, 400 UM Mn exposure resulted in

decreased AR level. Induction of tau hyperphosphorylation following 100- 500
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MM Mn exposure for 6h in PC12 neuronal cells mediated by MAPK/ERK

activation which was attenuated by ERK inhibition have been reported (Cai et

al., 2011) consistent with findings from our study suggesting that in our cell

model, a similar response of increase in tau phosphorylation is mediated by

ERK activation was also observed (Figure 5.12b). Taken together, this implies

that Mn-induced tau hyperphosphorylation possibly mediated by ERK

activation is a potential stress stimuli response to exposure to toxic Mn

concentrations.
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Figure 5.14- Schematic diagram representing the pathways impacted
by excessive manganese exposure to SH-SY5Y neuronal cells.
Increase in ROS open MPTP, dissipate MMP, impair mitochondrial
respiration and ATP production resulting in mitochondrial fission and
fragmentation while inhibiting fusion with a simultaneous increase in A and
phospho-tau. Autophagy and mitophagy is activated to enhance clearance
of fragmented mitochondria, however it appears dysfunctional
mitochondrial metabolism activates a response from cell survival signalling
PISK/AKT/mTOR pathways triggering apoptosis.

163 |Page



Okoro, G.U 2019

Chapter 6

6.0- SYNOPSIS AND CONCLUSION

This thesis had three main objectives and areas of interest. i) Investigate the
underlying mechanisms and role of ethanol-induced mitophagy on neuronal
cell AB and tau expression, ii) Determine the dual role of Zn in a-
neuroprotective or neurotoxic capacity and its impact on the fusion/fission
dynamics and mitochondrial function, iii) Evaluate the impact of Mn-induced

toxicity on mitochondrial bioenergetics and dynamics.

ETHANOL

It was hypothesized in this thesis that ethanol-induced neurotoxicity plays a
major role in dysregulating mitochondrial fusion/fission dynamics and
bioenergetics and that targeting this pathway has the possibility to ameliorate
the neurodegenerative phenotype. For the first time we show that chronic
ethanol exposure induced atypical mitochondrial fission while inhibiting fusion-
mediated repair and impaired mitochondrial function in SH-SY5Y neuronal
cells. We also show CsA has the potential to restore fusion following chronic
ethanol exposure to neuronal cells (Chapter 3.3). Evidence from previous
studies with a focus on the underlying mechanisms of ethanol-mediated
neurotoxicity suggests that autophagic pre-conditioning ameliorates ethanol-
induced neuroapoptosis while autophagy inhibition exacerbates this through
increased ROS generation and that therapeutic approach targeting this
pathway confer neuroprotection (Chen et al., 2012). Oxidative stress
generation and a deficit in antioxidant capacity has also been hypothesised as
the mechanism underlying ethanol-induced neurotoxicity in rat models (Heaton
et al., 2000, Ramezani et al., 2012). Additionally and more recently, ethanol
has been proposed to play a role in the initiation and sustenance of AD
pathology via neuroinflammatory processes (Venkataraman et al., 2017).
Based on the findings from our current study, an updated and alternative
mechanism is proposed. In addition to a deficit in antioxidant response enough
to combat ethanol-mediated ROS generation and the activation of autophagy

and apoptosis, the disruption of the mitochondrial homeostatic system,
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fusion/fission dynamics results in an impairment in the mitochondrial

bioenergetics system likely to contribute to neuronal cell loss.
ZINC

In neuronal cells, Zn have been previously proposed to play a neurotoxic role
alongside glutamate excitotoxicity following its excessive post-synaptic
release during synaptic excitation (Takeda, 2011). Zn has also been previously
proposed as capable of playing a dual role as both a prooxidant and
antioxidant in a concentration-dependent manner (Lee, 2018). As an
antioxidant, it is suggested to maintain cell redox balance through its
involvement with glutathione metabolism and general protein thiol redox
metabolism (Oteiza, 2012). As a prooxidant when present intracellularly in high
concentrations, Zn is proposed to enhance neuronal cell death by cell energy
production inhibition (Dineley et al., 2003).

In this thesis we show for the first time that the protective role exerted by Zn
although involves the upregulation of antioxidant marker proteins SOD, TRX
and GRX at low Zn concentration as previously reported, additionally inhibits
excessive mitochondrial fission at similar concentration, also reflected by
enhanced ATP production. On the other hand neurotoxic Zn concentrations
exogenously introduced into neuronal cells was shown to contribute to
neuronal cell death through promotion of excessive mitochondrial fission,
impairment of cell energy metabolism and dysregulation of cell signalling
pathways necessary for cell survival (Chapter 4.3).

Using data from this thesis, we therefore propose a new and novel findings
that help to understand the mechanisms involved in Zn neuroprotection. At low
concentrations, Zn acts as a neuroprotective agent by inhibiting excessive
mitochondrial fission in neuronal cells transcending to improved cell energy
metabolism. On the other hand, at high Zn concentrations, there is aberrant
mitochondrial fragmentation, impaired energy metabolism and an increase in
AB and tau production eventually resulting in neuronal cell death in a non-

apoptotic manner.
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MANGANESE

Finally, Mn accumulation and neurotoxicity is frequently associated with
Parkinson’s disease, a condition with visible motor dysfunction, there need to
be an increasing awareness and study about the impact of Mn exposure on
cognitive functions and the mechanisms that mediate this. In addition to motor
function problems, Mn have been proposed to induce AD-like pathology by
accumulating in the hippocampus and cortex of the brain (Qin and Yuan-
Zhong, 2018), however, there is the need to still ascertain the underlying
mechanisms responsible for its associated AD-like pathology. Mn has been
proposed to play a role in both cell survival and cell death through regulation
of Mn-containing enzymes like MnSOD or increasing the activity of caspase
enzyme. Despite its importance for mitochondrial functioning, accumulation at
an excessive level leads to cell death (Smith et al., 2017). A dysregulation and
impairment of mitochondrial energy metabolism has been proposed in mouse
and human astrocytes at neurotoxic levels specific to those cell types (Sarkar
et al., 2018, Sarkar et al., 2019).

Smilar to our observations with respect to Zn neurotoxicity, we report that Mn-
mediated neurotoxicity is through the alteration of mitochondrial fission/fusion
dynamics and impaired mitochondrial respiration and ATP production. This
mechanism involves an increase in ROS generation, which results in an
antioxidant response with increased antioxidant markers SOD, GRX and TRX.
Autophagy and apoptosis pathways were activated followed by an activation
of the cell survival pathways at very high concentrations of Mn. Despite its
proposed contribution to AD pathology, in this study, there does seem not to
be a corresponding increase in protein aggregation or A levels, however there
is a consistent increase in phosphorylated tau expression with increasing Mn
concentration (Chapter 5.3). Together this data indicates that although
excessive Mn accumulation contributes to AD pathology, this is through the
hyperphosphorylation of tau rather than AB accumulation. This is proposed to
be as a result of increased fission and impairment of neuronal cell’'s energy

metabolism.
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Figure 6.1- Proposed mechanism for ethanol, zinc and manganese-
mediated neurotoxicity and contribution to AD pathology. Increase in
ROS generation results in MMP dissipation affecting mitochondrial
respiration and function likely due to opening of the MPTP. This results in
increased mitochondrial fission and fragmentation while inhibiting
mitochondrial fusion, subsequently regulating AR and phosphorylated tau
production. Consequently, autophagy/mitophagy is activated to remove
damaged cells in a bid to maintain cell homeostasis, however, the toxicity
overwhelms the cells leading to neuronal cell death and loss either through

the apoptotic or necrotic pathway.
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6.1- FUTURE WORK

This thesis provides evidence that ethanol and micronutrients- Zn and Mn
when exposed to neuronal cells at toxic concentrations, will result in
dysregulation of otherwise tightly regulated pathways through mechanisms
highlighted in this study. The recurring underlying mechanism that is affected
in response to ethanol and these micronutrients is a dysregulation of
mitochondrial fission/fusion mechanism and impairment of cell energy
metabolism. It is important to understand these pathways as there is the
potential for developing a targeted therapeutic approach to allow for
neurodegenerative phenotype rescue. To further investigate this, the following

experiments would be considered:

Manipulation of the fission/fusion pathway to determine their impact on other
mitochondrial parameters. Suggested modifications include:

e Overexpression of the fusion gene Mfn1/2 and Opa 1 to ascertain if
there is a different response to ethanol/Zn/Mn-mediated impairment of
cell energy metabolism

e Knockdown of the fission gene Drpl while overexpressing
mitochondrial fusion. This will determine whether enhanced fusion in
the absence of fission play a role in improving mitochondrial respiration
and ATP production.

e Use of fission inhibitors- Dynasore and P110 to determine the potential
of this inhibition on mitochondrial morphology and the extent to which
this improves mitochondrial respiration.

¢ Investigate the impact of fission inhibition and enhanced fusion on AR

accumulation and tau hyperphosphorylation.

High Zn concentrations have been implicated as a cause of copper deficiency
by increasing metallothionein synthesis, which binds copper thereby

preventing its absorption. Experiments to consider include:

e Determine if mechanisms of Zn-induced toxicity is as a result of copper

deficiency.
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e Use TPEN to chelate Zn while enhancing copper absorption to

determine if this improves mitochondrial dynamics.
Manipulation of the mitochondrial protein hBCATm will be explored to:

e Determine the impact its knockdown or overexpression play in
ethanol/Zn/Mn-mediated excessive increase in fission.

e Investigate the impact of hBCATm overexpression on mitochondrial
fusion and overall function as a targeted therapeutic approach to

resolve mitochondrial dynamics dysfunction and AD-like pathology.
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3). *p < 0.05, **p < 0.01, ***p < 0.001.

by Western blot analysis. Chemiluminescent blot of Panel A: Nrf2, Panel B: GPx, Panel C: GSR and their
respective GAPDH expression. Normalized band intensity relative to GAPDH in standard culture cells. Data are

expressed as mean = SEM of 3 independent experiments (n
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