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Abstract

The blood-brain barrier (BBB) is a critical interface between the blood circulation and brain
tissue which performs critical selection of circulating molecules that gain access to the brain
tissue. Its unique ability to adjust to changes in the constituents of the blood circulation confer
in the BBB a dynamic nature enabling changes in its properties to suit the homeostatic needs
of the brain.

Dysfunction of the BBB has been established to be pivotal to the initiation and/or maintenance
of an array of neurological disorders, most of which involve the production of excess reactive
oxygen species (ROS) and oxidative stress in their pathophysiology. Thus, clinical trials of
exogenous antioxidant agents have been proposed and initiated, with most results being
inconclusive. Extensive studies of the impact, capacity and plasticity of endogenous
antioxidants in the cells that constitute the blood-brain barrier, especially the brain endothelial
cells, therefore, became necessary for the rational choice, timing, and the mode of application
of antioxidants in the management of oxidative stress-mediated neurological diseases.

In the present study, incremental hydrogen peroxide (H202) concentrations were dosed in cell
culture medium to simulate OS and gauge the capacity of the brain endothelial cell (BECs)
models of the BBB to resist ROS toxicity, the contribution of endogenous antioxidants to this
resistance and to study the morphological changes in ROS-mediated BBB dysfunction.

Two types of mammalian endothelial cells, b.End5 and bEnd.3, commonly used for in vitro
studies of the blood-brain barrier, were selected for use in this study. A combination of
spectrophotometry, fluorescent microscopy, trypan blue exclusion method and flow cytometry
were used to assess cell viability, cellular glutathione (GSH) content, cell cycle changes,
cellular death by apoptosis and necrosis in BECs exposed to incremental H>O> concentrations
for 24hr. Exogenous antioxidants were variably administered to study the effects of externally
incident antioxidants when the cells were under H>O, exposure.

Results showed that b.End5 cell line significantly tolerated higher concentrations of H>O> than
the bEnd.3 cell line. GSH contents for both cell lines were fairly similar under physiological
conditions but after exposure to H20., b.End5 cells demonstrated higher resistance to GSH
depletion than the bEnd.3 cell line, although the two cell lines were obtained from the same
animal species. Along incremental concentrations of H>O2, increased cell proliferation, cell
necrosis and apoptosis and cell cycle arrest were observed concurrently. At H>O»
concentrations that defined OS, live cells were depleted in b.End5 cells used while there was

significant increases in apoptotic and necrotic cells with apoptotic cells as the significant
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majority comparatively. Cell cycle studies showed arrest of cell division at the G2/M phase of
the cell cycle at higher concentrations of H2O> Application of exogenous antioxidants
ameliorated the H2O.-induced cellular depletion as well as improved recovery in cellular
viability following withdrawal of H.O> after 24hr exposure.

It was conclusive that apoptotic pathway of cellular death is a major pathway of BECs response
to OS. Also, there was differential H2O- toxicity and GSH de novo synthesis capacity between
the b.End5 and bEnd.3 cell lines despite their common origin from the same animal species
and their possession of similar contents of endogenous antioxidant GSH under physiological
conditions.

This finding calls for more caution for the choice of cellular models for specific studies of the
BBB to ensure that results obtained are reproducible, reliable and sufficiently conclusive.
Furthermore, our results tend to suggest that the processes responsible for the endothelial
component of BBB dysfunction under conditions of oxidative stress occur concurrently and
include increased proliferation, necrotic and apoptotic cell death as well as cell cycle arrest.
Additionally, study suggests that the clinical administration of antioxidants could be an

appropriate intervention for the alleviation of neurological diseases.
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statistical difference compared with the treatment control and the number of * is an indication

of magnitude of the differences. Multiples of * represent p< 0.05, 0.01 and 0.001 respectively.

Figure 4.15: Trends in the survival status of b.End5 cells under conditions of increasing
magnitude of ROS stress. The survival statuses presented in the graphs are aligned to share a
COMMON Y-aXiS FOI COMPAIISON. ......iviiiitiiiiiiieiei ettt 114
Figure 4.16: Graph shows the differential effects of two exogenously administered antioxidants
on the survival status of b.End5 cells undergoing redox stress at ICs level of stress. The two
major populations of cells are with live and late apoptosis statuses while early apoptosis and
necrosis contribute negligible fraction of the total cell counts. GSH treatment showed slightly
significant increase in the number of cells in apoptosis than Trolox. (* denotes statistical
significance at p<0.05). Cellular pretreatment with GSH to determine GSH loading was not
considered having first established in previous experiment an adequate GSH contents in the

cells as well as a normal GSH/GSSG ratio. E.apop, early apoptosis; L.apop, late apoptosis.

Figure 4.17: Micrograph Plates A, B, C, and D showed cells at redox levels [H202] OuM
(control), 465uM (ICzs5), 486uM (1Cs0) and 1100uM (IC7s) respectively. Micrograph E showed
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cells treated with CCCP. White arrow points at a normal mitochondrion with normal
mitochondrial membrane potential while red arrow points at a depolarized mitochondrion.
Micrographs show dose dependent decrease in TMRE mitochondrial fluorescence which was
completely absent at 1C75 H2O2 CONCENIALION. ......cceoviiiiiiiiiiiiiiieieeee e 115
Figure 4.18: Shows TMRE fluorescence of ROS-treated b.End5 cells. Fluorescence from all
treatment groups are significantly lower than the control with dose-dependent inter-group
differences lowest at IC7s concentration which was virtually at par with the negative control
data value. With co-administration of antioxidants, a partial but insignificant recovery of
mitochondrial fluorescence was observed at the 1C7s [H20:] tested. FAU denotes fluorescent
AFDILFANY UNIT. ..ot e et e s b e et e e st e s be e beestesaeesteeneesteebeaneenreas 116
Figure 4.19: Shows overlay histogram of two treatment groups against the treatment control.
TMRE fluorescence in the control group lies to the right of others and also occur in higher
population of cells than the IC2s and the Trolox-treated IC7s concentration. The more aligned
to the right of the histogram the higher the fluorescence of TMRE. ...........cccccoveiiieivenee 117
Figure 4.20: Graph shows b.End5 cell cycle analysis during escalating ROS challenge. Graphs
A, B and C present the GoG1, S and G2/M phases of the cell cycle. Annotations * denote
statistically different data at P<0.05 (compared to the control group) with multiple annotations
reflecting the magnitude of the differences inthe data................cccoooeii i, 118
Figure 4.21: Shows histogram presentation for the cell cycle changes at each H.0O>
concentrations overlaid with the control. At ICzs and 1Cso concentrations, cell counts was
different compared to the control but at IC7s concentration with and without trolox, G2/M phase
was significantly higher in the number of cells than the control. Higher peaks in the histogram
represent peak of the population of cells in the Go/G1 phase while the lower peaks represent
cell populations in the G2/M phases of cell diVISION............cooviiiiiiiiii e, 119
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1 CHAPTER ONE

1.1 Introduction

The blood-brain barrier, BBB, is a partition between the blood circulation and the central
nervous tissue and a structure that must be traversed by molecules in order to gain access to
the interior of the central nervous system, CNS (Daneman & Prat, 2015). It presents a dynamic
interface between the circulating blood and the central nervous tissue capable of modifying the
ease of passage across it in response to signals from both blood circulation and the CNS
(Daneman & Prat, 2015). It selects the constituents of the circulating blood that is transported
into central nervous tissue, a function which it performs when it selectively prevents the
passage of some molecules while showing preference for selected others (Abbott et al., 2010).
Abnormality of this barrier function has been reportedly implicated in the development and/or
propagation of several neurological diseases (Abdullahi et al., 2018; Chakraborty et al., 2017)
including stroke and neurodegenerative diseases (degenerative neuropathies) such as
Alzheimer and Parkinson’s diseases. These neurological disorders are classified by the World
Health Organization (WHO) into non-communicable diseases (NCD) which together
contribute about 54% to the global burden of diseases in 2010, when estimated using disability-
adjusted life years (DALY) as the metric (Chin & Vora, 2014). DALY, is defined as the sum
of the years of life lost due to premature mortality and years lived with disability (Murray et
al., 2012). WHO in 2010 reported stroke to be the second leading global cause of premature
death and disability (Chin & Vora, 2014). Stroke is defined as acute focal neurological
dysfunction caused by focal infarction at a single or multiple sites of the brain and retina
(Kasner & Sacco, 2013). However, neurological disorders such as Alzheimer's disease (AD)
and other dementias, Parkinson disease (PD), epilepsy and multiple sclerosis (MS), are
categorized differently as stroke (Chin & Vora, 2014). Combination of neurologic disorders
and cerebrovascular accident contribute 7.1% of the total global burden of disease in 2010
(Murray et al., 2012). Within this combined estimates of the global burden of neurologic
disorders and cerebrovascular disease as reported in 2010, haemorrhagic stroke (35.7%) and
ischemic stroke (22.4%) contribute the largest portions of DALY. In addition, the burden of
neurodegenerative diseases is reported to be growing at an alarming rate: between 1990 and
2016, number of deaths attributed to Parkinson's and Alzheimer's diseases and other dementias
almost doubled (Collaborators, 2019). About 26.6 million people suffers from Alzheimer’s
disease in 2006 and this prevalence is projected to quadruple by 2050 (Collaborators, 2019)
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due to the likelihood of more aged people to live longer with the disease because of
advancement in the modalities of treatment. Aging is an important contributing risk factor in
the development of neurodegeneration and BBB disruption has been reported to occur early in
the aging human brain (Erd6 et al., 2017). Research evidence has indicated that a higher
incidence of age-related neurodegeneration begins in the hippocampus, a brain region
associated with cognitive functions (Takeda et al., 2014). Additional reports from
quantification of regional BBB permeability in the living human brain have also indicated an
age-dependent BBB breakdown in the hippocampus, a brain region affected early in AD
(Nissanka & Moraes, 2018).

1.2 Background of the study

Importantly, a number of the neurological disorders especially the neurodegenerative diseases
(NDDs) have been linked to both oxidative stress (OS) and a dysfunctional BBB (Rosenberg,
2012). The BBB dysfunction observed in neurodegenerative diseases has in turn been severally
linked to OS-induced brain endothelial cellular changes (Freeman & Keller, 2012; Krizbai et
al., 2005). OS is the cellular status which results when there is an imbalance between the
cellular generation and neutralization of reactive oxygen species (ROS), either due to excessive

ROS production or inadequacy of endogenous cellular antioxidants (Sies et al., 2017).

Though several studies have documented the presence of OS in the earlier stages of most
NDDs, it is difficult to say if OS is a cause or consequence of the neurodegenerative process.
However, in the treatment and/ or alleviation of these disorders, use of antioxidants are being
considered and clinical trials are ongoing (Barnham et al., 2004; Jomova et al., 2010; Mecocci
& Polidori, 2012). Surprisingly, despite several clinical trials the overall clinical benefit of
antioxidant in the treatment and/or alleviation of neurological disorders remains inconclusive
(Galasko et al., 2012). In view of the ongoing search for antioxidants with promising effects in
the treatment of BBB dysfunction-linked NDDs, it is of considerable importance to first look
inward and investigate the capacity of the endogenous antioxidant systems within the cellular
components of the BBB to respond by buffering both endogenous and exogenous production
of ROS, and the possible manipulation of such systems for the protection of the BBB in
conditions that induces ROS production. The central component of the BBB are the endothelial
cells of the brain capillaries which functions are modulated by supporting cells in contiguous
interaction (Abbott et al., 2010).
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1.3 Rationale of the study

To date, the functions and structure of the BBB have been studied using both in vivo model
using different experimental animals, and in vitro models of the BBB (Coronado-Velazquez et
al., 2018). The in vitro models often engage the use of endothelial cells of animal origin such
as mouse, rat, and bovine with the intent to harmonize findings obtainable from animal models
of same species (Campisi et al., 2018). However, most of the in vitro models have not been
characterized for their ability to mount up adaptive responses under the condition of
accumulating ROS which are features necessary for the definition of OS as well as features
that characterize changes in OS responsible for the observation of abnormal permeability under
OS conditions. Researchers have hence used arbitrary concentrations of selected ROS to study
cellular changes in brain endothelial cells of identical origin to study diverse changes under
conditions of OS (Cao, Dali, et al., 2019; Song et al., 2014). It is therefore necessary to
characterise commonly used endothelial cells for their suitability for use as models for specific
investigations pertaining to the nature of the BBB. In this study, it is reinforced that OS affects
the cells of the BBB by limiting their viability with regards to physiological functioning and

survival as well as their ability to proliferate and replace lost cells (Li et al., 2012).

1.4 Problem statements

The capacity of virtually all of the brain endothelial cell models for in vitro studies of the BBB
to survive under condition of accumulating ROS and /or OS has not been well studied. This
has created unnecessary murkiness in the appraisal and /or harmonisation of data obtainable
from the studies using the different cells because scientists just assign arbitrary concentrations
of ROS molecules to the cells in the different studies. The characteristics of the endogenous
antioxidant systems within brain endothelial cell models have not been well studied to evaluate
how they respond to keep the cell in oxidative eustress when encountering redox challenges.
Furthermore, the responses in brain endothelial cells to ROS and OS that culminate in BB

dysfunction has not been completely understood.

1.5 Aim of the study
This study aims to utilize selected in vitro models to study the response of the endothelial cells
of the BBB to ROS of variable strength with regards to cell survival or death and how these

effects impact on the understanding of BBB dysfunction. Furthermore, specific ROS
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concentrations suitable for the definition of OS were determined. Established in vitro models
utilizing mouse-derived cells were used and cultured cells were exposed to selected ROS
molecule of varying concentrations and parameters in the cultured cells in relation to cell
survival which impact on BBB integrity were recorded. First the capacity of the cultured cells
to survive exposure to escalating ROS strength was determined. In addition, attempts were
made to experimentally enhance the survival capacity of the cells by application of selected
exogenous antioxidants (AO). Then, the presence of a selected endogenous antioxidant was
determined and quantified with and without ROS treatments. Furthermore, at redox conditions
where cellular survival was lost and cells became depleted in culture, the mechanisms for cell
depletion were carefully studied in line with existing mechanisms for cellular death. The
findings were interpreted in line with existing information regarding the functionality of the
BBB.

1.6 Objectives of the study

The objectives of this study were drawn in 4 parts:

1.6.1 Cell viability/survival
e The ROS-buffering capacity of two blood-brain barrier endothelial cell-line models
were determined and compared
e A possible protective effect of an exogenous antioxidant on the ROS-buffering capacity

of each of the cell-line models were determined

1.6.2 Endogenous antioxidant protection
e The presence of endogenous antioxidant, GSH, in the two cell-line models were
detected and defined
e Quantification and comparison of the cellular GSH content in the two model cells and
determination of the baseline oxidative status of each cell in normal culture using the
GSH:GSSG ratio were done.
e Quantitative tracking of the response of endogenous cellular GSH in each cell during

exposure to escalating ROS concentration was done.

1.6.3 Mechanisms of endothelial cell inhibition during escalating ROS exposure

* Necrosis
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* Apoptosis:
o Mitochondrial involvement:
= Mitochondrial depolarization assays:
I.  Fluorescence microscopy
Il.  Flow cytometry

* Cell cycle study by flow cytometry
1.6.4 Determination of the ROS level that quantitatively defines OS for each model.

1.7 Significance of the study

This study is important in that it provided some mechanistic insights into the negative impact
of ROS and/or OS on the BBB functionality which clearly forms a critical component of
neurodegenerative process as well as other neurological diseases. It has also defined the

reproducible concentration of ROS in selected cell line that is suitable for modelling OS.

1.8 Scope

This work was designed to utilise cellular approaches to the measure of viability and chemical
quantification and detection of cellular antioxidants. Measurement and characterisation of
cellular deaths with a probe into selected mechanisms involved in cell death were
experimentally carried out. Because known concentrations of ROS were incident on the cells
in culture, measurement of ROS in the cells was not undertaken. Additionally, the work does
not cover measurement of changes in ribonucleic acid by PCR methods as well as western blot

analysis of protein expression changes.

1.9 Chapter summary

In this chapter, the work of this project is introduced with details of what constitute health
challenges globally with some statistics of the volume of the problem with regards to this health
challenges. The background to this study is clearly stated with regards to how the problems
have been scientifically approached and limitations to the depth of the current solutions
available. Why this study is necessary and the possible merits of the work when completed
were clearly stated. The next chapter will present discussion on relevant existing work with

respect to ROS and OS-mediated BBB dysfunction and the role of antioxidants
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2 CHAPTER TWO: Literature review

2.1 Introduction

In this chapter, a broad range of topics with respect to existing scientific reports pertaining to
the blood-brain barrier physiology and pathophysiology, reactive oxygen species and oxidative
stress and the role they play in impacting diverse changes in cellular physiology and
pathophysiology will be discussed. Additionally, antioxidants and their uses, classification,

adverse effects of their use and specific antioxidants will be reviewed.

The chapter will be discussed in four parts that will include, Introduction to the blood-brain
barrier, historical background, and location of the BBB, anatomical description of the BBB and
the physiological functions of the BBB. Reactive oxygen species will be introduced and
discussed with respect to the production and sources of ROS, the concept of oxidative stress,
the impact of ROS on cellular signalling, BBB regulation and its role in neurological disorders
with component of BBB dysfunction. General introduction to antioxidants will be discussed
and the antioxidant therapy in neurologic diseases will be reviewed. The concluding section of
the chapter will critically reviewed existing reports on the nature and historical background of
glutathione, its homeostasis in the cell, and its role in cellular redox signalling. The chapter

will then be summarised.

2.2 Introduction to the blood-brain barrier

2.2.1 Historical Background

The over twelve decades history of dye injections studies by the German scientist, Paul Ehrlich,
heralded our current knowledge of the concept of what is now known as the blood-brain barrier
(Ribatti et al., 2006). He had reported, in 1885, the exclusion of the brain and spinal cord from
staining following parenteral injections of a variety of vital dyes in adult animals (Ehrlich,
1885). He concluded that the CNS has a low or no affinity for vital dyes.

Biedl and Kraus (1898) and Lewandowsky (1900) postulated the existence of a barrier at the
level of cerebral vasculature when they observed presence and absence of neurological
symptoms on the CNS when cholic acids and sodium ferrocyanide were respectively injected
intraventricularly and intravenously (Biedl & Kraus, 1898; Lewandowsky, 1900).

Lewandowsky in 1900 then introduced the term "blood-brain barrier"”
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In 1909 and 1913, Goldman further demonstrated the presence of a barrier using Trypan Blue
dye. He demonstrated that the brain stained blue on intraventricular injection of Trypan blue
but unstained on intravenous injection which demonstrated the presence of a barrier between
the brain and the peripheral blood circulation (Edwin E Goldmann, 1909; Edwin Ellen
Goldmann, 1913).

Between 1913 and the 1960s, the structural definition of the blood-brain barrier remained
unclear mostly due to the limited resolution of the light microscope which does not clearly
resolve the thickness of a cerebral endothelial cell. However, with the development of the
electron microscope in 1931, the definition of ultrastructural features of blood vessels became

possible.

In the late 1960s was the site of the mammalian BBB localized. Some light microscopy (LM)
studies had indicated the passage of a macromolecular tracer, horseradish peroxidase (HRP)
into the brain parenchyma (Westergaard, 1977). HRP. is a glycoprotein with a molecular weight
of 40,000 which is demonstrable by both-light and electron microscopy (Krzyzowska-Gruca,
1966). Karnovsky, 1967, had demonstrated that HRP injected intravenously into mice passed
freely out of capillaries in cardiac and skeletal muscles (Karnovsky, 1967). Reese and
Karnovsky, 1967, were the first to demonstrate at ultrastructural level that the endothelium of
the mouse cerebral capillaries constitutes a structural barrier to the HRP (Reese & Karnovsky,
1967). The barrier is made up of the plasma membrane and the cell body of endothelial cells
and of tight junctions (TJs) between adjacent cells. The TJs completely obliterate the narrow
cleft between adjacent cells. It was found that HRP was able to pass into the interendothelial
spaces only up to the first luminal interendothelial TJs in cerebral capillaries, but not beyond.
Pinocytotic vesicles were found to be uncommon and not involved in the transport. Similar
results were obtained using tracers with molecular weights much smaller than HRP such as
microperoxidase with molecular weight of 1,900 and diameter of 2nm and even lanthanum ion
with ionic radius of 0.115nm (M. Brightman & Reese, 1969; Feder, 1971). The TJs enable the
active exclusion of specific solutes from the interstitial fluid while facilitating the transfer of

other solutes from plasma to CNS fluid.

At about the same time, Brightman (1965, 1968) showed that either ferritin or HRP injected
into the intraventricular space passed between ependymal cells into the brain interstitium and
through the astrocyte endfeet gap junctions into the area of the basement membrane, where the
tracers were then stopped by the endothelial cells (M. W. Brightman, 1965, 1968). These
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findings supplement those of Reese and Karnovsky, showing that the anatomical site of the
BBB was neither the astrocytic endfeet nor the basement membrane, but rather the endothelium
itself.

The study of the BBB further advanced in the 1970s when techniques for isolation of brain
microvessels became introduced and leading into the subsequent isolation of BBB plasma
membranes for biochemical and radio-receptor studies (Pardridge, 1998). Brain capillaries are
isolated by either mechanical or enzymatic homogenization but these isolates so derived were
found to be non-metabolically viable in that they have very low ATP levels (Lasbennes &
Gayet, 1984). Because isolated brain capillaries feature an intact membrane preparation of the

BBB, they are suitable for experiments that cannot be done with other methodologies.
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Figure 2.1: Linear evolution of blood-brain barrier research methodology from vital dyes to

molecular biology (Pardridge, 1999).
Despite increased, multifaceted understanding of the nature of the BBB to date, however, the

manipulation of the BBB for prevention, alleviation and treatment of CNS disorders has

remained challenging
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Plating of brain capillary endothelial cells began in the 1980s culminating in the development
of early in vitro BBB models (Bowman et al., 1983; DeBault et al., 1979). Furthermore, it was
found that tissue culture grown endothelial cells lack many of the characteristics of the in vivo
BBB which deficiency was subsequently addressed by endothelial-astrocyte co-cultures. In the
1990s, biochemical and molecular biological analysis of BBB properties began with the
production of target specific cONAs and antibodies for the study of proteins and mMRNAS in

isolated microvessels (Boado & Pardridge, 1991).

2.3 Importance of the blood-brain barrier

The functions of the CNS depends on the excitability of its neurons which involves the
generation of electrochemical impulses that enable the neurons to generate, transmit and
integrate nervous signals. The dependence on electrical and chemical signals for the generation
of nervous impulses in the CNS demands for critical regulation of the local composition of ions
around conducting segments of neurons. This demand was, arguably, a major drive for the
development of mechanisms for the maintenance of the homeostasis within the neural
microenvironment (Abbott, 1992). This function, is brought about by cells at three critical
interfaces that form barriers which tightly regulate blood-CNS exchange. These barriers
include the blood-brain barrier (BBB), the blood-CSF barrier and the arachnoid barrier (Abbott
et al., 2010). The BBB, localized to the brain microvascular endothelial cells provides a
comparably larger surface areas than the other two barriers and forms the largest site for the
blood-CNS exchange (Abbott et al., 2010; Nag & David J, 2005). It exhibits barrier function
that is mechanical, transport and metabolic in nature: the mechanical barrier is localized to tight
junction between the endothelial cells that line the brain microvessels while the transport
barrier is dependent on the presence of various specific membrane transporters and vesicular
mechanisms within the brain microvascular endothelial cells and the metabolic barrier consists
of metabolizing enzymes that modify molecules in transit (Abbott et al., 2010; Liebner et al.,
2018; Serlin et al., 2015). The functions and properties of the BBB though mostly reside in the
endothelial cells, are regulated by the paracrine influence of other cells contributing to the BBB
such as pericytes, astrocytic endfeet, glial cells, neural cells and immune cells, in what is
referred to as the neuro-glio-vascular (NGV) unit (Daneman & Prat, 2015).

Functions of the BBB includes the regulation of ionic milieu within the CNS, protection of the

CNS from surge of plasma neuro-excitatory glutamate such as occurs after a meal, it prevents
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entrance of macromolecules and neurotoxins while permitting the entrance of nutritional

molecules such as glucose and amino acids.

In regulating the composition of important ions within the millieu of the CNS it utilizes specific
ion channels transporter to maintain stable ionic composition for normal synaptic impulse
generation and conduction. The mammalian plasma potassium concentration approximates
4.5mM while that of CSF and brain ISF is maintained at approximately 2.5-2.9mM. It is
reported that the CSF and brain ISF potassium concentration remained unchanged following
meal, exercise and when potassium is imposed experimentally (Abbott et al., 2010; Hansen,
1985). Furthermore, calcium and magnesium ion concentrations as well as pH are also well
regulated at the BBB (Nischwitz et al., 2008).

2.4 Location of the blood-brain barrier

The blood-brain barrier is anatomically localized in the capillaries of the brain. The brain
receives blood supply from the carotid and vertebral vessels and within the parenchyma of the
brain divides into smaller vessels of capillary bore, usually single endothelial layer thick. This
presents the level of tissue exchanges, as also found elsewhere in the body. However, at the
capillary level in the brain the endothelial cells exhibit peculiar phenotype responsible for the

characteristics that culminates in the barrier properties of these capillaries.

2.5 Structure of the blood-brain barrier

The micro-vessels of the brain consist of two main cell types, the endothelial cells (ECs) that
line the blood vessels while adherent to a basement membrane and the mural cells that sleeves
the abluminal surface of the ECs. Mural cells collectively refer to pericytes (PCs) and vascular
smooth muscle cells (SMC). While PCs are mural cells of micro-vessels, SMCs are found in
arteries and veins. Though the BBB properties are conferred by the ECs, they are stimulated
and maintained by intricate interactions with the mural cells, immune cells, glial cells, and
neural cells in the complete set up known as the neuro-vasculo-glial unit (NVU) (Abbott et al.,
2010; Daneman & Prat, 2015).

2.6 Endothelial Cells of the BBB

The ECs of the BBB are modified simple squamous epithelial cells that line the walls of blood

capillaries. They exhibit polarity in that they present two surfaces, one which rests on a
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basement membrane called the abluminal surface and the other which relates to the circulating
blood referred to as the luminal surface. They are held together by tight junctions, which tightly
restrict paracellular transit of solutes, and adherent junctions (Abbott et al., 2010; Liebner et
al., 2018). Other properties of BBB ECs include exhibition of extremely low rates of
transcytosis which limits vesicular transcellular transit of molecules and cells. These two
barrier systems functionally polarized the EC into distinct luminal and abluminal membrane
compartments regulating the movement of molecules between the blood and the
brain(Daneman & Prat, 2015). Exclusion of some lipophilic molecules from the brain, while
selectively transporting similar molecules of obligatory importance, is achieved by the
expression of two modalities of transporters which appear to sort molecules as either wanted
or unwanted (Daneman & Prat, 2015; Serlin et al., 2015). Efflux transporters transport
lipophilic molecules which can normally freely diffuse through the cell membrane back into
the blood. The highly specific nutrient transporters ferry specific nutrients across the BBB into
the CNS and also remove specific waste products from the brain into the blood. Other
properties of the brain ECs include possession of higher mitochondrial density than ECs
elsewhere in the body used for ATP generation needed to drive the ion gradient that is crucial
to transport functions. Expression of extremely low levels of leukocyte adhesion molecules
also greatly restrict the access of immune cells from the circulation (Daneman et al., 2010).
Furthermore, presence of metabolic enzymes which alter the physical properties of molecules
in transit the EC constitute the metabolic or enzymatic barrier by influencing its reactivity,
solubility and transport properties (Haddad-Tovolli et al., 2017). These barriers facets combine
to afford the ECs a dynamic regulation of the CNS homeostasis (Daneman & Prat, 2015;
Haddad-Tévolli et al., 2017; Serlin et al., 2015).

2.7 Mural Cells of the BBB

Mural cells in micro-vessels that form the BBB include the pericytes (PCs) which form an
incomplete enclosure around the endothelial walls. They are localized to the abluminal surface
of the microvascular endothelial tube, embedded in the basement membrane (BM) (Girsoy-
Ozdemir & Tas, 2017). PCs contains contractile proteins which serves to control the diameter
of the capillaries by their contractile activities. Embedded in the BM which separates them
from the ECs they have no direct contact with the ECs (Daneman & Prat, 2015). At discrete
points described as peg- and -socket junctions, however, their processes do form cellular

adhesion with the ECs mediated by adhesion molecule N-cadherin (Daneman & Prat, 2015).
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Other endothelial-pericyte adhesions that have been documented include adhesion plaques, gap
junctions and tight junctions. In addition to a higher density of PCs in CNS microvasculature
than elsewhere in the body, CNS PCs have a neural crest origin whereas elsewhere in the body
PCs are of mesodermal origin (Shepro & Morel, 1993). Their roles include regulation of
angiogenesis, deposition of extracellular matrix (ECM), wound healing, regulation of immune
cell infiltration and blood flow regulation in response to neural signals and also possibly as
multipotent stem cells of the CNS (Armulik et al., 2011). Well documented also is their
regulatory role on BBB development as well as the maintenance of its function in adulthood
and aging (Armulik et al., 2010; Daneman & Prat, 2015).

2.8 Basement Membrane of the BBB

The basement membrane (BM) forms the outer covering of the vascular tube and has two layers
including the vascular layer and the outer parenchymal layer (Daneman & Prat, 2015; Sorokin,
2010). It is crucial to the morphological and functional polarity of the ECs into apical (luminal)
and basolateral (abluminal) cell domains. The vascular layer is secreted by the ECs and PCs
while the parenchymal BM is secreted by astrocytic endfeet that extend to the vasculature
(Daneman & Prat, 2015). The secreted molecular components of the BM include type 1V
collagens, laminin, nidogen, heparin sulphate, proteoglycans and other glycoproteins
(Daneman & Prat, 2015). The vascular and parenchymal layers differ in composition: the
vascular layer contains laminins a4 and o5 while the parenchymal layer contains al and a2
(Sorokin, 2010; C. Wu et al., 2009) . The BM serves as an anchor for signalling processes at
the vasculature as well as provide additional barrier against access of the neural tissue by
transiting molecules (Sorokin, 2010). Disruption of the BM by matrix metalloproteinases has
been documented as an important component of several neurological disorders (Montagne et
al., 2017; Yang & Candelario-Jalil, 2017).

2.9 Role played by astrocytes

Astrocytes are glial cells with polarized cellular processes. The endfeet of their basal processes
ensheath the vascular tube containing the BBB and are in direct contact with the basement
membrane. The astrocytic endfeet binds to the BM through protein interaction between
dystroglycan-dystrophin-agrin binding and by this linkage a process that regulates water
homeostasis in the CNS is established (Daneman & Prat, 2015; Noell et al., 2011; Wolburg et
al., 2011). They feature proteins such as dystroglycan, dystrophin, and aquaporin 4. Astrocytes
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couple neuronal circuits to the blood vessels and by so doing relay signals that regulate blood
flow in response to neuronal activity. They are also recognized as important stabilizer of the
BBB phenotype (Daneman & Prat, 2015; Daneman et al., 2010). Astrocytes are key elements
in the initiation and maintenance of the mature phenotype of the BBB through their endfeet
which surround brain capillaries and are thus brought into close proximity and contact with the
ECs. This arrangement brings about crosstalk that enhance the phenotypic differentiation of
both cell types (Erickson & Banks, 2018). Astrocytic secreted growth factors such as VEGF,
glial cell line-derived neurotrophic factor (GDNF), basic fibroblast factor (b0FGF) and ANG-1
also provide additional contribution to the BBB phenotype (Cabezas et al., 2014).

2.10 Tight Junctions of the BBB

The integrity of adjacent brain ECs contact is largely contributed by the tight junctions which
therefore is responsible for the barrier to macromolecules and polar solutes. The BBB features
extremely tight, ‘tight junctions” known as zonulae occludentes which greatly limits transfer
of polar solutes through paracellular pathways between the ECs from the circulating blood
plasma to the brain extracellular fluid (Abbott et al., 2010). Adherens junctions (AJs) and tight
junction (TJs) are the junctional complexes that bind adjacent ECs. AlJs feature cadherin
proteins which extend across intercellular cleft and are linked bilaterally into adjacent cells
cytoplasm by the scaffolding proteins alpha, beta and gamma catenins. This molecular
organization serves to give structural support that holds the cells together and is essential for
the formation of tight junctions (Abbott et al., 2010). The tight junctions are made up of
additional complex of proteins that also span the intercellular cleft which include occludin and
claudins, and junctional adhesion molecules (JAMs). Occludin and claudins are further linked
to a number of cytoplasmic proteins which serve scaffolding and regulatory functions. These
include the zonula occludens proteins ZO1, Z02, Z0O3 and cingulin (Abbott et al., 2010).
Twenty known isoforms of claudin have been reported of which claudin-3 and claudin-5 have
been reported to be the most critical to the integrity of the BBB (Abbott et al., 2010). The tight
junctions of the BBB responds to locally produced and circulating factors which may alter the
paracellular permeability. The barrier functions of the TJs not only depend on the expression
of claudin and occludin that span the intercellular cleft but also on the arrangement and
interaction of these proteins. Furthermore, the expression of occludin and JAMs also impact
on the formation and function of tight junctions (Abbott et al., 2010; Dermietzel et al., 2007).

lons, other polar solutes, such as hexose sugars, vitamins, amino acids, nucleoside
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monocarboxylic acids and macromolecules are greatly restricted in passage across the
paracellular diffusional pathway due to the TJs. The restriction of ionic passage is responsible
for the high in vivo trans-endothelial electrical resistance of the blood-brain barrier, estimated
at about 1800 ohm cm? (Abbott et al., 2010; Butt et al., 1990). Regulation of the strength of
the tight junctions is related to the linkage of the intracellular scaffold proteins ZO1, ZO2 and
Z0O3 with both the junctional molecules claudin and occludin and intracellular actin and
cytoskeleton (Wolburg et al., 2009). Several factors have been reported to modulate TJ
assembly and thus the strength of the TJs and barrier permeability of the BBB. These include
variation in intra/extracellular calcium concentration, vasoactive agents, and cytokines from
associated cells of the brain microvessels such as astrocytes, microglia and nerve terminals
which are contiguous with the endothelial extracellular matrix/basal lamina (Abbott et al.,
2006).

Many of the BBB properties such as the formation of TJs, and polarized expressions of
transporters in the luminal and abluminal endothelial membranes were induced by endothelial

interactions with astrocytes, pericytes and neurons (Abbott et al., 2006; Nakagawa et al., 2009)
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Diagram illustrates tight junction and adherent junction. The tight junction consists of occludin
and mainly claudin-3 and 5 which span the intermembrane space by binding to each other on
each side and are anchored to intracellular actin and cytoskeleton by scaffolding proteins of the
zonula occludentes 1, 2, and 3 and cingulin. Adherent junction consists of intercellular VE-
cadherin which are also anchored intracellularly to actin cytoskeleton by the a, p and y-
catenins. The adherens junction provide structural integrity and attachment between the cells

and promote formation of the TJ (Weiss et al., 2009).

2.11 Transport functions of the BBB

There are several mechanisms for BBB permeability just as there are various molecules that
are of obligatory importance to the brain while other molecules are necessarily excluded or
effluxed from the brain to achieve CNS homeostasis. The TJs play important role in the
restriction of transfer of molecules across the BBB. Important factors affecting transfer of
molecules include the size of the molecules-and-its-hydrophilic/lipophilic characteristics,
though these physico-chemical properties are not always absolute determinants of CNS
penetration. Lipid-soluble molecules can passively diffuse through the BBB into the brain at a
rate which correlate with its lipid solubility (Abbott et al., 2010). Hydrophilic nutrients are
transported mostly actively by specific transporters while most protein cannot diffuse across
the BBB. However, some proteins cross by receptor-mediated transport, such as transferrin,
insulin, insulin-like growth factor, and low density lipoproteins (LDLs) (Weiss et al., 2009).
Furthermore, a large panel of lipophilic molecules, mostly xenobiotics, are actively transported
out of the brain against concentration gradient by the ATP Binding Cassette (ABC) family of
membrane transporters using ATP hydrolysis. The most active ABC-transporters at the BBB
are P-glycoprotein (Pgp), multidrug resistance proteins (MRPs) and the breast cancer resistance
protein (BRCP) (Weiss et al., 2009). A summary of the major pathways of transport across the
BBB include:

1. Trans-cellular or transmembrane diffusion,

a. Involving passive diffusion of molecule with high lipophilicity and small molecular
sizes across brain EC membranes along concentration gradient and usually with no
energy expenditure.

b. Active transfer via active transporters which are ATP-dependent/independent
integral membrane proteins that can transport molecules against their concentration

gradients. They are of two functional type which include carrier-mediated
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transporters, and active efflux transporters (such as p-glycoprotein) which transfer
drugs and other molecules out of the brain. These proteins are further classified into
two: carrier proteins carrying specific molecules, and ion channels which form
narrow pores through which ions can pass (Fong, 2015). lon channels mediate
passive transport of ions spontaneously down their gradients while carrier proteins
either mediate passive (or facilitated diffusion) or active transport coupled to ATP
hydrolysis (Fong, 2015). The latter is the route of transfer for xenobiotics and
several other cell processes such as inflammation, cell detoxification, lipid
trafficking and hormone secretion (Fong, 2015).

2. Endocytosis and exocytosis (vesicular transport) which involves the internalization of
molecules by brain endothelial cells into intracellular vesicles which are then released
on opposite cell surfaces.

3. Extracellular/paracellular transfer which is highly negligible due to restriction by TJs.

Common substances trafficking across the BBB include water, blood gases such as Ozand COg,
glucose, amino acids, ions/electrolytes such [Na'], [K*}-and [HCO3 ] and lipids that are critical

to brain survival and function.

2.12 Transport of specific substances critical to brain homeostasis

2.12.1 Transfer of water, Oz, CO2 and major nutrients across the BBB

Substances of highest fluxes in and out of the brain mostly across the BBB are collectively
water, glucose, Oz, CO2 and amino acids (Hladky & Barrand, 2016). Experimental data using
trace water measurements showed that a single pass of blood flow perfusing the brain delivers
70-90% of water in the perfusing blood across the BBB into the brain tissue (Takagi et al.,
1987). However, this influx is balanced all over the brain by an almost equal efflux primarily
supported by a finding of nearly similar concentration of water on the two sides of the
interfaces. It is estimated that a 1000 fold smaller than the unidirectional movement of water
approximates the total net flow of water into the brain across the blood-brain interfaces (Hladky
& Barrand, 2016; Takagi et al., 1987). Given the observation of high unidirectional flow of
water across the BBB, it follows that water molecules can easily move across the BBB. It has
been considered that water fluxes could be osmotically driven and osmotic water permeability
measurements has been used to estimate the osmotic gradient sufficient for fluid secretion of
0.1ul g* min? corresponding to 200ml day™ in a human brain. As little as 0.4mM NacCl

concentration difference could be sufficient to drive such magnitude of flow. Because of the
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small value of this osmotic force, it is proposed that nothing else than osmotic force is needed
to drive the net flux of water across the BBB (Fenstermacher, 1984; Hladky & Barrand, 2016).
This is further supported by water permeability measurement lying within possible range of
water permeability for protein-free lipid bilayers (Fettiplace & Haydon, 1980) and the lack of
detectable in vivo aquaporin expression in brain EC (Haj-Yasein et al., 2011). Aquaporin
appearance in cultured cells is thus thought to be due to de-differentiation but not an indication
of normal situation within the brain (Dolman et al., 2005). Furthermore, the permeability of
the EC membranes may be further amplified by the presence of transporters and other proteins
such as GLUT1 which is known to be highly expressed in the brain endothelium and is known
for increasing the osmotic water permeability of membranes in other types of cells (MacAulay
& Zeuthen, 2010).

The bulk of glucose metabolism in the brain involves complete oxidation with consumption of
specific amount of O, and production of same daily amount of CO; and metabolic water. The
diffusion distances are small and so O2 and CO- easily diffuse across the membranes of the
BBB endothelial cells. They can thus be transferred to and from the circulating blood driven
by their concentration gradients (Hladky & Barrand, 2016).

2.12.2 Transport of glucose and amino acids

The human brain consumes about 0.6 moles of glucose per day which must cross the BBB
(Hladky & Barrand, 2016). About 20% of glucose in circulating blood plasma is estimated to
be extracted by the brain (Hladky & Barrand, 2016). A saturable glucose transporter, GLUT1
is expressed both on the luminal and abluminal membranes of the brain ECs which passively
transport glucose across the BBB (Hladky & Barrand, 2016). Both influx and efflux of glucose
occur concurrently but with a net influx sustained by the concentration gradient between the
blood and the brain interstitial fluid(ISF) (Hladky & Barrand, 2016). The fate of the glucose
after crossing the EC is such that it enters the astrocytic endfeet and from this site some of this
glucose could be transported back through the ECs to contribute to the efflux. Substantial
amounts of the GLUT1 transporters are also reported to exist within brain ECs cytoplasm.
These are localized to the vesicular membranes and acts as reservoir of the GLUTL1 transporter.
Glucose supply to the brain is increased during sustained neural activity and this requires an
increase in glucose transfer among other changes (Paulson et al., 2010). Increase in glucose
transport, in part, reflect the redistribution of GLUT1 from the cytoplasmic vesicles to the
plasma membranes of the ECs (Pardridge, 1993).
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The BBB tightly restricts influx of some amino acids such as the neurotransmitters glutamate
and glycine while it allows the rapid, passive but saturable influx of many others including all
essential amino acids (Mann et al., 2003). The rate of amino acid influx is balanced by a nearly
equal efflux. This efflux from the brain is against concentration gradient across the abluminal
membrane of the ECs and is powered by the coupled movement of Na* (Hawkins et al., 2006).
There is a polar distribution of amino acid transporters in the ECs and this helps to mediate
amino acid homeostasis in the brain. There exists two facilitative neutral amino acids (NAA)
transporters on both the luminal (blood-facing) and the abluminal (brain-facing) membranes
which serve to provide the brain with essential AAs. In the abluminal membranes of brain ECs
exists 4 Na-dependent transporters of NAA (neutral amino acid) which actively transfer every
naturally occurring NAA from the ECF to ECs onward to the circulation. The Na*-dependent
carriers on the abluminal membrane mediate the maintenance of the NAA concentrations in
the brain ECF at approximately 10% those of the plasma. Additional features of the abluminal
membrane is the presence of at least 3 Na*-dependent systems transporting acidic AAs (EAAT,
excitatory amino acid transporter) and a Na’-dependent system transporting glutamine.
Facilitative transporters of glutamine and glutamate are found only in the luminal membrane
of the BBB. Taken together, this organization ensures the net removal of acidic and nitrogen-
rich AAs from the brain and accounts for the low level of glutamate penetration into the CNS
(Hawkins et al., 2006).

2.12.3 Transport of lons

The BBB plays the principal role in the long-term regulation of the ionic composition of the
brain interstitial fluid (ISF). Though astrocytes are very important in the short term control of
ISF ionic composition but they cannot set or determine the long-term composition. The net
transfers of inorganic ions across the BBB are small and related to the net rate of fluid transfer

from the brain parenchyma.

Estimates of the net transfer of Na* concomitant with fluid transfer from the brain parenchyma
falls below the Na* movements into the ECs that is coupled to amino acids reabsorption. This
suggests that the ECs of the BBB are certainly capable of active transport of Na* sufficient to
support the estimated rate of fluid transfer. Research data has shown that the ECs of the BBB
are capable of active transport of Na* but in very low net amount that lend difficulties to the
detection of ion fluxes and the expression of the transporters that mediate its transfer (Hladky

& Barrand, 2016). All the molecular components required for ions secretion with concomitant
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amount of fluid are present at the BBB. There exist also an energy source needed to drive
secretion due to relatively high number of mitochondria in the ECs of the BBB which is
estimated to occupy 5-10% of the endothelial cell volume(Hladky & Barrand, 2016).
Hydrostatic pressure difference cannot explain the magnitude of water transfer between blood
in the cerebral microvessels and the brain ISF as it does between blood and peripheral tissues
because of the functional difference between the brain microvessels and peripheral tissue in
that the former have much lower permeability to Na*and CI". Thus any pressure that will filter
water across the BBB would leave solute behind and wash away solute on the brain side. This
will lead to increased solute concentration difference and build-up of osmotic pressure that will
eventually stop net fluid transfer across the barrier. It follows therefore that at the BBB, there
must be transport of solutes, with water accompanying, either by simple diffusion through the
lipid bilayers of the EC membranes or via specific proteins such as GLUTL. In vivo
measurement of ion fluxes across the BBB has been carried out using tracer ions, however, it
has been largely impossible to measure net fluxes. Inferences has had to be made from
measurements of changes in the content of parenchyma (both intra and extracellular), and
allowance for exchange between the ISF and CSF (Hladky & Barrand, 2016). That the influx
of Na* across the BBB does not occur by transcellular route and hence does not involve the
Na-pump or the NKCCL1 is supported by strong documentary evidence, however, there is
further need to clearly confirm the route of passage as paracellular (Hladky & Barrand, 2016).
Plasma [K™] is maintained higher than that in the CSF and ISF (which are closely similar) and
this suggests the existence of an active process that maintains lower concentrations of K* in
CSF and ISF such as active transport of K* from the ISF to the blood across the BBB (Hladky
& Barrand, 2016). It has been documented that approximately four-fifth of K*entry to the brain
was via the BBB while the rest is from the choroid plexus (Hladky & Barrand, 2016). Control
of ISF [K*] when there are long-term changes in plasma [K*] has two components of influx,
with one at a rate that is independent of plasma [K*] ([K*Jpiasma) While the other is proportional
to [K*]plasma.. When the plasma potassium concentrations are within normal range, the two
components of the influx remain almost equal. With increase in the influx when there is high
plasma potassium, the amount of potassium in the brain showed no variation with variation in
plasma level. Thus it is conclusive that because the volume of brain tissue is larger relative to
that of CSF and that parts of the brain are farther from the ventricular and subarachnoid CSF,
it is unlikely that the control of the [K™]ise of the brain is secondary to control of the CSF by
the choroid plexuses. It is therefore noteworthy that the maintenance of nearly constant [K*]isr

requires some mechanisms for increasing efflux from ISF to blood during increased [K™] piasma.
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Further research data support the efflux of K* from brain to blood being due to activity of a
Na*-pump. Activation of the Na*-pump by external K* in isolated cerebral microvessels has
been documented to occur over a range of [K*] encountered in ISF (Schielke et al., 1990). The
presence of ion transporters in the BBB has been well supported by research data and four ion
transporters have been identified and localized primarily to one membrane or the other. These
include the Na'/K*-ATPase, otherwise known as the Na'™-pump, NKCC1 (Na-K-Cl
cotransporter 1), NHE1 and NHE2 (Na/hydrogen exchanger 1 and 2 respectively).

Additional evidence exists for the presence and activity of AE2 (anion exchanger 2), NBCnl
(Na-HCOs cotransporter 1 and NBCel (electrogenic Na-HCOs cotransporter 1) (Daneman et
al., 2010). A number of different studies have localized the Na*/K*-ATPase otherwise known
as the Na*-pump in the membranes of BBB ECs (Del Pino et al., 1995; Hladky & Barrand,
2016). This is the key transporter that couples metabolic energy to ion transport at the BBB
and is preferentially localized to the abluminal surface of the brain ECs, though 25% of its
activity is reportedly luminal. Expression of three different o subunits and two B subunits of
the sodium pump have been reported at the BBB and this allows for the possibility of six
different pumps (Zlokovic et al., 1993). The exact sidedness of the sodium pump however,
remains largely controversial though it provides clues as to the direction of movement of Na*

at the BBB. In addition to the sodium pump, the expression of other
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Figure 2.3: lon transporters localised to the membranes of ECs of the BBB.
The Na*/K*-ATPase and Na*/H"-exchangers, NHE1 and NHE2 are also present on opposite
sides of the cells but at lower densities (Hladky & Barrand, 2016).

ion transporters has also been reported at the blood—brain barrier and the deployment of several
techniques for the identification and localization have revealed a panel of ion transporters in
cultured brain endothelial cells as well as in brain slices. These include the NKCC1 and NHE1
and 2, identified by bumetanide binding assays and immuno-electron microscopy; HCOz
transporters, CI' /HCOs exchanger AE2 and Na™-HCOs cotransporters NBCel and NBCn1l
detected at mRNA levels in brain ECs (Hladky & Barrand, 2016). The localization of these
transporters to one or other of the brain endothelial cell surfaces is, however, not yet achieved
(Hladky & Barrand, 2016).

2.12.4 Lipid and membrane-vesicle transport across the brain endothelium

The cell membrane regulate most major life processes-as many important life processes takes
place in, on, or attached to cell membranes. Docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA) are fatty acids within the membrane bilayer, which are attached
as structural components to the larger phospholipid membrane molecular building blocks by
ester bonds. These fatty acids interact in the membrane with other fatty acids to enhance
membrane fluidity and DHA and EPA have been considered the most efficient of all major
membrane fatty acids imparting fluidity to the cell membrane (Levental & Levental, 2019)
which in turn enhance membrane biochemical efficiency. Thus adequate levels of DHA and
EPA in membrane systems will support cell survival, growth and renewal (Schonfeld & Reiser,
2019).

Endothelial low rate of transcytosis is one of the barriers presented at the blood-brain interface.
The regulation of this modality of barrier has been scientifically reported to involve the Mfsd2a
(major facilitator superfamily domain containing 2a) gene, which encodes a transmembrane
protein that is specific to the ECs of the BBB (Nguyen et al., 2014). Additionally, the presence
of this gene in the ECs of the BBB also facilitates the transport of certain essential lipids from
blood to the brain tissue which are quite crucial to brain growth and development. Mfsd2a is a
member of the major facilitator superfamily of secondary active transporters which are proteins
that couple the transport of an ion down its electrochemical gradient with the transport of

another molecule against its concentration gradient. Essential lipids such as omega-3 fatty
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acids, particularly docosahexaenoic acid (DHA) are transported across the BBB by the
transporters coded by the Mfsd2a gene. Deficiency of this fatty acid in the brain of growing
animals has shown to cause proven reduction in brain size and cognitive defects, the findings
which are similar to results obtained in Mfsd2a knock-out animals. Research data has further
shown that DHA molecules are only transported across the BBB when attached to
lysophosphatidylcholine ((LPC) (Nguyen et al., 2014). Further, evidence also showed that
Mfsd2a-mutant mice that exhibit poor BBB transport of DHA also showed increased BBB
endothelial cell transcytosis which correlate with increased transcytosis also observed in
animals with reduced density of pericytes (Ben-Zvi et al., 2014). This finding suggests that the

expression of the transporter gene depends on the presence of pericytes.
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Figure 2.4: Lipid and membrane-vesicle transport across the brain endothelium.

Lysophosphatidylcholine and Docosahexaenoic acid are transported in the bloodstream bound
to protein albumin. On reaching the BBB, the complex is released from albumin and is
adsorbed into the outer lipid leaflet of the EC membrane. The LPC-DHA complex then binds
to Mfsd2a which transfers it to the inner membrane lipid leaflet thus potentially bypassing the
tight junctions between endothelial cells to reach the brain-facing side of the EC membrane.
Mfsd2a inhibits transcytosis in the ECs, a mechanism for the transport of some plasma contents

including proteins and cells. The specific target for the DHA as well as the mechanism for its
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transfer through the astrocytic endfeet which completely wraps the ECs are, however, unknown
(Sweeney et al., 2018).

Taken together, the major facilitator superfamily domain containing 2a protein is an important
transporter protein that is specifically expressed in the BBB which serves the double function
of transporting essential lipids required for brain development as well as suppressing vesicular
transcytosis across the ECs of the BBB.

2.13 Experimental Models of the Blood-Brain Barrier

The BBB under physiological conditions exhibit a relative impermeability to many therapeutic
drugs limiting their reach to the CNS in therapeutically potent concentrations, and presenting
a major barrier to the treatment of CNS disorders. However, it shows abnormally increased
permeability in a large number of neurological disorders such as brain tumours, brain trauma
and degenerative neuropathies(Sweeney et al., 2018). The dual nature of the BBB in pathology
and therapeutics has generated considerable scientific and industrial interest pertaining to the
understanding of the nature of the BBB in health and diseases. This consequently has
necessitated the development of several experimental models of the BBB which are mainly
based on the culture of brain endothelial cells, in vitro (Wilhelm et al., 2011). The in vitro
models target the mimicry of the in vivo anatomical BBB and researchers have utilized
monocultures of endothelial cells, bi-culture with either astrocytes or pericytes or tri-culture
platforms (Kaisar et al., 2017). In monoculture platforms, ECs are cultured on a support (that
mimic the basement membrane) such as collagen-coated culture flask under static conditions.
An alternative way of monoculture is to culture the ECs on transwell setup on a microporous
semi-permeable membrane that allows exchange of solutes, including cell-derived factors
between the basolateral and the apical compartment separated by the insert membrane (Kaisar
et al., 2017). Cell migration and drug transport assays can be performed using this model and
ECs derived from various sources has been successfully used such as mouse, bovine, rat,
porcine and human-derived ECs (Patching, 2017). Due to the absence of modulatory effects of
neighbouring cells as obtained in vivo, these monoculture models lacks the ability to maintain
barrier properties over a long term period (Kaisar et al., 2017). The need for further
improvement led to the development of the bi- and tri-culture platforms. The effectiveness of
the models are characterized using measurements of the trans-endothelial electrical resistance,

TEER (a measure of impedance to current flow across the barrier), low permeability and the
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expression of membrane transporters and surface proteins (Kaisar et al., 2017). TEER is a

functional parameter measured in derived units as Ohms (Q) x cm?

In the bi-culture platform, a non-contact method can be used in which astrocytes are cultured
at the bottom of the well and this allows for the exchange of diffusible factors across the
transwell membrane to the ECs which are cultured on the apical chamber of the insert. In the
contact method, astrocytes are cultured on the basolateral surface of the transwell membrane
while ECs are cultured on the apical aspect. This allows for close proximity between the two
cell types, however, the thickness of the intervening insert membrane is far higher than
obtained in the in vivo basement membrane and thus limits cell-cell contact. This gives the non-
contact method some advantage over this method (Kaisar et al., 2017).

In tri-culture models, ECs and pericytes are cultured opposite each other on the apical and
basolateral surfaces of the transwell insert respectively while astrocytes are cultured at the
bottom of the well. Tri-cultures consisting of ECs, neurons and pericytes/astrocytes have also
been used to model the NVU, however, the greater the complexity of these models the more
challenging becomes their maintenance (Patching, 2017).

Cell types utilised in the various BBB models are either used as primary cells or immortalised
cells. Mice are popularly used in CNS research and accordingly mouse brain endothelial cells
BBB models have been developed and this has improved reproducibility while transitioning
between in vitro and in vivo (Kaisar et al., 2017). The integrity of the in vitro BBB model is
characterized by TEER measurement and values compared with the in vivo values reported to
be in the range of 1800-2000 Q.cm? (Butt et al., 1990). Several BBB models have been made
from freshly prepared mouse brain endothelial monocultures or co-culture with pericytes
and/or astrocytes. Furthermore, primary cell models from various animal sources exhibit
variable TEER: primary rat BMECSs exhibit higher TEER than mouse-derived BMECs in either
monoculture or bi- and/or triple culture and primary bovine or porcine-derived ECs exhibit
even higher TEER values (see table (Kaisar et al., 2017))
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Table 2-1: Table shows the sources, primary cell types, platforms and models of the BBB with

their respective TEER characteristics- adapted from Kaisar et al 2017 (90).

Cell
Source Mouse Rat Bovine Porcine
Primary
Cell type Primary BMEC Primary BMEC BMEC Primary BMEC
Culture Mono- Co-culture Co-culture Co- Co-culture
type culture culture
With With Withrat | Withrat | Triple Withrat | With | Triple
murine immortali | astrocytes | astrocyt | culture | astrocytes rat culture
pericytes zed es with rat astrocy | with
mouse astrocyt tes rat/por
astrocytes es and cine
pericyte astrocy
S tes and
pericyt
es
BBB EContop | EC on top EC on EContop | ECon EC on - ECon | ECon
model of of top and and top of top, top of top,
design transwell | transwell | astrocytes | astrocytes | transwel | pericyte transw | pericyt
inserts insert and on the on bottom | l'insert son ell eson
pericytes | bottom of well and bottom insert | bottom
on the transwell astrocyt of and of
bottom insert eson | transwel astrocy | transw
well bottom | [linsert teson | ell and
well and bottom | astrocy
astrocyt well teon
eson bottom
bottom well
well
Approxi
mate ~50-150 ~150 80 ~200 300- 400 600-1800 | 800 >100
TEER/Q. >600
cm?
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Table 2-2. Table shows the sources, immortalised cell types, platforms and models of the BBB

with their respective TEER characteristics - adapted from Kaisar et al 2017 (90).

Cell
Source Mouse Rat Human
Culture Co-
type Monoculture Monoculture | culture Monoculture Co-culture
Immortali Tri-
zed RBE4 Immortalized With | culture
Cell Type | bEND.3 | b.END5 Mouse RBE4 with rat human brain | astrocyt | with
Cerebral glial cells endothelial esor | astrocytes
EC cells pericyte | and
(CEND) (hCMEC/D3) S pericytes
Approxim
ate
TEER/Q. | 60-70 40-50 400 >100 = 40-50 50-60 >40
cm?

Despite the useful insights provided by the static in vitro models of the BBB into its role in
CNS disease initiation and/or progression as well as drug delivery, static transwell models are
devoid of fluidic shear stress (Gastfriend et al., 2018). It has been scientifically proven that
both astrocytic factors as well as shear stress are the two most important factor for the
phenotypic differentiation of the BBB ECs (Booth & Kim, 2012). In order to overcome this
challenge dynamic or flow based co-culture systems have been developed (Booth & Kim,
2012). These consist of three-dimensional, hollow fibre structure that enable co-culturing of
ECs with glia, and with the ECs exposed to shear stress (Gastfriend et al., 2018). They
therefore, provide platforms to study the effects of shear stress on the BBB properties.
Furthermore, they provide platforms for physiologically crucial arrangement of the different
NVU cell types and also the possibility of real cell-cell contact. However, microfluidic set up

requires specialized equipment and expertise for their construction (Gastfriend et al., 2018).
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Figure 2.5: Basic cell culture in vitro models of the blood-brain barrier.

(A) Shows static BBB models using culture inserts in a monoculture, co-culture and triple
culture platforms. (B) Shows measurement of TEER of brain EC monolayers grown in cell
culture insert using a pair of electrode. (C) Hlustrates flux of tracer compounds or drugs from
apical compartment to the basolateral compartment across brain endothelial monolayer that can
be measured at given intervals to calculate endothelial permeability coefficients (Patching,

2017).
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Cell aggregate

Figure 2.6: Basic illustration of the in vivo BBB and the various in vitro models.

(A) Hlustrates the basic arrangement of the cells in the in vivo BBB. (B). Summarises the gains

in the various in vitro systems (Gastfriend et al., 2018).
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2.14 Reactive Oxygen Species

2.14.1 Introduction to ROS

Knowledge of free radicals dates back to over a century past when they were unexpected to
feature in biological systems due to their high reactivity with consequential short half-life
(Lushchak, 2014).

Down the century, several hypothesis proposing roles for free radicals in all oxidation reactions
pertaining to organic molecules were nullified, however, they serve as sources of motivation
for further studies on the role of free radicals in biological systems (Lushchak, 2014). Further
studies later established the presence of free radicals in biological systems and proposed further
their involvement in various biological processes and aging. From this point, knowledge
steadily expanded of free radical involvement in life processes. However, for a long time it was
grossly misconceived that free radicals in biological systems play only deleterious roles and
thus considered as damaging species. This view was further reinforced with the discovery of
superoxide dismutase enzyme, which protects living cells against free radicals, about the same
time (Lushchak, 2014). Several physiological roles played by free radicals were discovered in
the latter half of the 20™" century. These include the use of free radicals by cells of the immune
system to neutralize infectious invaders (Allen & Criss, 2019), production of nitric oxide in
endothelial cells regulating vascular tone (Someya et al., 2019) and the regulating effects of
hormones such as insulin on the levels of free radicals (Guzman et al., 2019). These discoveries
challenged the previously existing bio-damaging view of free radicals and led to the suggestion

that free radicals are regulators of metabolic pathways.

The study of ROS in biological systems is ever advancing but remains one of the most
complicated field of study in regard of the following challenges: the species are chemically
unstable and thus highly reactive which therefore exist in low concentration in their steady
states; they are involved in diverse reactions; their distribution in time and space within and
outside the cells are not well understood; their presence and quantity depends on the
physiological state of an organism; and finally, there is paucity of technical tools for
reproducible evaluation of their absolute or relative levels. Reactive oxygen species were
though, once considered to contribute only toxic effects to living systems but their beneficial
effects have since been acknowledged.
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2.14.2 Free radicals, or ROS? What do we actually deal with?

The interchangeable use of the two terms is common, however, ROS includes both radical and
non-radical species (Lushchak, 2014). Reactive oxygen species (ROS) are highly reactive
intracellular chemical species containing O> (Glasauer & Chandel, 2013). They are more
chemically reactive then O and they reacts with biological targets such as lipids, proteins and
DNA (Glasauer & Chandel, 2013). All living organisms with complete adaptation to aerobic
life converts over 90% of their consumed oxygen to water via reactions involving the electron
transport chain (ETC) (Glasauer & Chandel, 2013). In animal cells the ETC is localized to the
inner mitochondrial membrane (Letts & Sazanov, 2017). During ETC reactions four-electron
reduction of molecular oxygen is coupled with oxidative phosphorylation and energy
production in the form of ATP (Glasauer & Chandel, 2013). In the same system and
concomitantly, much less than 10% of consumed oxygen gets reduced via one-electron
successive pathways leading to the formation of superoxide anion radical from molecular
oxygen (Glasauer & Chandel, 2013). This is further followed by one-electron reduction and
simultaneous acceptance of two protons-to yield hydrogen peroxide (Glasauer & Chandel,
2013). Because this latter compound is not a free radical yet more reactive than molecular
oxygen, it conveniently fits into the designation of ROS. When hydrogen peroxide accepts one
more electron, split up products are produced in the form of hydroxyl radical and hydroxyl
anion. The hydroxyl radical further react with one more electron and proton to produce water
molecule. These basic reactions proceed in hiological systems often enhanced by removal of
hydrogen ions from different compounds such as proteins, lipids and nucleic acids which often
results in initiation of chain reactions (Glasauer & Chandel, 2013). The superoxide radical
(O2-), hydrogen peroxide (H202), and hydroxyl radical (HO-) are collectively called ROS
whereas hydrogen peroxide is not a free radical. Furthermore, ROS does not only include the
aforementioned but also various peroxides such as lipid peroxide, and peroxides of proteins
and nucleic acids (Kim et al., 2015). Different ROS shows diversity in their specificity and
preference for the different biological targets due to their differences in reactivity. In addition,
their homeostatic regulation is related to several other reactive species such as reactive carbonyl
(glyoxal, methyglyoxal), reactive nitrogen species (nitric oxide, peroxynitrite), reactive
sulphonyl species and so forth. Superoxide is produced from oxidative phosphorylation as a
result of one electron reduction of molecular O2. Once formed, it becomes soon converted to
hydrogen peroxide by superoxide dismutases (SODs) enzymes. Unlike the superoxide radical,

H20- is diffusible across the cell membranes into all cellular compartments where it can

http://etd .‘?szc.ac.za/



modulate cell signalling. Hydrogen peroxide in the presence of metal ions such as copper,

becomes converted into the highly reactive hydroxyl radical which is highly toxic to the cell.
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Figure 2.7: Schematic diagram showing the downstream propagation of ROS from primary

ROS, the superoxide radical.

The superoxide radical is the primary ROS form generated from various cellular mechanisms
such as the mitochondrial oxidative phosphorylation, NADPH oxidases activities, endoplasmic
reticulum stress, and ultra-violet radiation. Further metabolic processing converts the
superoxide to the various downstream ROS such as hydrogen peroxide and the more reactive

hydroxyl radical.

2.14.3 Cellular sites of ROS generation

The main sources of cellular ROS include mitochondria and the NADPH family of oxidases
(Nox). Within the cell in general, they are generated by both endogenous and exogenous
sources: endogenous generation involves mitochondrial production of superoxide with chain
propagation of downstream ROS. It has been estimated that about 2% of the total amount of
oxygen consumed in the mitochondrial is diverted to the production of superoxide in the
mitochondrial electron transport chain (ETC)(Circu & Aw, 2010). In the mitochondria, eight
sites that generate ROS has been identified, however, only 3 of these sites have been well
characterized which are complex I, 1I, and 111 of the mitochondrial respiratory chain localized
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within the inner mitochondrial membrane (Glasauer & Chandel, 2013). In these 3 complexes
O radical is generated by one-electron reduction of molecular Oz and then moved into the
mitochondrial matrix where it undergoes enzymatic conversion into H>O> by SOD2. In
addition, complex 1l has the ability to generate O, directly into the intermembrane space from
where it can transit into the cytosol via voltage-gated anion channels. It then undergoes

enzymatic conversion to H2O> in the cytosol by SOD1 (Glasauer & Chandel, 2013).
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Figure 2.8: The electron transport chain (ETC) in the mitochondria is the major site of oxidative

phosphorylation in mammalian cells.

The ETC is a series of electron transporters in the inner mitochondria membrane which transfer
electrons from NADH and FADH: to molecular Oz. At the same time protons are pumped from

the mitochondrial matrix to the intermembrane space while Oz is reduced to form water.

NADPH oxidases (Nox) are primarily found in the plasma membrane but are also present on
other membranes such as the endoplasmic reticulum (ER) and the mitochondria. They function
solely in the production of ROS (Glasauer & Chandel, 2013; Schrdder, 2019). In Nox-derived
ROS production, NADPH donates electron to the centre of Nox catalytic subunit which then

generate Oz" by one-electron reduction of molecular O.. The generated O, soon get
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enzymatically converted to H20- by cytosolic SOD1 (Glasauer & Chandel, 2013). Seven Nox
enzymes have been characterized in the human cells which include Nox1-Nox5 and Duox1 and
Duox2 (Schroder, 2019). Nox2 is involved in host defence and consists of 2 membrane-bound
subunits (Nox2 and p22phox) and 4 cytosolic subunits (p47phox, p67phox p40phox and Rac2).
ROS production by Nox2 is activated when the subunits assemble and this assembly is tightly
controlled thereby avoiding accidental activation. While killing microbial invader, however,
potential harm is incident by Nox-derived ROS on the cell within which it is maximally
activated, as well as on the surrounding cells and tissues. Furthermore, Nox2-derived ROS is
not limited to host defence but also prolonged and/or ‘permanent’ effects leading to extended
manifestations such as vascular reactivity (Schroder, 2019). Mechanism of prolonged or
permanent ‘mild’ activation of Nox2 include ROS-induced ROS formation. This involves
mitochondrial-derived ROS phosphorylating p47phox, via activation of protein kinase C
(pkC), thereby causing the assembly of the active Nox2 complex (Schrdder, 2019). The
mechanism of vascular relaxation involves the effect of NO formed by endothelial nitric oxide
synthase (eNOS). The O>" derived from Nox2 activation reacts with NO to form ONOO™ and
this reaction attenuates the level of bioactive NO and thus attenuates vascular relaxation. In
addition, O,"and ONOO" can attack polyunsaturated fatty acids (PUFA) in the cell membranes
of vascular endothelial cells to yield advanced lipid peroxidation end products (ALEs) such as
4-hydroxynonenal (4-HNE) which are potential modifiers of protein function (Dalleau et al.,
2013; Schroder, 2019). Nox2 in addition to its expression in leukocytes are significantly
expressed in endothelial cells and has been established to be of critical importance in
endothelial cell redox pertubations. Other sources of ROS include the cytosolic xanthine

oxidase and the cytochrome Pso monooxygenases localized in the endoplasmic reticulum.

2.14.4 Homeostasis of ROS

In living cells levels of ROS are maintained low but never abolished and this is achieved by
presence of systems that that regulate the dynamics of production and elimination of ROS (Sies
et al., 2017). Production of ROS can be viewed from the angle of metabolism involving the
mitochondrial oxidative reactions that release ROS as by product, as waste product of vital
cellular reactions and on the other hand, as a result of cellular response to stimulation by
xenobiotics, cytokines, bacterial invasion and inflammation. In the latter group cellular ROS
production is directed at anabolic and catabolic processes, for cellular defense or as part of
signal transduction pathway (Zhang et al., 2016). It is critical for the cell to keep in check the

amount of ROS accumulation within it and this critical role is provided by the presence series
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of antioxidant proteins and molecules within the cell. The major antioxidant proteins found
within cells include the superoxide dismutases (SOD), glutathione and glutathione peroxidase
(GPx), glutathione S-transferase (GST) and other molecules that play important roles in cellular
antioxidation (Marengo et al., 2016). Superoxide dismutases (SODs) catalyse the first stage in
the neutralization of ROS by enzymatic conversion of O to H202 which can then be further
broken down to water by catalase, glutathione and glutathione peroxidase (GPx) (Wang et al.,
2018). There are different isoforms of SOD localized to different compartments of the cell
which is suggestive of the need for critical control of ROS balance within the cell (Wang et al.,
2018). Importance of SOD is underscored by the finding of increased evidence of oxidative
damage such as membrane lipid peroxidation, protein carbonylation and DNA fragmentation
in cells that have significant loss of SOD activities (Wang et al., 2018). Glutathione has the
ability to react directly and neutralize various ROS as well as act as cofactor for the GPx-
dependent ROS buffering (Baxter et al., 2015). Disorders of glutathione homeostasis in the
central nervous system has been associated with a variety of neurological disorders (Baxter et
al., 2015).

2.14.5 ROS involvement in cellular signalling

ROS when kept within physiological range in the cell act as signalling molecule in several
cellular processes by exerting regulatory influences on cellular signalling pathways such as
NF-kB, MAPKs, Keapl-Nrf2-ARE, ' PI3K-Akt, ~ Protein . Kinase, Ca®" and
Ubiquitination/Proteasome signalling pathways (Zhang et al., 2016).

2.14.5.1 ROS modulation of the NF-kB signalling pathway

NF-kB is a transcription factor that act in several cellular processes such as cell proliferation,
differentiation, autophagy, cellular adhesion, senescence and apoptosis (Panahi et al., 2018).
Defective NF-kB signalling has been reported to be associated with diseases such as cancer,
arthritis, asthma, degenerative neuropathies and heart diseases (Chauhan et al., 2018; Galani et
al., 2019; Hutami et al., 2018). ROS has been reported to activate NF-kB complex via several
mechanisms which include inhibiting the phosphorylation of IkBa subunit which when
phosphorylated, it undergoes degradation and allows NF-kB to translocate to the nucleus of the
cell where it activates transcription of target genes (Zhang et al., 2016). Also, ROS targets other
regulatory subunits of the NF-kB complex with resultant activation of NF-kB signalling (Zhang

et al., 2016). Other mechanisms of ROS on the NF-kB signalling system is the disturbance of
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the ubiquitination and degradation of IkB and inactivation of Ubcl2 with consequent activation
of NF-kB (Zhang et al., 2016).

2.14.5.2 ROS modulation of MAP Kinase pathway

The mitogen-activated protein kinase (MAPK) cascades include several kinases such as the
extracellular signal-related kinase (ERK1/2), the c-Jun N-terminal kinases (JNK), the p38
kinase (p38) and the big MAP kinase 1 (BMK1/ERKS5) (Zhang et al., 2016). These provide
intracellular signal transduction pathways for the modulation of cellular processes such as
growth, differentiation, cell cycle, cell survival and cell death (Grab & Rybniker, 2019; Xie et
al., 2019; Yang et al., 2015). They share certain properties such as their serine/threonine kinase
nature as well as the cascade of their intra- and extracellular activation which leads to the
phosphorylation of their various substrate proteins directly involved in the modulation of
cellular activities (Kidger & Keyse, 2016). The ERK pathway for example, is normally
activated by growth factors such as epidermal growth factor, EGF, platelet-derived growth
factor, PDGF and cytokines such as interleukin-1f, IL-1f, and tumour necrosis factor-a, TNF-
a and its activation is via stimulation of tyrosine kinase receptors (Su et al., 2016). Activation
leads to the subsequent activation of several transcription factors. ROS as a signalling molecule
has, however, been reported to activate the tyrosine kinase receptors of EGF and PDGF,
without the actual ligands, to stimulate the activation of the ERK pathway (Lin et al., 2018).
The mechanism for ROS activation of the ERK pathway is cell specific; in commensal bacteria,
ERK pathway is activated by ROS inactivation of dual-specific phosphatase 3 (DUSP3) by
oxidation on its Cys-124 residue. DUSP14 knockout also resulted in ERK activation (Lin et
al., 2018; Wentworth et al., 2011). However, in some other cells, exposure to H.O> causes
phosphorylation and activation of phospholipase C-gamma (PLC-y) which leads to the
generation of inositol triphosphate (IP3) and diacylglycerol (DAG)(Zhang et al., 2016). IP3
generated is capable of triggering the release of Ca?* from intracellular stores and thus
increased intracellular Ca?* which mediates the activation of several intermediates leading to

the subsequent activation of the ERK pathway (Zhang et al., 2016).

2.14.5.3 ROS modulation of Keapl-Nrf2-ARE signalling

Another important signalling pathway modulated by ROS is the Keap1-Nrf2-ARE signalling
pathway (Zhang et al., 2016). Nuclear Factor Erythroid 2-related factor 2 (Nrf2) is
transcriptional regulator of genes involved in cellular processes such as cell metabolism,

proliferation, immune response and antioxidant defence (Silva-Islas & Maldonado, 2018). Nrf2
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activity is normally kept repressed in the cytoplasm by its main regulator, Kelch-like ECH-
associated protein 1 (Keapl) which is an adapter protein of Cullin 3 (Cul3) ubiquitin E3 ligase
complex (Silva-lIslas & Maldonado, 2018; Zhang et al., 2016). Keapl represses Nrf2 by its
sequestering, ubiquitination, and proteasomal degradation (Deshmukh et al., 2017; Silva-Islas
& Maldonado, 2018). Nrf2 activation is normally induced by OS which oxidizes some cysteine
residues in Keapl causing decreased Nrf2 ubiquitination with consequent increase in its
nuclear translocation and activation. Nrf2 once translocated to the nucleus induces antioxidant
response element (ARE) genes for antioxidant defence (Deshmukh et al., 2017; Silva-Islas &
Maldonado, 2018).

2.14.5.4 ROS modulation of PI13-Akt pathway

ROS also modulate the phosphoinositide-3-kinase-Akt (P13-Akt) signalling pathway which is
involved in the regulation of critical cellular functions such as protein synthesis, cell cycle
progression, cell proliferation, apoptosis, autophagy, and drug resistance reactive to growth
factors (PDGF, VEGF), hormane (PGE>) and cytokine (1L-17, 1L-6 and IL-2) stimulation (Ahn
et al., 2012; Cantrell, 2001; Zhang et al., 2016). Activation of PI3K is initiated, for example,
when growth factor binds to its receptors leading to its direct stimulation of class 1A PI3Ks
that are bound via their regulatory subunit or adapter molecules such as the insulin receptor
substrate (IRS) proteins. Upon activation, the active PI3K catalyses the cascade that produces
phosphatidylinositol 3, 4, 5-triphosphate (PIP3) from phosphatidyl inositol 4, 5-biphosphate
(PIP2) (Thapaetal., 2019). The membrane-localized PIP3 is a signalling molecule that recruits
and activate proteins such as the phosphoinositide-dependent protein kinase (PDK) and protein
kinase B (Akt) serine/threonine kinases. Activated PDK and Akt subsequently promotes the
activation of their target genes such as p53, mTOR1 (mammalian target of rapamycin 1), BAD
(bcl2-associated agonist of cell death), FOXO (forkhead box protein class O) and GSK3
(glycogen synthase kinase 3) (Thapa et al., 2019).

ROS reportedly activate PI3K directly to amplify its downstream cascade as well as
concurrently inactivate its negative regulator and inhibitor of Akt activation, phosphatase and
tensin homolog (PTEN), by oxidizing cysteine residues within the active centre (Kim et al.,
2018). Additionally, ROS is able to drive PTEN into the proteolytic degradation pathway via
promotion of phosphorylation by casein kinase Il on PTEN (Lee et al., 2018). Also, protein
phosphatase 2A (PP2A) which is a potential inhibitor of Akt/PKB is made to interact with
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Akt/PKB with subsequent short-term activation of Akt/PKB at low levels of ROS after
oxidation of the disulphide bridges in Akt/PKB (Lee et al., 2018).

2.14.5.5 ROS interaction with calcium ion signalling pathway

Ca?" signalling is central to a variety of cellular processes and functions such as contraction,
secretion, metabolism, gene expression, cell survival and cell death (Raffaello et al., 2016).
Ca?" homeostasis within the cell is maintained by dynamic balance between processes that
increase cytoplasmic Ca2* and those that deplete it (Marchi & Pinton, 2016). Cytoplasmic Ca?*
is increased by influx from extracellular medium and intracellular stores such as sarcoplasmic
and endoplasmic reticulum (SR/ER) while it is depleted by processes such as efflux across the
plasma membrane and sequestration into the mitochondria (Marchi & Pinton, 2016). The
mechanisms for Ca?" uptake into the cytoplasm involve the inositol 1, 4, 5-triphosphate
receptor (IPs3R), the ryanodine receptor (RyR) and the nicotinic acid-adenine dinucleotide
phosphate which mediate Ca?* release from ER and SR, and also voltage-dependent Ca?*
channels (VDCC) and store-operated Ca?* channel (SOC), which mediate Ca?* influx from
extracellular matrix (Arias-del-Val et al., 2019; Grillo et al., 2019; Lewis, 2019; Park & Suh,
2018). On the other hand, mechanisms for depletion of cytoplasmic Ca?* include the plasma
membrane Ca?* ATPase (PMCA) which mediates the extrusion of Ca?* across the plasma
membrane, the sarcoplasmic/endoplasmic reticulum Ca?* ATPase (SERCA), which returns
Ca?* into the ER/SR, Na*/Ca** exchanger (NCX) which clears out Ca®* by exchanging it with
Na* and the mitochondrial Ca?* uniporter (MCU) which ferries Ca?* into the mitochondria
(Brini & Carafoli, 2011; Kamer & Mootha, 2015; Kiess & Kockskamper, 2019). Current
scientific evidence have demonstrated a cross influence between ROS and Ca?* signalling
systems in a variety of cellular processes (Gorlach et al., 2015). Several research studies have
indicated that Ca?* modulates both processes of ROS generation and ROS clearance thus tilting
the cellular redox balance into either oxidized or reduced state (Goérlach et al., 2015;
Montezano et al., 2018).

Cellular ROS is generated from both mitochondrial and extra-mitochondrial sites. In the
mitochondrion, Ca?* primarily promote the synthesis of ATP and ROS by stimulating enzymes
of the Krebs cycle and oxidative phosphorylation (Niedzwiecka et al.,, 2018). The
mitochondrial respiratory chain is the main source of physiological ROS, superoxide,
production and this specie is both spontaneously and enzymatically dismutated to produce
H.0,, catalysed by SOD (Sies et al., 2017). Increase in ROS generation occurs when Ca?*

activates 3 dehydrogenases of the TCA cycle, specifically, pyruvate dehydrogenase, isocitrate
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dehydrogenase, and oxoglutarate dehydrogenase as well as other enzymes such as ATP
synthase (complex V) and the adenine nucleotide translocase (Antony et al., 2018). In addition
to the modulation of mitochondrial ROS generating enzymes, Ca?* also regulate some extra-
mitochondrial ROS generating enzymes such as Nox and nitric oxide synthase (NOS) under
both physiological and pathological conditions (Gérlach et al., 2015). Concomitantly, Ca?* also
mediates ROS clearance mechanisms by regulating the antioxidant defence system (Feno et
al., 2019). These it does by direct activation of antioxidant enzymes such as catalase and
glutathione reductase, by upregulation of SOD and induction of mitochondrial GSH release
early in Ca®* -induced mitochondrial permeability transition pore (mPTP) opening (Zhang et
al., 2016). Indirect activation of catalase, on the other hand, can occur via a ubiquitous Ca?" -
binding protein, calmodulin (CaM), with resultant decrease in cellular H20. levels (Zhang et
al., 2016). Other mechanisms by which ROS modulate Ca?* signalling include oxidation of
Cys thiol of Ca?* channels/pumps/exchangers involving RyR, IPsR, SERCA, PMCA, and NCX
(Forman et al., 2010). Content of multiple reactive Cys thiols which influence channel
gating/assembly is a feature of the RyR/IPsR and many of the regulatory proteins that form
complex with it (Zhang et al., 2016). When the RyR/IP3R undergoes thiol oxidation by ROS,
enhanced intersubunit binding and blockade of binding of the negative regulator, calmodulin,
occur which results in the general increase in channel activity and thus promotion of Ca?* efflux
(Zhang et al., 2016). Similarly, SERCA pumps also contain numerous Cys residues which on
ROS oxidation causes inhibition of SERCA activity and consequent decreases in Ca?* influx
from the cytoplasm to the ER (Forman et al., 2010). Other pumps include PMCA which, can
be reversibly inactivated by ROS by altering the Tyr®®®, Met®?? and Met® residues; NCX,
which activity can be both stimulated or decreased because while H>O> generated from the
xanthine/xanthine oxidase system enhances NCX activity, oxidants species from
hypoxanthine/xanthine oxidase decrease it activity (Zhang et al., 2016). Voltage-dependent
calcium channel also undergoes alteration in activity due to interaction with ROS (Zhang et
al., 2016).

Other signalling pathways that involve ROS include signalling through the mitochondrial
permeability transition pore (mPTP)(Maryanovich & Gross, 2013; Sanchez et al., 2011),
protein kinase (Eisenberg-Lerner & Kimchi, 2012; Kruk et al., 2013), and the
ubiquitination/proteasome system (Reyskens & Essop, 2014; Segref et al., 2014).
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2.15 The role of ROS in blood-brain barrier regulation

Reactive oxygen species has been reported to play critical roles in modulating a number of
mechanisms involved in the regulation of BBB integrity (Cai et al., 2016; Coelho-Santos et al.,
2016; Tzeng et al., 2019). Some of the pathway of BBB regulation that are modulated by ROS
include Ca?*signal-mediated control of TJ assembly and disassembly (Chen et al., 2016), TJ
assembly regulation via protein kinase C (PKC) (Kalsi et al., 2019), TJ and basement
membrane degradation via protein tyrosine kinases (PTK) and matrix metalloproteinases
(MMP) activation (Haorah et al., 2007) and cellular Src kinase (c-Src)-mediated activation of
caveolin-1 that causes increased trans-endothelial transport across the BBB (Coelho-Santos et
al., 2016).

ROS and other substances that alter cellular Ca®* metabolism (Gérlach et al., 2015) such as
alcohol (which also generate ROS), through activation of MLCK (Citi, 2019), cause TJ protein
phosphorylation and dysfunctional BBB. Ca?" is-a second messenger in the regulation of BBB
permeability and both intra- and extracellular Ca?* is an important component of TJ regulation.
When cultured endothelial cells are exposed to Ca?*-free medium, that is low extracellular
Ca?*, both reversibly increased permeability and decline in TEER measurement were observed.
Putative mechanism include: failure of calcium binding to its sites on cadherin extracellular
domains causing conformational changes at TJ complexes and subsequent barrier dysfunction,
and initiation of signalling cascades causing disassembly and/or redistribution of ZO-1 and
occludin away from apical/lateral borders. The redistribution of ZO-1 is suggestive of changes
in the endothelial cell contractile machinery mediated by activation of myosin light chain
kinase (MLCK) of which inhibition by MLCK inhibitor (ML-7) brought about abolition of ZO-

1 redistribution.

Protein kinase C (PKC) is another regulator of TJ assembly which on activation by increased
intracellular Ca* causes dysregulated barrier properties (Rakkar & Bayraktutan, 2016). PKC
play important role in endothelial TJ complex assembly/disassembly. Two classic forms of
PKC (alpha and beta) can be activated by hydrogen peroxide have been reported to be mostly
involved in TJ disassembly (Konishi et al., 1997). Intracellular Ca®* therefore, also play
important role in the regulation of barrier function. Increased intracellular Ca*, which could

occur either through Ca?* channel or release from intracellular stores, activates signalling
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cascades that specify posttranslational TJ distribution as well as transcriptionally regulate TJ

expression (Chen et al., 2016).

Phosphorylation is a mechanism for the regulation of transmembrane and accessory proteins
of the TJ (Shigetomi & Ikenouchi, 2017). Serine and threonine phosphorylation of occludin
controls its intracellular distribution and subsequent barrier properties (Van Itallie & Anderson,
2018). Localization of hyperphosphorylated occludin to intercellular junction is critical to
maintenance of barrier junction (Van Itallie & Anderson, 2018). Decline in occludin
phosphorylation such as due to inhibition of PKC, has been reported to correlate to a rapid fall
in TEER (Bolinger et al., 2016). Similarly, claudins' phosphorylation has also been implicated
in the regulation of paracellular permeability (Van Itallie & Anderson, 2018). Tight junction
phosphorylation or dephosphorylation status is stimulus dependent, (such as inflammatory
cytokines, OS, or growth factors), as well as the amino acid residues where phosphorylation
occurs (such as serine, threonine or tyrosine) (Van ltallie & Anderson, 2018). OS associated
with alcohol metabolism in BMVEC has been reported to lead to phosphorylation of occludin
and claudin-5 and redistribution of TJ protein in an in vitro brain endothelium model (Haorah
et al., 2005). ROS thus has the ability to oxidize certain residues of important signalling
molecules which potentiate them for easy phospharylation (Zhang et al., 2016). Furthermore,
by residue oxidation, ROS causes inhibition or deactivation of phosphatases, such as PTEN,
thereby sustaining long term phosphorylation and thus activation. of important signalling
molecules that regulate BBB integrity, such as PKC and MLCK (Zhang et al., 2016).
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Figure 2.9: The regulation of the BBB properties by ROS.

T]J disassembly

ROS-mediated regulation of the BBB via modulation of molecular signals that regulate
important components of the barrier system. ROS can modulate TJ assembly/disassembly, alter
the components and integrity of the BBB basement membrane and alter the vesicular transport

system within endothelial cells of the BBB.

2.16 ROS in BBB dysfunction-associated neurological conditions:
2.16.1 Contribution of BBB dysfunction to the pathogenesis of neurodegenerative
diseases (NDDs)

Fluxes of molecules between the peripheral circulation and the CNS and vice versa is finely
controlled by the BBB which is composed primarily of endothelial cells, which in turn is
regulated by astrocytes and pericytes. Through the interactions between EC and astroglial cells
at the BBB, homeostasis of the brain metabolism is maintained (Abbott et al., 2010; Daneman
& Prat, 2015; Liebner et al., 2018). The BBB is sensitive to OS damage and disruption, which
in turn compromises the homeostasis of neural function and may be responsible for triggering

neural pathogenesis.
2.16.2 Effects of Aging and Oxidative Stress

Aging is an important contributing risk factor in the development of neurodegeneration and

BBB disruption, occurring early in the aging human brain. Research has indicated that a higher
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incidence of neurodegeneration begins in the hippocampus, a brain region associated with
cognitive functions (Erdé et al., 2017; Takeda et al., 2014). Magnetic resonance imaging (MRI)
quantification of regional BBB permeability in the living human brain indicated an age-
dependent BBB breakdown in the hippocampus, a brain region affected early in AD (Bhat et
al., 2015; Fischer & Maier, 2015; Nissanka & Moraes, 2018). The cognitive impairment
associated with hippocampal BBB breakdown correlates with injury to BBB-associated
pericytes. (Abbott et al., 2010; Blesa et al., 2015). The association of the stage at which the
BBB breaks down and whether it causatively impacts cognitive impairment, is however,

unsettled.

There is increasing evidence to support the contribution of BBB breakdown in the pathogenesis
of NDDs such as PD, AD, ALS (amyotrophic lateral sclerosis), and MS (multiple sclerosis) as
well as typical neurovascular disorders such as stroke and vascular dementia (Cheignon et al.,
2018; Fischer & Maier, 2015; Tramutola et al., 2017). One of the implications of a number of
vascular disorders such hypertension, cerebrovascular disorder and dysfunctional BBB is the
increased permeability associated with neurodegeneration. Data from mouse transgenic models
with BBB breakdown studies supports the initiation and or contribution to neurodegeneration
by accumulation of circulating proteins, free iron, iron-containing hemosiderin and/or plasmin
in the CNS neurons (Zhao, Nelson, et al., 2015). Emerging research regarding the overlap
between the pathogenesis of vascular dementia (VaD) and AD are now available from
epidemiological studies that revealed that vascular risk factors such as diabetes mellitus (DM),
hypertension and atherosclerosis play important role in the progression of AD but the
mechanisms of these associations are yet unclear. Putative theories include the possibility that
the cerebrovascular damage induced by these diseases could cause impaired cognitive function
(Takeda et al., 2014). Examining the effects of hypertension on pathological amyloid
accumulation in mouse brain models demonstrated AP deposition in the hypertensive brain
which was associated with impaired BBB integrity. There is also evidence that some
antihypertensive drugs restored cerebrovascular dysfunction via reduction of OS and improved
cognitive function in AD mouse model (Takeda et al., 2014). Another study using diabetic AD
mouse models showed that co-existence of diabetic condition could lead to accelerated Ap-
related vascular alterations which was associated with induction of receptors for advanced
glycation end-products (RAGE) in the cerebral blood vessels. Many studies suggest that
cerebrovascular dysfunction does not only play a role in vascular dementia but also in AD brain
(Takeda et al., 2014).
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2.16.3 Immuno-genetic Factors

ApoE-&4 is a strong genetic factor for sporadic AD although the mechanism of how it impacts
on AD pathogenesis is not clear. The ApoE-&4 allele increases the accumulation of senile
plaques in AD subjects as well as cognitively normal people. Recent findings showed that
ApoE regulates cerebrovascular function via the cyclophilin A-nuclear factor-xB-matrix
metalloproteinase-9 pathway in pericytes (Yang & Candelario-Jalil, 2017). Some evidence are
available to support the compromise of BBB integrity in AD preceding the development of
amyloid plaques and cognitive impairment. Thus, functional changes in the BBB could be one
of the earliest signs of AD (Elahy et al., 2015; Takeda et al., 2014). It was also demonstrated
that AP immunization therapy can restore BBB integrity in some mouse models and improve
typical AD brain pathological features such as plaques and microgliosis. This suggests the
possibility of a BBB-focused strategy for AD treatment (Dickstein et al., 2006).

Post-mortem tissue analysis of AD brain showed evidence of BBB damage including
accumulation of blood-derived proteins inthe hippocampus and cortex of human subjects with
AD and ALS, and degeneration of BBB-associated pericytes, which indicated BBB breakdown
(Takeda et al., 2014; Zhao, Nelson, et al., 2015). Tight junction protein function and
transmembrane components are also affected in neurodegenerative disorders: occludin being
vulnerable to degradation by MMPs, while the molecular connections of adherens junctions
and TJPs to the actin cytoskeleton are also disrupted by tau leading to tau-induced
neurotoxicity. TJPs are also reported to be involved in RAGE-mediated AP cytotoxicity to the

BBB endothelial cells with subsequent damaged BBB structural integrity (Erdé et al., 2017).

There is early development of neurovascular dysfunction in AD associated with accumulation
of AP peptide and NFTs in the brain (Deane & Zlokovic, 2007). Depending on the stage of the
disease, AD affects all cell types of the NVU including EC and mural cells, glial and neurons
(Deane & Zlokovic, 2007; Zhao, Nelson, et al., 2015). Faulty AP clearance from the brain leads
to elevated AP in the brain of patients with sporadic AD (Deane et al., 2009; Festoff et al.,
2016; Zhao, Nelson, et al., 2015). Research data has shown from various animal models that
AR is cleared from the brain primarily by trans-vascular clearance across the BBB (Deane et
al., 2009; Deane et al., 2003; Deane et al., 2008). The molecular mechanism involves the AP
produced in the brain binding to LRP1 (low density lipoprotein receptor-related protein-1) at
the abluminal side of the BBB leading to its rapid internalization into endothelial cells and

subsequent clearance through the blood (Chakraborty et al., 2017; Garcia-Castillo et al., 2017).
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PICALM (phosphatidylinositol-binding clathrin assembly protein) plays critical role in the
molecular mechanism of AP clearance by directing the internalization, trafficking and sorting
of LRP1- AP complexes for exocytosis at the luminal side of the BBB (Garcia-Castillo et al.,
2017; Zhao, Nelson, et al., 2015; Zhao, Sagare, et al., 2015). A is then cleared in the plasma
by binding to soluble plasma LRP1 and subsequent transport via blood to the excretory organs
(kidney and liver) (Erdé et al., 2017; Zhao, Nelson, et al., 2015). Other contributions to CNS
clearance of AP peptide include enzymatic degradation by neprilysin, an insulin degrading
enzyme, MMPs plasmin and tissue plasminogen activator (Saraiva et al., 2016; Zhao, Nelson,
et al., 2015; Zhao, Sagare, et al., 2015). Recent research data has suggested that PICALM
variants as well as mutation of Clusterin (CLU, apoJ) are also associated with the pathogenesis
of sporadic AD (Zhao, Nelson, et al., 2015; Zhao, Sagare, et al., 2015).

2.16.4 Role of OS in the development of Neurodegenerative Diseases

OS is a condition of unbalanced cellular and /or tissue redox states to which the brain is
especially vulnerable because of its-high oxygen demand, possession of abundant peroxidation-
susceptible lipid cells and modest content of antioxidant and related enzymes (Cobley et al.,
2018; Kim et al., 2015). Neurodegenerative disease (NDD) is a heterogeneous groups of
neurological disorders characterized by a slow progressive neuronal loss (Kim et al., 2015).
Although the definitive cause of neurodegenerative disease is yet uncertain, OS has been
strongly implicated in playing a critical role in its initiation as well as progression. NDD has
been strongly linked with aging and has thus been largely described as a disease of abnormal
aging (Wang et al., 2014). Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and
Friedreich’s ataxia are well known examples of NDD. The critical role played by OS has been
reported in the pathogenesis of virtually all these diseases and thus OS appears to be a common
denominator in their pathogenesis. Several mechanisms of OS regarding the initiation and/or
its propagation have been reported for NDDs, especially for Alzheimer’s disease (AD) and
Parkinson’s disease (PD) (Cheignon et al., 2018; Fischer & Maier, 2015; Tramutola et al.,
2017; Wang et al., 2014).

2.16.5 OS as an early event in the initiation and progression of Alzheimer’s disease

The evolution of AD incorporate an intermediate transient phase of mild cognitive impairment
(MCI) during which there is no significant increase in senile plaques or neurofibrillary tangles
(NFTSs). Data from MCI subjects provided strong correlated evidence that OS usually precedes

the development of clinically demonstrable AD (Tramutola et al., 2017; Wang et al., 2014).
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Significantly, elevated levels of oxidized biomolecular markers of OS, compared with age-
matched control subjects, were found in MCI subjects (Montagne et al., 2015; Montagne et al.,
2017). Furthermore, in the urine, plasma and CSF of MCI subjects elevated levels of specific
isoprostanes were found, while CSF levels of markers such as Ap peptides and tau protein
remain unchanged compared to controls with age-matched subjects (Kim et al., 2015;
Montagne et al., 2015; Wang et al., 2014). Evidence of significantly increased levels of protein
peroxidation and oxidative modification of specific proteins in the hippocampus, superior and
middle temporal gyri of MCI subjects have been documented (Tramutola et al., 2017).
Furthermore, several other studies also showed significant decreased levels of non-enzymatic
antioxidants such as uric acid, vitamin C, E and A, zeaxanthin, 3-cryptoxanthin and a-carotene
as well as reduced activity of antioxidant enzymes such as SOD, glutathione peroxidase and
glutathione reductase in MCI subjects (Kim et al., 2015; Takeda et al., 2014). Levels of some
of these biomolecules, especially the isoprostane (8,12-iso-iPF2a-V1) correlated with the
severity of AD (Wang et al., 2014). All these findings preceding the neuropathological
findings in AD suggest that OS is a very early contributor to AD and is likely to play a critical

role in the progression of the disease and probably other NDDs.

2.17 Sources of excess ROS production in NDDs

In spite of the tell-tale evidence of OS pathology in the brain, neither the specific origin of
increased ROS nor the mechanisms for dysfunction of endogenous antioxidant system or the
disturbance of redox balance in AD and other NDDs is certain. However, both extracellular
and subcellular accumulation of A peptide and the presence of trace metal ions such as copper
and iron have been suggested to cause increased ROS production (Kim et al., 2015; Tramutola
et al., 2017). Further, reduced activities of a-secretase can cause decrease in B and y-secretase
activities which can further enhance AP peptide accumulation (Wang et al., 2014). As the
mitochondria is itself vulnerable to OS, increased ROS is associated with oxidation of
mitochondrial proteins resulting in consequent mitochondrial dysfunction and energy
production failure. Mitochondrial dysfunction and disordered glucose metabolism have been
supported by overwhelming research data as a critical factor in the pathogenesis of AD (Bhat
etal., 2015; Tramutolaet al., 2017; Wang et al., 2014). Glucose is the primary source of energy
in the brain and oxidation of enzymes involved in glucose metabolism and the consequent
decline in glucose metabolism has been documented in AD (Shokouhi et al., 2013; Tramutola

etal., 2017; Wang et al., 2014). Research data are also available to support the hypothesis that
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the oxidation of crucial metabolic enzymes such as pyruvate kinase, phosphoglucomutase-1,
enolase-1, triose phosphate isomerase, ATP-synthase, glyceraldehyde-3 phosphate
dehydrogenase, malate dehydrogenase (Tramutola et al., 2017), leads to the reduced activities
of these enzymes. Parallel observations points to decreased neuronal expression of genes
encoding for subunits of the mitochondrial respiratory chain; reduced complex IV activity
observed in the hippocampus and platelets of AD subjects (Kim et al., 2015; Tramutola et al.,
2017; Wang et al., 2014). The overall result is a dysfunctional glucose metabolism and reduced
ATP generation in the AD brain which further leads to increased mitochondrial ROS
generation. Furthermore, AB-induced mitochondrial dysfunction has also been reported as a
cause of impaired calcium homeostasis in AD brain (Kim et al., 2015). This may be associated
with intracellular calcium overload and decreased calcium reuptake which is related to
increased ROS, and the opening of the permeability transition pore (PTP) which is an important
step in the ferrying of pro-apoptotic molecules across the mitochondria into the cytosol,
triggering subsequent apoptosis. In PD, accumulation of a-synuclein aggregates which
interferes with vesicular dopamine storage, leading to a build-up of cytosolic dopamine which
interacts with trace metal ions such as iron to generate ROS (Blesa et al., 2015; Nissanka &
Moraes, 2018). Further, supporting this school of thought, is a number of reports indicating the
metabolism of dopamine into semiquinones, auto-oxidation into ROS, as well as the deficiency
of complex | enzyme of the mitochondrial respiratory chain (Blesa et al., 2015; Kim et al.,
2015; Tramutola et al., 2017).

2.18 Evidence of OS involvement in development of NDDs

Research has demonstrated that an increase in oxidized biomolecules generated by ROS as well
as changes in cellular content of antioxidant molecules is measurable as corroborative evidence
of OS in several NDDs including AD and PD. This method of measuring oxidized
biomolecules is adopted due to the difficulty in measuring ROS specifically, which are usually
short-lived. In addition, they are kept at modestly low concentrations by a dynamic balance
between the rates of cellular production and neutralization by endogenous antioxidants, leaving
empirically either excessive ROS production or impaired antioxidant systems to cause OS.
Alterations in the levels of antioxidants and antioxidant enzyme activities were also reported
in AD and other NDDs (Wang et al., 2014). Significantly low plasma levels of antioxidants
such as glutathione, albumin, lycopene, bilirubin, vitamin A, C and E, were reported in AD
patients compared to age-matched control subjects (Wang et al., 2014). Furthermore, different
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brain areas in AD also showed significant decreases in the activity of endogenous antioxidant
enzymes such as superoxide dismutase (SOD), catalase, glutathione peroxidase and heme-
oxygenase despite increased gene expression of some of these enzymes (Kim et al., 2015;
Wang et al., 2014).

2.19 Antioxidants.

2.19.1 What are antioxidants?

An antioxidant (AO) is defined as any substance that, when present at low concentrations
compared to an oxidisable substrate, significantly delays or prevents oxidation of that substrate
(Halliwell, 1990; Halliwell & Gutteridge, 1995). Cellular source of AO include both
endogenous molecules such as enzymatic and non-enzymatic cellular constituents that helps to
protect the cells against oxidative stress, and exogenous molecules such as dietary compounds
that have AQ capabilities. Given the critical role OS has been scientifically documented to play
in the initiation and progression of neurological, and a number of other diseases (Butterfield,
2018; Paloczi et al., 2018), it becomes rational to propose the use of exogenous antioxidants
for the amelioration of the cumulative cellular damage due to oxidative stress.

Several distinct dietary compounds with antioxidant properties have been identified and studied
such as polyphenols (flavonoids), B-carotene, vitamin C and vitamin E (a-tocopherol)
(Freyssin et al., 2018; Zhang et al., 2018).

2.19.2 Endogenous Cellular Antioxidants: Classification

Mammalian cells are equipped with a full complement of antioxidant system which help to
neutralize reactive species thus keeping their total cellular concentration within physiological
range (Zhang et al., 2016). Cellular antioxidants are classified into two broad categories,
enzymatic or first-line and non-enzymatic or second-line antioxidants which act via catalysis
of free radical neutralization (Aslani & Ghobadi, 2016; Carocho & Ferreira, 2013; Ighodaro &
Akinloye, 2018). Enzymatic antioxidants are sub-classified into primary and secondary types
of which the primary types are the most effective (Aslani & Ghobadi, 2016). Primary
enzymatic antioxidants include glutathione peroxidase (GPx), catalase (CAT), superoxide
dismutases (SOD) and peroxiredoxins (Prxs) (Aslani & Ghobadi, 2016). These enzymes
neutralize reactive species and free radicals or prevent their formation and usually require
cofactors for their enzymatic activity, except for peroxiredoxins (Aslani & Ghobadi, 2016;
Ighodaro & Akinloye, 2018). The secondary enzymatic class of cellular antioxidants consist of
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enzymes which help to regenerate and thus supportive of other endogenous antioxidants
(Aslani & Ghobadi, 2016). This class includes glutathione reductase which helps to reduce
glutathione disulphide and thereby regenerate glutathione, and glucose-6-phosphate
dehydrogenase which helps to regenerate NADPH (Aslani & Ghobadi, 2016).

Non-enzymatic antioxidants occur as either metabolic, that are generated via metabolic
pathways and are thus endogenous or as nutrients antioxidants which are exogenously
introduced into the cells as constituents of foods or dietary supplements (Carocho & Ferreira,
2013; Mironczuk-Chodakowska et al., 2018). Metabolic non-enzymatic antioxidants include
thiol antioxidants, such as glutathione (GSH), thioredoxins (Trx) and glutaredoxin (Grx), lipoic
acid (LA), melatonin, coenzyme-Q (CoQ), uric acid (UA), bilirubin and metal chelating agents
such as transferrin (TF), ferritin (FT), caeruloplasmin (CP), lactoferrin (LTF), aloumin (ALB),
myoglobin (MB), and metallothioneins (MTs) (Aslani & Ghobadi, 2016; Mironczuk-
Chodakowska et al., 2018).

Biological
Antioxidants

1 111 144 Non-enzymatic
Antioxidants

Enzymatic
Antioxidants
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Figure 2.10: Classification of endogenous cellular antioxidants.

Enzymatic antioxidants neutralises oxidants through enzymatic conversion into non-reactive
substances and are further subdivided into primary and secondary subtypes. Non-enzymatic
antioxidants are either derivatives of cellular metabolic reactions or essential nutrient
substances (Aslani & Ghobadi, 2016; Ighodaro & Akinloye, 2018; Mironczuk-Chodakowska
etal., 2018).
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2.20 Antioxidant therapy in neurologic diseases
2.20.1 Evidence of the ameliorative effects of dietary antioxidants on neurodegenerative
diseases
2.20.1.1 Dietary Polyphenols
Epidemiological and clinical studies have demonstrated that polyphenols and flavonoids exert
a protective effect against neurodegenerative diseases (Samieri, 2018). Several authors have
reported that diets enriched with fruits and vegetables rich in antioxidants (carrots, blueberries,
strawberries, spinach) can produce beneficial effect in old rats against age-related decline in
cognitive functions (Nissanka & Moraes, 2018). Polyphenols are naturally present in fruits,
and vegetables (olive oil, red wine, tea) with flavonoids being the largest group of the
polyphenols with more than 2000 distinct flavonoids known (Ramassamy, 2006). They
naturally occur as glycosylated, hydroxylated and methoxylated phenol derivatives (Xie &
Chen, 2013). The glycosylated form either contains glucose or rhamnose as the sugar moiety
(Ramassamy, 2006). By glycosylation the chemical, physical and biological properties of the
flavonoids are moderated as well as their absorption by the small intestine (H. Cao & Chen,
2012). Their antioxidant potency is related to the number of hydroxyl group present such that
the most potent of flavonoids contains 3-6 hydroxyl groups (Chen et al., 2018). There is paucity
of data on bioavailability of phenolics after oral intake, however, the increase in the serum
antioxidant levels following consumption of food and beverages rich in polyphenols have been
reported (Oh & Shahidi, 2018). Taken together, these findings suggest that the consumption of
polyphenolic compounds could have beneficial effects against oxidative stress-induced
damages.

2.20.1.2 Ameliorative effects of dietary polyphenols

For the purposes of this chapter we discussed the widely used exemplar of exogenous AOs,
green tea. The flavonoids in green tea has attracted considerable research interest because of
its potential to prevent or treat cancer (Ramassamy, 2006; Sakaki et al., 2019). Bioactive
constituents of green tea include flavonoids (catechins and their derivatives) and it constitutes
about 30% of the dry weight of a leaf (Sakaki et al., 2019). Analysis of green tea using HPLC
yields mainly epigallocatechin-3-galate (EGCG) as the polyphenolic constituent (more than
60% of total catechins) (Sakaki et al., 2019). Other compounds in green tea are the flavonols
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(quercetin, kaempferol and rutin), caffeine, phenolic acids, and theanine (Sakaki et al., 2019;
Zhang et al., 2018).

Reports from nutritional and epidemiological studies as well as animal model of PD revealed
risk reduction for Parkinson’s disease by the consumption of teas with high AO content such
as green and black teas. These effects have been ascribed to EGCG, the most potent component
of green tea (Bastianetto et al., 2006; Pan et al., 2003). Green tea compounds also act as
chelator of ferric ion which could also explain the green tea-induced-protection against MPTP
(Bastianetto et al., 2006) since MPTP is known to increase iron levels in the Substantia Nigra
Pars compacta of mice, rats and monkeys. While there is no significant benefit with regard to
tea consumption in AD, several in vitro studies showed that green tea could protect against Af-
induced neuronal damages (Bastianetto et al., 2006; Singh & Ghosh, 2019).

In the last decade, studies have provided multiple confirmation that EGCG is able to regulate
the proteolytic processing of amyloid-precursor protein in both in vivo and in vitro studies
(Singh & Ghosh, 2019). In neuronal cell cultures, it promotes the non-amyloidogenic a-
secretase pathway (Singh & Ghosh, 2019) and reduces the formation of AP fibrils (Singh &
Ghosh, 2019). EGCG-mediated promotion of neuronal protection has also been linked to its
ability to modulate a number of intraceltular signalling pathways such as MAPK, protein kinase
C, and phosphatidylinositol-3-kinase (PI3K) (Ramassamy, 2006; Rodriguez-Morat6 et al.,
2018). These pathways play important roles in neuronal protection against a variety of
oxidative insults and are essential to cell survival (Zhang et al., 2016). EGCG also lowers the
expression of the pro-apoptotic genes Bax, Bad, cell cycle inhibitor Gadd45, Fas ligand and
tumor necrosis factor-related apoptosis ligand (TRAIL) in SH-SY5Y neuroblastoma cells
(Levites et al., 2002).

Beneficial effects were mediated via antioxidant potential, through modulation of different
pathways such as signalling cascades, anti-apoptotic processes, and synthesis or degradation
of AP peptide (Ramassamy, 2006)

2.20.2 Over-indulgence of exogenous antioxidants: Reductive Stress

In redox reactions, two or more atoms undergo changes in their oxidation states (Viswanathan
& Razul, 2020). The oxidation state of an atom is defined as the "charge of this atom after ionic
approximation of its heteronuclear bond". This definition describes all atoms in a poly-

elemental molecule as ions and thus a change in the charge on an ion in a molecule implies a
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change in the oxidation state of that molecule (Ni¢ et al., 2009). In cells are complex networks
of metabolic and signalling pathways and their components such as metabolites, enzymes and
their regulatory components, ROS and other nucleophiles, antioxidant components, protein
thiols and redox couples. These together constitute the cellular redox system (Lee & Loscalzo,
2020). When products and/ or by-products of redox reactions cross the structural barriers of
cellular and subcellular compartments they alter their redox environments. Oxidative stress
attacks nucleic acids, proteins, lipids and carbohydrates in cellular and subcellular
compartments (Lee & Loscalzo, 2020).

Under physiologic conditions the redox system within the cells and the entire body is
maintained at a redox balance by the action of the endogenous antioxidant system that
neutralizes excess ROS. Under pathologic conditions resulting from redox imbalance, the
endogenous antioxidant system either fails to contain the challenge of ROS production or the
rate of ROS production becomes excessive (Kim et al., 2015). Research data has supported the
use of exogenous antioxidant (such as vitamin C and vitamin E, and polyphenols)
supplementation of diet as beneficial in the treatment and/or amelioration of diseases
conditions mechanistically impacted by redox imbalance (Sakaki et al., 2019). However,
several reports have documented the adverse effects of exogenous AO treatment on cellular
physiology which include modulatory effects on cell signals involved in critical cell functions
as proliferation, senescence, cell growth, and apoptosis (Zhang et al., 2016). The overzealous
use of antioxidants therefore, has the potential to impact negatively on the normal and
beneficial effects of ROS in biologic systems which can lead to undesirable conditions of
reductive stress (Mentor & Fisher, 2017). Furthermore, because the beneficial effects of
antioxidant clinical trials on many clinical conditions has largely yielded modest benefit, some
authors have suggested the over-use of exogenous AOs may indeed cause a ‘pro-oxidant’
effect (reductive stress) (Mentor & Fisher, 2017).

2.21 Glutathione

Glutathione, GSH, is the most abundant non-protein thiol (y-glutamyl-cysteinyl-glycine) in
animal cells and it exists in two forms as oxidized glutathione or glutathione disulphide (GSSG)
and reduced/free glutathione (GSH) with only GSH showing antioxidant activity (Guilford &
Hope, 2014). The biological functions of GSH is conferred by its unique gamma-glutamyl bond
between the glutamate and cysteine residues and also by the presence of a free thiol group (Li

et al., 2012). During cellular redox buffering, GSH is utilized to neutralize ROS with a
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resultant by product GSSG that lacks antioxidant capability (Guilford & Hope, 2014) and the
GSH/GSSG system is the major redox couple in animal cells (Wu et al., 2004).

Production of GSH is brought about via two mechanisms, de novo synthesis and GSSG
recycling. GSH is synthesized, de novo, from glutamine, cysteine and glycine in a reaction
catalysed sequentially by two cytosolic enzymes, y- glutamyl cysteine ligase (GCL) and
glutathione synthetase (GS) (Guilford & Hope, 2014; Wu et al., 2004). The synthesis of GSH
is primarily regulated by GCL activity, cysteine availability and GSH feedback inhibition.
Alternatively, GSH can be obtained by the reduction of GSSG via the reaction catalysed by
glutathione reductase (GSR) (Guilford & Hope, 2014; Wu et al., 2004) as well as
transmembrane cellular enrichment via interorgan exchange (Li et al., 2012). In the GSR
reaction NADPH is utilized in reducing one molecule of GSSG to produce two molecules of
GSH. Pathological situations exist that inhibit the de novo GSH synthesis leaving cells to

source for GSH mainly via the recycling of GSSG (Morris et al., 2013).

GSH plays critical roles in cellular redox balance, and regulation of cellular events such as
gene expression, DNA and protein synthesis, cell proliferation and apoptosis, signal
transduction, cytokine production, immune response and protein glutathionylation (Sies,
1999).

Deficiency of GSH contributes to OS which promotes aging and the pathogenesis of many
diseases including neurological diseases such as seizure, Alzheimer's disease, Parkinson's
disease, stroke and several others. Several of these neurological diseases incorporate BBB
dysfunction in their pathogenesis (Paloczi et al., 2018). New knowledge on the role of brain
endothelial GSH metabolism in BBB dysfunction is critical for the development of effective

strategies to improve care of these diseases.

2.21.1 Historical Background

2.21.1.1 The discovery of glutathione

Glutathione discovery dates back to the past 13th decade when de Rey-Pailhade first found that
a substance contained in yeast and some other cells reacts spontaneously with elemental sulfur
to yield hydrogen sulphide (Meister, 1988). This substance was later to be characterized,
however erroneously, as a dipeptide consisting of cysteine and glutamine residues more than 3
decades later by Sir FG Hopkins and other workers (Simoni et al., 2002). Because of the

substance affinity for sulfur, de Rey-Pailhade initially named the compound "philothion” which

http://etd .7lJL;wc.ac.za/



he took from the Greek words for love and sulfur (Meister, 1988). Furthermore, the presence
of philothion was noted in many animal tissues such as liver, sheep brain, lamb intestine, fish
muscle, fresh sheep blood and fresh egg white but scarcely was demonstrable in tendons,
adipose tissue, fresh bile, normal urine and defibrinated blood (Meister, 1988). Additionally,
philothion bleached various dyes as carmine, indigo and litmus whereas chlorine, iodine and
bromine destroyed philothion instantly (Meister, 1988). These observations taken together led
de Rey-Pailhade to conclude that solutions of philothion reacts with oxygen and consumed in
the reaction (Meister, 1988). He further noted that despite consumption of philothion on
reaction with oxygen, cells somehow always maintain a constant amount of philothion. He
concluded that philothion is regenerated in cells as soon as it is consumed and thus must play
important biological role because of its ubiquity in living cells (Meister, 1988). Several other
workers reports including Heffter and Arnold, Hunter and Eagles and later Hopkins, until 1927,
led to the structural characterization and isolation of the compound, initially controversially as
a dipeptide and later as a tripeptide consisting of glutamine, cysteine and glycine residues and
the name glutathione was later unanimously adopted as the name of the biological substance
(Meister, 1988; Simoni et al., 2002).

2.21.1.2 The origin of glutathione in eukaryotic cells.

Intracellular thiols such as glutathione (GSH), homoglutathione, y-glutamylcysteine (y-Glu-
Cys), y-glutamylcysteinylserine and mycothiol are produced in. aerobic organisms for
protection against ROS produced as by-products of aerobic metabolism (Copley & Dhillon,
2002). They protect the cell by buffering the redox status of cell cytoplasm and protecting
biomolecules against oxidative damage. GSH, is the most common of these thiols, additionally
provides reducing equivalents to several enzymes (such as ribonucleotide reductase, 3’-
phosphoadenosine 5-phosphosulfate reductase and arsenate reductase) (Muri et al., 2019) as
well as serves as substrate for glutathione-S-transferases (Fujikawa et al., 2019) which

enzymatically detoxify toxic electrophiles.
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Figure 2.11: Enzymatic detoxification of electrophiles by glutathione-S transferases using
reduced glutathione as substrate.

GST catalyses the formation of a thioester bond between reduced glutathione and the
electrophile to form a glutathione S conjugate of the electrophile. Fate of the conjugate include
sequestration into vacuole or direct export from the cell by ATP-dependent membrane pumps.

GST, glutathione S-transferase.

Presence of GSH has been noted primarily in Gram-negative bacteria and eukaryotes (Marcén
et al., 2019; Pophaly et al., 2017). it is rarely found in Gram-positive bacteria, and not present
at all in the Archaea and in amitochondrial eukaryotes such as Entamoeba histolytica (Ondarza
et al., 1999), and Trichomonas vaginalis (Sena-Lopes et al., 2019). This characteristic pattern
suggests that the genes involved in GSH biosynthesis may have been transferred to eukaryotes
from bacterial ancestry via mitochondrial progenitor. The biosynthesis of GSH involves
activity of two enzymes y -glutamine-cysteine ligase (GGCL) and GSH synthetase. GGCL
catalyses the formation of peptide bond between the y -carboxylate of glutamate and cysteine
following which GSH synthetase catalyses the formation of the bond between the cysteinyl
carboxylate of y -glutamylcysteine and glycine (GGC) and the amino group of glycine (Copley
& Dhillon, 2002). In each stage of the reactions, ATP hydrolysis is required to drive peptide
bond formation (Copley & Dhillon, 2002). Much information regarding the evolutionary origin
of GSH has been obtained from genetic analysis of its biosynthetic enzymes GGCL and GSH
synthetase (GSS). Analysis of genetic sequences of the two enzymes of GSH synthesis suggests
that the two enzymes are acquired independently (Copley & Dhillon, 2002). Further, the most
probable source of the GGCL gene is cyanobacteria with this gene being later transferred to
eukaryotes and other bacteria (Copley & Dhillon, 2002). After the acquisition of the GGCL
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gene, to further strengthen protection against ROS each eukaryotes and most bacteria
apparently recruited a protein with the ATP-grasp superfamily structural fold that is glutathione
synthetase, to catalyse synthesis of glutathione from GGC (Copley & Dhillon, 2002). The
eukaryotic GSS. did not evolve directly from the bacterial GSSy but in each of the bacterial

and eukaryotic domain GSS was independently recruited (Copley & Dhillon, 2002).

2.21.2 Cellular abundance of glutathione.

GSH content ranging between 0.5-10mM/L is the major low molecular weight thiol in animal
cells (Wu et al., 2004). The proportion of cellular GSH in the cytosol ranges between 85-90%
while the remainder is distributed among cellular organelles such as the mitochondria, nuclear
matrix and peroxisomes (Winterbourn, 2019). Net cellular loss of GSH is contributed to by
GSSG efflux which accumulates as by product from utilization of GSH in redox buffering.
Additionally, marked reduction of cellular GSH occurs in protein malnutrition, following OS
and in many pathological conditions (Lu, 2009). The GSH+2GSSG concentration is usually
denoted as ‘total glutathione’ in cells whereas up to 15% additional pool may be bound to
proteins (Sies, 1999). The [GSH]:[GSSG] ratio is often used as an indicator of cellular redox
status and this ratio is usually more > 10 under normal physiological conditions. GSH/GSSG
being the major redox couple in cells determines the cellular anti-oxidative capacity, however,
its value can be affected by the presence of other redox couples such as NADPH/NADP* and

thioredoxinred /thioredoxinox.

2.21.3 Cellular biosynthesis of glutathione.

Reduced or free GSH is synthesized in the cytosol and involves a two-sequence reaction with
each step requiring ATP, catalysed by GCL and GS, occurring in virtually all cell types. First,
GCL catalyse the formation of a peptidic-y linkage between the y-carboxyl group of glutamate
and the amino group of cysteine which protects GSH from hydrolysis by intracellular
peptidases (Guilford & Hope, 2014). GS in animal cells is highly active and show great affinity
for the y-glutamyl-cysteine intermediate thus favouring the forward reaction leading to the
formation of GSH (Wu et al., 2004). GCL is composed of a catalytic (GCLC) and a modifier
(GCLM) subunit and these subunits are encoded by different genes in rodents and humans
(Dalton et al., 2004). While catalytic activity and feedback inhibition reside in the GCLC
subunit of the isolated enzyme, modifier or regulatory function is found in the GCLM subunit
which lowers the Km of GCL for glutamate and raises the Ki for GSH (Lu, 2013). These

properties when taken together made the holoenzyme catalytically more efficient and less
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subject to inhibition by GSH than GCLC alone (Yang et al., 2002). Redox status can modulate
GCL activity by favouring the formation of the holoenzyme (Yang, 2018). Under physiological
conditions, the regulators of GSH synthesis include feedback inhibition by GSH, and the
availability of cysteine which in turn depends on nutritional status (Wu et al., 2004). The
second step in GSH synthesis involves the activity of GSH synthetase (GS), an enzyme
composed of two identical subunits, not subject to feedback inhibition by GSH (Lu, 2013).
Because the y-glutamyl-cysteine product of GCL is present at very low concentrations in the
presence of GS, and that overexpression of GS does not experimentally increase GSH level
whereas overexpression of GCL increases GSH levels (Lu, 2013), GCL is considered rate-
limiting in GSH biosynthesis (Lu, 2013). During oxidative stress there is increased GSH
oxidation and it is an important aspect of GSH homeostasis that there is usually an increase in
the total glutathione pool due to upregulation of de novo synthesis of GSH (Li et al., 2012).
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Figure 2.12: De novo synthesis of glutathione.

Synthesis involves ATP requiring 2-step reaction catalysed by y-glutamylcysteine ligase
(GCL) composed of catalytic (GCLC) and modifier (GCLM) subunits and glutathione
synthetase made up of two identical subunits. GCLC is subject to feedback inhibition by GSH.
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2.21.4 Role played by glutathione in cellular functions
Functions served by GSH in cells include antioxidant defence, detoxification of xenobiotics,
regulation of cell cycle progression and apoptosis, cell differentiation, maintenance of redox

potential, modulation of immune function and redox signalling.

2.21.4.1 Antioxidant function

Antioxidant function of GSH is largely by the reaction of glutathione peroxidase (GPx) which
reduces H2O> and lipid peroxides while oxidizing GSH to GSSG. Glutathione reductase
enzyme recycles GSSG to GSH in a redox cycle involving the use of NADPH. Additionally,
catalase is also present in the cell to reduce H202, however, it is present only in peroxisomes.
Thus GSH is of critical importance in the mitochondria for the purpose of buffering oxidative
stress. Given that GSH is the determinant of the intracellular redox potential, it follows that to
prevent a major shift in the redox equilibrium when OS overcomes the ability of the cell to
recycle GSSG, active GSSG export from the cell or its reaction with sulfhydryl group to form
mixed disulphide is necessary. The implication is that severe OS depletes cellular GSH.
2.21.4.2 Cell signalling

GSH plays critical roles in redox-mediated signalling by mitigating the redox state of important
protein redox-active cysteine residues (Forman, 2016). By its reversible binding to the -SH of
protein cysteinyl residues, a process called glutathionylation, it generates either active or
inactive glutathionylated proteins (Li et al., 2012). This mechanism serves to protect sensitive
protein thiols from irreversible oxidation and also to store GSH under oxidative conditions.
Reversal or deglutathionylation occurs through the action of glutaredoxin and sulfiredoxin that
use GSH as reductant (Lu, 2013). Oxidisable critical cysteine residues are important features
of several signalling proteins and transcription factors, and glutathionylation therefore offers
an important mechanism for modulation by GSH the regulatory functions of ROS on protein
functions(Li et al., 2012). Specifically, GSH is known to exert intense effects on vascular
endothelial functions including endothelial barrier permeability, apoptosis, and angiogenesis
by its ROS scavenging function through which it modulates the second messenger effect of
ROS in many endothelial functions (Li et al., 2012). Studies have shown GSH to ameliorate
H20O.-induced reduction in transendothelial electrical resistance (TEER) via negative
regulation of the activation of p38 MAP kinase. Further, GSH was shown to act as cofactor for
the detoxification of methylglyoxal, thus preventing carbonyl stress-induced brain endothelial

barrier dysfunction.
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2.21.4.3 Cell proliferation

Increase in GSH has been linked to positive proliferative response in many cell types including
normal brain microvascular endothelial cells and is thus essential for cell cycle progression
(Markovic et al., 2009). One important mechanism of GSH promotion of DNA synthesis
relates to the maintenance of reduced glutaredoxin and thioredoxin which are required for the
activity of ribonucleotide reductase which in turn is the enzyme that sets the pace in DNA
synthesis (Forman, 2016). Furthermore, it has been reported that GSH co-localizes to the
nucleus at the beginning of cell proliferation and this can affect the activity of nuclear proteins
including histones, and many other factors that drive cell cycle progression (Markovic et al.,
2007). Taken together, these findings suggest that a reducing condition is vital for cell cycle

progression.

2.21.4.4 Cell survival and death

GSH is also involved in the regulation of cell death such as occur via apoptosis and necrosis
(Shen et al., 2018). Apoptosis  features chromatin condensation, fragmentation and
internucleosomal DNA cleavage while necrosis is characterized by rupture or fragmentation of
the plasma membrane and ATP depletion (Shlomovitz et al., 2018). Both share a common
pathway such as involvement of the mitochondrial and can also accur together (Shlomovitz et
al., 2018). During apoptosis in a variety of cells, GSH levels fall due to accumulating ROS,
GSH efflux and decreased GCL activity (Circu & Aw, 2012). It may appear that GSH efflux
compromises the normal protective role of the biomolecule, yet without it apoptosis may not
occur in many cell types (Circu & Aw, 2012). Intense GSH depletion, however, blurs the
distinction between apoptosis and necrosis inferring that very high levels of ROS may
overwhelm the apoptotic machinery (Shlomovitz et al., 2018). Severe GSH depletion
particularly in the mitochondrial leads to high level accumulation of ROS, mitochondrial
functional abnormalities and ATP depletion causing cells to bypass apoptosis into necrosis
(Circu & Aw, 2012; Lu, 2013).

2.21.5 Regulation of GSH synthesis.

De novo synthesis is crucial to the homeostatic control of cellular GSH content and this is
catalysed by heterodimeric GCL composed of GCLC and GCLM (Guilford & Hope, 2014).
All catalytic activity of the enzyme resides in the GCLC subunit with heterodimerization
serving only to increase its activity (Lu, 2009). Regulation of GCL activity could occur by

metabolic of transcriptional means. Metabolic GCL regulation is effected through protein
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phosphorylation at serine and threonine moieties leading to the inhibition of enzyme activity,
while transcriptional control of GCL activity goes through the expression of the catalytic and

modulatory subunits (Li et al., 2012).

The promoters of the two subunits of GCL have certain elements in common such that
coordinate transactivation can occur which leads to overall increase in subunit expression (Li
et al., 2012). Redox-sensitive transcription factors such as nuclear factor kappa B (Nf-kB, Sp-
1, activator protein-1 and 2 (AP-1, AP-2) and nuclear factor E2-related factor 2 (Nrf2) mediate
GCL expression (Lu, 2013). The human GCLC gene promoter features consensus binding sites
for transcription factors such as AP-1, NF-kB, and Nrf2 as well as for the antioxidant response
elements (ARE) (Li et al., 2012; Lu, 2013; Raghunath et al., 2018). There are four AREs
identified in the human GCLC promoter denoted by AREL, 2, 3 and 4 which show selectivity
in binding of transcription factors. The number of identified AREs shows specie variability as
there are only three AREs in the rat GCLC promoter of which ARE3 involvement in Nrf2-
dependent expression of GCLC has been reported (Raghunath-et al., 2018).

Further contribution to the control of GCLC activity occur through constitutive and induced
posttranslational phosphorylation of GCLC. This is evidenced by kinase-mediated
phosphorylation of GCLC by stress hormones such as glucagon in contrast to insulin and
hydrocortisone which induce GCLC expression. Kinases involved include PKA, PKC, and
Ca2+-calmodulin kinase with resultant decrease in GCLC activity upon phosphorylation
(Zhang et al., 2017).

The transcriptional regulation of GCLM is yet poorly understood, however, the human GCLM

has been shown to contain an ARE site that mediated Nrf2-dependent GCLM upregulation by
B-naphthoflavone and lipid peroxidation products (Li et al., 2012; Zhang et al., 2007).

http://etd .Suzwc.ac.za/



PKC

JNK

p38

) Curcumin
- CAPE
Sulforaphane

GSTA2
NQO1

CEBPe e r-GCLC

e Maf r-GCLM
—1, CCAAT / XRE| ———— ARE ;| L HO-1

Figure 2.13: Transcriptional regulation of glutathione synthesis.

Kelch-like-ECH-associated protein 1(Keapl) is a cytoplasmic repressor of Nrf2 which inhibits
its translocation to the nucleus and thus inhibits transactivation of ARE. Keapl contains
oxidisable cysteine residues which can be modified by oxidants leading to Nrf2 release from
its repressor and subsequent translocation to the nucleus. Alternative route for Nrf2 dissociation
include phosphorylation of Nrf2 by kinases such as MAPK, PKC or PI3 (Surh, 2004)

2.21.6 Chapter Summary

In this chapter, existing scientific information regarding the structure and function of the blood-
brain barrier under physiological and pathological conditions are extensively discussed. The
various events in cellular physiology and pathophysiology that interplay to give rise to BBB
dysfunction and in turn neurological diseases, as well as scientific interventions already
established and ongoing are reviewed. These include the concept of ROS and the homeostatic
balance of ROS production within cells and oxidative stress, their effects on the physiology
and pathophysiology of the BBB. Despite the several new knowledge of the nature of the BBB
using different species and the advances in research methodology, therapeutic manipulations
of the BBB remains largely unsuccessful. It is suggestive of lack of standardisation of the
parameters used to study the cellular changes in the BBB under various conditions such as OS.

In this study therefore, it was hypothesised that different cells, though taken from the same
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animal source, responds differently to ROS challenge. The next chapter will focus on the

research methodology and materials designed to drive this study.
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3 CHAPTER 3: Materials and Methods

3.1 Research Design

The study is designed to study the capacity of BECs to survive 24hr exposure to increasing
concentrations of H.O> with and without application of exogenous antioxidants. The survival
capacity of the two types of mouse-derived endothelial cells will be compared and further
experiments will be carried out on either of these cell lines. Furthermore, the effect of exposure
to escalating ROS on cell proliferation will be investigated in the two types of cell lines and
compared. Subsequent experiments will include the study of the mechanism of cellular death
and /or inhibition or promotion of cellular proliferation due to exposure to the varying
concentrations of H,O». Data will be analysed and interpreted in line with existing reports with

respect to the ROS-induction of BBB dysfunction.

The schematic below summarises the study design.

b.End5 bEnd.3

Endogenous Antioxidants

Viability Changes Cell Proliferation
Live: Dead
D
AMitochondrial
Potential

Figure 3.1: Schematic summary of the research design to study effects of ROS in BBB

Cell cycle
Analysis

dysfunction.
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3.2 Materials

3.2.1 Cells and cell culture

Immortalized mouse-derived brain endothelioma cell lines of two types, b.End5 and bEnd.3
were used for our studies.

The b.End5 type, previously described by Reiss et al 1998 (Reiss et al., 1998) was purchased
from ECACC (Sigma-Aldrich, 96091930), and were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Lonza, BE 12-719F) supplemented with 10% (v/v) fetal bovine serum (FBS,
biowest, S12010S181G), 100units/ml penicillin/streptomycin (Lonza, DE17-602E), 1%
sodium pyruvate solution (Lonza, BE13-115E), and 1% non-essential amino acids (NEAA
Lonza, BE 13-114E) at 37°C and 5% CO2 in a humidified atmosphere. For all experiments
b.End5 cells between passages 5-20 were used and culture medium was changed every 2-3
days. Prior to experimentation, cells were rinsed with 1X phosphate buffer solution (PBS). The
adherent cells were detached by the addition of TrypLE™ Express, a recombinant trypsin
enzyme preparation, after which equal volume of complete media was added and aspirated into
15ml conical tubes. The cells in suspension were further pelleted by centrifugation for 5
minutes at rpm of 2,500. Supernatant was then aspirated to remove the effects of trypsin and

thereafter, known volume of fresh media added to bring the cells into suspension.

The bEnd.3 (ATCC® CRL-2299) cell line as previously characterized (Montesano et al., 1990;
Williams et al., 1989) was purchased from American Type Culture Collection (ATCC) and
was maintained in Dulbecco’s modified Eagle’s medium (Gibco™ 11320074) supplemented
with  10% (v/v) fetal bovine serum (FBS, Biowest S12010S181G), 100U/ml
penicillin/streptomycin (Lonza, DE17-602E) and L-glutamine to a final concentration of
4.1mM (ThermoFisher 25030081) and at 37°C and 5% CO2 in a humidified atmosphere. For
all experiments, bEnd.3 cells used were between passages 5-20 and culture medium was
changed every 2-3 days. Prior to cell seeding for experiments, adherent bEnd.3 cells were
brought into suspension as described for bEnd5 cells above.

3.2.2 Bio-reagents

Analytical grade reagents were used for all experiments. These include Monochlorobimane
(Molecular Probe M1381MP), Trypan blue, (Gibco 1520-061), Tris (2-carboxyethyl)
phosphine hydrochloride, TCEP (Sigma C4706), GSH-GlIoTM Glutathione Assay Kit
(Promega VV6911/2), Trolox ((x)-6-Hydroxy-2, 5, 7, 8-tetramethylchromane-2-carboxylic acid,
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Sigma 238813), Cell Proliferation Kit Il (XTT) (Roche, Sigma 11465015001), Hydrogen
Peroxide (30%, Merck Millipore 107209), Tetramethylrhodamine, Ethyl Ester, Perchlorate
(TMRE) (Invitrogen™ T669), Hoechst 33342, Trihydrochloride, Trihydrate (Molecular
probes, H3570), FxCycle™ PI/RNase Staining Solution (Invitrogen F10797), Annexin V,
FITC conjugate (molecular probes A13199), L-Glutathione reduced (Merck, CAS Number 70-
18-8), Bicinchoninic Acid solution (Merck CAS Number 1245-13-2), Bovine Serum Albumin
(Merck CAS Number 9048-46-8), TrypLE™ Express Enzyme (1X), no phenol red (Gibco
12604013), 1, 4-diazobicyclo-[2, 2, 2]-octane (DABCO, Merck CAS Number 280-57-9)

3.3 Methods
3.3.1 Determination of comparative ROS-buffering capacity of b.End5 and bEnd.3
cells
3.3.1.1 Hydrogen Peroxide Treatments
A stock solution of hydrogen peroxide (H202,-9.8M, Merck Millipore) was diluted to the
required concentrations in complete media. Cultured b.End5 and bEnd.3 cells were divided
into labelled treatment wells exposed to H>O. concentrations ranging between 10uM to 2mM
and cells that were unexposed to H>O; served as control. To determine the antioxidant capacity
of cultured cells both b.End5 and bEnd.3 cells were seeded in separate transparent 96 well
plates at 1x 10* cells per well in 200pL of normal media and allowed to attach overnight. Media
were then aspirated and replaced with either 100pL of fresh media to serve as control or 100uL
of media dosed with the appropriate concentrations of H,O> for another 24hrs. Experiments
were repeated thrice and average values of parameters were recorded. Viability of the cells
exposed to different concentrations of hydrogen peroxide were then analysed and compared

against viability measures for the control cells under same duration in culture.

3.3.1.2 Antioxidants treatments

To study the effects of exogenous antioxidant treatment on the capacity for survival of b.End5
and bEnd3 cells exposed to H2O> concentrations of increasing strength, either solutions of
reduced glutathione or Trolox (each 25uM final concentration) in combination with the IC7s

concentrations of H,O> were added as additional test groups
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3.3.1.3 Viability assay: cell proliferation

Cells were cultured in a transparent 96 well plate as described for hydrogen peroxide
treatments. Equal numbers of b.End5 cells were seeded into eighteen treatment wells in
triplicate (n=3). Control wells were not exposed to H.O, while experimental wells were treated
with H2O> concentrations in multiples of 50uM up to a maximum of 850puM. For cultured
bEnd.3 cells, equal numbers of cells were seeded into sixteen sets of 3 wells (n=3) with control
wells not exposed to H202, while treatment wells were exposed to H20- in multiples of 10uM
up to 100pM and then in multiples of 100uM up to a maximum of 500uM. A blank column of
3 wells was also included in both treatment plates to facilitate the determination of relative
absorbance units. The XTT (Kazaks et al., 2019) viability assay kit (Roche) was used to
quantify cell viability after treatment for 24hr. The XTT reagent was reconstituted by mixing
100pL of electron-coupling reagent (0.383mg/ml) with 5Sml of XTT labelling reagent (1mg/ml)
to activate it as per manufacturer’s recommendation. Reconstituted XTT, 50uL, was then
added to each well containing 100uL of cell culture and incubated for 4hrs at 37°C in a CO2
incubator. Absorbance was then read for each well at 450nm and blank-corrected values
obtained using a GloMax—Multi Detection System (Promega). The absorbance measures

directly correlate with the viability of the cells in each well.
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Figure 3.2: Plate layout for XTT cell proliferation/ viability assay. ‘B’ represents a blank well
while ‘C’ represents a treatment control well. Figures indicated in wells are the uM

concentrations of H.O2 treatments for each well.
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3.3.1.4 Trypan Blue viability assays

Cultured b.End5 and bEnd.3 cells proliferate while getting attached under culture condition
and it was required to quantify glutathione content of specific numbers of cells in order to
determine the quantity per unit cell. We determined the 24hr proliferation rate for both b.End5
and bEnd.3 cells and estimated the number of cultured cells that gives 10,000 cells at 24hrs in
culture. Glutathione quantity in 10,000 cells were then determined and from this value was the
amount per unit cell calculated.

1x10° cells were seeded into 25cm? flasks in groups of 5 (n=3; day=0). Cells were incubated
at 37°C and 5% CO». At 24hr of the incubation bEnd5 cells were washed, trypsinated,
centrifuged, and resuspended in media to get cells into suspension in preparation to perform
the Trypan Blue (TB) staining for cell counting. Cells were counted, using the Neubauer
hemocytometer. The TB cell suspension was made up of 10ul cells suspension and 10ul TB.
TB-cell suspension, 10ul, was added to the each section of the hemocytometer and a minimum
of 100 cells were counted under an inverted phase contrast microscope (Zeiss). This process
was performed for each flask of cells at each time point to obtain a controlled b.End5 cells
number targeting 1 X 10* cells per well in 24hr for cellular glutathione quantification. The
bEnd5 cell proliferation rate in 24-32hrs was determined using the plot of the number of cells
against duration of cells in culture. All experiments were performed in triplicate. Similarly, TB
assay was performed to determine the viability of cultured cells exposed to 24hr of ROS
challenge using ratio of live to dead cell counts. This served to evaluate the cell depletion

observed on treatment of the endothelial cells with higher ranges of H>O2 concentrations.

3.3.1.5 Clonogenic Cell Survival Assay

It is of importance to know the status of the b.End5 cells that remained with un-depleted GSH
in the highest [H202] treatment. The same group of cells still retained some absorbance of XTT
thereby making it needful to find out if these cells are actually dead or alive. A standard
clonogenic assay was then performed with cells seeded in 6 well plates and exposed to the
selected inhibitory [H202]. Following treatment for 24hr, cells were trypsinated and cell stocks
of equal seeding density were diluted 1: 1000. These cells were then seeded into 10mmX 35mm
Petri dishes and colonies were allowed to grow for 10-14days before staining with crystal violet
0.1% [w/v] in 10% EtOH. The density of cell re-growth in each well were then observed and
compared for the different treatments.
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3.3.2 Fluorescent detection of glutathione in cultured cells

Equal numbers of b.End5 and bEnd.3 cells were cultured under standard conditions on
microscopic glass coverslips in separate 10 X 35mm Petri dishes. Prior to cell culture, the glass
cover slips were sterilized and cleaned with 70% ethanol (EtOH) and inserted into Petri dishes.
The cover slips in the Petri dishes were then further sterilized under UV light for 1-2hr. The
cells were then seeded on the coverslips and allowed to attach overnight in all Petri dishes and
cells on each cover slip were used to demonstrate the presence of glutathione in the cultured
cells. Briefly, the medium was removed from the attached cells and were rinsed twice with
PBS solution at pH, 7.4 and then incubated with Monochlorobimane solution (mBCI,
Molecular Probe™ M1381MP) 60uM in complete DMEM in a humidified incubator at 37°C
and 5% CO- for 30 minutes (Chatterjee et al., 1999). Following incubation with mBClI, cells
on the cover slips were fixed using a mixture of 4% paraformaldehyde (PFA) and 0.2%
glutaraldehyde (GA) in PBS solution at pH 7.4 for 10min and following fixation, samples were
rinsed with PBS and excess PBS aspirated from the Petri dishes. The cells were then nuclear-
counterstained for by incubating slides in the dark with 20pg/ml propidium iodide (PI) solution
for 15min at room temperature (RT). DABCO (1, 4-diazabicyclo-[2, 2, 2]-octane) mountant,
20ul, was added to microscope glass slides and the cover slips with stained cells were inverted
and mounted on the glass slides. Cells on each slide mount were then viewed and imaged under

a fluorescent microscope equipped with a Nikon Eclipse 501 camera using a triband filter.

3.3.3 Quantification of total cellular glutathione in b.End5 and Bend.3 cells

To accurately quantify the total amount of glutathione in a single b.End5/bEnd.3 cell, a GSH-
Glo™ Glutathione Assay Kit was used which works by a luminescence assay to detect and
quantify glutathione (Scherer et al., 2008). The assay is based on the conversion of a luciferin
derivative into luciferin in the presence of glutathione, catalyzed by glutathione-S-transferase
(GST). The reaction is further coupled with a firefly luciferase which leads to the generation
of luminescence signal proportional to the amount of glutathione in the sample. To estimate
glutathione fairly accurately in 1 x 10* cells, according to manufacturer’s recommendation and
to control for cell proliferation occurring alongside cell attachment, cells were plated in white
96 well plates and incubated at 37°C and 5% CO. at a density of 4 x 10° cells per well for the
b.End5 cells and 4.5 x 10° cells per well for the bEnd.3 cells, based on an optimized number
of the respective cells that give the target density at 24hrs in culture (based on the data obtained
from proliferation study). Cells were plated in columns of 4 wells (n=4) in a 96-well white

bottom plate and 100ul of prepared 1X GSH-Glo reagent were transferred to each well. In
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order to measure the total glutathione (GSH + GSSG), 100ul of ImM Tris (2-Carboxyethyl)
Phosphine (TCEP) was added to a group of 4 wells in addition to the GSH-Glo reagent
according to GSSG recycling method (Tietze, 1969). The sensitivity of the GSSG measurement
using this method is between 0.5-0.6uM. The contents of the wells were agitated briefly on an
orbital shaker before incubation at room temperature for 30 minutes. 100l of reconstituted
Luciferin detection reagent was then transferred to each well, and the plate was mixed briefly
on an orbital shaker before incubation at room temperature for 15minutes. Luminescence
values were then read using a GloMax —Multi Detection System (Promega). Luminescence
readings were converted to GSH concentration using a standard curve generated from a 5mM
GSH standard supplied by the manufacturer. Similarly, cellular GSH quantity changes were
determined to study the trend in the cellular glutathione during exposure of both b.End5 and

bEnd.3 cells to escalating concentrations of H.O> for 24hr.

3.3.4 Cell cycle analysis

In order to further investigate changes in cell viability and /or proliferation observed when
cultured BECs are exposed to increasing concentrations of H>O», analysis of cell cycle was
carried out. Culture of b.End5 cells were maintained in a 25cm? flasks and were exposed to
selected concentrations of H2O2 for 24hr. The treatment media was then removed from the cells
and they were rinsed once with Iml of PBS, following which 500ul of TrypLE™ Express
enzyme was added to each sample and incubated for Smin-in a humidified incubator. After
incubation, 500pul of media was added to each sample and cells were brought to suspension in
a 15ml conical tube. Each cell suspension was then centrifuged at rpm 2500 for 5min to obtain
cell pellets and the supernatant were carefully discarded. The samples were then each
resuspended in 500ul of PBS and immediately fixed with a dropwise addition of ice-cold 70 %
EtOH to a final volume of 5 ml and were then placed at -20°C for a minimum of 2 h. Prior to
analysis, cell samples were first centrifuged at 1,000 rpm for 5 min at RT to pellet the cells,
EtOH was carefully removed and the pellet resuspended in 1 ml PBS. The resuspended pellet
was again centrifuged at 1000rpm for 5min and the supernatant carefully decanted. The pellet
obtained were then resuspended in 1ml of FxCycle™ PI/RNase Staining Solution and
incubated at RT for 30min prior to flow cytometric analysis. After 30min of incubation in
FxCycle™ PI/RNase Staining Solution, the samples were then analysed with BD Accuri C6
flow cytometer. Samples were analysed in triplicates and data analysis was done using the

FlowJo_v10.6.1 analysis software.
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3.3.5 Determination of changes in the mitochondrial membrane potential (Aym)

To evaluate changes in mitochondrial membrane potential (Aym) in cells exposed to increasing
concentrations of H2O., transparent glass cover slips were sterilized as described earlier and
cells were grown on cover slips placed in 10 x 35mm Petri dishes. Cultured cells were then
incubated with media dosed with H20- concentrations corresponding to the ICzs, ICso, and IC7s,
values, prior determined, and another group consisting of cells treated with 1C7s value with
added antioxidant (25uM each of either GSH and/or Trolox) while untreated cell cultures
served as control. All treatment were for a duration of 24hr before analysis. At the end of
treatment, the treatment medium was removed and attached cells were incubated with medium
containing 50nM TMRE and 7.5uM Hoechst 33342 solution for 30min in the dark at 37°C.
TMRE is a cell-permeant, cationic red-orange fluorescent dye that accumulates in active
mitochondrial while Hoechst 33342 is a cell membrane-permeable dye that binds to DNA to
generate a blue fluorescence. After staining for 30min, cells were washed twice with PBS, pH
7.4 and immediately analysed using the triband filter of a fluorescence microscope equipped

with a Nikon Eclipse 50i camera (Bova et al., 2005).

Alternatively, cells were grown in a 6-well culture plate and treated with H,O2 concentrations
as described previously for 24hr. At the end of treatment, cells were scraped with a cell scraper
and lysed in lysis buffer composed of SDS (0.1%v/v) in 0.1M Tris-HCI buffer. Subsequently,
200ul samples of the lysate were transferred into 96-well culture plates and TMRE
fluorescence was measured using a microplate reader at ExX/Em wavelengths of
508+20nm/580+40nm. The fluorescence intensity from each sample was normalized to the
protein concentration of the corresponding lysate. To ensure that mitochondrial uptake of
TMRE was related to membrane potential, a control study was included in the experiment
composed of cells treated with an uncoupling agent (CCCP, 100uM) known to abolish Aym.
For microplate determination of TMRE fluorescence, protein concentrations were assayed
using the BCA protein assay kit and the fluorescence measurement recorded for each well

normalized to protein concentration in corresponding cell lysate (Oubrahim et al., 2001).
Additionally, culture of b.End5 cells were maintained in a 25cm? flasks and were exposed to

selected concentrations of H»O> as described earlier for 24hr. The treatment media was then

removed from the cells and they were rinsed once with 1ml of PBS, following which 500l of
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TrypLE™ Express enzyme was added to each sample and incubated for 5min in a humidified
incubator. After incubation, 500ul of media was added to each sample and cells were brought
to suspension in a 15ml conical tube. Each cell suspension was then centrifuged at rpm 2500
for 5min to obtain cell pellets and the supernatant were carefully discarded. Cell pellets in each
sample were then resuspended in 500ul of media containing 100nM TMRE solution and
incubated in the dark in a humidified incubator at 37°C and 5% CO. for 30min. Following
incubation with TMRE, cell suspension were centrifuged at 1000rpm for 5min and supernatant
were carefully discarded and the samples were washed once by suspension in 500ul of cold
PBS, centrifuged at 1000rpm for 5min and pellets were resuspended in 500ul PBS and analysed
using a BD Accuri C6 flow cytometer. Samples were processed as triplicates and data
acquisition and analysis were carried out using the BD Accuri C6 analysis software (Crowley,
Christensen, et al., 2016).

3.3.6  Annexin V/Propidium lodide analysis of cell death

In order to determine the nature of cellular death induced in brain endothelial cell culture
exposed to escalating ROS concentrations, cell death by apoptosis and necrosis were analysed
using Annexin V coupled with propidium iodide by flow cytometry (Crowley, Marfell, et al.,
2016).

Briefly, b.End5 cells were cultured in 25cm? flasks and allowed to attach and grow to 60-70%
confluence. Cells were then treated for a duration of 24hr in triplicates with inhibitory
concentrations of H.O2 in growth medium prior determined viz, 1C2s, 1Cso, and 1C7s. Further,
another two groups were treated with 1C7s concentration in combination with either of 25uM
GSH or Trolox solution in growth medium while a group of cultures were incubated only in
normal growth medium to serve as control. After treatment for 24hr, cell cultures were rinsed
once with cold PBS and 500pl of TrypLE™ Express enzyme was added to each culture flask
and incubated for 5min to detach the cells. After cells were detached, 500ul of culture medium
was added to neutralize the TrypLE™ Express enzyme and cells were brought into suspension.
The suspended cells were then centrifuged at rpm 2500 for 5min and cell pellets obtained were
kept on ice and washed twice by resuspension in cold PBS (pH 7.4) followed by centrifugation
and removal of the supernatant and then finally resuspended in 100pul of cold Annexin-binding
buffer (ABB) 1X. Annexin-binding buffer 10X consisted of 0.1M HEPES (pH 7.4), 1.4M NaCl
and 25mM CacCl; in double distilled water (ddH-O) and was diluted to 1X by adding 1 volume
of the 10X ABB to 9 volume of ddH,O. To the 100ul of cold cell suspension in ABB was
added 5pl of FITC Annexin V and then 20ul of FxCycle™ PI/RNase Staining Solution. The
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cell suspension was then gently vortexed and then allowed to incubate for 15min at room
temperature in the dark. After 15min of incubation in the dark, additional 400ul of ABB 1X
was added and each sample analysed with a BD Accuri C6 flow cytometer. Both the acquisition
and analysis of obtained data were carried out using the BD Accuri C6 software (Fernandez-
Gil et al., 2019; Martin et al., 1995).

3.4 Statistical Analysis
Data were presented as mean * standard error of the mean (MeantSEM) and statistical
software, Graph Pad Prism was used to analyse numerical data. Significant data were accepted

at p values <0.05
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4 CHAPTERA4

4.1 Experimental Results

4.1.1 Introduction

In this chapter, the findings and analysis of results from the experiments carried out using the
methods described in the previous chapter are presented and explained in details. Tabulations,
graphical presentations and statistical analysis of the data obtained are presented. The results
are arranged to relate the survival capacity of the two cell lines used under ROS duress, H202,
and the comparative capacity of the two cell lines for survival with respect to the duration of
exposure, and the magnitude of the ROS stressor. The assay for cell survival also included a
standard clonogenic assay on cells after 24hr treatment with selected inhibitory concentrations
of the ROS stressor. Data presented in this regards represents analysis of live and dead cells as
well as changes in cell proliferation under ROS duress in the presence and absence of an
exogenous antioxidant. Next presented is the fluorescent microscopic detection of the
endogenous antioxidant, GSH, in the two cell lines followed by comparison of
spectrophotometric estimation of GSH quantity per unit cell in each cell lines. Further, changes
in the cellular contents of GSH as the cells are exposed to increasing H>O> concentrations was
studied for the cell lines. Results from investigations of the mechanism of cell inhibition with
ROS treatment were then presented; first was the analysis of cell death by apoptosis and
necrosis studied by flow cytometry using combination of FITC Annexin V and propidium
iodide. Supporting data for apoptotic cell death were presented using marker of mitochondrial
membrane depolarization studied by fluorescent microscopy, fluorescent spectrophotometry
and flow cytometry of cells that take up the cationic tetramethyl rhodamine ethyl ester into
their mitochondria under physiologic conditions. Finally presented is the analysis of cell cycle
changes during exposure to ROS. Numerical data were presented as means * standard error of

the mean.

4.2 Cell viability/ cell survival studies

In order to approximate the levels of ROS that inhibit cell proliferation or induce cellular death
in 25, 50, and 75% of cultured cells, cells in culture were exposed to increasing concentrations
of H20> and their viability by XTT cell proliferation assay and the Trypan blue assay for the

number of live and dead cells were studied.

http://etd .%L;wc.ac.za/



4.2.1 XTT Cell proliferation assay

Results of XTT assays done with treatment of b.End5 and bEnd.3 cell cultures with increasing
concentrations of H.O> showed dose-dependent decline in cell viability for both b.End5 and
bEnd.3 cells. A non-linear regression analysis of the 50% inhibitory concentrations, ICso,
showed marked differences in values for both cells. Statistical comparison showed that b.End5
has statistically higher ICso value than bEnd.3 cell line (Fig. 4.5).
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Figure 4.1: ROS buffering capacity of b.End5 cell line: Cells were exposed to [H20] between
0-1000uM for 24hrs and absorbance of XTT (plotted on the Y-axis as percentage of absorbance
from the control experiment) from each test well at different concentrations was used for a non-
linear regression analysis to determine the [H202] for 25%, 50% and 75% cell viability
inhibition. The respective inhibitory concentrations are: 465.4, 486.4 and 1102uM H20:
represented by charts A, B, and C respectively. Chart D shows a bar chart presentation of the
varying measures of the cells at the [H202] used. Between [H202] of 50-250uM, viability
values were either above or at par with the control (unexposed cells) values.
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Figure 4.2: ROS buffering capacity of bEnd.3 cells: Cells exposed to [H202] between 0-500uM
for 24hrs and absorbance of XTT(plotted on the Y-axis as percentage of absorbance from the
control experiment) from each test well at different concentrations was used for non-linear
regression analysis and the 25%, 50% and 75% cell viability inhibitory concentrations for
[H202] were determined. The respective inhibitory concentrations are: 42.46, 74.55 and
300.4puM H20; represented by charts A, B, and C respectively. Chart D shows a bar chart
presentation of varying measures of the cell viability for bEnd.3 cells at the [H202] used. The
cells showed a steady, dose-dependent decline in viability with successive increment in [H202]
relative to the viability of the control group. Viability measures become statistically significant
relative to the control from [H202] of 20uM (P<0.05).
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Figure 4.3: Temporal inhibition of b.End5 and bEnd.3 cell lines on exposure to equal
magnitude of ROS: Growing cells were exposed to 500uM [H202] and XTT absorbance
measured hourly until absorbance values approach values obtained for blank media. Non-linear
regression analysis was then used to determine the time for half maximal viability based on
XTT absorbance. A longer time was taken for half maximal inhibition of b.End5 cells than for
bEnd.3 cells. Half maximal viability times were 191.4 and 37.94 min respectively for b.End5
and bEnd.3 cell lines.

Though the two cell lines were cultured in this study using the media recommendation of the
manufacturers for the optimum survival of each cell in culture, a difference of 0.5mM sodium
pyruvate was noted in the composition of the media with b.End5 media having the higher
content of sodium pyruvate. Since sodium pyruvate can serve as an additional source of energy,
we hypothesised that the observed higher survival capacity of the b.End5 cells was due to
higher energy sources from higher supplementation of its medium with sodium pyruvate. We
therefore investigated the effect of the differences in media composition for the growth of each
cell lines, particularly the difference in sodium pyruvate content by attempting to grow the cells
in interchanged media while repeating the cell viability experiment with exposure to the
previously studied ROS magnitude. The result showed that each of the cell line does not attach
as usually observed for these cells when seeded in the interchanged media. Alternatively, cells
were seeded in their recommended medium for 24hr to allow cell attachment after which media
in each cell lines were removed and culture rinsed once with PBS. Medium in each cell line
culture was then interchanged and cell cultures were observed in 24hrs. Results showed cell

detachment and attenuation of their characteristic dendritic extensions as shown below:
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Figure 4.4: Micrographs showing the effect of interchanging cell culture media on the growth

of cell lines. Plates A and B represents bEnd.3 and b.End5 cell cultures in their recommended
media respectively, while Plates C and D shows bEnd.3 and b.End5 cells, grown respectively
in interchanged media. Cell rounding and attenuation of dendritic cytoplasmic extensions are

observable in both plates C and D.

4.2.2 Comparison of the half maximal inhibition hydrogen peroxide concentrations
(1Cs0) for b.End5 and bEnd.3 cell lines.

Statistical comparison of the values of the 1Cso (half maximal inhibitory concentration of H205)

data obtained for the two cell lines are as presented below. Statistically significant difference

was observed for the magnitude of the 1Cso between b.End5 and bEnd.3 cell line. The 1Cso

concentration for b.End5 cell line was higher than that for bEnd.3 cells and thus the b.End5

cells showed a higher survival capability under ROS duress than bEnd.3

http://etd .%gwc.ac.za/



400+

b.End5 bEnd.3

IC;, for b.End5 higher than bEnd.3 (p<0.0001)

Figure 4.5: Graph shows the values of the ICso concentrations of hydrogen peroxide obtained
for b.EndS and bEnd.3 cell lines. The values were statistically compared using a Student’s t
test which showed that b.End5 have a significantly higher 1Cso than bEnd.3 cell line (P<0.0001)

4.2.3 Evaluation of live and dead cell counts using Trypan Blue exclusion assay

The changes in the number of live and dead cells with 24hr exposure to H2O» was studied using
b.End5 cell line. Results showed that the initial increase in the concentration of H20- leads to
increase in the total number of live cells while minimal increase in the number of dead cells
was observed. Specifically below and at the ICso (486.4pM)ranges of H202 concentrations, the
mean total number of live cells stayed significantly higher than that for the control whereas
after the 1Cso concentration is exceeded, the mean total live cell number decreased to values
significantly lower than for the control group of cells. Similarly observed was increase in the
number of dead cells in a dose-dependent pattern. The number of dead cells at H.O>
concentrations below the ICso values for the b.End5 cells was slightly but insignificantly higher
than the control group. When the data for live and dead cells were analysed together, it was
observable that the combination of the number of live and dead cells cannot clearly evaluate
the dynamics of the changes, either increase or decrease, in the total number of cells in the
assays. The previous experiment using the XTT cell proliferation kit showed clearly that there
was increase in the number of cells treated with some levels of ROS (<300uM of H20>) and

this result was again observed here using the Trypan Blue exclusion assay. However, to further
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elucidate the mechanism of cell depletion, cell cycle analysis was carried out. Additionally, an
Annexin V/PI analysis of apoptosis and/or necrosis was proposed in subsequent experiment to
evaluate the involvement of apoptosis and cell cycle enhancement or arrest in the process of
H>0O>-induced endothelial cell depletion.
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Figure 4.6: Cultured b.End5 cells were treated with [H202] ranging between 250 to 1250uM
for 24hrs and trypan blue exclusion assay were done to count the number of live and dead cells.
Number of live cells at 250uM were significantly higher than control (P<0.05) while the
numbers of live cells at 1000 and 1250uM while significantly lower than control (P<0.001).
Dead cell numbers were significantly higher compared to the control at [H202] range between
750uM and 1250uM in a dose dependent fashion (P<0.05). Despite the absolute number of
live cells, at hydrogen peroxide concentrations between 1000 and 1250uM, showing significant

reduction the absolute number of dead cells were not correspondingly low.
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4.2.4 Effect of combined treatment of hydrogen peroxide with 25uM Trolox on b.End5
cells.

To determine if the viability of cells exposed to H20. will be improved if combined with
selected dose of an exogenous antioxidant, Trolox (25uM), results using the XTT proliferation
assay showed that cell viability was enhanced to comparable values as that of the control at
H>0> concentration 750uM and only slightly lower than the control even at 1000pM. This was
contrary to significantly lower values for similar H>O> concentrations without Trolox
treatment. Thus administration of exogenous antioxidant enhanced survival of b.End5 cells
under ROS duress.

Viability of cells with combined H,O, &Trolox

2.0
il 1.0,

[ H,O0,+ Trolox (25uM)

Absorbance (OD)

Figure 4.7: Cell proliferation assay with and without antioxidant treatment. Culture of bEnd5
cells were plated in 96 well as previously described and cells were treated with escalating
concentrations of H.O> with or without combination of 25uM Trolox. Viability directly
correlated with the absorbance of XTT and showed enhanced viability for Trolox-treated cells
when compared with the control for concentrations of 750 and 1000uM H20,. Annotations ‘a,

b and ¢’ denote data values significantly higher, lower and at par with the control respectively.
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4.3 Detection and quantification of GSH in BECs

To study the presence of a selected endogenous antioxidant, GSH, in the two cell lines and also
to quantify the amount in each cell line, both fluorescence microscopy utilising
Monochlorobimane fluorescence and a luminescence spectrophotometric assay using GSH Glo
assay kit were respectively used. Both of these methods were also used to monitor changes in
the cellular GSH contents when the cells were exposed to ROS.

In the detection experiments, GSH specific fluorochrome, mBCI was used to mark the presence
of GSH in the cells on fluorescent microscopy. The fluorochrome, binds to GSH to form GSH-
bimane adduct which fluoresces blue light when excited at wavelengths between 365 and
400nm. This allowed a micrographic, though subjective, appraisal of the quantity of GSH in
both normal and ROS-treated cells (refer to chapter 3, section 3.2).

Data presented in this study include experimental detection and confirmation of the presence
of GSH in the cell lines used, quantity of GSH per unit cell for each line and both micrographic
and quantitative data for cellular changes in GSH when the cells are subjected to ROS duress.

4.3.1 Detection and confirmation of GSH presence in b.End5 and bEnd.3 cells

Both b.End5 and bEnd.3 cells showed variable blue fluorescence on microscopy which
confirms the presence of GSH in the cell lines used (Figure 4.8). The micrograph suggests that
b.End5 cell culture emitted a slightly higher intensity of blue fluorescence than bEnd.3 cells
which suggests a higher GSH content for b.End5. Additionally, the ration of nuclear volume to
that of the cytoplasm, the nucleo-cytoplasmic ratio, appear higher for bEnd.3 cells which
suggests that GSH which is mostly cytoplasmic in location is less for bEnd.3 than for b.End5
cells. These assessment were, subjective and thus further experiments to quantify the amount

of GSH in each cell type were carried out.

http://etd%B%vc.ac.za/



Figure 4.8: Micrographs show fluorescent images of b.End5 (A1, A2) and bEnd.3 cells (B1,

B2) in normal culture. Both cells showed blue mBCI fluorescence (due to binding with GSH)
in their cytoplasm, though at the higher magnification b.End5 appeared more deeply stained.
Furthermore, plate A2 revealed a lower nucleo-cytoplasmic ratio in b.End5 cells suggesting
more cytoplasmic GSH content than in bEnd.3 cells. Importantly also, multiple segments and
rings of blue fluorescence (white arrows) indicative of glutathione were observed within the

nuclei and at the nucleo-cytoplasmic interfaces in both cell types (Plates A2 and B2).

4.3.2 Quantification of cellular GSH for b.End5 and bEnd.3 cells

Using the GSH-Glo™ assay kit, the quantity of GSH in 10,000 cells of each type of cell lines
were measured and data used to calculate the average quantity contained in a single b.End5
and bEnd.3 cell. First, optimization assay to control for the number of cells per assay
recommended by the manufacturer of the kit used was done. Each cell type was cultured to
determine the rate of proliferation for the specific cell in 24hr which was the targeted duration
for cell culture at the time of GSH measurement. Seeding cell density for each cell line was
then calculated from the data obtained for the proliferation assay. Based on the data obtained
from the optimisation assay, a seeding density of 4 X 10° and 4.5 X 10° cells per well of a 96
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well cell culture plate were used for b.End5 and bEnd.3 cells respectively, targeted at 1 X 10*
cells at the end of 24hr in normal culture. By the technique described in the previous chapter
3, the quantity of GSH and GSSG fractions in a single cell of each cell line was determined
first in arbitrary luminescence units which was then converted to actual GSH quantity, using a
standard curve generated with a 5mM GSH standard supplied with the GSH-Glo™ assay kit
(Figure 4.9). The data obtained was then used to determine the GSH: GSSG oxidant status of
each cell in normal culture. The quantity of GSH in each cell type was then compared

statistically and the results are as shown in the figures that follow:
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Figure 4.9: Standard curve for GSH estimation using the GSH-Glo™ assay kit. The R? value
of 0.9993 suggests acceptability of the accuracy of the estimation using this Kit.

Mean GSH quantity per single b.End5 cell was estimated as 2.769+0.113 fMol with similar
estimation of its GSSG content as 0.139+0.006 fMol while in a single bEnd.3 cell, mean GSH
quantity amounts to 2.305+0.219 fMol and GSSG was 0.115+0.011. Thus there is a higher
GSH content in b.End5 cell with a mean difference of 0.464+0.106fMol, however, statistical
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analysis showed that the difference was not statistically significant, P>0.005 (actual P value
=0. 1325). (Figure 4.10)

4.3.3 Cellular GSH response to increasing hydrogen peroxide concentrations.

Both b.End5 and bEnd.3 cells were treated with increasing concentrations of hydrogen
peroxide within the range between their respectively determined inhibitory concentrations.
After treatment for 24hr, the mean GSH content at each concentrations were measured using
the GSH-Glo™ assay kit. Data values for the mean GSH were then plotted against the hydrogen
peroxide concentrations for each of the b.End5 and bEnd.3 cells to show the trend in cellular
GSH changes as hydrogen peroxide concentration increases. Analysis from the trend plot
showed a marked difference in the reactive changes in the cellular GSH content within b.End5
and bEnd.3 cells during ROS duress. At low [H20>], b.End5 cell GSH content is increased in
the cell in quantity higher than the values for the control group to reach a peak value at about
250uM H20.. These higher values were maintained until [H202] exceeded 500uM and a steady
decline in the GSH content was then observed until [H202] of about 1000uM. Thereafter,
increase in [H202] only cause minimal, negligible decline in the GSH content of the b.End5
cells. At no [H202] was the GSH content of b.End5 cells completely depleted. Similar trend
plot for the bEnd.3 cells showed a steady and steep fall in the GSH content to zero.

In order to investigate whether the apparent increase in the GSH content of b.End5 cells are
due to actual synthesis of GSH or simply the effects of increased cell numbers due to cell
proliferation, experiments are done with ROS treatments that targeted the points of GSH
elevation and decline when H,O; treatment was combined with Trolox antioxidant which
antioxidant mechanism differ from that of GSH. Additionally, parallel experiment was carried
out with identical treatment but cell proliferation data, instead of GSH, was taken and analysed
against GSH trends. Analysis showed that GSH decline followed the initial pattern at hydrogen
peroxide concentrations where Trolox enhanced cell proliferation. At these points in [H20:]
GSH reduction and preservation of cell proliferation coexisted. The data in these experiments
are represented by graphs C and D in the figure below. This clearly showed that the increased
GSH content observed in b.End5 cells between the control and 500uM [H20-] was certainly
due to upregulation of the de novo GSH synthesis in response to ROS duress incident on these
cells. Similarly, the graph B, showed that the bEnd.3 cells either has virtually no capacity for
reactive synthesis of GSH under conditions of increasing ROS or that its rate of de novo

synthesis of GSH cannot match the rate of consumption at the tested H>O> concentrations .
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Figure 4.10: Changes in cellular GSH content of endothelial cells under ROS duress. Graphs
A and B present trends in the cellular GSH for b.End5 and bEnd.3 on exposure to increasing
[H20:2] respectively. In A, GSH quantity was higher than control until [H202] was well above
500uM and from the point of decline in GSH, a steady downward trend was observed until
[H202] of 1000uM. From this point a fairly horizontal trend was seen denoting minimal or no
change, such that at no [H202] was the GSH content completely depleted. This is the graph that
represents the GSH trend for b.End5 cell line. In graph B, the cellular GSH content decline
steadily from the level for the control until the values for the GSH content of the bEnd.3 cells
amounts to zero. Graphs C and D showed the GSH response and cell proliferation changes with
co-administration of [H202] and an exogenous antioxidant, Trolox. RLU denotes a relative
luminescence unit. In graph C, there was no difference observed in GSH content between the
control and trolox-treated groups at [H20.] 1000uM and above. In graph D, detectable
differences were shown in the GSH contents of cells treated with either H.O> alone or in

combination with trolox between [H202] 1000 and 1250uM.
4.3.4 Cell recovery assessment

It is of importance to know the status of the b.End5 cells that remained with un-depleted GSH

in the highest [H20-] treatment. The same group of cells still retained some absorbance of XTT
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thereby making it needful to find out if these cells are actually dead or alive. A standard
clonogenic assay was then performed with cells seeded in 6 well plates and exposed to the
selected inhibitory [H202]. Following treatment for 24hr, cells were trypsinated and cell stocks
of equal seeding density were diluted 1: 1000. These cells were then seeded into 10mmX 35mm
Petri dishes and colonies were allowed to grow for 10-14days before staining with crystal violet
0.1% [w/v] in 10% EtOH. Results showed the control and the 1Cso groups regrow back almost
to a monolayer while the 1C7s with and without Trolox antioxidant combination treatment
showed obviously few colonies, however, the Trolox treated dish showed a higher number of

colonies than the IC7s without Trolox.

1Cysg IC,5 Trolox

Figure 4.11: Clonogenic assay for cell survival after ROS stress. Photographs showed lowest
colonies growing in cells treated with 1C7s concentrations of H,O> + Trolox (25uM) while the

control and the ICso group showed virtually monolayers. Though the rate of growth is low in
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the 1C7s groups, it is observed that the population of cells in these categories are not entirely

composed of dead cells.

4.3.5 GSH depletion in b.End5 cells under ROS stress: studies by fluorescent
microscopy.

Experiment was carried out using fluorescent microscopy as described in chapter 3 for visual

micrographic assessment of the depletion in cellular GSH within b.End5 cells under ROS

treatment as an addendum to the quantitative studies above. [H202] used correspond to the

inhibitory concentrations earlier determined for b.End5 cells. Micrographic data showed a

slight difference in GSH-bimane fluorescent until concentrations are above the 1Cso which is

fairly in agreement with the quantitative data presented earlier.

Figure 4.12: Micrograph Plates A, B, C, and D represents [H202] OuM (control), 465uM (ICzs),
486uM (ICsp) and 1100uM (IC7s) respectively using b.End5 cell line. Long arrows point at

cytoplasmic fluorescence of glutathione-bound mBCI while short arrows point at Pl-bound
nuclear fluorescence. The mBCI fluorescence is sensitive to the presence of GSH. Micrographs

show dose dependent weakness in GSH-bimane fluorescence which was maximal at 1C75 H20>
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concentration but not completely absent. This qualitative studies corroborate the downward

trend in the quantity of GSH within cells treated with increasing ROS load.

4.4 Mechanisms for H2O-induced brain endothelial cell inhibition.

Assay are done in order to account for the reduction of cell numbers that was observed in cell
cultures and are associated with increasing concentrations of H2O>. In previous assay for cell
viability with respect to number of live and dead cells in cultures, differences were observed
in the ratio of live to dead cells (with floaters included and counted) but which could not
account for the total loss of cells relative to the control and the groups which showed increased
cell numbers due to cell proliferation. Additionally, an important limitation of the Trypan blue
exclusion assay earlier used is that it cannot account for apoptotic cells if present. In order to
account for the differences in cell viability observed, two assays were carried out to determine
the contribution of apoptosis and necrosis on the one hand, and cell cycle disorder on the hand
to the changes in cell numbers observed on treatment of b.End5 cells with increasing

concentrations of H2O..

4.4.1 Flow cytometric analysis of Apoptosis and necrosis

Apoptotic and necrotic cellular changes were evaluated using Annexin V-FITC/Propidium
lodide based protocols for flow cytometry as described in chapter 3. Using Annexin V-FITC/PI
fluorochrome, the population of cells in the studies were sorted into live, early apoptotic, late
apoptotic and necrotic cells were analysed.

In this study, background necrosis and late apoptosis contributed to 5.2% and 5.6% respectively
of total cell population while early apoptotic and live cells were 0.2% and 89% respectively in
the control (Figure 4.13). With exposure to 465.4uM which represent IC2s concentration of
H20>, there was an increase in the ratio of dead cell in which late apoptotic cell population
increased 3 folds while necrotic cell populations increased 6 folds which therefore doubled the
rate of increase in the number of apoptotic cells. Also, early apoptotic cell population increased
9 folds (Figure 4.14).
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Figure 4.13: Shows dot plot presentation of the unstained cell position (left) against the stained

treatment control group (right).

Statistical analysis of the live, apoptotic and necrotic components of the population of cells at
the different inhibitory concentrations of H202 showed significant variations in the
characteristic of cell death encountered and further differences were observed at concentrations
co-administered with 25uM GSH and/ or Trolox. Reduction in the number of live cells peaked
at the 1Cs concentration (P<0.0001) remaining about 30% of the total cell count but with 25uM
Trolox co-administration the number of live cells was comparable to the IC2s concentration
which though was significantly lower than control yet contributes above 60% of total cell
count. ICso concentration and 1C7s co-administered with 25uM GSH showed highly significant

reduction in live cells each remaining only about 50% total cell population.
Apoptotic cells are sorted into early and late apoptosis populations. Early apoptotic cells
population was significantly higher at 1C2s and 1Cso with 1C25 as the peak, however, the overall

number was less than 6% of total cell count (Figure 4.15 and 4.16). For the rest of the
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treatments, early apoptotic populations remained indifferent from the control group. Highly
significant increases in the late apoptotic cell populations was highest at 1C75 (P<0.0001) with
values above 60% and at antioxidant co-administered treatments (with GSH, about 50% and
with Trolox, about 30% of total cell populations). Other concentrations are either slightly
significantly lower than control (ICso) or not statistically different (1C2s). Necrosis was
significantly highest at ICso concentration of H>O. contributing about 27% of total cell
population and it is the only concentration that produced significant increase in the population
of necrotic cells whereas other concentrations showed no significant differences compared to
the control. Thus administration of exogenous antioxidants to b.End5 cells under ROS stress
protects cell population from cellular death by sparing significant number of live cells while
also creating preference for apoptotic change rather than necrotic cellular death. With the
observation of significant apoptotic change, involvement of mitochondrial contribution was
next investigated using fluorescent microscopy of TMRE cationic dye as well as fluorescent
spectroscopy and flow cytometry of TMRE stained cells.

Statistical analysis of the results further lead to the summary that the highest depletion of live
cells in the samples of b.End5 cells occurred at 1Csp and 1C7s concentrations and the highest
figure of late apoptosis was obtained at IC7s concentration (Figure 4.20). Proportion of live
cells was highest compared to the control at 1C2s concentration and the samples treated with
antioxidants. Also, necrotic cells recorded highest figure at the 1Cso concentration. With this
summary, OS could be conveniently defined as occurring at between 1Cso and ICys

concentrations.
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Figure 4.14: Analysis of cell populations that account for the changes in cell numbers during
at 24hr treatment of b.End5 cells with H,O, ROS of selected concentrations alone and when
25uM of selected antioxidants are co-administered. In viability experiments (Fig.4.7), cells
showed complete recovery when treated with exogenous antioxidants hence in this experiment
IC75 dose was used to test the efficacy of antioxidant protection in order to further examine
effects of antioxidant at doses where cell viability decompensated. Annotations * denotes
statistical difference compared with the treatment control and the number of * is an indication

of magnitude of the differences. Multiples of * represent p< 0.05, 0.01 and 0.001 respectively.
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Figure 4.15: Trends in the survival status of b.End5 cells under conditions of increasing
magnitude of ROS stress. The survival statuses presented in the graphs are aligned to share a

common y-axis for comparison.
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Figure 4.16: Graph shows the differential effects of two exogenously administered antioxidants
on the survival status of b.End5 cells undergoing redox stress at 1Cs level of stress. The two
major populations of cells are with live and late apoptosis statuses while early apoptosis and
necrosis contribute negligible fraction of the total cell counts. GSH treatment showed slightly
significant increase in the number of cells in apoptosis than Trolox. (* denotes statistical
significance at p<0.05). Cellular pretreatment with GSH to determine GSH loading was not
considered having first established in previous experiment an adequate GSH contents in the

cells as well as a normal GSH/GSSG ratio. E.apop, early apoptosis; L.apop, late apoptosis.
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4.4.2 Evaluation of changes in the mitochondrial membrane potential (Aym)

Fluorescent detection of the changes in mitochondrial membrane potential was carried out
while b.End5 cells undergo ROS stress using fluorescent microscopy, fluorescent
spectrophotometry and flow cytometry. This studies were done to determine if mitochondrial
membrane depolarization was contributory to the apoptotic changes observed in the endothelial

cells under ROS stress.

Micrographic results showed significant reduction in the red fluorescence of TMRE dye
indicative of depolarized mitochondrial at ICso concentration and virtually no mitochondrial

fluorescence at IC7s concentration.

A B
\

Figure 4.17: Micrograph Plates A, B, C, and D showed cells at redox levels [H202] OuM
(control), 465uM (ICzs), 486uM (1Cs0) and 1100uM (IC7s) respectively. Micrograph E showed
cells treated with CCCP. White arrow points at a normal mitochondrion with normal

mitochondrial membrane potential while red arrow points at a depolarized mitochondrion.
Micrographs show dose dependent decrease in TMRE mitochondrial fluorescence which was

completely absent at 1C7s H.O2 concentration.

Microplate assay was alternatively carried out as described in chapter 3 section 3.5. Results
showed that mitochondrial depolarization of variable magnitude occurred at all concentrations
with significant reduction in mitochondrial fluorescent for all concentrations. However,

mitochondrial TMRE fluorescent showed dose-response reduction with the highest
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mitochondrial depolarization occurring at 1C7s concentration which was virtually at par with
the negative control group which was treated with an optimized concentration of a known
mitochondrial uncoupler, CCCP (100uM)’
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Figure 4.18: Shows TMRE fluorescence of ROS-treated b.End5 cells. Fluorescence from all
treatment groups are significantly lower than the control with dose-dependent inter-group
differences lowest at IC7s concentration which was virtually at par with the negative control
data value. With co-administration of antioxidants, a partial but insignificant recovery of
mitochondrial fluorescence was observed at the 1C7s [H20:] tested. FAU denotes fluorescent

arbitrary unit.

Comparisons of the treatment groups using histogram data from flow cytometry study also

gave similar results with mitochondrial fluorescent waning as H20. concentrations increases.

http://etd%%vc.ac.za/



a0

GO0
]
o

¢ (Control
=1 -— IC
= 25
=
=
= |
) !
L |
I: —
™ |
S IC, o+ Trix

1

.L- ... llLl-
wl wd et w8 B W2
FLZ-A

Figure 4.19: Shows overlay histogram of two treatment groups against the treatment control.
TMRE fluorescence in the control group lies to the right of others and also occur in higher
population of cells than the IC2s and the Trolox-treated I1C7s concentration. The more aligned

to the right of the histogram the higher the fluorescence of TMRE.

4.4.3 Analysis of cell cycle in b.End5 cells subjected to exogenously incident escalating
ROS concentrations

In order to further evaluate the changes in cell number and/or viability of b.End5 cells under

conditions of exogenously incident ROS of increasing strength, cells were cultured and

subjected to H>O> treatments as described earlier for a duration of 24hr. Following treatments,

the cells of various treatment groups and the control were trypsinated and processed for cell

cycle analysis by flow cytometry with propidium iodide used as the fluorochrome for the

analysis of DNA synthesis. Changes in the DNA contents of the various treatment groups were
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statistically compared with that of the treatment control group for analysis of the different

phases of the cell cycle.
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Figure 4.20: Graph shows b.End5 cell cycle analysis during escalating ROS challenge. Graphs
A, B and C present the GoG1, S and G2/M phases of the cell cycle. Annotations * denote
statistically different data at P<0.05 (compared to the control group) with multiple annotations

reflecting the magnitude of the differences in the data.
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Figure 4.21: Shows histogram presentation for the cell cycle changes at each H:0>
concentrations overlaid with the control. At ICzs and 1Cso concentrations, cell counts was
different compared to the control but at IC7s concentration with and without trolox, G2/M phase
was significantly higher in the number of cells than the control. Higher peaks in the histogram
represent peak of the population of cells in the Go/G1 phase while the lower peaks represent
cell populations in the G2/M phases of cell division.
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5 Chapter5

5.1 Discussion.

5.1.1 Introduction.

Cell culture systems have, to date, offered valuable tools for the study of the effects of oxidative
stress on cellular toxicity as well as adaptive cellular responses. It appears that understanding
the processes involved in oxidative stress-mediated cellular responses is obligatory to the full
comprehension of several physiological and/or pathological conditions such as aging,
degenerative neuropathies, cardiovascular diseases and several others. Aging has been
scientifically characterised as a condition of diminishing cellular functions in consequence of

accumulating subcellular damage mostly caused by ROS (Jeong, 2017; Madonna et al., 2016).

This study looks into the roles played by ROS and OS on the toxic and adaptive changes in the
endothelial cells of the BBB culminating in BBB dysfunction which in turn has been
established as a component of several neurological pathologies (Nation et al., 2019; Sweeney
et al., 2018).

ROS are normally produced as an inevitable consequence of aerobic life and they pose a very
present threat to cellular functions (Sies et al., 2017). Interestingly, most of the damaging
effects of ROS are offset by the antioxidant defence system of the cell, composed of a very
complex and finely modulated system (Sies et al., 2017). This system consists of a number of
enzymes with ample capability for detoxification of oxygen radicals and an additional
complement of low molecular weight antioxidants (Sies et al., 2017). Furthermore, repair and
turnover processes also help to minimise subcellular damage caused by free radical attack
(Birben et al., 2012; Sies et al., 2017). With a perfectly functioning antioxidant system, no
cellular damage persists. However, with increase in the ROS load or decrease in the
effectiveness of the antioxidant system, a situation of unbalanced redox status in favour of

oxidation, known as OS, may arise (Birben et al., 2012; Sies et al., 2017).

The concept that ROS-mediated cellular dysfunctions are due to accumulating subcellular
damage presents opportunity for in vitro studying of cells in culture under defined conditions
of ROS/OS. Such studies can accommodate the use of various types of cells ranging from

highly differentiated (primary) cells with a finite in vitro life span to permanent (immortalised)
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cell lines with an infinite life span to assess the effect of OS in post-mitotic versus cycling cells
(Gille & Joenje, 1992).

In inducing OS, given the foregoing, disturbance of the prooxidant-antioxidant balance can be
alternatively achieved by either increasing the radical load or inhibiting the antioxidant
defences (Gille & Joenje, 1992; Park, 2013; Salvi et al., 2016).

Models using free radical load either increase the load from outside using cellular exposure to
y-irradiation (Kawamura et al., 2018), elevated O> tension (Bai et al., 2017), extracellular O
or H20 (Jacobi et al., 2005; Park, 2013) or by inducing radical production from inside using
free radical-generating drugs such as paraquat (Senejani et al., 2019) and menadione (Smith et
al., 2017). Antioxidant defences can be compromised by inhibiting catalase and superoxide
dismutase using 3-aminotriazole (So et al., 2017) and diethyldithiocarbamate (Lushchak et al.,
2005), respectively, or by depleting glutathione using buthionine sulphoximine (Salvi et al.,
2016).

5.2 Discussion of findings

5.2.1 Selection of hydrogen peroxide as a source of ROS

In this study, immortalised brain endothelial cells of two types were used for in vitro redox
experiments by exposure to extracellular H>O,. These two cell lines were derived from primary
brain endothelial cells of two different mouse strains, BALB/c and SV129 respectively, by
infection with a retrovirus coding for the Polyoma middle T-antigen (Montesano et al., 1990;
Williams et al., 1989). Both have been used extensively to study BBB function (Helms et al.,
2016; Yang et al., 2017; Yang et al., 2007), all with the underlying assumption, that there is
physiological parity between these cell lines. The importance of NADPH oxidases (Nox) as a
major source of ROS in addition to mitochondria has been well reported in endothelial cells
(Konior et al., 2014). Nox enzymes are localized to the cell membrane and generate superoxide
radicals from the plasma membrane into the cytoplasm where SOD converts the superoxide to
H20, (Schrdder, 2019). In addition, extracellularly added H2O: is freely permeable across cell
membranes and will interact at subcellular level. Taken together, these characteristics of
endothelial Nox and the cellular accessibility of H.O> motivated the use of extracellularly
added H20: (added to culture media) in this study.
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5.2.2 Comparative study of endothelial ROS-Buffering Capacity

In order to define the concentrations of H,O> that simulate OS in the cell lines used, viability
assays were done in 96 well culture plates for each cell line with respect to cell proliferation
and ratio of live to dead cells using the XTT (Figure 3.2) and Trypan blue exclusion methods
respectively. Assay was done in each case by culturing cells in media until cells were attached
after which media was replaced with media containing determined concentrations of H203,
which were varied from OpuM in the control treatment group to between 1-1.5mM for a duration
of 24hr.

Results showed significantly different capacities of the two cell lines, b.End5 and bEnd.3 cells
for survival under the condition of escalating ROS. Using the 1Cso H2O> concentrations
experimentally determined for both cells as a basis for comparison, values of the ICsg
concentrations for b.End5 cells (486.4uM) (Figure 4.0.) significantly exceeded the values
(74.55uM) (Figure 4.1) obtained for the bEnd.3 cell line (P< 0.0001) (4.4). While the b.End5
cell line survived fairly comparably with the control at concentrations of H20, up to 350uM
and attained an ICsp value at 486.4uM, the bEnd.3 cell line showed significant decline in
viability right from the minimal H-O> concentrations compared to the control which implies a
greater sensitivity of the bEnd.3 cell line to ROS stress. Comparison of the viability values at
the various [H20.] with the control, using one-way ANOVA, showed that significant decline
in viability commenced at 20uM for bEnd.3 cell line. Because targeted changes for study in
the OS-induced BBB dysfunction represent adaptive changes of the cells to the condition of
0S, an important inference from this finding is that bEnd.3 cells lack the adaptive capability to
buffer ROS suggesting that it is unsuitable for in vitro redox studies. However, neither this
important finding nor the comparative adaptability of the b.End5 and bEnd.3 to OS been
reported in scientific literature. BECs, including bEnd.3 cells are routinely used to study
characteristics of the BBB under both physiological, pathological conditions, as well as
studying processes such as the expression, redistribution and functionality of tight junction
proteins depends on redox status of the cell. Thus (using incremental concentrations of H20,)
the findings obtainable from the use of bEnd.3 which has no adaptive capability for ROS
buffering may mislead scientists into the wrong conclusion that the BBB has no ability to
withstand even the slightest change in environmental redox perturbations. Thus, despite that
the two cell lines were derived from same species of mammals, they differ markedly in their
ability to buffer extracellularly incident ROS. In order to further investigate whether the

differences in their culture media composition could have imparted a more redox stability to
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the b.End5 cells due to a difference of 0.5mM in the pyruvate content of the culture media
recommendation for the two cells, the cells were grown and allowed to attach after which their
media were interchanged. Results further showed that the two cell lines could not grow
optimally in the swapped media as evidenced by variable degree of cell rounding and cell

detachments in the culture of the two cells after 24hr incubation in swapped media (Figure 4.3).

The observed differences, however, could be due to inter-strain differences as has been reported
for varying characteristics in some other cells of same animal origin but of divergent strains.
Zhai et al, 2019, reported strain specific differences in the anti-inflammatory characteristics of
strain 139 and ATCC of a probiotic Akkermansia municiphila, showing that the ATCC strain
has a stronger anti-inflammatory effects in mice with chronic colitis (Zhai et al., 2019). Another
study compared the development of neuronal excitability in the ventral nucleus of the trapezoid
body (VNTB) between two strains of mice, CBA and C57, which have different progression
rate for age-related hearing loss and reported that VNTB neurons fire at a faster rate in CBA
than C57 strains (Sinclair et al., 2017). Furthermore, Gooch and Yee in 1999 examined seven
strains of MCF-7 cell line for DNA fragmentation induced by doxorubicin. They found that
sensitivity to doxorubicin-induced apoptosis differ between strains. Measure of DNA
fragmentation was used to quantify apoptotic change and this was assayed for by DNA
laddering and they found further that despite MCF-7 ATCC and MCF-7 MG cells induced
similar fold of apoptotic change, the former showed no DNA ladder while the latter showed
laddering of DNA. It was concluded that DNA laddering was not suitable for assessment of
apoptosis in these cells due to strain-specific differences observed in DNA laddering (Gooch
& Yee, 1999).

Despite these previous reports, researchers have largely ignored this important piece of
evidence when choosing cell lines to model physiological functions. This is particularly evident
in the use of cell lines modelling the BBB, where a variety of primary and immortalized cell
lines have been used to study its physiological functions. In a real instance, controversial data
have been published in terms of the concentrations of H20. used for induction of OS using
bENd.3 cells in some reports (Cao, Dai, et al., 2019; Song et al., 2014). Cao et al, 2019 utilised
2mM H20> for 1hr on bEnd.3 cells which is particularly contrary to the findings in this present
study. When bEnd.3 cells were exposed to 0.5mM H20- half maximal cell death was observed
only after approximately 38min (Figure 4.2) and with this finding it is probable that a 2mM

H20, will result in the complete destruction of the bEnd.3 cells within a period of 1hr. In
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addition, the surface protein expression such as the tight junction proteins will be completely
undetectable (Gangwar et al., 2017). Contrary to this finding with bEnd.3 cells, higher
concentrations of H.O2 were not toxic to the b.End5 cells which continued to sustain viability
measures virtually at par with the control for H.O2 concentrations up to 350M. Another factor
that may specify the differences in survival responses of the two cell lines to ROS stress could
be due to the predominant cell death mechanism or pathway induced by ROS in the cells. The
quick loss of cells in bEnd.3, though not exclusive of apoptotic mechanisms, is more suggestive
of a predominantly necrotic pathway which usually features non-physiological disruption of
cellular membrane. This in turn can be associated with strain-specific differences in the anti-
apoptotic Bcl-2 proteins as has been documented by several reports (Ryter et al., 2007) or even
antioxidant responses. Additionally, results from this study showed that several concurrent
processes are jointly responsible for the cellular inhibition that resulted the perturbations of cell
viability observed, which include cellular death by necrosis and apoptosis as well as
perturbations in cell proliferation. In the background of these observations are influences of
cellular stress responses including upregulation of cellular antioxidants such as glutathione
which in turn influences changes in the mitochondria Ca?* metabolism as well as the formation
of mitochondrial transition pore (MTP), mitochondrial membrane depolarization, cytochrome
c release and activation of the effectors of apoptotic and necrotic cell death (Li et al., 2012;
Okouchi et al., 2009).

The link between OS and the initiation and/or propagation of several disease processes,
including degenerative neuropathies, has led scientists to conduct clinical trials of antioxidants
targeting the alleviation of these diseases (Angeles et al., 2016; Martinc et al., 2014; Mecocci
& Polidori, 2012). Despite several trials conducted, the role of antioxidant treatment in several
of the degenerative neuropathies has yet to be ascertained. Additionally, there is virtually no
scientific report detailing the endogenous capacity of the BECs of the BBB to buffer ROS
providing information which could guide scientists about the rational indications for the
administration of exogenous antioxidants or the manipulation of the BECs to increase synthesis
under the condition of OS. To evaluate the adaptive responses of the glutathione system,
selected for our study amidst other cellular antioxidants, as a marker of endogenous antioxidant
responses of BECs used in this study, assays were done to determine if the cell models possess
any detectable quantity of GSH and to quantify the content of the GSH, if present, in each of
the cell lines as well as determine the adaptive changes with respect to the quantity of

glutathione content of the cells during oxidative challenge. Using a combination of fluorescent
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microscopy (Stevenson et al., 2002) and spectrometry (Scherer et al., 2008), the presence of
GSH was demonstrated and the quantity of GSH per unit cell was experimentally determined.
Results of the fluorescent microscopy detection of GSH showed blue mBCI fluorescence in the
nuclear and cytoplasmic compartments of b.End5 and bEnd.3 cells (Figure 4.7). Additionally,
b.End5 cells showed a greater intensity of mBCI fluorescence as well as a lower nucleo-
cytoplasmic ratio than the bEnd.3 cells which suggest that the b.End5 cells have more
cytoplasmic GSH than bEnd.3. However, a compartmental GSH quantification would be more
suggestive since GSH content may correlate with differential susceptibility to ROS. Because
of the subjective nature of the fluorescent microscopy detection, a further GSH quantification
assay was done to objectively measure the actual amount of GSH in a unit of each cell lines.
The quantitative data of the glutathione content of the b.End5 and bEnd.3 cell types
substantiated our visual observations and, although b.End5 cells had a slightly higher mean
glutathione content, statistically no significant difference in glutathione quantity was found
between the respective cell lines (Figure 4.9). Calculations from data indicated that the GSH
concentration per unit cell for the b.End5 and bEnd.3 cell types were within the range of 2.769
+ 0.113 fMol and 2.305 + 0.219 fMol respectively. Both cell types also have GSH/GSSG ratio
of approximately 95%/5% which indicated that both cells were redox-stable in normal culture
(Table 4.1). Comparisons of the average cellular glutathione per single cell for both the b.End5
and bEnd.3 cell lines predict that these cells are well suited for OS resistance in that their GSH
contents are in the range of cells specialized for detoxification, such as the liver cancer cell
line, HepG2 with GSH content of 2.9 fMol/cell (Yuan et al., 2013). Furthermore, these data,
considered on their own endorses the use of these cell lines for BBB modeling. However, it is
presumptuous to assume that simply on the basis that the cell lines have similar basal levels of
endogenous antioxidants that these cells may indeed respond to incremental ROS stress in a
similar manner. This is all the more convoluted from a research point of view given the
arbitrary concentrations of ROS stressors used in experiments to demonstrate OS on the BBB
(Cao, Dai, et al., 2019; Song et al., 2014). It is noteworthy that scientists have been unable to
measure absolute magnitude of ROS nor are able to determine the quantitative amount of
physiological or pathophysiological ROS but instead measure products of ROS reactions in

order to assess levels of ROS in biological tissues.

To evaluate the response of the endogenous antioxidant glutathione to incremental
concentrations of H20: in each cell-line, the relative levels of OS that causes decompensation

of the GSH/GSSG antioxidant system in the cell after 24 h exposure were then determined
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(Figure 4.10 A, B). In this study the cell lines were profiled using the glutathione system which
has been reported as a reliable and sensitive marker of oxidative cellular status (Bains & Bains,
2015; Kranner et al., 2006). Furthermore, because the physiological variable of cell viability
was used as a general indicator of the response of the cells to ROS (H20>), it is scientifically
plausible that viability changes will be a reliable indicator of the total cellular antioxidant
capacity, and therefore, a singular marker (glutathione) would provide enough insight on the
differences in the total antioxidant capacities of the two cell lines. Using the 1Cso (Doroshow
& Juhasz, 2019) values as a comparator, this study provides here for the first time documented
evidence of the significantly greater capability of the b.End5 cells to neutralize higher ROS
concentrations of H20O2 than the bEnd.3 cells ([p < 0.0001] Figure 4.4). Experimental data from
analysis of the trend in GSH depletion within cells exposed to increasing ROS load, showed
that the bEnd3 cell type has a very limited ability for de novo upregulation of glutathione
synthesis under condition of increased ROS accumulation (Figure 4.10 B), whereas the b.End5
cell type showed ability to sustain adequate levels of glutathione, to elevate levels of GSH in
response to initial low concentration of ROS, and to maintain this sustained endogenous GSH
levels despite several subsequent increases in the concentration of ROS (Figure 4.10 A).
Because of the possibility that the increase in the cellular GSH observed in the b.End5 cells
may be due to increases in cell number (due to proliferation), the assay was repeated with the
combination of H.O> and 25uM trolox treatment for all treatment points. Trolox is a vitamin E
analogue that exhibits an antioxidant effect by scavenging for lipid peroxides and thus protects
cell membranes (Niki & Noguchi, 2004). The data showed an identical pattern of GSH
depletion, while cell proliferation was preserved at concentrations well above 500uM (Figure
4.10 C and D) which conclusively establishing that cell proliferation does not necessarily
correlate to the increments in total cellular GSH content observed. Furthermore, it was
observed that cellular GSH was never completely depleted in the b.End5 cells despite exposure
to H20> concentrations up to 2.5mM. Thus it is of interest to know the status of the cells with
maximal GSH depletion whether live or completely dead. A clonogenic assay was performed
using the cells at this position of GSH depletion with or without combination treatment with
25uM trolox and compared with control and ICso groups. Result showed that the cells at the
base of GSH depletion trend are live cells but have a very slow rate of re-growth compared
with the control and 1Cso groups (Figure 4.11). Implication of this finding is that cellular
inhibition by OS in these cells are reversible, and as such if the stressor is relieved they will

regrow, though slowly. Similar corroborative result was obtained using fluorescent microscopy
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which show dose dependent reduction in the mBCI fluorescence in response to treatment with

incremental concentrations of H2O> (Figure 4.12).

The mechanism for this divergent reaction of the glutathione system in the two cell types
against increasing concentration of ROS is not clear, and requires further study. However, this
observed difference is suggestive of inter-strain differences in the system that regulates ROS
accumulation within these cells, as has been reported for several diverse physiological
characteristics in different strains of cells from the same species of animal (Doroshow &
Juhasz, 2019; Shidara et al., 2019; Sinclair et al., 2017). In addition, differentially expressed
genes in specific domains of the system that regulate ROS in intracellular milieu or perhaps
strain-specific genetic alteration following viral oncogenic transformation of the primary cells
could be responsible (Sandberg et al., 2000). The foregoing is supported by the earlier
mentioned reports of mouse strain-specific differences in neuro-behavior, neuronal
excitability, susceptibility to fibrosis, anti-inflammatory response, and bone density that have
been previously reported (Shidara et al., 2019). These previous reports have strengthened the
position that strain-specific genes are very important in shaping the phenotypic differences in
the two cell types investigated with respect to their glutathione system plasticity to OS. This
finding has an important bearing on experimental designs aimed at studying effects of OS on
the BBB. However, whether these two mouse cells respond differently to OS in vivo is not
known. It is suggestive here that a genome-wide genetic screen in the cells for evaluating the
physiological variables of the BBB may be necessary to identify important differences in the
genes that control several key functions of the BBB (Cao, Poddar, et al., 2019). Also, further
research is required to determine these properties in primary cells of the mouse brain
endothelial cells with the potential for unraveling the true behavior of the mouse brain
endothelial cells during OS conditions with respect to capacity for ROS neutralization and the
glutathione system response. Conclusively though the catalase status of brain ECs is unclear,
the glutathione system responses and ROS buffering capacities are clearly linked and they are
thus partial determinants of the magnitude of ROS that induces OS in the b.End5 and bEnd.3
mouse brain endothelial cell line models of the BBB. Strain-specific differences in the different
cells will result in different definitions of OS in different models of different animal strains
within the same species. Thus it is important to establish experimental parameters that best
define OS for each endothelial cell model of the BBB for reproducibility. Such information

will avail researchers of opportunity to verify and select appropriate models of BBB endothelial
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cells for specific redox investigations and enable them to draw comparable and reproducible

conclusions.

5.3 Discussion of findings of mechanism of OS-induced BBB dysfunction.

Having established that b.End5 features the adaptive responses necessary to respond to the
effects of ROS and /or OS, changes in the BECs that underlie OS-mediated BBB dysfunction,
were investigated using the b.End5 cells.

Analysis of the results of trypan blue exclusion viability assay on b.End5 cells (Figure 4.5 and
4.6) was considered together with similar assay by XTT proliferation kit. Both results showed
that the process of cell proliferation and cell death were concurrently occurring throughout the
period of H20. exposure. Evidence of this include the finding that 50% of live cells remained
at H.O> concentration of 486.4uM in the XTT assay (ICso) while the total number of live cells
were significantly lower than control at concentrations above 500uM in the trypan blue
exclusion assay. However, in the trypan blue assay (despite controlling for floating cells in the
media) analysis of the number live and dead cells at high H2O, concentrations (>500uM)
showed that the addition of the number of live and dead cells does equal the total number of
cells in the control. This implies there are other mechanisms for the H>0,-mediated depletion
in the number of cultured b.End5 cells in the samples. In addition to molecular alterations, cell
death also presents with macroscopic morphological changes. These morphological
manifestations together with the mechanisms for the disposal of cell fragments have been used
to classify cell death into three different forms such as apoptosis, autophagy and necrosis
(Galluzzi et al., 2018). While the former two types have a common component involving
vesicular or cytoplasmic vacuolisations that are efficiently taken up by neighbouring cells with
phagocytic activities and degraded within lysosomes, the necrotic type disposes dead cells
without involvement of phagocytic or lysosomal activities (Galluzzi et al., 2018). Though
apoptosis features retention of plasma membrane integrity, however, the end-stage apoptosis
subsequently incorporates a complete breakdown of the plasma membrane and the acquisition
of a necrotic morphology due to the lack of phagocytic activity in cultured cells in vitro.
Furthermore, the trypan blue exclusion assay works on the principle that the dye does not
penetrate an intact cell membrane and so live cells exclude the dye. This becomes a limitation
of the assay in that apoptotic cells will be undetectable due to non-disruption of their cell

membranes in the various stages of apoptotic change (Strober, 1997, 2015). Induction of
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apoptotic change in cells treated with H.O> has been well reported (Park, 2013; Sun et al.,
2012). Further experiments were therefore carried out to investigate the possible involvement
of cellular apoptotic changes in the depletion of b.End5 cells following treatment with
incremental concentrations of H»O,. Using annexin V/propidium iodide assay by flow
cytometry, evaluation of the number of cells undergoing apoptotic and necrotic death was done
in comparison to live cells in the treated samples compared to the control. Results showed that
apoptosis contribute largely to the cell depletion that occur during exposure to H2O>
concentrations that define ICso and above (Figure 4.15-4.17). Stress-driven physiological cell
death as well as adaptive stress responses both represents a grand plan for the preservation of
biological equilibrium, however, adaptive response relates to cellular level of operation while
physiological cell death operates at the level of the organism (Galluzzi et al., 2018). In essence,
it features a homeostatic function that represents the elimination of useless and potentially
dangerous cells with additional ability of dying cells to expose or release molecules that alert
the organism about a potential threat (Galluzzi et al., 2018). Danger signals such as these has
been described as damage-associated molecular patterns (DAMPSs) or alarmins (Galluzzi et
al., 2018). From the control position of cell population ratio, it appeared that the necrotic cell
population represents a transition from late apoptosis status to completely dead or necrotic
change due to the fact that in the in vitro setting, there are no immune cells to scavenge for the
late apoptotic cells as occur in the in vivo situation. As such this transition represents a false
mimicry of normal senescence that is usually associated with aging in an entire population of
cells including endothelial cells (Faragher & Kipling, 1998). However, with application of ICsg
H>0> concentration, the changes observed are suggestive of more actively mediated changes.
First it showed there is a rapid transition from live cells towards more cells in the necrotic
quadrant of the total cell population. Cells may have been stimulated to undergo more apoptotic
changes with resultant increase in the population of necrotic cells. Alternatively, direct damage
to the cell membranes by the H2O> at high concentrations may have led to necrotic changes in
the cell population without going through the cycle of early and late apoptosis. However, the
former has been reported in several other studies which summarized that H.O> of low
concentrations induced more apoptotic change with subsequent increase in necrotic cell
population (Kim et al., 2003; Luo & Xia, 2006). In one of these reports, H.O»-effected change
through the caspase 3-dependent apoptosis pathway was described; while other reports
suggested enhanced TNF-a toxicity causing activation of downstream effectors of apoptosis

(Luo & Xia, 2006). When the cells are exposed to 1Cso H2O2 concentration, there was a relative
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increase in the proportion of early and late apoptotic cells with relative reduction in the ratio
of necrotic cells while there was marginal increase in the number of live cells. Early apoptotic
cells showed about a 29 fold increase which implies that a greater number of live cells were
undergoing transition to apoptosis. At the concentration corresponding to the 1C75 (1100M)
more cells pooled in the late apoptosis (52.6%) category and it appeared that only a minimal
transition into necrotic cells took place in treated samples (Figure 4.16). However, at IC7s the
number of live cell population reached its minimum value of about 36%. Also the proportion
of early apoptotic cells was still about 8 fold compared to the control. So under this condition,
which can be described as severe oxidative stress, apoptotic endothelial cells constitute the
major component of the entire cell population and thus it becomes evidently clear that apoptosis
is the major morphological change resulting from exposure of brain endothelial cells to H20>-
induced OS. When antioxidants GSH and trolox (25uM each) were exogenously administered
in combination with H>O; treatment, it was observed that the population of necrotic cells in
each of the antioxidants was reduced to levels lower than control while the total cell population
gained more proportion in live cells. These findings for GSH and trolox suggest that
exogenously administered antioxidants have direct ameliorative effects on the endothelial cell
death characteristic of endothelial OS (Figures 4.17 and 4.18).

Initiation of apoptosis may follow either of intrinsic, mitochondrial-mediated or extrinsic,
death receptor-mediated pathways and factors that trigger either pathway of apoptosis have
been well studied (Bonora et al., 2015). The intrinsic apoptosis pathway is triggered by
microenvironmental perturbations, including but not limited to, ROS overload (Galluzzi et al.,
2018). The critical step in intrinsic apoptosis is the irreversible and widespread mitochondrial
outer membrane permeabilisation, MOMP, which is controlled by pro-apoptotic and anti-
apoptotic members of the Bcl2, apoptosis regulator members of the Bcl2 protein family
(Bonora et al., 2015; Galluzzi et al., 2018). MOMP directly promotes the cytosolic release of
apoptogenic factors which normally reside in the mitochondrial intermembrane space and
include cytochrome ¢, somatic (CYCS), diablo IAP-binding mitochondrial protein (DIABLO)
also known as second mitochondrial activator of caspases (SMAC). The release of these two
factors is associated with mitochondrial cristae remodelling (Gottlieb et al., 2003). MOMP
subsequently leads to the dissipation of the MMP, mainly as a consequence of the respiratory

impairment imposed by the loss of CYCS and thus the cessation of mitochondrial membrane
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potential (MMP)-dependent mitochondrial functions, such as ATP synthesis. Catalytic activity
of executioner caspases then precipitates cellular death and many of the morphological and
biochemical correlates of apoptosis (Bonora et al., 2015; Galluzzi et al., 2018). Thus
mitochondria can be a source of energy generation for cellular use under aerobic conditions

but it can also be a source of signals initiating cell death (Ly et al., 2003).

In studying the molecular pathway of H.O>-induced apoptosis and necrosis, mitochondrial
involvement was investigated using mitochondrial membrane potential changes as marker for
cytochrome c¢ release. Cultured b.End5 cells were divided into groups according to
predetermined concentrations of H>O. for 24hr and then incubated with cationic dye
tetramethylrhodamine ester (TMRE) for 20-30min. Stained cells were then analysed by either
of fluorescent microscopy, microplate spectrometry and flow cytometry. Micrographic results
showed dose dependent reduction in the number of cells showing TMRE fluorescence which
is suggestive of reduction in mitochondrial membrane potential (Figure 4.22). Analysis in
microplate (Figure 4.23) showed significantly lower TMRE fluorescence at all concentrations
of H>O> used when compared with the control. The lowest value of measured TMRE
fluorescence was observed at the IC7s concentration which is statistically at par with the
negative control data consisting of wells of cells treated with a known mitochondrial uncoupler,
100uM CCCP. Additionally, flow cytometry assay also showed gradual dose-dependent
reduction in the TMRE fluorescent in the cells. The observed reduction in the mitochondrial
membrane potential with increase in the concentration of H2O correlates with MOMP and
release of cytochrome ¢ which are the major events preceding the activation of apoptogenic
caspases that are responsible for the increased number of apoptotic cells in the treated samples
(Crowley, Christensen, et al., 2016).

The last potential source of end-point reduction in the total number of cells under conditions
of incremental H>O> concentrations is alteration in the cell cycle dynamics leading to cell cycle
arrest. Cell cycle arrest in cells treated with H202 has also been documented in scientific reports
(Correia et al., 2017; Santa-Gonzalez et al., 2016). In this study, data from cell cycle assay
using flow cytometry analysis of b.End5 cells treated with incremental H.O, concentrations
and PI staining showed variations in the number of cells in the Go/G1, S and G2/M phases at
different H202 concentrations. In the Go/G1 phase, H202 concentrations representing 1Czs with
and without antioxidant treatment (trolox) showed a significant reduction in the number of cells

compared to the control group of cells (P<0.05). In the S-phase, H.O> concentrations
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representing 1C2s and ICso showed statistically significant increase in cell counts compared to
the control (P<0.05) and finally in the G2/M phase H20> concentrations representing 1C7s with
and without antioxidant treatment (trolox) showed statistically significant increase compared
to the control. These data when considered together showed that H>O- concentrations in the
range of ICzs and ICso stimulate increased rates of endothelial cell proliferation, while
endothelial proliferation is inhibited at the IC7s concentration which is at level of severe OS
precipitating the arrest of cell cycle at the Go/M phase. Further, the application of exogenous
antioxidant trolox does not inhibit the effects of the ROS overload in causing cell cycle arrest.
A number of reports gave accounts of cell cycle arrest in the G2/M phase caused by treatments
of various cancer cells with agents such as resveratrol (Yu et al., 2016), Dendrobium candidum
(Sun et al., 2016), coptisine (Rao et al., 2017) and hesperidine (Pandey et al., 2019). A number
of these reports postulated an association of the G2/M arrest with ROS and apoptosis as also
found in the present study (Chaudhary et al., 2013; Shendge et al., 2020). The data obtained
from this study showed that effects of incremental ROS on endothelial cells of the BBB include
cell proliferation, necrosis and apoptosis with cell-cycle arrest occurring concurrently.
However, at ROS levels indicative of OS, data suggest that the major events culminating in
BBB dysfunction are increased level of endothelial cell apoptosis and cell cycle arrest
characteristically in the Go/M phase of the cell cycle. It is clearly observed from this study that
cell cycle arrest and apoptosis greatly contributed to cell depletion under condition of OS.
Increased cell proliferation at low to moderate doses of H>O: is another interesting finding with
more cells driven to Go-S phase and thus cell cycle progression. This implies that moderate
oxidative shift in redox equilibrium causes increased EC proliferation and thus favors

angiogenesis.

With the simulation of ROS conditions in cells used in this study, our investigations did not
include an attempt to measure ROS because our source of ROS and magnitude are
predetermined and as such any attempt to measure ROS is expected to yield the same
magnitude as the experimentally incident ROS. Furthermore, with the use of immortalized cells
in this study, it is acknowledged that the findings discussed may or may not represent what

holds in the primary cells from the same animal source.

5.3.1 Conclusion and recommendation
The use of non-physiologically defined concentrations of hydrogen peroxide for simulation of

oxidative stress in many in vitro research studies, especially experiments designed to study the
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BBB leave a substantial gap in technicality. This present study has provided useful insight into
the need for caution in assuming parity between different cells available for the various studies,
even when they are of same species. Finding here has shown significant difference between
two cell lines b.End5 and bEnd.3, both of murine origin, in their sensitivity to toxicity induced
by incremental concentration of hydrogen peroxide. There is therefore need to define what
concentration of hydrogen peroxide that constitute oxidative stress in each of these cell prior
to real experiments so a reproducible and reliable conclusion can be drawn from the findings
from such studies. However, this has not been the case for many researchers who used different
concentrations of hydrogen peroxide on bEnd.3 to produce results that seems to agree despite
these divergence in the protocols. The findings of the present study clearly contradict the use
of such random experimental protocols as published by these previous works. In the cell lines
studied in this work, the suggested causes of the disparity in the capacities of the cell for ROS
buffering was that despite content of comparable amount of glutathione in the two cells,
adaptive GSH synthesis via the de novo synthetic pathway differ significantly, a finding which
in turn is probably due to strain-specific differences in physiological characteristics. It is
therefore a recommendation from this study that researchers determine first the maximum
capacity of the cells of choice to withstand the challenge being studied, for the different models

of the BBB, before embarking on definitive experiments.

Furthermore, the study concludes that under conditions of varying severity of oxidative stress,
some of the pathological events that leads to abnormal BBB function are going on at the same
time. These events include endothelial cell death of different modalities viz necrosis but mainly
apoptosis with some significant arrest of cell proliferation. However, at a very low amount of
ROS accumulation, endothelial proliferation was enhanced. The rapid endothelial proliferation
could lead to increased proportion of ECs with immature characteristics, such as poorly
expressed tight junction proteins, resulting in the abnormal permeability of the oxidative-
stressed BBB. Use of exogenous antioxidant assist the endothelial cells in the preservation of
a pool of active cells ready for the process of angiogenesis and can speed up the timeline of
new blood vessel maturity (i.e., the development of all components required for the
characteristics of the blood vessels at the different locations in the, such as tight junction
proteins, efflux proteins etc). This is so because it takes longer time for residual endothelial
cells after severe oxidative stress without antioxidant use to regrow when compared to residual

cells with antioxidant co-administered. It is recommendable from this study, therefore, further
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studies to strongly suggest the use of antioxidant as adjuvant therapy in the clinical

management of neurological diseases and especially the degenerative neuropathies.

5.3.2 Limitations of the project

Due to defined scope of the project, this work could not incorporate the induction of internally
generated ROS using drugs that could stimulate the cells to produce ROS from intracellular
organelles. This could have required the use of techniques that measure the amount of ROS
produced by individual subcellular organelles such as mitochondria, and endoplasmic
reticulum. Also, predominant types of internal ROS would have need be identified and
quantified using using a combination of immuno-electron microscopy as qualitative and
ELISA as semi-quantitative methods

Additionally, investigation such as messenger RNA expression of endogenous antioxidant
genes as well as transcription factors that regulate the stress response would have been done

but for technical hindrance encountered during the course of this work.

A significant part of the thesis has been largely published while a portion of the literature

review has been published as a book chapter (cf. addendum).
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Attached as addendum are the publications of original article and a book chapter from the work
of this thesis

Addendum
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Fisher D, O. Alamu (2020). The relationship between the blood-brain barrier, degenerative
neuropathy and oxidative stress. In: Martin CR, Preedy VR, editors. Oxidative Stress and
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Abstract: Oddative stress (05) has been linked to blood-brain barrier (BBB) dysfunction which in
tum has been implicated in the initiation and propagation of some neurological diseases. In this study,
we profiled, for the first time, two endothelioma cell lines of mouse brain origin, commenly used as
in vitro models of the blood-brain barrier, for their resistance against cxddative stress using viability
measures and glutathione contents as markers. 05 was induced by exposing cultured cells to varying
concentrations of hydrogen percodde and fluorescence microscopvispectrometry was used to detect
and estimate cellular glutathione contents. A eolorimetric viability assay was used to determine
changes in the viability of O05-exposed cells. Both the b.End5 and bEnd.J cell lines investigated showed
demonstrable content of glutathione with a statistically insignificant differencein glitathione quantity
per umit cell, but with a statistically significant higher capacity for the b.End? cell line for de novo
glutathione synthesis. Furthermora, the b End? cells demonstrated greater ooddant buffering capacity
to higher concentrations of hydrogen peroxdda than the bEnd 3 cells. We concluded that mouse brain
endothelial cells, derived from different types of cell lines, differ encrmously’ in their antioxddant
characteristics. We hereby recommend caution in making comparisons across BEE models utilizing
distinctly different cell lines and reguire further prerequisites to ensure that in vitro BEE models
involving these cell lines are reliable and reproducible.

Keywords: oxddative stress; bload-brain barrier; bEnd5; bEnd 3; glutathione; viability

1L Imtroduction

The blood—brain barrier (BEB) is a functional and morphological interface between the systemic
bleod circulation and the CIN5. The central regulatory component is the brain capillary endothelial cell
(BEC), which is assisted by a number of cellular entities, viz. pericytes and astrocytes, together forming
an interface, described as the neuro-vasculo-glial unit (NVU). The NV has the dynamic ability to
respond to the homeostatic changes in the brain interstitium ensuring a stable environment for
neuronal functionality (M. . Abbott ot al., 2010). From a res=arch point of view, it is therefore of interest
to understand the capability of the BEC to withstand oxddative stress (05), and to scrutinize the BBE in
vitro models used to study these physiological processes. However, from a therapeutic point of view
the strict regulatory mechanisms for molecules to cross the barrier provide a serious clinical challenge
to molecules of desired therapeutic interest to reach their neural target sites (Betzer, Shilo, Motiei, &
Popovtzer, 2019; Ramirez et al., 2009; Zhao, Nelson, et al., 2015; Zhao, Sagare, et al., 2015).

Endothelial dysfunction-mediated vascular diseases such as BEE dysfuncton have been well
linked to excess production of reactive cxygen species (ROS5) (Licbner et al,, 2018; Nation et al., 201%).
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A major source of RO5 in these conditions is the upregulation of nicotinamide adenine dinuclectide
phosphate oxidase (WNox, espedially Nox2) activity (Breitenbach et al, 2018; Fan et al, 2017). Excess
superoxide (077} produced primarily from increased Nox activity undergoes both spontanecus and
enzymatic dismutation by supermdde dismutases (S0DY), resulting in increase and/or accumulation of
its dismutation product, hvdrogen peroxdde (H:0z) (Sies et al., 2017). Keeping vascular endothelial cells
in redox balance involves the activities of several endogenous antioxidants whose activities may be
enzymatic or non-enzymatic (Sies et al., 2017). Superovdde dismutase (50D is an enzymatic, first-line,
intracellular anticxddant that catalyzes the conversion of superoxide to hydrogen peroxide (Mironczuk-
Chodakowska et al, 2018). Other important enzymatic anticoddants such as glutathione perocddase
(GPx), and catalase (CAT), help to neutralize H:Oz to water and oxygen (Mironczuk-Chodakowska et
al., 2018)

Endothelial nitric oxdde synthase (eNO5) is another enzyme which normally plavs a protective
role in the vascular endothelial cell through its production of nitric cedde (NO) while oxdizing its
substrate L-arginine to L-citrulline using molecular cxygen (Oz) (Forstermanm & Munzel, 2008; Koch,
Choi, Mace, & Stark, 201%). However, parallel upregulation of eNO5 and Nox as ocours in many
vascular diseases results in eNOS5 uncoupling with subsequent conversion of eNOS to an O™
producing enzyme that contributes to further vascular cxddative stress (Drummond, Cai, Davis,
Ramasamy, & Harrizom, 2000; Santhanam et al, 2015; Toda & Okamura, 2016). Furthermore, free
radicals such as superoxide can attack polyunsaturated fatty acids (PUFAs) such as arachidonic acid in
the cell membranes of vascular endothelial cells to yvield advanced lipid perorddation end products
(ALEs) (Enciu, Gherghicearm, & Popescou, 2013). One of ALEs of relevance is 4-hydroxynonenal (4-
HME), an electrophile that is highly reactive towards nucleophilic thiols and amine groups (Dalleau,
Baradat, Guerand, & Hue, 2013; Endu et al, 20013). It readily reacts with proteins (4-HMNE-protein
adduction), lipids, and nucleic acidsof DINA_ Iis reaction with proteins medifies their actvity thus
acting as a second messenger in various biclogic activities including modification of enzymatic actions
or transcription factor modulations that determine cell survival or death (Dallean et al., 2013). Chddative
stress (05) coours in the cells when an unbalanced accumulation of ROS exdsts within the cell and/or in
its immediate environment(Sies, 2015). BB dysfunchion in relation to 05 has been implicated in the
initiation and propagation of several neurological conditions such as epilepsy, stroke, and degenerative
neuropathies such as Alzheimer’s disease, Parkinson's disease, and multiple sclerosis [Dohgu et al,
2019; Sole et al, 2019). Thus, 05 has been scientifically documented as a common factor to both the
eticlogies of these neurological disorders as well as abnormal BBB function. Cell modeling has, to dats,
provided a robust tool in the in vitro study of the BEB {Campisi et al., 2018; Gastfriend et al., 2018). The
brain microvascular endothelial cells are the principal cells of the BBE which have had several cell
models characterized for use as in witro models in the study of the BBE (Linville et al., 201%). This studw
focused om two mouse-derived cell ines, b.End?b and bEnd.3, established for use as in vitro models of
the BBB (He et al., 2010; Steiner, Coisne, Engelhardt, & Lyck, 2011). It is of interest to understand how
the endothelial cells of the BEB respond to oxddative strass as well as the endothelial cell-specific events
that underlie the abnormalities of BEE permeability. It is, howewver, disconcerting that most of the in
vitro cell models in use for BEE studies have not been characterized for their oxddative/anticeddant
features, which are necessary for the definition of 05, as well as for features that characterize changes
in mddative stress responsible for the observation of abnormal permeability under O5 conditions. In
this study, we profiled for the frst time, b End5 and bEnd.3 cells, both mouse-derived cell lines
obtained after immortalizing primary mouse brain endothelial cells by infection with middle T antigen-
expressing polyvoma wvirus, for their resistance against a suitably-selected EOS, hydrogen peroxde
(Hz0:), which can permeate all intracellular membranes and thus exsrt its effects on organelles
(Glasauer & Chandel, 2013). Cellular glutathicne content (reduced/oxddized form [GSH/GSSG]), a well
reported marker of cellular ooddative status, is a tripeptide, L-y-glutamine-L-cvsteinyl-glycine, that acts
as an endogenous cellular anticoddant either by direct neutralization of RO5 or as cofactor for the
anticeddant enzyme, glutathione peroxddase (GPx) (Voledymyr I Lushchak, 2012). [Hereafter, we refer
to the full component of reduced and orxddized glutathione as “total glutathione while G5H and G55G
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refer to the ‘reduced glutathione® and ‘glutathione disulfide/oddized glutathione’ fractions
respectively]. This functional capability of G5H is conferred by its active thiol group residing in its
cysteine residue (Jones et al, 2011). Glutathione exists within cells in either the reduced (G5H) form or
in oxidized form as glutathione disulfide (G55G). It is usually synthesized as GSH but coddized to G55G
upon participating in a redox reaction. Changes in cellular reduced glutathione content as well as
changes in cell viabilities were used to assess cellular capacities to respond to varying levels of ROS.
This protocol is robustly useful whenever it is desired to use these cells to study oxddant effects on the
BBB.

2. Materials and Methods

2.1. Bio-Reagents

Amalytical grade reagents were ussd for all experiments. Thess included monochlorobimane
(Molecular Probe M1381MP, Eugens, OF 97402, USA), trypan blue, (Gibeo 1520-061, Gaithersburg MD
20877, USA), tris (2-carboocyethyl) phosphine hydrochloride, TCEP (Sigma C4706, Laramie, WY 82070,
Us4), GSH-Glo™ Glutathione Assay Kit (Promega V69112, Madison, WI 53711, TU54), Trolox ((z)-6-
Hydrowy-2,5,7 B-tetramethylchromane-2-carbonylic acid, Sigma 238813, Laramie, WY 82070, US4 ),
Cell Proliferation Kit II (XTT) (Roche, Sigma 11465015001, Laramie, WY 52070, USA ), and hydrogen
peroxide (30%, Merck Millipore 107209, Feldbergstrafie 50, 64293 Darmstadt, Germany)

22 Cell Cultures

Two mouse brain endothelicma cell lines (b.Ends-and bEnd 3} were used in this study. The b.Endb
(ECACC 960915930, Salisbury, Wiltshire P4 071G, UK) cells were cultured in Dalbecco’s modified Eagle's
medium (DMEM Lonza BE 12-719F, Salisbury, MD 21801, US4 ) supplemented with 10% fetal bovine
serum (FBS Biowest120105181G, Rue du Vieux Bourg, | 49340 MNuaille, France ), 100 U/mL
penicillin/streptomycin (Lonza DE17-602E, }, 1 mM sodium pyruvate solution (Lonza BE13-115E), and
1% non-essential amine acids (MEAA Lonza BE13-114E) at 37 °C and 5% COzin a humidified incubator.
For all experiments, b.EndS cells at passages 5-20 were used and culture medium was changed every
2-3 days. Prior to experimentation, cells were rinsed in 1= phosphate buffer| solution (PB5). The
adherent cells were detached by the addition of 0.25% trypsin-EDTA after which equal volume of fresh
media was added and the cell suspension aspirated into 15 mL conical tubes. The eell suspensions were
then centrifuged for 5 min at rpm of 2500 to obtain a cell pellet. The supernatant was then removed by
gentle aspiration and thereafter, 5 mL of fresh media added to bring the cell pellets back in suspension.
The bEnd.3 (ATCC® CRL-2299, Gaithersburg, MDD\, 20877, Undited. States ) cells were cultured in
Dubelcco’s Eagle's madium | Gibeo 11320074 supplemented with 10% fatal bovine semm (FBS Biowest
5120105181G), 100 U/mL penicillin/streptomycn (Lonza DEL7-602E), and L-glutamine to a final
concentration of 41 mM (Invitrogen 25030081, Camarillo, CA 93012, United States ) and at 37 °C and
5% COz in a humidified incubator. The bEnd.3 cells used for all experiments were at passages 5-20 and
the medium was changed every 2-3 days. Prior to cell seeding for experiments, adherent bEnd.3 cells
were similarly brought to suspension as described for the b.End5 cells.

2.3. Hydrogen Peroxide Treatments

A stock solution of H20:2 (9.8 M, Merck Millipore, Feldbergstraffie 80, 64293 Darmstadt, Germany)
was diluted to the required concentrations in complete media. Cultured b.Endb and bEnd.3 cells were
divided into labelled treatment wells exposed to H2D: concentrations ranging betwesn 10 pbd and 2
mMd and cells that were unexposed to H:Or served as control. To determine the antiovddant capacity of
cultured cells both b.End5 and bEnd.3 cells were seeded in separate transparent 96-well plates at 1 =
104 cells per well in 200 L of normal media and allowed to attach overnight. Media were then aspirated
and replaced with either 100 pL of fresh media to serve as control or 100 pl of media dosed with the
appropriate concentrations of hydrogen peroxdide for another 24 h. Experiments were repeated thrice
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and average wvalues of parameters were recorded. Viability of the cells exposed to different
concentrations of hydrogen peroxide were then analysed and compared against viability measures for
the control cells under same duration in culture.

2.4 Viability Assay

Cells were cultured in a transparent %6-well plate as described for hydrogen peroxide treatments.
Equal numbers of b.End5 cells were seeded into eighteen treatment (H:0z) wells (1 = 3) starting from
control (unexposed) and treatment with [H20:] in multiples of 50 ubM up to a maxdmum of 850 puhi. For
cultured bEnd.3 cells, equal numbers of cells were seeded into sixteen sets of 3 wells (1 =3) and treated
as control (unexposed), then [HxD2] in multiples of 10 pb up to 100 pM and then in multiples of 100
pb up to a madmum of 500 pM. A blank column of three wells was also included in both treatment
plates to facilitate the determination of relative absorbance units. The XTT (Fazaks et al., 2019} viability
assay kit (Roche) was used to quantify cell viability after treatment for 24 h. The XTT reagent was
reconstituted by mixdng 100 pL of electron-coupling reagent (0,383 mg/mL}) with 5 mL of XTT labelling
reagent (1 mg/mL) to activate it as per manufacturer's recommendation. Reconstituted XTT, 50 pL, was
then added to each well containing 100 uL of cell culture and incubated for £ h at 37 °C in a CO:
incubator. Absorbance was then read for each well at 450 nm and blank-corrected values obtained using
a GloMax—Multi Detection Svstem (Promega, Madison, WI 53711, USA). The absorbance measures
directly correlated with the viability of the cells in each well.

2.5. Fluorescent Detection of Glutatfnone m Cultured Cells

Equal numbers of b.End5 and bEnd.3 cells-were cultured. under standard conditions on
microscopic glass slides in separats Petri dishes: The cells were then allowead toattach ovemnight in all
Petri dishes and cells on each slide were used to demonstrate glutathions. Brisfly, the medium was
removed from the attached cells and were rinsed twice with FBS solution, pH, 7.4 and then incubated
with monochlorobimane solution (mBCL Molecular Probe™ {13818 P) 60 phd in complete DMEM for
30 min (Chatterjee et al., 199%). Following mBCl loading, slides were fixed using a mixture of 4%
paraformaldehyde (PFA) and 0.2% glutaraldehyde (GA) in PBS solufion at pH 7.4 for 10 min and
following fixation, cells were nuclear-counterstained by incubating slides with 20 pg/mL propidium
indide (PI) solution for 15 min. DABCO [1,4-diazobicvclo-[2,2,2]-octans) mountant, 20 uL, was added
to sach slide mounted with cover slips. Cells on each slide were then viewed and imaged under a Mikon
Eclipse 50i fluorescent microscope at Awfden of 365480 nm and 435/636 nm for mBCl and PI,
respectively.

2.6. Quantification of Total Cellular Glutathtons in bBEnds Cells

To accurately quantify the total amount of glutathione in a single b. End5/bEnd.3 cell, we used a
G5H-Glo™" Glutathione Assay Eit which works by a luminescence assay to detect and quantify
glutathione (SCHERER et al., 2008). The assay is based on the conversion of a luciferin derivative into
luciferin in the presence of glutathione, catalyzed by glutathione-5-transferase (G5T). The reaction is
further coupled with a firefly luciferase which leads to the generation of luminescence signal
proportional to the amount of glutathione in the sample. To estimate glutathione fairly accurately in 1
u 1(# cells, according to manufacturer’s recommendation and to control for cell proliferation ocourring
alongside cell attachment, cells were plated in white 96-well plates and incubated at 37 °C and 5% CO:
at a density of 4 = 10 cells per well for the b.Endb cells and 4.5 = 10* cells per well for the bEnd.3 cells,
based on an optimized number of the respective cells that gave the target density at 24 h in culture
(basad on our data from proliferation study, not shown). Cells were plated in columns of four wells (1
=4} in a %6-well white bottom plate and 100 pL of prepared 1X G5H-Glo reagent was transferred to
each well. In order to measure the total glutathione (GSH + G55G), 100 pL of 1 mM tris (2-carboxyethyl)
phosphine (TCEP) was added to a group of four wells in addition to the G5H-Glo reagent according to
the G556 recycding method (Tietze, 1969). The contents of the wells were agitated briefly on an orbital
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shaker before incubation at room temperature for 30 min. Then, 100 uL of reconstituted luciferin
detection reagent was transferred to each well, and the plate was mixed briefly on an orbital shaker
before incubation at room temperature for 15 min. Luminescence values were then read using a
GloMax—Multi Detection System (Promega, Madison, WI 53711, U5A ). Luminescence readings were
converted to G5H concentration using a standard curve generated from a & mM GSH standard supplied
by the manufacturer.

2.7. Statistical Analysis

Statistical analvsis was done using Graph Pad Prism. 5 statistical analysis software. Data were
expressed as mean + SEM and significant differences in data were accepted at p <= 0.05

3. Results

In this study differences in antioxidant capacities of two brain endothelial cell lines from the same
animal species were obsarved. We firstly established baseline data for both cell lines in terms of their
endogenous ghitathione concentrations, and secondly, we profiled the response of these cell lines to an
exogenous KOS stress, HaOz, with respect to the content of the endogenous anticoddant, glutathione,
using fluorescent imaging, and fluoro-spectrometric quantification.

3.1. Both b End3 and bEnd 3 Cells Demonstrated Glutatinone Presence on Fluorescent Microscopy

We first investigated presence and distribution of glutathione in each of the selected cell lines.
Monochlorobimane with propidium iodide nuclear counterstaining revealed blue fluorescence due to
the presence of glutathione while the nuclsi flnoresced rad (Fipure 1). Both cells appeared intensely
fluorescent for glutathiome, howewver, bEnd.3 showed less cvtoplasmie glutathione possibly due to a
higher nucleo-cytoplasmic ratic. Variable segments and rings of blue fluorescence were observed
around the periphery of the nuclsi in both cells (Figure 1, Plates 42 and B2) which are evidence of
glutathione presence within the nuclear structure. This was moze prominently cbsarved at the nucleo-
cytoplasmic interface in both cell types and espedally in the bEnd.3 cell (Figure 1, Flate B2).
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Figure 1. Micrographs show fluorescent images of b.EndS {A1) and (A2) and bEnd.2 cells (B1) and (B2)
in normal culture. Both cells showead blue monochlorobimane solution {mBCl) fluorescence (due to
binding with reduced glutathione (GSH)) in their cytoplasm, though at the higher magmnification b.End5
appeared more deeply stained. Furthermore, plate A2 revealed a lower mucleo-cytoplasmic ratio in
b.EndS cells suggesting more cytoplasmic GSH content than in bEnd.3 cells. Furthermore, multiple
segments and rings of blue fluorescence (white arrows) were indicative of glutathione observed within
the nuclei and nucleo-cytoplasmic interface in the cells of both cell types (Plates A2 and B2).

3.2. Glutathione Contents of Both b.End5 and bEnd.3 Cells Are Comparabie in Normal Culture

The difference in blue fluorescence between the two cell types provided micrographical evidence
for the presence and distribution of glutathione. The objective quantification of the levels of glutathione
in each cell type was required to compare the cells’ ability to respond te OS (Figure 2).
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Figure 2. The above diagram illustrates the redox buffering reacton of the glutathione system.
Glutathione perceddase (GPx) enzymatically conwerts HaO: fo 2H:D using reduced glutathione (GSH)
as substrate which is then conwverted to its oxidized form, glutathione disulfide (GS5G) In the process.
The G55G in a second reachon involving glutathione reductase enzyme is converted back to GSH and
thus GSH is recyded. The glutathione reductase reaction condributes significantly to the cellular
maintenance of pooled reduced ghitathione for redox defensa.

Total and reduced fraction of the glutathione content im both cell types were experimentally
determined while the content of crxddized glutathione was derived by deduction of the reduced
glutathions values from the respective total glutathione values. The value of the total glutathione was
obtained by reducing the G55G fraction in each sample using TCEP which also has the ability to recover
protein-bound G5H. However, because G5H exists within cells either freely or bound to proteins the
recovered GSH still constituted a fraction of the total glutathione pool. In b Endb cells the amount of
glutathione per unit cell was higher than that of bEnd. 3, however, the difference was not statistically
significant (p = 0.1325) (Figure 3). Estimated values were 2769 £ 0113 fM/cell for b.End? and 2.305 =
0219 ftMol/cell for bEnd.3. Corresponding G55G wvalues for both b.End5 and bEnd.3 cells were
respectively 0.139 + 0.006 /cell and 0.115 = 0.011 fh/ecell. GSH/GS5G ratio in both cells approxdmated
to 55%/5%.
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Figure 3. A comparison of GSH concentration in the fwo types of cells revealed no statistical difference
between the two means (Student's ¢ fest:p =)0.1325)

3.3. Antimaidamt Capacity 1s Higher mm b.End5 Cells.
Although both cell lines tested showed that glutathions was abundantly present in both the

cytoplasm and nucleoplasm, the response of these cell lines to RO5 stress remains to be investigated.
Both bEnd.3 and b.End5 cells treated with increasing concentrations of hydrogen peroodde showed
changes in wviability which correlated with the relative absorbance units obtaimed from XTT
proliferation assay. The assay is based on the cleavage of the yellow tetrazolium salt, XTT, to form an
orange formazan dye by mitochondrial dehydrogenases in metabolically active cells. Because an
increase in the number of cells results in an increase in the overall activity of mitochondrial
dehydrogenases in the samples, these changes correlated to the amount of orange formazan formed, a
parameter that was monitored by the relative changes in the absorbance. The viability changes in both
cells were normalized as percentages of the control, unexposed, cells and plotted against the
logarithmic values of the various concentrations and the half-marximal inhibitory concentrations (ICs)
were determined and compared for the two cells (Figure 44 B). Experiments were repeated three times
and average values were analyzed. Results showed that the [Cs for the b.End5 cell was significantly
higher than for the bEnd.3 cell (Figure 4C).
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Figure 4. A non-linear regression analysis of logarithmic vahees of [H+»] against normalized viability
was used to determine the hydrogen perosdde concenfration that caused 50% inhibition of cell viability
in b.EndS cells. Cells were exposed to [H:0k] that ranged betweend (control) and 350 pM for 24 hin
flat-bottom tramsparent 96-well plabes. Viability chamges carrelated to the absorbance measured at 450
nm from each well following ncubation with XTT reagent for 4 h (A) Results showed ICs for b.EndS
cell as equivalent of 256 4 uM at r° = 0.9566. (B) Drata for bEnd.3 cells was obtained by exposing cultured
bEnd.3 cells to [H=0:] ranged from 0 (conirol) to 500° ubd and non-linear regression analysis done as
described above. Results showed ICs for bEnd.3 cell to be 72.55 ubd at r*=0.9687 ubl. (C). Graph of the
ICs values for the b EndS compared with the same values for the bEnd 3 cells (annotation * denotes
statistically sigmificant difference between the values shown). ICse values for b.EndS and bEnd.2 cells
were statistically compared using the Student’s ¢ test. The analyzed data showed that the ICs value was
significantly higher for b.End5 cell than for the bEnd.3 cell {p < 0.0001).

3.4, Glutathuone Was More Resistant fo Oxidant Depletion tn b.End>
Changes in the glhutathione content of equal number of cells were plotted against the hydrogen

peroxide concentrations. This allowed for the analysis of the physiclogical response (endogenous
anticoddant response) of the two cell lines to increased HxO: concentrations. The profile in glutathions
depletion against increasing concentrations of hydrogen perosdde for the two cell lines was examined
(Figure 5A B). The data showed a steady decline in the glutathione content of the bEnd. 3 cells (Figure
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5B) while the b.Endb cells, in contrast, showed an initial significant increase in glutathione content and
then a decline (Figure 5A). In b.End5 cells, glutathione increase was sustained either higher or at par
with the controel cells until about a concentration of 500 ph which was close to its ICs value (Figure
24A). Also, the glutathione content of b.End5 cells were observed to decline to a steady lowest value at

about 1 mM hydrogen peroxide concentration and thereafter remained constant.
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Figure 3. (A) and (B) show trends in the glutathione contents of b.End3 and bEnd3 cells with exposure
to increasing [Hx0:]. Cells were exposed to increasing concentrations of [H20:] for 24 h and average
cellular glutathione contents estimated using the GSH-Glo kit Glutathione contents of the cells
correlated directly to the relative luminescent valwes (ELUF)obtained fcllowing incubation with the
optimized reagents of the GSH-Glo assay kit descnbed. Data in Figure 2A represends b.EndS cells and
shows an upward frend in the glutathione combent of the b EndS cells upon exposure to [H:0:] of 0-250
pM. Above this concentration was ebserved a downward frend though values Temained higher or at
par with the starting point until [Ha0:] higher than 500 uM. From this point a steady decline ocourred
until about 1 mM [Hz0:] fellowed by a platean bat not a complete depletion. Data in Figure 2B represent
the trend im bEnd.3 glutathione changes with increasing [HxOv]. A steady decline was observed until
complete depletion at about 200 pM [H=0:].

4, Discussion

Although several previous reports have reported the exdstence of strain-specific genes in
contributing to some differences in the physiclogical characteristics of different organs and/or systems
in animals of the same species (Gooch & Yee, 1999; Sinclair et al., 2017; Zhai et al, 2019), researchers
have largely ignored this evidence in choosing cell lines to model a physiological system. This is
particularly evident in the use of cell lines modelling the BBB, where a wariety of primary and
immortalized cell lines have been used to study its physiological functions. This phenomenon creates
un-necessary murkiness in comparing data between different studies. In this study, we were able to
illustrate convincingly that differences in the antioxddant characteristics of the two cell lines (b.Endb
and bEnd.3) (Figure £4A-C) of the same species, have distinctly different response profiles to an
escalating RO5 stressor. These two cells were derived from primary brain endothelial cells of two
different mouse strains, BALB/c and 5V129 respectively, by infection with a retrovirus coding for the
Polyoma middle T-antigen (Montesamo et al, 1990; Williams et al., 1959). Both have been used
extensively to study BBB function (Helms et al., 2016; 5. Yang et al., 2017; T. Yang =t al., 2007), all with
the underlying assumption, that there is physiological parity between these cell lines.

We investigated the cellular content of the glutathione anticeddant in the two cell types under
normal culture conditions (as per the instructions provided by the suppliers), first by fluorescent
microscopy, and although we easily established the cellular presence for glutathione, we were unable
to distinguish clear quantitative differences between the two cell lines. Close examination of the
fluorescence micrographs clearly illustrated the even distribution of glutathione throughout the
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cytoplasm of both cell types, howewer, the higher ring of fluorescence just inside the nuclear membrane
seem to suggest that glutathione plays an important role in neutralizing RO5 entering into the mucleus.
Given that DNA fragmentation is prone under conditions of O5 (Agarwal, Cho, Esteves, & Majzoub,
2017; Homa et al, 2019), this provides solid droumstantial evidence as to the role of glutathione in
protacting the nuclear material from KOS5 compromise. Although fluorescence demonstrated the
prasence of glutathione in both types of cells, the presance of blue fluorescence provided subjective
evidence of increased cytoplasmic glutathione within b.End5 cells as evidenced by a lower nucleo-
cytoplasmic ratio in the b.End5 cells with consequently more cytoplasmic content of glutathione.

Chur quantitative data of the glutathione content of the b.End? and bEnd.3 cell types substantiated
our visual observations and, although b.End? cells had a slightly higher mean glutathione content,
statistically no significant difference in glutathione quantity was found between the respective cell lines
(Figure 3). Calrulations from data indicated that the G5H concentration per unit cell for the b.End5 and
bEnd.3 cell types were within the range of 2.769 + 0.113 fhol and 2.305 £ 0.219 Mol respectively. Both
cell types also have GSH/GS5G ratio of apprordmately 95%/5% which indicated that both cells were
redox-stable in normal culture. Comparisons of the average cellular ghitathione per single cell for both
the b.End5 and bEnd.3 cell lines predict that these cells are well suited for 05 resistance in that their
G5H contents are in the range of cells specialized for detoxification, such as the liver cancer cell line,
HepG2 with GSH content of 2.9 fMol/cell (Yuan et al., 2013). These data, taken independantly endorsas
the use of these cell lines for BEE modeling. It is presumptious to assume that simply on the basis that
the cell lines have similar basal levels of endogenous antioxddants that thess cells mav indeed respond
to incremental ROS5 stress in a similar manner. This is all the more complicated given the arbitrary
concentrations of KOS stressors used in experiments to demeonstrate 0% on the BEB (C. Cao et al, 2019;
Song et al, 2014).

To evaluate the response of the endogenous antioxddant glutathione to incremental concentrations
of H202 in each cell-line, we then determined the relative levels of O5 that causes decompensation of
the GSH/G55G antiorddant system in the cell after 24 h exposure (Figure 44 B). In this study we profiled
the cell lines using the glutathione system which has been reported as a reliable and sensitive marker
of ooddative cellular status (Bains & Bains, 2015; Eranner et al, 2006). Furthermore, because the
physiological variable of cell viability was used as a general indicator of the response of the cells to ROS5
(H2Dx), it is scientifically plausible that wiability changes will be a reliable indicator of the total cellular
antiowidant capacity, and therefore, a singular marker (glutathiome) would provide emough insight on
the differences in the total antioxddant capacifies of the two-cell lines. Using the IC= (Doroshow &
Tuhasz, 2019)values for comparison, we documented for the first time evidence of a significantly greater
capability of the b.End5 cells to neutralize higher KOS concentrations than the bEnd.3 cells ([p < 0.0001]
Figure 4C). When we studied the profile in the G5H depletion within the cells exposed to increasing
RO5 load the data showed that the bBEnd3 cell type has a very limited abilitv for de nove upregulation
of glutathione synthesis under condition of increased ROS accumulation (Figure 5B), whereas the
b.Endb cell type showed ability to sustain adequate levels of glutathione, to elevate levels of GSH in
response to initial low concentration of KOS, and to maintain this sustained endogenous GSH levels
despite several subsequent increases in the concentration of KOS (Figure 54). The mechanism for this
divergent reaction of the glutathione system in the two cell types against increasing concentration of
ROS is not clear, and requires further study. However, this observed difference is suggestive of inter-
strain differences in the system that regulates RO5 accumulation within these cells, as has been reported
for several diverse physiological characteristics in different strains of cells from the same species of
animal (Doroshow & Juhasz, 2019; Shidara et al., 201%; Sinclair et al, 2017). Differentially expressed
genes in specific domains of the system that regulate ROS in intracellular milisu or perhaps strain-
specific genetic alteration following wiral oncogenic transformation of the primary cells could be
responsible (Sandberg et al, 2000). Mouse straim-specific differences in neuro-behavior, neuronal
excitability, susceptibility to fibrosis, anti-inflammatory response, and bone density have been
previously reported (Shidara et al., 2019). These previous reports have strengthened our position that
strain-specific genes are very important in shaping the phenotypic differences in the twe cell types
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investigated with respect to their glutathione system plasticity to O5. This finding has an important
bearing on experimental designs aimed at studying effects of 05 on the BBB. However, whether these
two mouse cells respond differently to 05 in the in vivo situation is not known. We propose here that
a genome-wide genetic screen of the cells in use for evaluating the physiclogy of the BBB will identify
important differences in the genes that control several key functions of the BEB (. Y. Cao et al, 2019).
Alsao, further research is required to determine these properties in primary cells of the mouse brain
endothelial cells with the potential for the unraveling of the trus behavior of the mouse brain
endothelial cells during O5 condifions with respect to capacity for ROS5 neutralization and the
glutathions system response.

Given that under control conditions we are confident that the BECs would be in redox balance, it
is, therefore, unimportant to localize the source of endogenous ROS production in response to
exogenous KOS exposure, neither does it make scientific sense to measure EOS production from the
cell organelles when the source of ROS was clearly defined as the experimental treatment (exogenous
H:0z). Exogenous ROS treatment would gauge the physiological capacity of the cells to respond to ROS
exposure from an exogenous source. Exogenous exposure would be additional to the normal ROS load
generated by normal physiclogical cellular processes. Thus, the measuring of ROS levels while
exposing cells to exogenous H:xDz in this study would be superfluous. Nevertheless, it might be
assumed that the study largely ignored the spatictemporal localization and guantification of
endogenous ROS production, but we are aware of the lack of the use of these techmiques, which is
intended to be the focus of our future study, in which we propose to measure REO5 produced
endogenously by cellular organelles using a combination of immuno-electron microscopy as qualitative
and ELISA as semi-guantitative methods (Grasse, Komatsu, & Axelsen, 2017; Jaganjac et al., 2019;
Tanikawa & Torimura, 2006).

5. Conclusions

The glutathione system responses and FEOS buffering capacities are clearly linked and they
determine the magnitude of ROS that induces 05 in the b End5 and bEnd.3 mouse brain endothelial
cell line models of the BBE. Strain-specific differsnces in the different cells will result in different
definitions of 05 in different models of diffarent animal strains within the sama species. Thus it is
important to astablish experimental parametars that best define 05 for each endothelial cell model of
the BBB for reprodudbility. Such information will avail researchers of opportunity to verify and select
appropriate models of BBB endothelial cells for specific redox investigations and enable them to draw
comparable and reproducible concliusions.
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CHAPTER 2

The relationship between the
blood-brain barrier, degenerative
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Abbreviations

ATP adenosine triphosphate

AO antioxidants

AD Alzheimer’s disease

Ap amyloid beta peptide

APP amyloid precursor protein

ALS amyotrophic lateral sclerasis

ApoE-t4 apolipoprotein E (epsilon 4)

Apo] apolipoprotein |

BM basement membrane

Bax Bel-2-associated X protein

Bad Bel-2-associated death promoter

BBB blood-brain barrier

CNS central nervous system

CSF cerebrospinal fluid

CLU clusterin

DM diabetes mellitus

ETC electron transport chain

EC endothelial cell

eNOS endothelial nitric oxide synthase

EGCG epigallocatechin-3-gallate

ECM extracellular matrix

FADH, flavin adenine dinucleotide

Gadd45  growth arrest and DNA damage 45

HPLC high-performance liquid chromatography
LRP1 low-density lipoprotein receptor-related protein 1
MRI magnetic resonance imaging

MMP matrix metalloproteinases

MCI mild cognitive impairment

MAPK mitogen-activated protein inases

MPTP N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MS multiple sclerosis

Nox NADPH oxidases

NDD neurodegenerative disease
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NFT neurofibrillary tangles

NVU neuro-glial-vascular unit

NADPH nicotinamide adenine dinucleotide phosphate

os oxidative stress

PD Parkinson’s disease

PC pericyte

PTP permeability transition pore

PI3K phosphatidylinositol-3 kinase

PICAIM phosphatidylinositol-binding clathrin assembly protein
ROS reactive oxygen species

RAGE receptors for advanced glycation end products
6-OHDA 6-hydroxydopamine

SNPc substantia nigra pars compacta

SOD superoxide dismutase

TJP tight junction proteins

TRAIL tumor necrosis factor-related apoptosis-inducing ligand
uv ultraviolet light

VaD vascular dementia

Introduction: Purpose and function of the blood-brain barrier

The functional integrity of the central nervous system (CNS) is largely dependent on
neuronal wiring into reflex arcs and neuronal circuitry. These neuronal circuits transmit
impulses as electrical and chemical signals and as such, obligatory control of the milieu
around the axons and synapses that form these circuits becomes a necessity for consistency
and continuity in neural signaling.. The brain has_evolved a structural mechanism for
regulating the composition of the neural microenvironment, the blood-brain barrier
(BBB). The BBB is the key interface between blood and neural tissue and 1s vital to this
regulation.

Structure of the BBB

Endothelial component

The microvessels of the brain consist of two main cell types, the endothelial cells (ECs)
that line the blood vessels and the mural cells (astrocytes) that sleeve the abluminal surface
ofthe ECs.” The BBB properties, conferred by the ECs, are stimulated and maintained by
intricate interactions with the astrocyte cells, immune cells, glial cells, and neural cells
which are known as the neuro-ghal-vascular unit (NVU)."” The ECs of the BBB are
modified simple squamous epithelial cells that line the walls of blood capillaries. They
are held together by tight junctions that tightly restrict paracellular transit of solutes.”
The BBB ECs also exhibit extremely low rates of transcytosis which limits vesicular trans-
cellular transit of molecules and cells. These two barrier systems polarized the EC into
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distinct luminal and abluminal membrane compartments regulating the movement of mol-
ecules between the blood and the brain.” Exclusion of some lipophilic molecules from the
brain, while selectively transporting similar molecules of obligatory importance, is achieved
by the expression of two modalities of transporters which appear to recognize molecules as
either wanted or unwanted.™* Efflux transporters transport lipophilic molecules that can
freely diffuse through the cell membrane back into the blood. The highly specific nutrient
transporters ferry specific nutrients across the BBB into the CNS and remove specific waste
products from the brain into the blood. Other properties of the brain ECs include posses-
sion of higher mitochondrial density than ECs elsewhere in the body used for adenosine
triphosphate (ATP) generation needed to drive and maintain the ion gradient that is crucial
to neuronal homeostasis. Expression of extremely low levels of leukocyte adhesion mol-
ecules greatly restrict the access of immune cells from the circulation.” Furthermore, the
presence of metabolic enzymes that alter the physical properties of molecules in transit
across the EC constitutes the metabolic or-enzymatic barrier by influencing its reactivity,
solubility, and transport propertics.” These barrier facets combitie to afford the ECs a
dynamic regulation of the CNS homeostasis™ " (Fig. 1).

Astrocyte Tight junction

endfoot

Pericyte

Basal lamina

Microglia

Fig. 1 Components of the blood-brain barrier. The BBB consists of specialized capillary endothelial
cells that are lined by the basal lamina, astrocytic endfeet, pericytes, and microglial cells. (From He Q,
Liu J, Liang J, Liu X, Li W, Liu Z, Ding Z, Tuo D. Towards Improvements for Penetrating the Blood—Brain
Barrier—Recent Progress from a Material and Pharmaceutical Perspective. Cells 2018;7(24).)
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Nonendothelial components

Mural cells in microvessels that form the BBB include the pericytes (PCs) which form an
incomplete enclosure around the endothelial walls. They are localized to the abluminal
surface of the microvascular endothelial tube, embedded in the basement membrane
(BM).” PCs contain contractile proteins that serve to control the diameter of the capil-
laries by their contractile activities. In addition to a higher density of PCs in CNS micro-
vasculature than elsewhere in the body, CNS PCs have a neural crest origin whereas
elsewhere in the body PCs are of mesodermal origin.” Their roles include regulation
of angiogenesis, deposition of extracellular matrix (ECM), wound healing, regulation
of immune cell infiltration, and blood flow regulation in response to neural signals
and also possibly acts as multipotent stem cells of the CNS.* Well documented is also
their regulatory role in BBB development as well as its maintenance function in adult-
hood and aging.”

The BM forms the outer covering of the vascular tube and has two layers including
the vascular layer and the outer parenchymal layer.™” The vascular layer is secreted by the
ECs and PCs while the parenchymal BM is secreted by astrocytic endfeet that extends to
the vasculature.” The secreted molecular components of the BM include type IV colla-
gens, laminin, nidogen, heparin sulfate, proteoglycans, and other glycoprotei11s.3 The
vascular and parenchymal layers differ in composition: the vascular layer contains lami-
nins a4 and a5 while the parenchymal layer contains o1 and «2.” The BM serves as an
anchor for signaling processes at the vasculature as well as provide an additional barrier
against the access of the neural tissue by transiting molecules.” Disruption of the BM by
matrix metalloproteinases (MMPs) has been documented as an important component of
several neurological disorders.' !

Astrocytes are glial cells with polarized cellular processes. The endfeet of their basal
processes sheaths the vascular tube containing the BBB. They feature proteins such as
dystroglycan, dystrophin, and aquaporin 4. The astrocytic endfeet binds to the BM
through protein interaction between dystroglycan-dystrophin-agrin binding and by this
linkage a process that regulates water homeostasis in the CNS 15 established.™"” Astrocytes
couple neuronal circuits to the blood vessels and by so doing relay signals that regulate
blood flow in response to neuronal activity. They are also recognized as an important
stabilizer of the BBB phenotype.”

Function of the BBB

The functions of BBB are to keep the 1onic composition of the CNS optimal for neural
signaling, exclude neuro-excitatory amino acid from causing neuro-excitatory neuronal
damage, protect the brain from the damaging eftects of circulating plasma proteins,
and shield the CNS from circulating endogenous or exogenous neurotoxic substances. '
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The BBB exhibits low passive permeability to many water-soluble nutrients and metab-
olites needs of nervous tissue and thus specific transporters are expressed by ECs to ensure
an adequate supply of essential nutrients.” Because of the low passive permeability of
the BBB to many essential water-soluble nutrients and metabolites needs of the CNS,
specific transport systems are expressed in the BBB to enable the adequate supply of these
molecules. The difterential expression of specific transporter proteins in the luminal and
abluminal membranes results in the polarity of the ECs.'” In summary, the Interactions of
the ECs with PCs, microglia and nerve terminals are crucial for supporting BBB induc-
tion, maintenance, and function.'”

Contribution of BBB dysfunction to the pathogenesis of NDDs
Effects of aging and oxidative stress

Fluxes of molecules between the peripheral circulationand the CNS, and vice versa, are
finely controlled by the BBB which 1s composed pnmarily of ECs, which in turn is reg-
ulated by astrocytes and pericytes. These interactions between EC and astroglial cells at
the BBB, regulate and maintain the homeostasis of the brain metabolism.'

The BBB 15 sensitive to OS-induced damage and disruption, which in turn compro-
mises the homeostasis of neural function and may be responsible for triggering neural
pathogenesis. OS has been strongly associated with a number of physiological conditions,
such as neural aging, vascular disorders, genetic risks, molecular irregularities, arising ana-
tomical pathologies, and topographical incidences which relate to neurodegenerative
disease (NDD).

Aging is an important contributing risk factor in the development of neurodegenera-
tion and BBB disruption, occurring early in the aging human brain. R esearch has indi-
cated that a higher incidence of age-related neurodegeneration begins in the
hippocampus, a brain region associated with cognitive functions.'™'> MRI quantifica-
tion of regional BBB permeability in the living human brain indicated an age-dependent
BBB breakdown in the hippocampus, a brain region affected early in AD.'® The cogni-
tive impairment associated with hippocampal BBB breakdown correlates with injury to
BBB-associated pericytes.""'” The association of the stage at which the BBB breaks down
and whether it causatively impacts cognitive impairment, 1s however, unsettled.

There 1s increasing evidence to support the contribution of BBB breakdown in the
pathogenesis of NDDs such as PD, AD, ALS (amyotrophic lateral sclerosis), and MS
(multiple sclerosis) as well as typical neurovascular disorders such as stroke and vascular
dementia (VaD).'® One of the implications of the number of vascular disorders such as
hypertension, cerebrovascular disorder, and dystunctional BBB 1s the increased perme-
ability associated with neurodegeneration. Data from mouse transgenic models with BBB

breakdown studies support the initiation and or contribution to neurodegeneration by
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the accumulation of circulating proteins, free iron, iron-containing hemosiderin, and/or
plasmin in the CNS neurons.' Emerging research on the overlap between the patho-
genesis of VaD and AD 1s now found in the epidemiological studies that revealed that
vascular risk factors such as diabetes mellitus (DM), hypertension, and atheroscleross,
which play an important role in the progression of AD but the mechanisms of these asso-
ciations are yet unclear. Putative theories include the possibility that the cerebrovascular
damage induced by these diseases could cause impaired cognitive function.'” Examining
the effects of hypertension on the pathological amyloid accumulation in mouse brain
models demonstrated AP (amyloid-f peptide) deposition in the hypertensive brain which
was assoclated with impaired BBB integrity. There is also evidence that some antihyper-
tensive drugs restored cerebrovascular dystunction via the reduction of OS and improved
cognitive function in an AD mouse model."> Another study using diabetic AD mouse
models showed that coexistence of the diabetic condition could lead to accelerated
Ap-related vascular alterations which were associated with induction of receptors for
advanced glycation end produets (RAGE) in the cerebral blood vessels. Many studies
suggest that cerebrovascular dysfunction does not only play a role in VaD but also in
the AD brain."”

Immuno-genetic factors

ApoE-&4 1s a strong genetic factor for sporadic AD although the mechanism of how it
impacts AD pathogenesis is not clear. The ApoE-£4 allele increases the accumulation of
senile plaques in AD subjects as well as cognitively normal people. Recent findings
showed that ApoE regulates cerebrovascular function via the cyclophilin A-nuclear
tactor-k B-matrix metalloprotemase-9 pathway in pericytes.w Some evidence 1s available
to support the compromise of BBB integrity in AD preceding the development of
amyloid plaques and cognitive impairment. Thus, functional changes in the BBB could
be one of the earliest signs of AD."” It was also demonstrated that AP immunization
therapy can restore BBB integrity in some mouse models and improve typical AD brain
pathological features such as plaques and microgliosis. This suggests the possibility of a
BBB-focused strategy for AD treatment.'”

Postmortem tissue analysis of the AD brain showed evidence of BBB damage includ-
ing accumulation of blood-derived proteins in the hippocampus and cortex of human
subjects with AD and ALS, and degeneration of BBB-associated pericytes, which indi-
cated BBB breakdown.'”'? Tight junction protein function and transmembrane com-
ponents are also affected in neurodegenerative disorders: occludin being vulnerable to
degradation by MMPs, while the molecular connections of adherens junctions and tight
junction proteins (T]Ps) to the actin cytoskeleton are also disrupted by tau leading to tau-
induced neurotoxicity. T]Ps are also reported to be involved in RAGE-mediated A
cytotoxicity to the BBB ECs with subsequent damaged BBB structural integrity.'”
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There 1s the early development of neurovascular dystunction in AD associated with
the accumulation of A peptide and NFTs in the brain.'” Depending on the stage of the
disease, AD aftects all cell types of the NVU including EC and mural cells, ghal, and neu-
rons.'” Faulty AP clearance from the brain leads to elevated AP in the brain of patients
with sporadic AD."” Research data has shown from various animal models that A is
cleared from the brain primarily by trans-vascular clearance across the BBB.”’ The
molecular mechanism involves the AP} produced in the brain binding to LRP1 (low-
density lipoprotein receptor-related protein-1) at the abluminal side of the BBB leading
to its rapid internalization into ECs and subsequent clearance through the blood.”’
PICALM (phosphatidylinositol-binding clathrin assembly protein) plays a critical role
in the molecular mechanism of Ap clearance by directing the internalization, trafficking,
and sorting of LRP1-Af complexes for exocytosis at the luminal side of the BBB.'”'*
AP 1s then cleared in the plasma by binding to soluble plasma LR P1 and subsequent trans-

19 Other contributions to

port via blood to the excretory organs (kidney and hiver).
CNS clearance of AP peptide include enzymatic degradation by neprilysin, an insulin-
degrading enzyme, MMPs plasmin, and tissue plasminogen activator.'”* Recent
research data has suggested that PICALM variants, as well as mutation of Clusterin

(CLU, apo)), are also associated with the pathogenesis of sporadic AD.'”*

Role of OS in the development of neurodegenerative diseases

OS is a condition of unbalanced cellular and/or tissue redox states to which the brain is
especially vulnerable because of its high oxygen demand, possession of abundant
peroxidation-susceptible lipid cells, and modest content of antioxidant and related
enzymes.” NDD is a heterogeneous group of neurological disorders characterized by
a slow progressive neuronal 10ss.” Although the definitive cause of the NDD 15 yet
uncertain, OS has been strongly implicated 1n playing a critical role 1n 1ts initiation as well
as progression. NDD has been strongly linked with aging and has thus been largely
described as a disease of abnormal aging.”* Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, and Friedreich’s ataxia are well-known examples of NDD. The
critical role played by OS has been reported in the pathogenesis of virtually all these dis-
eases and thus OS appears to be a common denominator in their pathogenesis. Several
mechanisms of OS regarding the initiation and/or its propagation have been reported
tor NNDs, especially for Alzheimer’s disease (AD) and Parkinson’s disease (PD).' %2

OS as an early event in the initiation and progression of AD

The evolution of AD incorporates an intermediate transient phase of mild cognitive
impairment (MCI) during which there is no significant increase in senile plaques or neu-
rofibrillary tangles (NFTs). Data from MCI subjects provided strong correlated evidence
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that OS usually precedes the development of clinically demonstrable AD."'®**

Signifi-
cantly, elevated levels of oxidized biomolecular markers of OS, compared with age-
matched control subjects, were found in MCI s‘.ubjectf..11 Furthermore, in the unne,
plasma, and CSF of MCI subjects elevated levels of specific isoprostanes were found,
while CSF levels of markers such as Ap peptides, and tau protein remain unchanged com-
pared with controls with age-matched s‘.ubjects‘.g'p'{‘24 Evidence of significantly increased
levels of protein peroxidation and oxidative modification of specific proteins in the hip-
pocampus, superior, and middle temporal gyri of MCI subjects has been documented.'®
Furthermore, several other studies also showed significantly decreased levels of nonenzy-
matic antioxidants such as uric acid, vitamin C, E, and A, zeaxanthin, f-cryptoxanthin,

and o-carotene as well as reduced actuvity of antioxidant enzymes such as SOD, gluta-
15,23

thione peroxidase, and glutathione reductase in MCI subjects. Some of these
biomolecules, especially the isoprostane (8,12-i50iPF2a-VTI) is correlated with the sever-
ity of AD.** All these findings preceding the neuropathological findings in AD suggest
that OS is a very early contributor to AD and is likely to play a critical role in the

progression of the disease and probably other NDDs.

Sources of excess ROS production in NDDs

In spite of the telltale evidence of OS pathology in the brain, neither the specific origin of
increased reactive oxygen species (ROS) nor the mechanisms for the dystunction of
endogenous antioxidant system or the disturbance of redox balance in AD and other
NDDs are certain. However, both extracellular and subeellular accumulation of AP pep-
tide and the presence of trace metal 10ons such as copper and 1ron have been suggested to
cause increased ROS production. ' Further, reduced activities of a-secretase can cause
a decrease in J and y-secretase activities which can further enhance AP peptide accumu-
lation.”* As the mitochondria are itself vulnerable to OS, increased ROS is associated
with oxidation of mitochondrial proteins resulting in consequent mitochondrial dysfunc-
tion and energy production failure. Mitochondrial dysfunction and disordered glucose
metabolism have been supported by overwhelming research data as a critical factor in
the pathogenesis of AD.'®?* Glucose is the primary source of energy in the brain, and
the oxidation of enzymes involved in glucose metabolism leads to the consequential decline
in glucose metabolism in AD."%* Much evidence supports the hypothesis that the oxida-
tion of crucial metabolic enzymes such as pyruvate kinase, phosphoglucomutase-1,
enolase-1, triose phosphate 1somerase, ATP-synthase, glyceraldehyde-3 phosphate dehy-
drogenase, malate dehydrogenase, leads to the reduced activities of these enzymes.'®
Parallel observations point to an OS-induced reduction in neuronal expression of genes
encoding for subunits of the mitochondrial respiratory chain; reduced complex IV activity

18,23,24

(Fig. 2) observed in the hippocampus and platelets of AD subjects. The overall result

1s a dysfunctional glucose metabolism and reduced ATP generation 1in the AD brain which
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Fig. 2 Downstream propagation of ROS from primary ROS, the superoxide radical. Superoxide radical
is the first free radical generated from the ETC and the cellular oxidases. Its reactivity results in the
generation of several other species.

further leads to increased mitochondnal ROS generation. Furthermore, Ap-induced mito-
chondrial dysfunction has also been reported as a cause of impaired calcium homeostasis in
AD brain.”” This may be associated with intracellular caleium overload and decreased cal-
cium reuptake which is related to increased ROS, and the opening of the permeability
transition pore (PTP) which 1s an important step in the ferrying of proapoptotic molecules
across the mitochondria into the cytosol, triggering subse quent apoptosis. In PD, accumu-
lation of a-synuclein aggregates which interferes with vesicular dopamine storage, leading
to a build-up of cytosolic dopamine which interacts with trace metal 1ons, such as iron, to
generate ROS.'>!" Further, supporting this school of thought, anumber of reports indicate
the metabolism of dopamine into semiquinones; auto-oxidation into R OS, as well as the

. A 3 . : . 17.18.23
deficiency of complex I enzyme of the mitochondrial respiratory chain.' %

Evidence of OS involvement in the development of NDDs

R esearch has demonstrated that an increase in oxidized biomolecules generated by ROS
as well as changes in cellular content of antioxidant molecules as corroborative evidence
of OS in several NDDs including AD and PD. This line of action is premised on the
difficulty in measuring ROS, which 15 usually short lived and are kept at modestly
low concentrations by a dynamic balance between the rates of cellular production and
neutralization by endogenous antioxidants, leaving empirically either excessive ROS
production or impaired antioxidant systems to cause OS. Alterations in the levels of anti-
oxidants and antioxidant enzyme activities were also reported in AD and other NDDs.”*
Significantly low plasma levels of antioxidants such as glutathione, albumin, lycopene,
bilirubin, vitamin A, C, and E, were reported in AD patients compared with age-matched
control subjects.”” Furthermore, different brain areas in AD also showed significant

http://etd%af\g/vc.ac.za/

25



26

Oxidative stress and dietary antioxidants in neurological diseases

decreases in the activity of endogenous antioxidant enzymes such as superoxide dismutase
(SOD), catalase, glutathione peroxidase, and heme-oxygenase despite increased gene

. 23,24
expression of some of these enzymes.

Reactive oxygen species

R OS are generated as by-products of the incomplete reduction of an oxygen molecule,
an inevitable occurrence in all aerobic cells. They are therefore defined as a group of
highly reactive chemical species containing oxygen with various numbers of unpaired
° They generally have a short half-life, 1 ns for the hydroxyl radi-

valence electrons.”
cal,” due to their high reactivity conferred by the presence of unpaired electron(s). Free
radicals such as the superoxide molecule (*O5) and hydroxyl radical (*OH) as well as
nonradicals such as hydrogen peroxide (H;0O») are examples of ROS. The superoxide
radical is the primary ROS generated in cells while other molecules, inclusive of the list
of ROS, are all secondary derivatives of downstream reactions involving the superoxide
radical and other biomolecules.

The presence of ROS in the cell produces effects reminiscent of a double-edged
sword: under physiological conditions, it can serve a number of beneficial roles such
as cell signaling that mediates growth, differentiation, proliferation, and R OS-mediated
microbial killing.”” On the other hand, its accumulation under conditions of oxidative
stress (OS) mediates modification of cellular biomolecules with consequent functional
aberrations causing pathological programmed cell death (PCD), atherosclerosis, diabetes,
dysfunctional cell proliferation, neurodegencration, inflammation, and aging.”” These
oxidants were originally thought to be host defender molecules, released by neutrophils
to destroy infective microbial organisms such as bacteria, but in the light of current
knowledge, they play critical roles in the determination of the cell’s fate as they act as
second messengers which modify cell-signaling molecules.”’

Most aerobic cells have evolved with an antioxidant defense system responsible for
neutralizing ROS and so prevent its accumulation such that a dynamic equilibrium 1s
maintained between ROS production and neutralization within the cell. However,
under various circumstances, this equilibrium may be disturbed, which, when in favor
ofanet increase in ROS results in OS. OS causes ROS-mediated damage to cellular bio-
molecules such as proteins, nucleic acids, and lipids as implicated in cancer initiation and

!

. . . . . 2
progression, neurodegeneration and aging, atherosclerosis, and diabetes.

Generation of reactive oxygen species

All aerobic cells, including neuron and ECs, produce ROS, mediated mainly by
enzymes. The generation of cellular ROS involves both endogenous and exogenous
sources. In vascular ECs, the main endogenous sources of ROS include NADPH
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oxidases (Nox), the mitochondrial electron transport chain (ETC), xanthine oxidase,
cytochrome P450, and uncoupled endothelial NO synthase (eNOS).”” The importance
of each of the proteins varies with the physiological state of specific tissues.”” Exogenous
generation in general involves cellular interaction with exogenous sources such as xeno-
biotics, radiation, UV light, air pollution, cytokines, bacterial invasion, and cigarette
smoking28 (Fig. 3).

Role of antioxidant therapy in neurologic disorders

In view that OS has been a well-documented factor in the initiation and progression of
neurological diseases including NDDs, it becomes rational to propose the use of exog-
enous antioxidants for the amelioration of the cumulative effects of OS.

What are antioxidants?

An antioxidant is defined as any substance that, when presentat low concentrations com-
pared to an oxidizable substrate, significantly delays or prevents oxidation of that sub-
strate.” Several distinct dietary compounds with antioxidant properties have been
identified and studied such as polyphenols (flavonoids), f-carotene, vitamin C, and vita-
min E (a-tocopherol).

Evidence of the ameliorative effects of dietary antioxidants on
neurodegenerative diseases

Dietary polyphenols

Epidemiological and clinical studies have demonstrated that polyphenols and flavonoids
exert a protective effect against NDDs.”' Several authors have reported that diets
enriched with fruits and vegetables rich in antioxidants (carrots, blueberries, strawberries,
spinach) can produce a beneficial effect in old rats against age-related decline in cognitive
functions.'® Polyphenols are naturally present in fruits and vegetables (olive oil, red wine,
tea) with flavonoids being the largest group of the polyphenols with more than 2000 dis-
tinct flavonoids known.”” They naturally occur as glycosylated, hydroxylated, and meth-
oxylated phenol derivatives.” The glycosylated form either contains glucose or
rhamnose as the sugar moiety.32 By glycosylation, the chemical, physical and biological
properties of the flavonoids are moderated as well as their absorption by the small intes-
tine.”* Their antioxidant potency is related to the number of hydroxyl groups present
such that the most potent of flavonoids contains 36 hydroxyl groups.” There is a pau-
city of data on the bioavailability of phenolics after oral intake, however, the increase in
the serum antioxidant levels following consumption of food and beverages rich in
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Fig. 3 The electron transport chain generates ATP while producing superoxide as a by-product. The electron transport chain (ETC) in the
mitochondria is the site of oxidative phosphorylation in mammalian cells. The ETC is a series of electron transporters in the inner
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polyphenols has been reported.” Taken together, these findings suggest that the con-
sumption of polyphenolic compounds could have beneficial eftects against OS-induced
damages.

Ameliorative effects of dietary polyphenols

For the purposes of this chapter, we discussed the widely used exemplar ot exogenous
AO:s, green tea. The flavonoids in green tea have attracted considerable research interest
because of its potential to prevent or treat cancer.” "’ Bioactive constituents of green tea
include flavonoids (catechins and their derivatives) and it constitutes about 30% of the dry
weight of a leaf.”” Analysis of green tea using HPLC yields mainly epigallocatechin-3-
gallate (EGCG) as the polyphenolic constituent (more than 60% of total catechins).””’
Other compounds in green tea are the flavonols (quercetin, kaempferol, and rutin), caf-
teine, phenolic acids, and theanine.””

Reports from nutritional and epidemiological studies as well as an animal model of
PD revealed risk reduction for Parkinson’s disease by the consumption ot teas with high
AO content such as green and black teas. These effects have been ascribed to EGCG,
which is the most potent component of green tea.” " Green tea compounds also act
as a chelator of ferric ion which could also explain the green tea-induced-protection
against MPTP™ since MPTP is known to increase iron levels in the substantia nigra pars
compacta of mice, rats, and monkeys. While there 1s no sigmficant benefit with regard to
tea consumption in AD), several in vitro studies showed that green tea could protect
against AP-induced neuronal Clar‘ﬂag(:’:s.J'O‘Jrl

In the last decade, studies have provided multiple confirmations that EGCG 1s able to
regulate the proteolytic processing of amyloid-precursor protein in: both in vivo and
in vitro studies.*' In neuronal cell cultures, it promotes the nonamyloidogenic a-secretase
pathway”' and reduces the formation of Ap fibrils. " EGCG-mediated promotion of neu-
ronal protection has also been linked to its ability to modulate a number of intracellular
signaling pathways such as MAPK, protein kinase C, and phosphatidylinositol-3-kinase
(PI3K).”** These pathways play important roles in neuronal protection against a variety
of redox insults and are essential to cell survival.”’ EGCG also lowers the expression of the
proapoptotic genes Bax, Bad, cell cycle inhibitor Gadd45, Fas ligand, and tumor necrosis
tactor-related apoptosis ligand (TRAIL) in SH-SY5Y neuroblastoma cells.”

Beneficial eftects were mediated via antioxidant potential, through modulation of
different pathways such as signaling cascades, antiapoptotic processes, and synthesis or
degradation of Ap peptide.”

Overindulgence of dietary AOs: Reductive stress

Under physiologic conditions, the redox system within the cells and the entire body is
maintained at a redox balance by the action of the endogenous antioxidant system that
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neutralizes excess ROS. Under pathologic conditions resulting from redox imbalance,
the endogenous antioxidant system either fails to contain the challenge of ROS pro-
duction or the rate of ROS production becomes excessive.” Research data has
supported the use of exogenous antioxidants (such as vitamin C and vitamin E, and
polyphenols) supplementation of diet as beneficial in the treatment and/or ameliora-
tion of diseases conditions mechanistically impacted by redox imbalance.” However,
several reports have documented the adverse effects of exogenous AO treatment on
cellular physiology, which include modulatory eftects on cell signals involved in critical
cell functions such as proliferation, senescence, cell growth, and apoptosis.”” The over-
zealous use of antioxidants therefore, has the potential to impact negatively the normal
and beneficial eftects of ROS 1n biologic systems which can lead to undesirable con-
ditions of reductive stress.** Furthermore, because the beneficial effects of antioxidant
clinical trials on many clinical conditions had largely yielded modest benefit, some
authors have suggested the overuse of exogenous AOs may indeed cause a “prooxi-
dant” effect (reductive stress).

Conclusion

It 1s not completely clear whether 1t 1s NDD that causes BBB dystunction or vice versa,
but what is conspicuous is that the two conditions are inextricably related. It is also very
clear that OS is a physiological trgger that is linked to NDD and that it is also capable of
causing the compromise of BBB function. The compromise of BBB function is linked to
irregular permeability between the blood and brain, and this relates to homeostatic insta-
bility within the brain. Together with the co-eftects.of OS on the BBB and neurons, this
may be responsible for the progressive nature of NDD. The benefits of dietary foods rich
in antioxidants in delaying the progression of NDDs must be carefully weighed against
the prooxidant (reductive stress) ettects of overdosing with exogenous AOs, especially
pharmaceuticals.

Summary points

*  The BBB regulates the transport of molecules between the brain and the circulation
and 15 sensitive to oxidative stress.

* Aging is an important risk factor for degenerative neuropathy which has in turn been
linked to oxidative stress and blood-brain barrier disruption.

*  Oxadized biomarkers accumulate long before the development of cognitive impair-
ment in AD and suggest that OS is an early component of neurodegeneration.

* The specific source of increased ROS and the focus of redox imbalance in NDD
are not clearly defined.

* Dietary antioxidants have been demonstrated to ameliorate the process of
neurodegeneration.
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