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Abstract

The blood-brain barrier (BBB) serves as a protective and regulatory barrier between the blood
and the brain. Microvascular endothelial cells provide homeostatic regulation of the central
nervous system (CNS). BBB integrity is compromised by inflammation, which contributes to
a wide range of neurological disorders. It has been shown that glucocorticoids (GCs) have anti-
inflammatory functions on a variety of cells. A particular example is Dexamethasone (Dex),
which is used for the treatment of inflammatory conditions and has recently been found to
be effective in attenuating COVID-19. Aim: The purpose of this study was to determine
whether low or high concentrations of Dex can attenuate the inflammatory response induced
by LPS on the in vitro BBB model. Method: bEnd.5 cells were cultured and-exposed to LPS
(100ng/ml) and subsequently co-treated with Dex to investigate whether selected
concentrations (0.1, 5, 10, 20uM) of Dex can modulate the inflammatory effects of LPS on the
bEnd.5 cells. Cell viability, cell toxicity, and cell proliferation were investigated, as well as
the monitoring of membrane permeability (TEER), and the use of ELISA to identify and
quantify the presence of inflammatory cytokines (TNF-a and IL-1(3). Results: Dex, at a lower
dosage (0.1uM), was able to attenuate the inflammatory effects of LPS on bEnd.5 cells. This
effect was not seen for Dex at higher dosages (5-20uM). Lower doses of Dex (0.14M) had no
detrimental effects on bEnd.5 cells, while higher Dex doses (5-20uM) decreased bEnd.5
viability, increased bEnd.5 cell toxicity, increased bEnd.5 cell monolayer permeability, and
increased pro-inflammatory cytokine secretion. Conclusion: Dex at low concentrations
(0.1uM), will be more effective than higher concentrations in an attempt to remedy LPS-

induced inflammation on bEnd.5 cells.

http://etd.uwc.ac.za/



Declaration
I declare that Dexamethasone's impact on LPS-induced inflammation of blood-brain barrier
endothelial cells is my own work, that it has not been submitted for any degree or examination

in any other university, and that all the sources I have used or quoted have been indicated and
acknowledged by complete references.

Full name: Tershlin Jeftha Date: 15 May 2023

http://etd.uwc.ac.za/



Table of contents

Abstract i
Declaration ii
Table of contents iii
Abbreviations iv
List of figures v
ADSITACE ...ttt b et b et s b sae st ene e b e ene i
Chapter 1: Literature FEVIEW...........coccooiiiiiiiiiiiiieiieseee ettt st e s e s e e s e sne e e e e sans 1
1.1 INELOAUCHION ...ttt se e s et e st e e sae s saa s e esn e e s e e sanessnensnasnneans 1
1.1.1 Over of the blood-brain barrier (BBB) ...........ccouumeiriiiiieee et 2
1.2 Systemic Inflammation and Neuroinflammation. . cu......cuumue et itiiisinnseeeeeeeereesese e eseseeseesesaens 5
1.2.1 Inflammation on the endothelial cells of the BBB ... .. e 6
1.2.3 In vitro Inflammatory mMOdEL...........cccoirimeniriciininineneesieninsesisessestssssse et se e sae e 6
1.3 Glucocorticoids on the blood-brain barrier........... ... 7
1.3.1 Glucocorticoids Anti-inflammatory MechaniSms ...........cccoeieiriivteieiieiiinieneeeneiecee s 8
1.4 Conclusive StAtEMENL...........ciuruireiiiiiiririr it st sttt s s sr e b saesaenesaa s ne s 9
1.5 Hypothesis:......... 3.8 8....... §. 8.8 B30 B J AL B e 10
1.6 Scope of the SUALAER o ssfelehasssssstiafiahasssssssdndiotassssssatindindiosssasssathaladiag oo s co0scssssessasssassarses 10
1.6 Research Aims and ODJECIIVES ....cuiuuiririririmiesiinieiisnesissesesssssessssesssssessassessenscsesssesessessesssssessenns 11
16,1 AT ... o e B e B o e O 2 B N o0 o e S i ghsesoersasnnsaerssnsassssassanres 11
1.6.2 Specific Olfjectiveste...8... 3. L' ... B B L PR TR EE e 11
References ........ came ot T e cmesncmanacnas 12
Chapter 2....ceeece L0000 b Moo B Bl P A0 e o BB B B ncceeeniennecnenee 18

Manuscript (Published) - "The effect of dexamethasone on lipopolysaccharide-induced

inflammation of endothelial cells of the blood-brain barrier/brain capillaries."

L0 11 17 ol 47

3.1 General CONCIUSIONS. ......c.ccuiruiiiieieiieieee ettt sttt es e sae st e er e s s e aans 47

3.2 Research questions to still be addressed..........cooveeiriiniiiiincie e 47
iii

http://etd.uwc.ac.za/



List of abbreviations

Angiotensin II
Angiotensin-converting enzyme
Blood-brain barrier

Brain microvascular endothelial cells
Central nervous system
Claudin

Coronavirus disease 2019
Dalton

Dexamethasone

Endothelial cells
Enzyme-linked immunoassay
Glucocorticoids

Interleukin

Junction adhesion molecule
Lipopolysaccharide

Matrix metalloproteinases
Neurovascular unit

Occludin

Pericytes

Tight junctions

Toll-like receptor-4
Trans-endothelial electrical resistance

TNF

http://etd.uwc.ac.za/

iv

Angll
ACE
BBB
BMVEC
CNS
CLDN
COVID-19
Da/kDa
Dex

ECs
ELISA
GCs
Interleukin
JAM
LPS
MMPs
NVU
OCLN
PCs

TJs
TLR4
TEER

Tumor necrosis factor



List of Figures

FIGURE 1: BRAIN ENDOTHELIAL BLOOD VESSEL, SHOWING THE VARIOUS COMPONENTS OF THE

BLOOD-BRAIN BARRIER (TORNABENE AND BRODIN, 2016). .....ccccovviiieiiiieeiieeeeiee e 3

FIGURE 2: THE BASIC PROCESS OF INFLAMMATION. DIAGRAM DEPICTING THE INFLAMMATION

PROCESSES WHICH AFFECT ECS OF THE BBB (ZHAO ET AL., 2020). ..ccccvvveieeiiieeeeiieee e 5

Vv

http://etd.uwc.ac.za/



Chapter 1: Literature review

1.1 Introduction

An integral part of the brain is a protective barrier called the blood-brain barrier (BBB). The
BBB primarily comprises endothelial cells (ECs) (Markowicz-Piasecka et al., 2022) and forms
the brain's capillaries. The BBB separates the circulatory system from the brain, restricting the
entrance of toxins and other harmful substances (Markowicz-Piasecka et al., 2022). The BBB
serves more than just a barrier; it also serves various roles, including, homeostasis, and

metabolism, and regulates the entry of immune cells (Abbott et al., 2006; Winkler et al., 2011).

There is a relationship between the BBB and the neurovascular unit (NVU), however, they are
distinct concepts (Yu et al., 2020). In terms of physical and functional barriers, the BBB is the
barrier between blood circulation and the brain tissue, while the NVU refers to the network of
neural cells and structures that plays an important role in maintaining the integrity of the BBB
and regulating the permeability of the BBB and capillary blood flow (Yu et al., 2020). The
BBB comprises mainly of ECs, pericytes, astrocytes, and tight junctions (Abbott, 2005), while
the NVU includes the surrounding neural cells, which engage with the regulation of the BBB,
either mainly via the astrocytes or directly via pericytes. A normal functioning central nervous
system (CNS) and its ability to respond to injury or disease dependon the
communication between these cells (Daneman and Prat, 2015). The NVU is responsible for
regulating the accurate provision of nutrients and oxygen to the brain, while also maintaining
a high integrity of the BBB. An effective and healthy brain relies heavily on the robust
regulation of BBB, since it delivers glucose and other substrates to the brain, as well as removes
waste products from the brain to help maintain the healthy functioning of neurons (Kaplan et
al., 2020). A dysfunctional neurovascular unit has been linked to various neurological

disorders, such as stroke, Alzheimer's disease, and multiple sclerosis (Yu et al., 2020).

The BBB can be compromised by both systematic inflammation and neurological pathologies
(Markowicz-Piasecka et al., 2022), which may lead to BBB impairment. As a result of the
barriers impairment, neurological pathologies such as epilepsy, stroke, brain oedema, and
neurodegenerative disorders can occur (Baeten and Akassoglou, 2011; Raabe et al., 2012;
Markowicz-Piasecka et al., 2022; Réus et al., 2015). Additionally, oxidative stress,

metabolic dysregulation (Sandoval and Witt, 2008; Michinaga and Koyama, 2015; Rhea and

1
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Banks, 2019), trauma, inflammation, and ischemia often promote brain vascular deterioration,
such as stroke, which accounts for millions of medical emergencies (Roy-O’Reilly and

McCullough, 2018; Rhea and Banks, 2019).

Sankowski et al., (2015) point out that inflammation is an essential and spontaneous response
to infection and tissue damage, but it may also negatively affect brain endothelial cells (BECs)
and BBB function. Identifying the underlying cause of inflammation is critical to the success
of the treatment. The use of medications, such as nonsteroidal anti-inflammatory drugs
(NSAIDs) or steroids such as glucocorticoids , may be necessary to manage inflammation and

prevent further damage to brain tissue (Ghlichloo and Gerriets, 2022).

Dexamethasone (Dex) is an established synthetic glucocorticoid steroid with little to no
mineralocorticoid action (Brinks et al., 2018; Hench and Kendall 2021; Yasir et al., 2021),
authorized by the Food and Drug Administration (FDA) in 1958 as a broad-spectrum
immunosuppressant. In addition, it has a longer half-life and is 30 times as potent as cortisone
(Giles et al., 2018). In recent events, glucocorticoid steroid, Dex, has been used to treat
inflammation and recently as a treatment for COVID-19 (Corssmit and Dekkers, 2019; Lukiw,
2020). Dex is thought to achieve this by preventing neutrophil migration and reducing
lymphocyte colony accumulation, which reduced the mortality rate of hospitalized patients
who were not critically ill (Lukiw et al., 2020). Dex was demonstrated to be an effective
treatment in COVID-19 patients who have been intubated for a short period (Theoharides and
Conti, 2020). It was the first pharmaceutical that reduced mortality for hospitalized COVID-
19 patients (Lammers et al., 2020). Furthermore, a major advantage of Dex is its ability to
reduce the synthesis and secretion of cytokines, which are known to have damaging effects on
cells (Chuang et al., 2017). However, its effectiveness in treating brain vascular inflammation

at the level of the capillary endothelium has yet to be established.

1.1.1 Over of the blood-brain barrier (BBB)

Germain scientist Paul Ehrlich first conceptualized the BBB in the early 1900s. His
experiments on staining biological tissues showed that the brain and spinal cord remained
unstained while the peripheral tissues stained blue (Dyrna et al., 2013). Dye injection into the
subarachnoid space stained only the CNS, while bodily tissues did not. Using these findings,
Ehrlich proposed that blood vessels in the brain differ from those in systemic circulation (Dyrna

et al., 2013). In the CNS, the BBB separates circulating blood from the extracellular fluid in
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the brain (Abbott et al., 2006). The brain capillaries are lined with ECs, which are connected
by tight junctions (TJs) that prevent the passage of harmful substances (Markowicz-Piasecka
et al., 2022).

By restricting the entry of harmful substances into the brain, such as toxins, pathogens, and
large molecules, the BBB plays an essential role in maintaining the chemical stability of the
brain's environment (Winkler et al., 2011). Additionally, it regulates the brain and blood's
exchange of nutrients and wastes. A selective permeability characteristic of the BBB means
certain substances can pass through it when specific conditions are met. Air, carbon dioxide,
and water are small molecules that can pass through the BBB freely (Winkler et al.,
2011). Several other molecules are transported across the BBB by specialized transporters,

such as glucose and amino acids (Abbott et al., 2006).

y/
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Figure 1: Brain endothelial blood vessel, showing the various components of the blood-brain

barrier (Tornabene and Brodin, 2016).
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For the BBB to function properly, the functioning of the NVU is crucial. It mainly consists of:

e Endothelial cells: Brain capillaries are lined with ECs forming the BBB. These cells are
tightly connected at the apical regions of their paracellular spaces by TJ adhesion
molecules, which prevent most molecules from passing through them. The TJs link
capillary ECs, which are mainly linked by protein complexes (claudin-5, occluding,
and junction adhesion molecules) known as tight junctions. A high degree of selectivity

prevents most molecules from passing through these junctions (Liebner et al., 2011).

e Basement membrane: a complex layer of extracellular matrix, which serves as a contact
point for the ECs. It surrounds the capillaries separating them from overlying tissue and
plays an important role in the morphological polarization of the ECs in apical and
basolateral membrane domains (Thomsen et al., 2017).

e Astrocytes: Through their release of signaling molecules, astrocytes regulate the
permeability of the BBB and provide structural support. They also play an important
interface between the neural elements of the brain and the function of the brain capillary
endothelium (Sofroniew and Vinters, 2009).

e Pericytes: The pericytes encircle the ECs of brain capillaries. They maintain the BBB’s
endothelial structural integrity and regulate capillary blood flow (Shepro and Morel,
1993; Daneman and Prat, 2015).

e Transporters: Certain molecules can pass selectively through the BBB due to
specialized transporters. A glucose transporter (glutamine and glutamate), for example,
transports glucose across the BBB, while several amino acid transporters (e.g., cationic
amino acid transporters, for large and small neutral amino acids) (Zaragoza, 2020),
transport amino acids both into and out of the brain across the BBB (Daneman and Prat,

2015).

The most important component of the BBB consists of a single layer of cells, the capillary
endothelium, and other protein molecules (figure 1), that protect the brain from harmful
substances while still receiving essential nutrients (Zihni et al., 2016). A breach of this barrier
can cause a wide range of neurological symptoms, depending on the severity of the substance
that entered the brain. Some chemicals can damage, enlarge, and inflame brain tissue, whereas
others can disrupt brain activity and cause psychological and physiological changes in the brain

(Galea, 2021).
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1.2 Systemic Inflammation and Neuroinflammation

The term "systemic inflammation" refers to a widespread, mild inflammatory response
throughout the body’s bloodstream. Several factors can contribute to this condition, including
infections, autoimmune diseases, chronic stress, and exposure to environmental toxins (Galea,
2021).

Systemic inflammation has been proven to significantly affect the BBB (Galea, 2021). As a
result of the systemic inflammatory response, immune cells and inflammatory chemicals, such
as cytokines, chemokines, and prostaglandins, may enter the bloodstream, affecting the BBB
and the brain, causing neuroinflammation and neurodegeneration (Galea, 2021).
Neuroinflammation refers to inflammation in the nervous system and the brain’s vascular
system and involves the brain’s immune system (DiSabato et al., 2016). BBB impairment may
be due to the potential consequences of systemic inflammation and neuroinflammation. As
visually depicted in Figure 2, the inflammatory response in the BBB causes microglia to
become activated and polarized, releasing reactive cytokines, including interleukin-18 (IL-18),
interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), as well as other chemokines, and growth
factors; resulting in the activation of MMPs, which as a consequence makes ECs more
permeable by degrading the TJ between ECs (Stamatovic et al., 2016; Shigemoto-Mogami et
al., 2018; Subhramanyam et al., 2019; Zhao et al., 2020). It is also worth noting that microglial
cells are divided into two types: M1 and M2. By expressing pro-inflammatory cytokines (IL-
18 and TNF-a), M1-microglia have debilitating effects. In contrast to MI1-microglia, M2-
microglia, have neuro-protective properties by secreting anti-inflammatory cytokines, notably

IL-10 and IL-33 (Zhao et al., 2020).
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Figure 2: The basic process of inflammation. Diagram depicting the inflammation processes

which affect endothelial cells of the blood-brain barrier. From “Research progress of
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mechanisms for tight junction damage on blood-brain barrier inflammation” by Bo Zhao,
Qiyang Yin, Yuxiang Fei, Jianping Zhu, Yanying Qiu, Weirong Fang & Yunman Li. Archives
of Physiology and Biochemistry. Copyright 2022, reprinted by permission of Informa UK

Limited, trading as Taylor & Taylor & Francis Group, (http://www.tandfonline.com).

1.2.1 Inflammation on the endothelial cells of the BBB

The BBB's ECs are susceptible to inflammation, negatively affecting brain health and function
(Galea, 2021). A compromised brain endothelial cell may result in an increased permeability
of the BBB, which would allow harmful substances like toxins, bacteria, and viruses to
penetrate the brain and cause damage. These damages include the activation of immune cells,
which release inflammatory molecules, which further damage ECs and increase
permeability (Galea, 2021). Additionally, reactive oxygen species (ROS) can be generated
during inflammation, which are highly reactive molecules capable of causing cell damage due

to oxidative stress (Huang et al.,2020).

Chronic diseases such as diabetes and hypertension, infection, traumatic brain injury, and
autoimmune disorders can all lead to inflammation of the BBB and ECs (Rosenberg, 2012).
Brain inflammation has been linked to several neurological disorders, namely multiple
sclerosis, Alzheimer's disease, Parkinson's disease, and stroke (Stephenson et al., 2018). This
may contribute to the development of psychological conditions such as depression and anxiety.
Reduced inflammation in the brain is essential for preventing and treating mental and
neurological disorders (Miller and Raison, 2015). It is possible to reduce the severity of chronic
inflammation through lifestyle changes such as regular exercise, a healthy diet, and

medications specifically targeting inflammation or the immune system (Iddir et al., 2020).
1.2.3 In vitro Inflammatory model

To study the effect of neuro-vascular inflammation, many studies have used lipopolysaccharide
(LPS), an endotoxin generated from the gram-negative bacteria Escherichia coli (Farhana and
Khan, 2022). These bacteria cause the stimulation of cytokines in affected cells (i.e. BECs)
(Farhana and Khan, 2022). When LPS enters circulation, it can cause a strong immunological
response. This usually occurs when gram-negative bacteria are destroyed, and their cell walls

degrade, releasing the LPS lipid A component into the blood (Raetz and Whitfield, 2002). The
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toll-like receptor-4 (TLR4) is a receptor found on the surface of immune cells that mediates
the immunological response to LPS. When LPS binds to TLR4, it causes the release of pro-
inflammatory cytokines and chemokines. These chemicals encourage the recruitment of
immune cells to the infection site (Raetz and Whitfield, 2002). There is significant evidence
that LPS induces the release of cytokines such as TNF-a, IL-18, IL-6, IL-8, IL-10, IL-12, IL-
15, and TGFp from stimulated cells. It does this by binding to its key receptors (TLR4) on the

surface of immune cells (Tucureanu et al., 2017; Farhana and Khan, 2022).

Inherently TLRs receptors are found on cell membranes (Akira et al., 2001); furthermore,
Johnson et al., (2018) found that TLR-3 and TLR-4 were also expressed on brain ECs, thus
rendering ECs susceptible to LPS-induced disruption. TLRs potentially invoke the MyD88-
NF-jB pathway, a well-known inflammatory signaling cascade that generates a wide range of
chemokines, and proinflammatory cytokines. This causes a downstream inflammatory
response to be activated, stimulating the release of matrix metalloproteinases (MMPs) 2 and 9

to break down TJs (figure 2) (Wang et al., 2015).
1.3 Glucocorticoids on the blood-brain barrier

Glucocorticoids (GCs) are stress-induced steroid hormones by the adrenal cortex (Nicolaides
et al., 2018). A vital role of GCs is to regulate various physiological processes in the body,
such as metabolism, immune function, and stress response (Marchi and van Eeden, 2021). It
has been demonstrated that GC receptors are abundant both in the CNS (Carrillo-de Sauvage
et al., 2013) and the peripheral nervous system (PNS). There are numerous brain areas where
glucocorticoids bind to glucocorticoid receptors (GRs), including the hippocampus, prefrontal
cortex, and amygdala (Hill and Spencer-Segal, 2021). These receptors regulate stress responses
and modulate cognitive and emotional functions in the brain. It has been shown that
glucocorticoids can influence immune function, inflammation, and tissue repair in the PNS
(Wang et al., 2004). In addition, they can block the production of inflammatory cytokines by
binding to glucocorticoid receptors on immune cells. By doing so, it prevent excessive

inflammation and promotes tissue regeneration (Wang et al., 2004).

Generally, GCs such as Dex can profoundly influence BBB (McMahon, Oakden, and Hynynen,
2020). Dex inhibits immune responses when administered intravenously or systemically to

reduce inflammation. This may reduce the disruption of the BBB that may occur as a result of
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inflammatory responses. In addition, Dex suppresses cytokine production, a product of

inflammation that could potentially disrupt the BBB (Salvador et al., 2013).

Hypothetically, Dex may also directly affect the BBB. A direct result of this may be an increase
in the expression of the tight junction proteins that form the BBB's physical barrier (McMahon
et al., 2020). As a result, the integrity of the BBB may be repaired, and the leakage of elements

that can fuel the inflammatory process may be minimized or prevented (Balasa et al., 2021)
1.3.1 Glucocorticoids Anti-inflammatory Mechanisms

Research has shown that GC receptors are located within the cytoplasm of BBB ECs (Goodwin
et al., 2012). Here it plays an important role in regulating the function and permeability of the
BBB. For example, GC, such as cortisol (to name a few), bind to these receptors and regulates
various physiological processes, including inflammation, metabolism, and stress response

(Caratti et al., 2015).

Activation of the GRs in BBB ECs has been shown to reduce inflammation and increase the
tightness of the BBB, leading to improved brain function and protection against various

neurological diseases (Williams and Ghosh, 2020).

Due to GCs being relatively compact lipophilic compounds, they easily diffuse over cell
membranes and into target cells' cytoplasm, exerting most of their effects via binding to
intracytoplasmic GCs receptors (Chikanza, 2002). There are two types of GCs receptors:
a and B isoforms. There is evidence that GCs bind to the a-isoform of receptors only (Yasir et
al., 2021). High levels of the B-isoform have been attributed to GC resistance (Yasir et al.,
2021; Chikanza, 2002).

Heat shock proteins are shed in reaction to GCs binding to GC receptors, resulting in GCs
creating an activated receptor-GCs complex, which is cleaved away from the receptor and exits
the cell. This complex stimulates and suppresses a wide range of gene transcription in the target

cell's nuclei by reversibly binding to particular DNA sequences (Yasir et al., 2021).

A transient upregulation of transcription factors such as nuclear factor kB [NF-kB], activator
protein-1, and interferon regulatory factor-3 causes the down-regulation of proinflammatory
cytokines such as IL-18, IL-2, IL-6, IL-8, TNF-a and IFN-gamma to name a few (Sharun et al.,

2020). In the presence of transactivated transcription factors, such as GC response elements
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(GREs), anti-inflammatory cytokines such as IL-10, NF-kB inhibitors, and lipocortin-1 are
synthesized (Yasir et al., 2021).

In addition to this, the capillary membrane becomes less porous, thus improving the stability
of lysosomal membranes. Dex has been reported to suppress proinflammatory cytokines (Conti
et al., 2020) by downregulating gene transcription of inflammatory cytokines (Sharun et al.,
2020). Dex has also been linked to increased surfactant levels and better pulmonary circulation.
Dex is mostly excreted from the body after being processed by the liver (Johnson et al.,2021).
GCs are available in a variety of preparations with qualitatively different efficacy levels. Dex

has a biological half-life of 36 to 54hrs (Yasir et al., 2021).

1.4 Conclusive statement

Various studies have found conflicting effects of Dex on the BBB. There is evidence that Dex
decreases BBB permeability and prevents misfunctioning of the barrier (Barna et al., 2020)

while other studies find no significant effects or even protective effects (Meijer et al., 1998).

Barna et al., 2020 reported that Dex was able to protect their 3-cell co-culture BBB model
against kainate (a potent neuroexcitatory amino acid agonist that acts by activating receptors
for glutamate) -induced changes. Confirming the clinical benefits of GC Dex in attenuating

BBB damage.

The research scope on Dex and brain ECs, allows related scientific questions to be answered
since it examines how the drug affects a specific type of brain cell, bEnd.5 endothelial brain
cell. By studying the interactions between Dex and brain ECs, you can gain insights into how
this drug affects the BBB, which is crucial for regulating the transport of molecules between
the brain and the bloodstream. The study could also aid in understanding the potential
therapeutic benefits and side effects of Dex, a GC commonly used to treat a wide range of
illnesses, such as inflammation, allergies, and cancer. In studying how Dex affects brain ECs,
this study provides valuable information for optimizing the use of this drug in clinical settings
and identifying any potential risks. Ultimately this study could contribute to answering
important clinical questions such as, how long should Dex treatment last to effectively target
inflammation of the BBB?Is Dex effective in preventing disruption of the BBB in

neuroinflammatory disorders? When used long-term to treat inflammation of brain ECs, does

9
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Dex cause any adverse effects? Answering these questions may provide new insights into Dex's

interaction with brain ECs.

It is essential to further investigate the effects of Dex on inflammation and the BBB, as well as
its long-term consequences on the integrity and function of the BBB. In addition, to the optimal
dosing of Dex and overall efficacy and safety when treating different neurological
diseases. Despite the potential benefits of Dex on BBB disruption as a therapeutic approach, it
is important to proceed with caution and continue to investigate its impacts on the brain and

overall health.

1.5 Hypothesis:

This research study hypothesizes that low concentrations of Dex (0.1-5xM) will be more
effective in attenuating the inflammatory effects of LPS on the in vitro BBB model than higher
concentrations (5-20uM) of Dex; and that Dex would be able to reverse the effects of

inflammation on the physiological integrity of the in vitro BBB and its cytokine expression.

1.6 Scope of the study

This research study aimed to investigate Dex's ability in attenuating the LPS-induced
inflammatory response and further investigate Dex as a potential neuroprotective agent.
Furthermore, physiological testing was used to investigate the permeability integrity of the in
vitro BBB model (TEER) the identification and quantification of selected inflammatory
cytokines released to the LPS inflammatory response of cells were measured using ELISA-
based experiments. This research study is therefore an experimental account of understanding
glucocorticoid Dex potential in remedying the LPS disrupted in vitro BBB model. The study
aimed to investigate whether low or high concentrations of Dex can attenuate the inflammatory
response induced by LPS in the in vitro BBB model. This study sought to generate insight into
the development of Dex as a safe and effective treatment for vascular inflammatory conditions
(BBB disruption). Furthermore, the inflammatory in vitro model was assessed as a useful tool

for monitoring the effects of barrier disruption and drug treatments on the BBB in vitro.
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1.6 Research Aims and Objectives

1.6.1 Aim:

IIL.

111

IV.

This study aimed to determine the optimal LPS concentration for developing an
inflammatory in vitro BBB model

To identify the optimal concentration of Dex to attenuate the LPS inflammatory
response of the in vitro BBB model

To investigate whether Dex could improve the integrity of the inflammatory in vitro
BBB model

Furthermore, this study aimed to identify and quantify the expression of pro-

inflammatory cytokines

1.6.2 Specific Objectives:

II.

I1I.

Trypan blue exclusion assay studies were used to evaluate the percentage of cell
viability, the percentage of cell toxicity, and the number of bEnd.5 cells upon co-
exposure to LPS (100ng/ml) and Dex (0.1,5,10 and 20uM) relative to control groups
(untreated).

Trans-endothelial electrical studies (TEER) were conducted to assess barrier integrity
and permeability, upon co-exposure to LPS (100ng/ml) and Dex (0.1,5,10 and 20uM)
relative to control groups (untreated).

ELISA assays were used to identify and quantify proinflammatory cytokines (IL-18
and TNF-a) expression or inhibition upon co-exposure to LPS (100ng/ml) and Dex (0.1
and 20uM) relative to control groups (untreated).

11
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Abstract

A protective and regulatory barrier between the blood and the brain is constituted by the blood-
brain barrier (BBB), which comprises microvascular endothelial cells providing homeostatic
regulation of the central nervous system (CNS). Inflammation compromises the BBB and
contributes to many CNS disorders. Anti-inflammatory effects are exerted by glucocorticoids
(GCs) on a variety of cells. These GCs include dexamethasone (Dex), which is used for the
treatment of inflammatory diseases and recently for the treatment of COVID-19. Aim: The
purpose of this study was to determine whether low or high concentrations of Dex can attenuate
the inflammatory response induced by lipopolysaccharide (LPS) in the in vitro BBB
model. Method: Brain endothelial cells (bEnd.5) were cultured and exposed to LPS
(100ng/ml) and subsequently co-treated with Dex to investigate whether selected
concentrations of Dex (0.1,5,10,20uM) can modulate the inflammatory effects of LPS on
bEnd.5 cells. Cell viability, cell toxicity, and cell proliferation were investigated, as well as the
monitoring of membrane permeability (Trans Endothelial Electrical Resistance-TEER), and
Enzyme Linked Immune Assay (ELISA) kits were used to identify and quantify the presence
of inflammatory cytokines (TNF-o and IL-1P3) Conclusion: Dex, at a lower dosage (0.1uM,
but not higher doses), was able to attenuate the inflammatory effects of LPS on bEnd.5 cells.
Lower doses of Dex (0.1xM) had no detrimental effects on bEnd.5 cells, while higher Dex
doses (5-20uM) decreased bEnd.5 viability, increased bEnd.5 cell toxicity, increased bEnd.5
cell monolayer permeability, and increased proinflammatory cytokine secretion. These results
indicate that treatment of brain vascular inflammation with low doses of Dex should be

advocated, while higher doses promote vascular inflammation.

Keywords: Blood-brain barrier, inflammation, tight junctions, permeability, integrity, central

nervous system
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1. Introduction

Located within the brain, the BBB serves as a protective barrier that isolates the brain from the
rest of the body. The BBB protects the brain from harmful substances, such as toxins and
bacteria, while regulating essential nutrients and ions to pass through the blood vessels (1). It
is formed primarily by the endothelial cells of the capillaries in the brain, while its function is
supported by pericytes, astrocytes, microglia, endothelial tight junctions, and neurons (2).
Furthermore, the BBB regulates the exchange of ions and small molecules between the blood
and the brain, which helps maintain the proper chemical environment for the brain. A breach
of this vital barrier caused by inflammation can compromise its crucial function (2,3). Although
inflammation is a vital process in response to infection and injury, but also contributes

significantly to the pathophysiology of human disease.

Several neurological pathologies can cause inflammation of the BBB, causing the activation of
immune cells and the release of molecules that can damage and compromise the BBB,
including multiple sclerosis, lupus, and rheumatoid arthritis (4). There is substantial evidence
that certain neurological diseases, including Alzheimer’s disease and Parkinson’s disease, are
associated with inflammation of the BBB (5). It is also possible to cause BBB inflammation
due to exposure to toxins such as pesticides, heavy metals, and other pollutants. Inflammation
of the BBB enables certain molecules and cells to leak into the brain by causing the normally
tight junctions between the cells to be compromised. It makes it possible for immune cells and
molecules, such as cytokines and chemokines, to leak through the inflamed BBB,

compromising neural function and potentially leading to neurological impairment (2,6).

Inflammation is a spontaneous and essential response to infection or cell damage but on the
other hand, might have a detrimental influence on brain endothelial cells (BECs) and the
function of the BBB (7). Inflammation can be treated with specific medications and therapies.
The most commonly prescribed medication is corticosteroids, an anti-inflammatory molecule
that reduces swelling and inflammation in the brain. The partial anti-inflammatory effect of the
glucocorticoid, Dex has been reported during the COVID-19 pandemic, before the availability
of vaccines. This intervention reduced the mortality rate of hospitalized patients who were not

critically ill (8).

Dex is a chemically synthesized glucocorticoid that was authorized by the Food and Drug

Administration (FDA) in 1958 as a broad-spectrum immunosuppressant. It is 30 times more
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potent than cortisone and has a longer half-life (9). Dex is known for its ability to reduce the
synthesis and secretion of cytokines and their harmful effects on cell tissues. According to
studies, Dex has been reported to be advantageous when treating severe intubated COVID-19
patients in the short term (10), and it was the first pharmaceutical to demonstrate life-saving

efficiency in COVID-19 hospitalized patients (11).

To examine Dex's anti-inflammatory properties related to BECs, LPS was used in an
established in vitro inflammatory BBB model (12). LPS has been reported to act by attachment
to Toll-like receptors (TLRs) that are involved in the recognition of bodily infections and
macrophages, as well as the admittance of immune responses. TLRs can detect pathogen-
associated molecular patterns (PAMPs) such as LPS. Activated TLRs can trigger an immune
response, leading to the expression of proinflammatory cytokines such as TNF-a, IL-1, and IL-
12. This activation involves Toll/IL-1R (TIR) adapter proteins, including MyD88, NF-kB-
inducing kinase (NIK), and IkB kinase (IKK), which stimulate the downstream molecule NF-
kB to move to the nucleus and initiate cytokine generation (13). The CD14/TLR-4 receptor
complexes, which are abundant in microglia, astrocytes, and BECs of the CNS, seem to be the
primary receptor for LPS binding (14,15). The TLR4/nuclear factor (NF)-B pathway is
activated by the downstream signalling of this receptor complex, resulting in the production of
proinflammatory cytokines that initiate neuroinflammation (16,17). Furthermore, LPS is
known to have proinflammatory effects on bEnd.3 cell-based BBB model, and thus was an
optimal candidate to produce inflammation on BBB bEnd.5 cells. Due to the capacity of LPS,
a constituent of Gram-negative bacteria's outer membrane, classified as an endotoxin, to affect
BECs and stimulate the secretion of proinflammatory cytokines (18-20), it was used to induce

inflammation of bEnd.5 cells as part of an inflammatory in vitro BBB model.

This study aimed to investigate the anti-inflammatory effect of Dex on BECs using the in vitro
inflammatory BBB model. This study investigates whether Dex at low and high concentrations

could remedy the LPS-induced inflammation in the in vitro bEnd.5 BBB model.

2. Methods and Materials
2.1. bEnd.5 Cells and Bio-Reagents

The immortalized mouse brain endothelial cells (bEnd.5) (ECACC 96091930, Salisbury,
Wiltshire SP4 0JG, UK) were used in this study. Cells were incubated in Dulbecco's modified
Eagle's medium (DMEM, Gibco 31330038.) supplemented with 10% fetal bovine serum (FBS,
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Biowest 12010S181G, Rue du Vieux Bourg, 49340 Nuaill¢é, France); 1% non-essential amino
acids (NEAA Gibco 11140050); 1% penicillin/streptomycin (Gibco 15140122), and finally
1% sodium pyruvate solution (Gibco 11360-039). Analytical-grade reagents were used for all
experiments. These included: LPS (Sigma L2630, South Africa), Trypan blue solution, (Sigma
125H3668), 0.25% EDTA-trypsin (Gibco 25200-072), and phosphate buffer (Whitehead
Scientific BE17-51Q, Stikland South Africa).

2.2 The experimental design:

2.2.1 Establishment of experimental models

The study’s primary goal was to investigate how the effects of LPS (a bacterial pyrogen)
induced inflammation on bEnd.5 cells by monitoring viability toxicology and live and dead
cell numbers (figure 1.1). Once the in vitro inflammatory BBB model was characterized, the
efficacy of Dex to reverse the inflammation of the primary regulatory component of the BBB,
the BEC, was investigated (20,21). A dose-response experiment established the most effective
LPS concentration to treat bEnd.5 cell cultures (figure 1.1 and figure 2). Viability, toxicity, live
and dead bEnd.5 cells were evaluated after exposure to LPS (figures 2 and 3). Secondly,
experiments were devised to evaluate the effects of selected low and higher doses of Dex that
would mitigate the LPS-induced inflammation (figure 1.2). Thirdly, we investigated the effects
of these treatments on the permeability across monolayers by measuring TEER across bEnd.5
monolayers that were exposed to LPS and Dex. In addition, we measured the effects of these
treatments on the secretion of selected proinflammatory cytokines found in the culture media
supernatant (ELISA experiments), where we quantified the secretion of selected cytokines (IL-
18 and TNF- a) from bEnd.5 cells exposed to LPS, and combinations of LPS and Dex (figure
1.3).
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in vitro inflammatory BBB
model

Lipopolysacharide| Daily
Endotoxin (LPS) »|bEnd.5 cells
Objective

* To determine a suitable LPS concentration
(ng) to induce inflammation for in vitro BBB
model.

« 50,100,150,200ng/ml LPS

= cell number/proliferation,viability and toxicity
was measured

« 100ng/ml of LPS was selected as the optimal
concentration to induce inflammation

Co-exposure of LPS and Dex

Objective
LPS - Determine:
100ng/ml | bEnd.5 ] - viability
« toxicity -
Dex = cell number/proliferation
0.1,5,10,20uM
@ Physiological tests
Permeability (TEER) ] Cytokine secretion
(ELISA)
A E Objective
L > Objective : s :
« determine the transendothelial resistance - '?fT'fy p;e_ls_eNr;ce of pro-inflammatory cytokines
of Dex and LPS co-exposure across in (IL- B.an -0) .
vitro BBB model « quantify the presence of pro-inflammatory
cytokines (IL-1p and TNF-a)

Figure 3: Experimental design: 1: Establishing the in vitro inflammatory BBB model:
Selected LPS concentrations were used (50, 100, 150, 200ng/ml) on bEnd.5 cells to identify
the most appropriate LPS concentration to produce an inflammatory response consistently.
Based on these experiments, 100ng/ml of LPS was most effective in inducing inflammation in
bEnd.5 cells. 2: Effects of co-exposure of LPS and Dex: Selected concentrations of Dex were
used to determine the effects of low and higher Dex concentrations on bEnd.5 cells. 3:
Physiological Functionality: Experiments were conducted to determine the TEER of LPS
and/or Dex co-exposure across the in vitro BBB model (TEER) and to identify and quantify
the proinflammatory cytokine expression (ELISA) in LPS exposed cultures of bEnd.5 cells.
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2.3 Trypan Blue Exclusion Assay

bEnd.5 were seeded (3500 cells/well) in 12-well plates in triplicate, and were incubated for
24hrs to allow attachment. Thereafter, to enable the counting of bEnd.5 cells, cells were
trypsinized with 0.25% EDTA-trypsin. Cells were centrifuged at 2500rmp for 5Smins, the
supernatant was discarded, and cells were replenished with 500ul of fresh media. Trypan blue
dye (20ul) and 20pl of cell suspension were mixed according to a predetermined ratio (1:1). A
disposable counting chamber was used to add 10ul of this cell suspension, which was
subsequently analysed using the Countess 3 Automated Cell Counter system (Cat. No.
AMQAX2000, ThermoFisher Scientific, South Africa). The cell viability (%) was determined
by dividing the number of live cells by the total number of cells multiplied by 100. Similarly,
cell toxicity % was determined by dividing the number of dead cells by the total number of

cells multiplied by 100.

2.4 Induction of inflammation on bEnd.5 Cells: Co-treatment with Dex

To induce an inflammatory response in bEnd.5 cells, cells were first exposed to LPS
(100ng/ml) for 12hrs and then co-treated with different concentrations of Dex (0.1, 5, 10, and
20uM) for 24, 48, 72, and 96hrs. A trypan blue assay was conducted to assess viability,

toxicology, and cell number (dead and live cells) (as previously described in 2.3).

2.5 TEER

In TEER experiments, 12-well plates were used to culture bEnd.5 cells (5 x 10° cells/insert) on
membrane inserts (MF-Millipore, Ser. No. PIHA01250, Germany) until confluence. The
culture medium was substituted daily to contain LPS (100ng/ml) and selected concentrations
of Dex (0.1, 5, 10, and 20uM) while control samples received fresh media. Using a Millicell
epithelial Volt-Ohm meter (Millipore, Ser. No. 57318, 11B, Germany), TEER was performed
for 8 days. The quantitative analysis of the recorded TEER values was investigated using the
characteristics of an appropriate equivalent circuit, which present the electrical properties

across the in vitro BEC monolayer under examination.
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2.6 Determination of proinflammatory cytokines using ELISA

The concentrations of IL-1B and TNF-a were determined using ELISA kits (Invitrogen,
catalogue- BMS6002 and BMS607-3) from the cell culture supernatant of bEnd.5 cells treated
with LPS and Dex (described in 2.4). Only low (0.1xM) and high (20uM) concentrations were
used. The kits were utilized in accordance with the manufacturer's instructions and included all

necessary chemicals for the test to be completed.

2.7 Statistical Analysis

All results are presented as the mean + SEM. For statistical reproducibility, all tests were
carried out in triplicate (n = 3). Graph Pad Prism.9.5.0 (Dotmatics, California, USA) statistical
analysis software was used for the statistical analysis. Normality testing was conducted prior
to using parametric or non-parametric statistical tests. One-way ANOVA analysis of variance
with the Bonferroni post-test was used for parametric data while the Kruskal-Wallis test with

the post-test of Dunn’s was conducted for nonparametric data. Significant differences between

means were accepted at p<0.05.

3. Results

3.1 Verifying the in vitro LPS-induced inflammatory BBB model:

Treatment of bEnd.5 cell cultures with LPS (100ng/ml) consistently decreased Viability (%)
and increased Toxicity (%) over a period of 96hrs (figure 2). This was consistent with the effect

of LPS on BEC:s in established in vitro BBB models in the literature (20).
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Figure 4: The effect LPS has on viability and toxicity. Graphs A-D indicate the viability of
the bEnd.5 cells after exposure to 100ng/ml LPS, whereas graphs E-H illustrate the toxicity
after exposure to 100ng/ml LPS. Cell viability and cell toxicity were determined using trypan
blue exclusion assays. LPS (100ng/ml) revealed lower viability (graph A-D) and higher toxicity
to control (graph E-H). These experiments were foundational in characterizing our

inflammatory BBB experimental model. (C=control), (n=3), ****p < 0.0001 versus control

group.

Further verification was observed by monitoring the effect of LPS (100ng/ml) on cell
proliferation. Here LPS also statistically suppressed live bEnd.5 cell numbers while increasing
the numbers of dead bEnd.5 cells over a period of 96hrs (figure 3). This further endorsed the

in vitro LPS-induced inflammatory BBB model and allowed for the investigation of the effects

of Dex on the inflamed bEnd.5 cells.

96H live cell count

A 24H live cell count 48H live cell count 72H live cell count
B
1.5%10° 2.0x10° 3x108
] 2 w »
= © 6 *kkk 3 o
& 1.0x10° s 1 5 2x10° e
5 g 1.0x108 5 5
£ 5.0x10° € L £ 1x10° = Fkkk
5 Sk 3 5.0x10 S =
z z z
0.0 0.0 0 0
c LPS C LPS C Lps C LPS
24H dead cell count 48H dead cell count G L2t caat call coun 92H dead cell count
E F 5 *kkk H
6x10% 3x10° kk 4x10 8x10° ns'
P o 2 2
3 3 8 3x10° B 5
S 4x10° 2 2x10° 5 L/t
o 1 o 5 °
5 ns 5 5 2x10 5 4x%105
o 3 o 5 Q2 o
g 2x10 g 1%x10 g 1x105 g 2x105
z = z z
0 0 0 0
C LPS C LPS Cc LPS (of LPS

Figure 5: The effect of LPS on bEnd.5 cell proliferation. Graphs A-D shows the live cell
count of bEnd.5 cells and graphs E-H shows the dead cell count. Live and dead cell count were
determined using trypan blue exclusion assays. LPS (100ng/ml) suppressed live cell count
throughout the 96 hour experimental time frame (graph A-D) and yielded a higher dead cell
count (graph E-H). These experiments characterized the effects of LPS on the bEnd5 cell line
and were foundational to our inflammatory BBB model. (C=control; n=3; ***p<0.001 in

comparison to the control group; ns', no significant difference to control.
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3.2. The effect of Dex on reversing inflammatory physiological variables of BECs:

Inflammation of cells has numerous effects on the physiology of cells, which invariably result
in decreases in cell population viability, increased cell death (toxicity), decreased cell division
increased cell layer permeability, and release of proinflammatory cytokines. We devised a
series of experiments to evaluate the anti-inflammatory effects of Dex on the LPS-induced

inflammatory effects on bEnd.5 cells (See figure 1 for the experimental design).
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Figure 6: The effect of Dexamethasone (Dex) on the LPS-induced changes to bEnd.5 cell
culture viability and toxicity. Graphs A-D show the viability and graph E-H show the toxicity
after co-exposure of 100ng/ml LPS on bEnd.5 cells and a range of Dex concentrations (0.1, 5
10, 20uM). Trypan blue exclusion assay was used to determine cell viability and cell toxicity

Graphs A-E revealed that the effects of LPS on cell viability was reversed at low concentrations
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of Dex (0.1 uM) but not at higher concentrations of Dex (5 to 20uM). The LPS-induced
increase in cell toxicity in graphs E-H, was reversed at low concentrations of Dex (0./ uM) but
not at higher concentrations of Dex (5 to 20uM). Note that treatment of bEnd5 cells with higher
concentrations of Dex (5 to 20uM) alone were detrimental to both cell viability and to toxicity
levels. (C=control; n=3; ****p < 0.0001 versus control group; *p < 0.05, *p < 0.01, #p <
0.001 and ##p < 0.0001versus LPS group; ns', no significant difference to control; ns?, no

significant difference to LPS).

3.2.1 Cell viability and cell toxicity following co-exposure to LPS and Dex.

Viability: Cultured bEnd.5 cells were exposed to LPS (100ng/ml) for 12 hrs and thereafter
treated with Dex (0.1, 5, 10, 20uM ) for 24-96 hrs. LPS throughout the experiment time frame
was shown to negatively affect viability when compared to the control (p < 0.0001). Viability
(figure 4: A-D)was decreased in a dose-related manner with the increase in Dex
concentrations. Dex (figure 4A -D) induced a steady decline in viability as the concentration
of Dex increased. The trend of decreasing viability with Dex was significantly more
pronounced during 72hrs and 96hrs. Treatment of bEnd.5 cells with low concentrations of Dex
(0.1uM) had no statistical effect on viability and was the only concentration of Dex that was

able to consistently reverse LPS-induced decreases in viability (figure 4 A-D).
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Figure 7: Effects of Dex on LPS-induced effects on bEnd.5 cell proliferation. LPS
(100ng/ml) was co-exposed with concentrations of Dex (0.1, 5, 10, and 20uM) to bEnd.5 cell

cultures. Trypan blue exclusion assay was used for the identification and enumeration of live

and dead cells. Graphs A-D shows that Dex at low concentrations could reverse the LPS-

induced suppression of cell division and cell toxicity, but at higher concentrations of Dex (5 to

20uM) it was not able to reverse the LPS effects on cell proliferation (graphs A-D). Dex at low

concentrations were able to reverse the LPS-induced toxicity on bEnd5 cells, but not at higher

concentrations (graphs E to H). Note that treatment of bEndS5 cells with higher concentrations

of Dex alone (5 fo 20uM) were detrimental to both cell proliferation and to toxicity levels.

(C=control),(n=3),*p < 0.05, **p < 0.01, and ****p < 0.0001 versus control group; *p < 0.05,

),"p < 0.05, #p < 0.01, #p < 0.001 and **p < 0.0001versus LPS group; ns!, no significant

difference to control; ns?, no significant difference to LPS).
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Toxicity: The toxicity effects were paralleled by the viability trends. An increase in cell
toxicity as the concentration of Dex increased was observed, showing a dose-related
relationship. LPS throughout all hours showed increased cell toxicity when compared to the
control (p < 0.0001). Low concentrations of Dex (0.1xM) had no statistical effect on toxicity
compared to control toxicity levels, while higher Dex concentrations (5uM-20uM), with or
without LPS, significantly (p < 0.0001) increased toxicity across all measuring hours (figure

E-H).

Cultures of bEnd.5 cells were exposed to LPS (100ng/ml) for 12hrs and thereafter co-treated
with Dex (0.1, 5, 10, 20uM) for 24-96 hrs. LPS (100ng/ml), throughout the experimental time
frame significantly (p < 0.0001) decreased live cell count (figure 5A-D). Higher Dex
concentrations (SuM -20uM) with or without LPS, decreased live cell number significantly
across 96hrs (figure SA-D), while treatment with low concentrations of Dex (0.1xM) was not
significantly different from control means, and was able to reverse LPS induced suppression
in cell numbers (figure 5 A-D: p <0.05, p <0.0001). Low concentrations of Dex (0.1uM) were
not toxic to bEnd.5 cells (figure 5E-H), while co-treatment with LPS-treated bEnd.5 cells
prevented the LPS-induced toxicity. Higher concentrations of Dex (5, 10, 20uM) were not able
to reverse LPS-induced bEnd.5 toxicity, while on their own these concentrations of Dex

induced statistically increased levels of cell death (figure SE-H).

3.3. ELISA

An ELISA was conducted to identify and quantify the pro-inflammatory cytokines (IL-1 and
TNF-a) released by bEnd.5 cells into the media supernatant in response to LPS and/or Dex
treatment. Cultures of bEnd.5 cells were exposed to LPS (100ng/ml) for 12hrs and thereafter
treated with Dex (0./uM, 20uM) for 96hrs.
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Figure 8: The secretion of IL-1p and TNF-a by bEnd.5 cells. ELISA was used to identify
and quantify cytokines released in response to LPS exposure. LPS increased IL-1 and TNF-

o cytokine expression (graphs A and B respectively). Low concentrations of Dex (0.1uM)
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maintained cytokine expression to control levels and were able to reverse LPS-induced
cytokine secretion. The higher concentration of Dex (20uM ) increased cytokine expression of
both IL-1p and TNF-a, and was not able to reverse LPS-induced cytokine secretion. (n=9),*p
< 0.05, **p < 0.01, and ****p < 0.0001 versus control group; *p < 0.05, *p < 0.01; ns', no

significant difference to control; ns?, no significant difference to LPS.

ELISA kits were used to identify and quantify the presence of inflammatory cytokines IL-13
and TNF-a secreted into the media supernatant by bEnd.5 cultures after co-exposure of LPS
(100ng/ml) and Dex (1uM and 20uM). Compared to the control, LPS (100ng/ml) caused a
statistically significant increase in IL-1 and TNF-a secretion from bEnd.5 cells. Dex only
reduced the expression of IL-13 and TNF-a at low doses (1uM), while it increased the levels
of both cytokines at high concentrations (20uM) (p <0.0001; p<0.01)). Low concentrations of
Dex (0.1uM) exhibit significance against LPS (figure 6, A/B: p< 0.05; p <0.01).
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3.4 Effects on TEER: Permeability
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Figure 9: The effects of Dex and LPS on TEER-across confluent monolayers of bEnd.5

cells. TEER was used to determine the electrical resistance of bEnd.5 cells in response to Dex

and LPS exposures. TEER in graphs B-E showed lower TEER at high concentrations (10 and

20uM), and a higher TEER at low concentrations (0.1 and 5uM) of Dex. Monolayers of bEnd.5

cells were either exposed to LPS (100ng/ml) or co-exposed to LPS (100ng/ml) and/or selected
concentrations of Dex. (C=control),(n=3),*p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001 versus control group; “p < 0.05, #p < 0.01"*p < 0.001 and **p < 0.0001 versus LPS

group; ns!, no significant difference to control; ns?, no significant difference to LPS).
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TEER across bEnd.5 endothelial monolayers was conducted to investigate any change in the
integrity and permeability of the confluent bEnd.5 monolayers after treatment with LPS and/or
Dex. Cultured bEnd.5 cells were exposed to LPS (100ng/ml) for 12hrs and thereafter treated
with Dex (0.1, 5, 10, 20uM ) throughout the 8-day experimental time frame. TEER presented
a dose-related trend across the experimental time frame: as the concentration of Dex increased,
TEER decreased (figure 7). Lower TEER reflected higher permeability across the confluent
mono layers of bEnd.5 cells and vice versa. Treatment with 0.1uM Dex resulted in the
statistically significant TEER recovery from the effects of LPS-reduced TEER (increased
permeability) across bEnd.5 monolayers in comparison to higher Dex concentrations (5, 10, 20
uM), which decreased TEER (figure 7). Higher Dex concentrations (5, 10, 20uM) were not
effective in reversing the LPS-induced decrease in TEER consistently across the experimental

time frame.

Discussion

Brain inflammation, also known as encephalitis, can be brought about by several causes which
include viral and bacterial infections (22), autoimmune pathologies such as Lupus (4), exposure
to toxins (e.g. insect bites), poisons (industrial or animal), industrial chemicals/pesticides or
heavy air pollution (e.g. in dense cities), lifestyle diseases (Diabetes and high blood sugar, poor
circulation, lack of exercise, chronic stress, heart failure, respiratory issues) (23), and
sometimes by unknown factors (24). Chronic brain inflammation is greatly damaging to the
nervous system and has been linked to numerous neurodegenerative diseases (Alzheimer's
disease, Parkinson's disease, etc.) ((5) and several psychiatric disorders, including depression,
anxiety, schizophrenia, etc (25). Most times, inflammation of the brain implicates the cerebral
blood vessels and especially the capillaries. These capillaries are the primary component of the
BBB, and are responsible for maintaining the homeostasis of the neuronal environment
(1). Their endothelial cells are responsible for maintaining robust regulation of brain capillary
permeability to ensure homeostatic control of substances entering and leaving the brain

(26,27).

In this study, we established the inflammatory BBB model by exposing a selected
concentration of the bacterial pyrogen, LPS, to cultures of the brain endothelial cell line,
bEnd.5. LPS is commonly used as a key component in cytokine and chemokine production as
well as being a potent activator of inflammation (28). We established that LPS induced

increases in the pro-inflammatory cytokines IL-1p and TNF-a (figure 6), which was supported
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by suppression of cell division (figure SA-D) and increases in toxicity (figure 4E-H). These
data were endorsed by suppression of bEnd.5 viability and increased toxicity (figure 4A-H).
The BBB-LPS-induced inflammatory model is endorsed by the work of (20) who showed that
LPS (100ng/ml) was sufficient to induce an inflammatory response in bEnd.3 BECs. They also
showed that LPS induced increases in the secretion of cytokines IL-13 and TNF-a.. Our data,
therefore, endorses the in vitro LPS-induced inflammatory BBB model using the bEnd.5 cell

line, for the study of vascular inflammation of brain capillaries.

Early in the COVID-19 pandemic, before vaccines were available, reports of the partial anti-
inflammatory success of low doses of the glucocorticoid, Dex, were shown to decrease the
mortality of hospitalized patients who were not critical (8). Glucocorticoids, such as Dex, is
thought to act directly on cell membrane receptors, regulating the immune system through a
nongenomic mechanism, to bring about anti-inflammatory actions (29). We wanted to
investigate whether Dex, at low or high concentrations, could be beneficial in attenuating LPS-

induced inflammation in the in vifro BBB-inflammatory model.

Therefore, a dose-response experiment was used to establish which LPS (50 to 200ng/ml)
concentration would best produce a consistent inflammatory effect over 96hrs (figure 4). LPS
(100ng/ml) served as the optimal concentration to represent the LPS effect on bEnd.5 cells, as
it was the lowest concentration to produce consistent statistical significance over the
experimental time frame. Furthermore, this concentration of LPS (100ng/ml) was supported in
the literature for producing inflammatory effects of LPS (20) on a similar cell line (bEnd.3
cells) (20) who reported significant effects on proinflammatory cytokine secretion, as well as

on the viability, toxicity, live and dead bEnd.3 cells.

LPS produces both a toxicity effect, as evident by the increase in dead cells (figure 5), as well
as a suppression of cell division. Compare to the control, the number of dead cells does account
for the difference in the live cell number found in LPS-treated cells. Therefore, the discrepancy
between treated and control live cell numbers have to be due to both the toxicity effect of LPS
(12.24%) and the suppression of live cell division (36.25%) (figure 8). This infers that the
mechanism by which LPS treatment decreases cell number is brought about by the suppression
of cell division and by increased cell death (toxicity). This inflammatory effect is well

documented in the literature and can be ascribed to the ability of LPS to render its target cells

35
http://etd.uwc.ac.za/



more permeable (30), thus compromising normal cell signalling, and hence normal cell division
(30). LPS pyogenic effect is also evident in the bEnd.5 cell viability (%) (figure 4 A-D), where
the dose-related effect is mostly due to the ratio of live cells to increased dead cells. This is
also reflected in the toxicity %, which shows a dose-related effect on cell toxicity (increased

dead cells) (31).
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Figure 10: The above graphs demonstrate the effect of LPS (graph A) and Dex (graph B) on
suppressing both cell division as well as increasing the number of dead cells, thus also having

a toxic effect on bEnd.5 cells.

The glucocorticoid, Dex, is generally used as an anti-inflammatory treatment (32). Although
low doses of Dex, but not high doses, were effectively used during the early stages of COVID-
19 to decrease mortality in patients that were not yet critical (8), there were no reports in the
literature on the effects of Dex on brain vascular inflammation. To ascertain the appropriate
Dex concentration to treat the bEnd.5 cells, which were induced to inflammation by LPS, we
treated bEnd.5 cells with selected doses, which would represent either a low concentration or
a high concentration, and assessed the viability, toxicity, live, and dead cells using a known
concentration range of Dex (0.1uM represented low doses and 5 to 20uM, represented the high
doses). Figure 2 A-D reflects that low doses of Dex 0.1xM have little to no statistically negative
effect on viability. Higher doses suppressed bEnd.5 cell viability in a dose-related manner.
Conversely, Dex showed a dose-related effect on cell toxicity and induced high levels of cell
death at higher concentrations of Dex, while having no statistical effect at low concentrations
(figure 4E-H). These findings could be due to the high binding affinity properties of Dex for
glucocorticoid receptors, which means that it can bind to and activate these receptors
effectively. This could be the reasoning to why low concentrations do not have a negative effect
on cells (33). We also observed that the percentage of dead cells does not account for the

decrease in cell number compared to the controls (figure 8B). It is therefore also evident that
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higher concentrations of Dex (5-20 #M), in addition to being toxic to cells, are also suppressing
cell division via proinflammatory mechanisms (figure 6), which also increases trans endothelial

permeability (figure 7).

Anti-inflammatory and pro-inflammatory effects of Dex: To investigate Dex’s anti-
inflammatory capacity, bEnd.5 cells were exposed to LPS-induced inflammation for 12 hrs,
and thereafter co-exposure to both LPS (100ng/ml) and Dex (0.1uM (low dose) and 5-20uM
(high dose). Low concentrations of Dex (0.1uM) with and without co-exposure of LPS
maintained a toxicity level relatively close to that of control throughout the study (P>0.05).
Furthermore, the 0.1uM Dex concentration was able to reverse the LPS-induced effects on cell
viability (figure 4A-D), toxicity (figure 4E-H), live and dead cell numbers (figure SA-H). In
contrast to this, high concentrations of Dex (5uM-20uM) significantly increased toxicity to a
maximum of almost 20%, while co-exposure with LPS was not able to effectively reverse the
effects of LPS on cell viability (figure 4A-D), toxicity (figure 4E-H), live and dead cell
numbers. Our experiments indicated that high concentrations of Dex are proinflammatory to
BECs, causing high levels of toxicity, while also not being able to reverse the inflammatory
effects.

Effects of cytokine secretion

Inflammation of bEnd.5 cells was confirmed using ELISA kits, whereby the expression and
quantification of proinflammatory cytokines of IL-1B and TNF-o were established. The
ELISA-based experiments showed that LPS does indeed induce inflammatory effects on
bEnd.5 cells, and furthermore, that Dex not only attenuated both cytokine expression at low
concentrations (0.1xM), but increased cytokine expression at high concentrations of Dex
(figure 6). These novel findings once again support the ability of LPS to induce the
inflammatory effects on bEnd.5-BECs throughout this experiment and confirm that lower
concentrations of Dex (0.1uM) are more favourable in attenuating LPS-induced inflammatory
effects on bEnd.5 endothelial cells without altering the physiological effects of the in vitro
BBB. Higher doses of Dex were proinflammatory, inducing increased secretion of
proinflammatory cytokines (figure 6).

Effects on monolayer permeability

The primary role of the capillary endothelial cells of the BBB is to regulate the permeability to
all substances crossing into and out of the brain. TEER inversely reflects the permeability
across monolayers of confluent bEnd.5 cells, the in vitro BBB model. We showed that LPS

(100ng/ml) increased proinflammatory cytokine secretion and in support of this observation, it
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also increased permeability (figure 7). This is a well-known physiological response of most
endothelial cells experiencing inflammation (34) and the expression of matrix
metalloproteinase 9 (MMP-9), which breaks down tight junction (TJ) proteins including ZO-
1, occludin, and claudin-5, is increased indirectly by IL-1f (35,36). Co-treatment of LPS with
low doses of Dex (0.1uM and to a lesser extent SuM) once again showed to have the most
favourable effect on permeability recovery across the time frame of our TEER experiments,
thus, improving monolayer impermeability to control levels. In contrast, as established already
in the co-exposure of Dex experiments of viability, toxicity, and cell division, higher
concentrations of Dex were not able to reverse the proinflammatory effects induced by LPS,
and were found to be detrimental by increasing the permeability across our in vitro BBB model

(figure 7).

Limitations and strengths of the study:

The capillaries of the brain are regulated via numerous cellular systems, collectively called
BBB or the neuro-vascular unit. The BBB is comprised of centrally the capillary endothelial
cells, and are largely surround by functional inputs from the astrocytes and the foot-processes
which encircle the outer surface of the capillary endothelium, only separated from the brain
endothelial cells by a basement membrane. Secondary inputs are via the pericytes who are
central to brain capillary blood flow. Therefore, one of the limitations of this study is that we
have investigated inflammatory physiology of brain endothelial cells in isolation from their
normal regulatory cellular components and we have to interpret our results keeping this in
mind. However, our experimental design has purposefully use the isolated BECs. Our rationale
is that we wanted to understand the physiology of BEC without the complexing regulatory
inputs from either the astrocytes or pericytes. Given this theoretical position, and that pyrogenic
molecules (PAMPs) primarily affect the BBB via the apical surfaces of the capillary
endothelium (36), and that compromised endothelium is firstly affected and other neural
components are secondarily affected in the inflammatory progression, it makes sense to
understand the inflammatory physiology and its treatment in isolation. Furthermore, our data
supports our theoretical premise, which is in turn supported by clinical reports regarding the

effects of Dex on patients treated for inflammatory pathology (37).
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Conclusion

Our study provided extensive support for the verification of the in vitro LPS-induced
inflammatory BBB model for the study of vascular inflammation of the brain. Using this
model, we show for the first time the importance that only low concentrations of Dex were able
to reduce the LPS-induced pyrogenic inflammatory effect on brain endothelial cells. In
contrast, higher concentrations of Dex were not able to reverse the LPS-induced inflammatory
response on brain endothelial cells, and demonstrated proinflammatory effects on the in vitro
BBB, by increasing the secretion of proinflammatory cytokines, increased toxicity, suppression
of endothelial cell division, and increased permeability across monolayers of confluent
endothelial monolayers. Most importantly, our data endorse the COVID-19 clinical picture in
that only low doses of Dex were able to improve mortality in non-critical hospitalized patients,
in that only low concentrations of Dex were able to be physiologically neutral while able to
reverse the inflammation of the brain endothelial cells. As reported for the treatment of
COVID-19 patients (37), treatment of brain vascular inflammation with Dex seems to be a

double-edged sword and careful risk-benefit assessments must be made before it is initiated.
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Figure 1: Experimental design: 1: Establishing the in vitro inflammatory BBB model:
Selected LPS concentrations were used (50, 100, 150, 200ng/ml) on bEnd.5 cells to identify
the most appropriate LPS concentration to consistently produce an inflammatory response.
Based on these experiments, 100ng/ml of LPS was most effective in inducing inflammation in
bEnd.5 cells. 2: Effects of co-exposure of LPS and Dex: Selected concentrations of Dex were
used to determine the effects of low and higher Dex concentrations on bEnd.5 cells. 3:
Physiological Functionality: Experiments were conducted to determine the TEER of LPS
and/or Dex co-exposure across the in vitro BBB model (TEER) and to identify and quantify
the proinflammatory cytokine expression (ELISA) in LPS exposed cultures of bEnd.5
cells....24

Figure 2: The effect LPS has on viability and toxicity. Graphs A-D indicate the viability of
the bEnd.5 cells after exposure to 100ng/ml LPS, whereas graphs E-H illustrate the toxicity
after exposure to 100ng/ml LPS. Cell viability and cell toxicity were determined using trypan
blue exclusion assays. LPS (100ng/ml) revealed lower viability (graph A-D) and higher toxicity
to control (graph E-H). These experiments were foundational in characterizing our

inflammatory BBB experimental model. (C=control), (n=3), ****p < 0.0001 versus control

Figure 3: The effect of LPS on bEnd.5 cell proliferation. Graphs A-D shows the live cell
count of bEnd.5 cells and graphs E-H shows the dead cell count. Live and dead cell count were
determined using trypan blue exclusion assays. LPS (100ng/ml) suppressed live cell count
throughout the 96 hour experimental time frame (graph A-D) and yielded a higher dead cell
count (graph E-H). These experiments characterized the effects of LPS on the bEnd5 cell line
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and were foundational to our inflammatory BBB model. (C=control; n=3; ***p<0.001 in
comparison to the control group; ns!, no significant difference to control........................ 27
Figure 4: The effect of Dexamethasone (Dex) on the LPS-induced changes to bEnd.5 cell
culture viability and toxicity. Graphs A-D show the viability and graph E-H show the toxicity
after co-exposure of 100ng/ml LPS on bEnd.5 cells and a range of Dex concentrations (0.1, 5,
10, 20uM). Trypan blue exclusion assay was used to determine cell viability and cell toxicity.
Graphs A-E revealed that the effects of LPS on cell viability was reversed at low concentrations
of Dex (0.1 uM) but not at higher concentrations of Dex (5 to 20uM). The LPS-induced
increase in cell toxicity in graphs E-H, was reversed at low concentrations of Dex (0./ uM) but
not at higher concentrations of Dex (5 to 20uM). Note that treatment of bEnd5 cells with higher
concentrations of Dex (5 to 20uM) alone were detrimental to both cell viability and to toxicity
levels. (C=control; n=3; ****p < 0.0001 versus control group, *p < 0.05, “p < 0.01, #p <
0.001 and ##p < 0.0001versus LPS group; ns', no significant difference to control; ns?, no
significant difference to LPS). .. .. 10
Figure 5: Effects of Dex on LPS-induced effects on bEnd.S cell proliferation. LPS
(100ng/ml) was co-exposed with concentrations of Dex (0.1, 5, 10, and 20uM) to bEnd.5 cell
cultures. Trypan blue exclusion assay was used for the identification and enumeration of live
and dead cells. Graphs A-D shows that Dex at low concentrations could reverse the LPS-
induced suppression of cell division and cell toxicity, but at higher concentrations of Dex (5 fo
20uM) it was not able to reverse the LPS effects on cell proliferation (graphs A-D). Dex at low
concentrations were able to reverse the LPS-induced toxicity on bEnd5 cells, but not at higher
concentrations (graphs E to H). Note that treatment of bEndS5 cells with higher concentrations
of Dex alone (5 to 20uM) were detrimental to both cell proliferation and to toxicity levels.
(C=control),(n=3),*p < 0.05, **p < 0.01, and ****p < 0.0001 versus control group; *p < 0.05,
),"p < 0.05, #p < 0.01, #*p < 0.001 and #*p < 0.0001versus LPS group; ns!, no significant
difference to control; ns?, no significant difference to LPS)................oooviiiiiiiiiiinn.. 11
Figure 6: The secretion of IL-1p and TNF-a by bEnd.5 cells. ELISA was used to identify
and quantify cytokines released in response to LPS exposure. LPS increased IL-1$ and TNF-
o cytokine expression (graphs A and B respectively). Low concentrations of Dex (0.1uM)
maintained cytokine expression to control levels and were able to reverse LPS-induced
cytokine secretion. The higher concentration of Dex (20uM ) increased cytokine expression of
both IL-1p and TNF-a, and was not able to reverse LPS-induced cytokine secretion. (n=9),*p
< 0.05, **p < 0.01, and ****p < 0.0001 versus control group; *p < 0.05, *p < 0.01; ns', no
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significant difference to control; ns?, no significant difference to LPS............................. 13
Figure 7: The effects of Dex and LPS on TEER-across confluent monolayers of bEnd.5
cells. TEER was used to determine the electrical resistance of bEnd.5 cells in response to Dex
and LPS exposures. TEER in graphs B-E showed lower TEER at high concentrations (10 and
20uM), and a higher TEER at low concentrations (0.1 and SuM) of Dex. Monolayers of bEnd.5
cells were either exposed to LPS (100ng/ml) or co-exposed to LPS (100ng/ml) and/or selected
concentrations of Dex. (C=control),(n=3),*p < 0.05, **p < 0.01, ***p < 0.001 and ****p <
0.0001 versus control group; “p < 0.05, #p < 0.01"*p < 0.001 and **p < 0.0001 versus LPS

group; ns', no significant difference to control; ns?>, no significant difference to

Figure 8: The above graphs demonstrate the effect of LPS (graph A) and Dex (graph B) on
suppressing both cell division as well as increasing the number of dead cells, thus also having
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Chapter 3
Conclusion and research questions

3.1 General conclusions

Overall, Dex has demonstrated a significant ability to attenuate LPS-induced inflammation on
the in vitro BBB. Several significant findings are presented in this study that support the
validity of the in vitro LPS-induced inflammatory BBB model. Using this model, we
demonstrate how imperative it is that only modest doses of Dex may inhibit the
pyrogenic inflammatory action of LPS on brain endothelial cells. In contrast, Dex administered
at higher doses did not restore the inflammatory response induced by LPS on brain endothelial
cells. Additionally, it increased pro-inflammatory cytokine release, toxicity, and inhibited
endothelial cell proliferation. Ultimately, this study has demonstrated modest doses of Dex
improved mortality in non-critically ill hospitalized patients, supporting COVID-19 clinical

assessments.
3.2 Research questions to still be addressed

In spite of the growing body of research regarding the use of Dex in treating conditions
affecting the BBB, a number of key questions remain unanswered in order to fully comprehend
its effectiveness and potential side effects. Some of the research questions that are still to be

addressed include:

e What role does Dex play in affecting the permeability of the BBB in different regions
of the brain and in different types of neurological disorders?

e Is it possible to use Dex in combination with other drugs in order to improve its
effectiveness and to reduce its potential side effects?

e How does Dex affect the BBB at a molecular level?

e When Dex is administered, how does it affect the astrocytic end-feet and the pericytes

of the BBB?

It is important to address these and other research questions to gain a better understanding of
how Dex is used in treating conditions that affect the BBB and to optimize its use in clinical

practice.
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