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Thesis Abstract
Neuroinflammation driven by non-neuronal cells, such as microglia and astrocytes,
contributes to the progression of neurological disorders, including Alzheimer’s disease. When
released from cells, mitochondrial phospholipid cardiolipin (CL), soluble mitochondrial protein
cytochrome c (CytC), and gut bacterial metabolites short-chain fatty acids (SCFAs) may interact
with microglia and astrocytes, modulating their neuroinflammatory functions. In this thesis, I
characterize previously unknown molecular mechanisms and functional consequences of
microglia and astrocyte activation by extracellular CL, CytC and SCFAs.
In chapter two, I demonstrate that cardiolipin (CL) induces the secretion of monocyte
chemoattractant protein (MCP)-1, interferon-γ-induced protein 10 and nitric oxide by microglia,
while inhibiting secretion of inflammatory molecules by stimulated microglia-like cells. CL also
upregulates microglial phagocytosis. I determine that toll-like receptor (TLR) 4 mediates the
effects of CL on microglial phagocytosis and MCP-1 secretion.
In chapter three, I demonstrate that microglia and astrocytes release CytC when exposed
to cytotoxins. Extracellular CytC induces the secretion of cytotoxins, interleukin (IL)-12 p70, IL8, IL-1β, and granulocyte-macrophage colony-stimulating factor (GM-CSF) by astrocytic cells,
and TLR 4 antagonists inhibit the secretion of the latter three cytokines.
In chapter four, I show SCFAs acetate, propionate, butyrate, formate and valerate alone
or as a mixture decrease IL-1β, MCP-1, tumor necrosis factor (TNF)-α, and cytotoxin secretions
by stimulated microglia-like cells. GLPG 0974, a free fatty acid receptor (FFAR) 2 and 3
antagonist, blocks the inhibitory effect of formate alone, but not the SCFA mixture, on IL-1β
secretion by microglia-like cells. Formate and valerate alone decrease the phagocytic activity of
stimulated microglia-like cells. Formate, but not valerate, alone inhibits the respiratory burst of
microglia-like cells, reducing the production of reactive oxygen species.
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Extracellularly released CL and CytC regulate immune responses of microglia and
astrocytes, respectively, in a TLR 4-dependent manner. Due to its anti-inflammatory properties,
cardiolipin could be used to reduce neuroinflammation, while TLR 4 antagonists may reduce the
adverse neuroinflammatory effects of extracellular cytochrome c. In addition, SCFAs may
regulate the immune responses of microglia. Therefore, therapies that promote the colonization
and proliferation of SCFA-producing bacteria may reduce neuroinflammation, and subsequently
slow the progression of Alzheimer’s disease.
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Lay Summary
Neurodegenerative disorders, such as Alzheimer’s disease, are incurable. Prolonged
inflammation in the brain contributes to the death of neurons, which are cells critical for normal
cognition. I tested the ability of three different types of molecules native to the human body to
decrease or increase brain inflammation. I determined that cardiolipin and short-chain fatty acids
can reduce brain inflammation. Cardiolipin and short-chain fatty acids could be developed as
drugs that reduce brain inflammation and possibly slow the progression of neurodegenerative
diseases. Additionally, I determined that cytochrome c induces inflammation in the brain.
Therefore, it is possible that cytochrome c contributes to the progression of neurodegenerative
diseases and blocking the activity of extracellular cytochrome c could slow the progression of
neurodegenerative diseases.
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Chapter 1: Introduction
1.1 Thesis overview
Neurons and glia are the main cell types in the brain. Glia, which include microglia,
astrocytes and oligodendrocytes, protect and support neurons (Jensen et al., 2013; Lannes et al.,
2017). Together, neurons and glia cooperate to enable brain functions, including motor control,
behavior and emotions (Perea et al., 2014). These vital brain functions are often disrupted by
neurodegenerative diseases, such as Alzheimer’s disease (AD).
At a cellular level, several functions of glia become dysregulated in AD. This thesis focusses
on functions of microglia and astrocytes that are disrupted by AD, namely phagocytosis and the
secretion of inflammatory mediators and cytotoxins (Brown and Vilalta, 2015; Fu et al., 2014;
Galloway et al., 2019; Meraz-Ríos et al., 2013). Glia secrete inflammatory mediators that
normally support neuron survival by, for example, recruiting microglia to a site of injury where
they can remove pathogens and unwanted tissue debris (Fan et al., 2017). However, dysregulated
secretion of inflammatory mediators and cytotoxins by glia causes neurons to die (Brown and
Vilalta, 2015). Under certain pathological conditions, glia become chronically activated,
secreting cytotoxins (e.g. cathepsins, Fas ligand, glutamate, matrix metalloproteinases and
reactive oxygen species (ROS)), as well as adverse levels of inflammatory cytokines (Brown and
Vilalta, 2015). Inflammatory cytokines, such as tumour necrosis factor (TNF)-α and interleukin
(IL)-1β activate nearby microglia and astrocytes, initiating positive feedback leading to
exacerbated neuron death. Therefore, molecules that reduce the secretion of inflammatory
mediators and cytotoxins by glia may lessen excessive neuronal death observed in
neurodegenerative diseases. Phagocytosis is commonly viewed as a protective function because
it removes tissue debris and pathological proteins (Galloway et al., 2019). Yet, under certain
pathological conditions, glia can phagocytose live neurons, causing their death (Brown and
Neher, 2014; Hornik et al., 2016). Therefore, molecules that modulate the phagocytic activity of
glia could be neuroprotective in specific disease states, and slow the progression of
neurodegenerative diseases, including AD.
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In this Introduction (chapter 1), I elaborate on several topics that are relevant to the
experiments described in chapters 2, 3 and 4. In section 1.2, I describe the structure and function
of the blood-brain barrier (BBB). It is important to understand the characteristics of the BBB that
make this structure one of the primary roadblocks for developing CNS disease-modifying
therapies, and how researchers can overcome these roadblocks. In section 1.3, I elaborate on glial
signaling induced by endogenous molecules that can contribute to the progression of AD. I
hypothesize that the molecules studied in this thesis, namely cardiolipin (CL), cytochrome c
(CytC) and short-chain fatty acids (SCFAs), modulate these signaling events. In section 1.4, I
briefly describe the structure of toll-like receptor (TLR) 4, as well as the intracellular signaling
this receptor activates. The experiments described in chapters 2 and 3 demonstrate that CL and
CytC interact with TLR 4. In section 1.5, I describe the cell lines used in this thesis to model
functions of microglia and astrocytes that become dysregulated in AD. I end this introduction
stating the hypotheses tested in thesis, and the specific research objectives I investigated.
The main discoveries of the experimental work presented in this thesis include: TLR 4
mediates the effects of extracellular CL on microglia and microglia-like cells (chapter 2), CytC is
released from damaged glia, extracellular CytC acts as a TLR 4-dependent endogenous
modulator of astrocyte neuroimmune functions, (chapter 3), and SCFAs mixed at physiological
serum concentrations modulate immune functions of microglia (chapter 4).
1.2 Structure and function of the blood-brain barrier
The BBB requires the support of several different cell types to maintain brain
homeostasis. Cells required to maintain normal BBB functions include endothelial cells,
pericytes, and astrocytes (Daneman and Prat, 2015; Rhea and Banks, 2019). Microglia
(Haruwaka et al., 2019) and neurons (Savettieri et al., 2000) also regulate the integrity of the
BBB, but to a lesser extent. Altogether, these cells enable the BBB to act as a highly selective,
semipermeable structure that separates the circulatory system and the parenchyma of central
nervous system (CNS).
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Endothelial cells envelop the blood vessels and represent the boundary between the blood
and interstitial fluid of the brain. Unlike many other endothelial tissues throughout the body,
blood vessels formed by endothelial cells of the BBB lack fenestra (pores). Many tight junction
proteins exist in between adjacent endothelial cells of the BBB. The primary tight junction
proteins include occludin, and the claudin family of proteins. These tight junction proteins are
linked to the actin cytoskeleton of endothelial cells by the zonus occludin group of proteins
(Daneman and Prat, 2015; Komarova et al., 2017; Sweeney et al., 2018). These tight junction
proteins prevent the passive paracellular diffusion of molecules larger than four nm in diameter
(Daneman and Prat, 2015). In particular, claudin 5 has been implicated as the primary tight
junction protein that prevents molecules from crossing the BBB, as the absence of claudin 5
increases the permeability of the BBB (Nitta et al., 2003). While the exact function of other tight
junction proteins remains to be revealed (Saitou et al., 2000), it has been suggested that occludin
prevents BBB breakdown by regulating calcium trafficking (Brown and Davis, 2002).
Endothelial cells also secrete a variety of extracellular matrix proteins into the perivascular space
that make up a BBB structure called the basement membrane, which provides cells, such as
endothelial cells and astrocytes, with anchoring points, as well as aids in proper signaling
between the BBB cells (Baeten and Akassoglou, 2011; Daneman and Prat, 2015).
Under physiological conditions, endothelial cells that form the BBB express less
adhesion molecules, compared to the endothelial cells that form peripheral capillary beds
(Frohman et al., 1991). Adhesion molecules include many families of cell surface proteins, such
as selectins and cell adhesion molecules. Cell adhesion molecules allow peripheral immune cells
to exit the blood, move across the endothelial boundary, and enter the interstitial fluid
(Bohatschek et al., 2001; Lyck et al., 2003). Once in the interstitial fluid, peripheral immune
cells may work together with native brain immune cells, namely microglia, to remove pathogens
and toxins (Cao and Zheng, 2018; Prinz and Priller, 2017).
Pericytes, which are anchored to the basement membrane of the CNS, are also required
for the formation of the BBB (Daneman et al., 2010). In a series of experiments on BBB
integrity, Daneman et al. (2010) demonstrate that the selective permeability of the BBB is
compromised until mesenchymal progenitor cells differentiate into pericytes during
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development. This study also shows that pericytes inhibit the endothelial cell expression of many
proteins, such as intercellular adhesion molecule (ICAM)-1, that increase BBB permeability.
Additionally, the same study illustrates that the expression of tight junction proteins, such as
occludin and claudin 5, by CNS endothelial cells is significantly lower when cultured without
CNS pericytes. Pericytes also control the dilation of capillaries. Pericyte-mediated dilation of
capillaries and its effects on neurological disorders, such as AD, have been reviewed (Hamilton
et al., 2010).
Anchored to the basement membrane, astrocytes have many diverse functions that aid in
the formation and maintenance of the BBB (Jensen et al., 2013; Wang and Bordey, 2009).
Astrocytes secrete sonic hedgehog, a signaling molecule in the brain, as well as laminin, a
component of the basement membrane. Astrocytes also have aquaporins 1, 4, and 9, which are
responsible for maintaining water homeostasis in the CNS (Potokar et al., 2016; Sweeney et al.,
2018). Astrocytes aid in the structural integrity of the BBB by trapping the pericytes and
basement membrane in between endothelial cells and astrocytic end-feet (Sweeney et al., 2018).
Astrocytes secrete important signaling molecules that regulate the permeability of the
BBB. For example, previous studies demonstrate that monocyte chemoattractant protein (MCP)1 secreted by astrocytes reduces the expression of claudin 5 (Paul et al., 2014), a common
marker for BBB integrity (Lv et al., 2018). While the role of claudin 5 in BBB integrity has been
established in claudin 5 knockout mice (Nitta et al., 2003), it is unknown whether reducing the
expression of claudin 5 alone increases the permeability of the BBB.
Several different processes enable a wide range of molecules to cross the BBB. In
general, small (approximately < 400 Da), uncharged, lipophilic compounds can passively diffuse
across the BBB in a transcellular manner. Drugs that target the CNS are often designed with
these properties (Nau et al., 2010). As they move across the BBB, these drugs are often
transformed by enzymes into a more water-soluble chemical structure. This transformation
prevents drugs from being sequestered by endothelial cells (Banks, 2009). Other mechanisms
prevent the entry of small lipophilic molecules into the interstitial fluid of the brain. For
example, endothelial cells express many efflux transporters, such as multidrug resistant transport
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proteins, on their luminal (the plasma membrane exposed to blood) surface. These efflux
transporters prevent some small lipophilic molecules from entering brain tissue by actively
pumping these compounds back into the blood (Banks, 2009; Nau et al., 2010). Individual
variations of multidrug resistant transporter proteins have been implicated in patient-dependent
drug insensitivity (Fellay et al., 2002; Löscher and Potschka, 2002).
Many nutrients that the brain needs to function properly cannot diffuse across the BBB.
These nutrients include molecules such as glucose (McAllister et al., 2001), amino acids (Smith,
2000; Tărlungeanu et al., 2016), ketone bodies (White and Venkatesh, 2011), select hormones
(Hampl et al., 2015) and insulin (Blázquez et al., 2014). These molecules use a range of
transmembrane transporters to cross the BBB into the brain. For example, glucose engages
glucose transporters (GLUT) 1 (Patching, 2017); amino acids engage several transporters,
including large neutral amino acid transporters (LAT) and excitatory amino-acid transporters
(EAAT) (Smith, 2000); ketone bodies engage monocarboxylate transporters (Vijay and Morris,
2014); and hormones engage transporters, such as organic anion transporters (Morris et al.,
2017). Other molecules cross the BBB in a vesicle-mediated manner. For example, insulin and
low-density lipoproteins (LDLs) bind and activate insulin receptor and LDL receptor,
respectively. When activated, these receptors are endocytosed into vesicles and subsequently
activate native sorting machinery. This vesicle-sorting machinery will either send the vesicle
across the BBB, or to be degraded (Pulgar, 2019).
Additionally, disease-related proteins, such as amyloid-ß peptides (Aß) which are
associated with AD, actively cross the BBB using various transport proteins. For example,
receptor for advanced glycation end products (RAGE) transports peripheral Aß into the brain,
while low-density lipoprotein receptor related protein (LRP)-1, also known as apolipoprotein
E receptor (ApoER), transports Aß out of the brain (Deane et al., 2008). The expression of LRP1 is lower in the frontal cortex of AD patients, compared to healthy age-matched humans (Kang
et al., 2000; Shinohara et al., 2014). However, this association between LRP-1 expression and
AD remains controversial (Causevic et al., 2003; Qiu et al., 2001).
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The BBB is an integral structure that contributes to the health and homeostasis of the
brain. This boundary prevents the movement of many toxic molecules from the blood into the
brain. However, the selective permeability of a normal BBB is one of the primary roadblocks to
overcome when developing drugs for CNS disorders (Nau et al., 2010). The BBB integrity may
be reduced in patients with neurological disorders, such as AD (Greene et al., 2019; Kang et al.,
2000; Shinohara et al., 2014).
1.3 Select extracellularly released endogenous molecules contribute to chronic
neuroinflammation and subsequent exacerbated neuronal death
Damage-associated molecular patterns (DAMPs) are endogenous molecules released
from stressed, damaged or dying cells into the extracellular space. The best characterized
DAMPs include high mobility group box 1 (HMGB1), calgranulins A and B, and heat-shock
proteins (HSPs) 60 and 70. Several recent reviews have summarized the immunoregulating
effects of these DAMPs (Dukay et al., 2019; Paudel et al., 2018; Wang et al., 2018). Their
biological activity is well characterized in peripheral tissues where DAMPs have been shown to
induce secretion of inflammatory mediators and upregulate phagocytic activity of several
different types of immune cells (Dukay et al., 2019; Paudel et al., 2018; Wang et al., 2018). CNS
effects of DAMPs have also been studied where they have been shown to interact with glial
cells, including microglia and astrocytes (Gouveia et al., 2017; Pointer et al., 2019). DAMPs can
induce microglial secretion of cytotoxins and inflammatory cytokines, such as IL-1β, IL-6, IL-8,
and TNF-α, as well as upregulate the phagocytic activity of microglia (Amor et al., 2014).
Astrocytes, which support a broad range of neuronal functions, similarly respond to
extracellularly released DAMPs by increasing secretion of cytotoxins and upregulating
phagocytic activity (Wakida et al., 2018).
1.4 Activation of microglia and astrocytes
The transition of microglia and astrocytes into a functional state characterized by the
upregulated secretion of cytokines and cytotoxins, as well as altered phagocytic activity,
6

indicates these cells are displaying an activated phenotype. The activated phenotypes of
microglia and astrocytes have been described as M1/M2 and A1/A2, respectively.
The term ‘M1 microglia’ represents the pro-inflammatory phenotype, while ‘M2
microglia’ describes the anti-inflammatory phenotype of these cells (Tang and Le, 2016). The
secretory profile characteristic of M1 microglia includes IL-1β, TNF-α, MCP-1, nitric oxide,
proteases, and superoxide anion (Orihuela et al., 2016; Tang and Le, 2016). Many molecules
secreted by M1 microglia are known cytotoxins (Madeira et al., 2012; Wenzel et al., 2020a). M1
microglia also exhibit decreased phagocytic activity (Orihuela et al., 2016). The primary function
of M1 microglia is to recruit immune cells to the site of injury and to secrete toxins that kill
pathogens and aberrant cells. In contrast, M2 microglia exhibit upregulated secretion of IL-4, IL10, IL-13, TGF-β, and neurotrophic factors (e.g. insulin-like growth factor 1), as well as
increased phagocytic activity (Tang and Le, 2016). The M2 microglia remove cellular debris and
misfolded proteins, as well as promote tissue repair and neuronal survival. Similar to microglia,
terms ‘A1 astrocytes’ and ‘A2 astrocytes’ describe the pro- and anti-inflammatory phenotypes,
respectively (Li et al., 2019). Also similar to microglia, A1 astrocytes secrete toxins and immune
cell-recruiting molecules, while A2 astrocytes promote tissue repair and the survival of neurons.
It is critical to point out that this binary categorization of microglia and astrocyte
phenotypes is likely an oversimplification (Cunningham et al., 2019; Ransohoff, 2016;
Stratoulias et al., 2019). For example, microglia treated with the TLR 4 agonist LPS exhibit
upregulated mRNA expression of molecules that are characteristic of both M1 and M2
phenotypes, such as TNF-α, IL-1β, IL-4 and IL-10, as well as display higher phagocytic activity
(Leitner et al., 2019; Lively and Schlichter, 2018). Therefore, in studies that aim to classify glia
as pro- or anti-inflammatory, it is beneficial to measure a broad set of inflammatory markers and
to consider additional activation states that deviate from the M1/M2 polarization.
Chronic activation of microglia and astrocytes can contribute to the progression of
neurodegenerative diseases, such as AD and Parkinson’s disease (PD) (Thompson and Tsirka,
2017). For example, the activation of microglia and astrocytes leads to an increased secretion of
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inflammatory molecules and cytotoxins that further activate these cells in an autocrine or
paracrine fashion, causing positive feedback, as well as neuronal and glial damage (Thompson
and Tsirka, 2017). Damaged glia lose their homeostatic function and cease their metabolic
support of neurons further exacerbating cell death.
1.5 Neurodegenerative diseases
Neurodegeneration is defined as an exacerbated loss of neurons or neuronal function
(Han et al., 2018). AD and PD are the most prevalent neurodegenerative disorders, affecting
approximately 30 million and 6 million people worldwide. As implied by AD and PD being
categorized as neurodegenerative disorders, both these pathological conditions are characterized
by exacerbated neuron death. Thus, experiments described in this thesis aim to characterize the
indirect effects that CL, CytC, and SCFAs could have on neuron death by regulating glial
functions. Therefore, my studies implicate these endogenous molecules in the pathogenesis of
AD and PD.
1.5.1 AD
AD is the most prevalent neurological disorder worldwide (Han et al., 2018). AD is
clinically characterized by a progressive decline in memory and other cognitive functions.
Pathological features of AD include brain atrophy as well as the accumulation of Aβ deposits
and neurofibrillary tau tangles. Aβ is a neurotoxic protein (Tanokashira et al., 2017). The toxic
properties of Aβ may be partly mediated by the ability of this protein to activate microglial TLR
4 (Cho et al., 2013; Shi et al., 2016).
1.5.2 PD
PD is the second most common neurological disorder, after AD (Balestrino and Schapira,
2020). Similar to AD, PD is also a progressive neurodegenerative disorder, but patients with PD
exhibit impaired cognition and motor function. The defining motor symptoms of PD include
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tremors, rigidity, bradykinesia, and postural instability. There are two primary pathological
hallmarks of PD: 1) the loss of dopaminergic neurons in the substantia nigra (area in the
midbrain), and 2) aggregates of α-syn called Lewy bodies. Similar to Aβ, α-syn is a neurotoxic
protein that activates microglial TLR 4 (Fellner et al., 2013; Ingelsson, 2016; Roodveldt et al.,
2013).
1.6 Toll-like receptors
The TLR family in humans includes ten different receptors, all of which are
transmembrane proteins. TLRs recognize pathogen-associated molecular patterns (PAMPs), such
as lipopolysaccharide (LPS), and DAMPs, such as HMGB1 and mitochondrial transcription
factor A (TFAM).
1.6.1 Toll-like receptor 4
TLR 4 agonists activate downstream myeloid differentiation primary-response protein 88
(MyD88)-dependent and MyD88-independent pathways through the dimerization of TLR
4/myeloid differentiation factor (MD) 2 with agonist complexes. TLR 4 agonists engage these
pathways by interacting with MD 2 to form a complex with TLR 4. For example, the lipid A
component of LPS binds MD 2 and activates TLR4 in a MyD88-dependent manner on human
immune cells, such as monocytes and macrophages (Oblak and Jerala, 2015). The formation of
the TLR 4/MD 2 and agonist complex can be CD 14-dependent or CD 14-independent. In the
MyD88-dependent pathway, the adaptor proteins include toll/IL-1 receptor (TIR) homology
domain-containing adaptor protein (TIRAP), IL-1 receptor associated kinases (IRAKs) and TNF
receptor associated factor (TRAF) 6. The engagement of adaptor molecules in the MyD88dependent pathway initiates signal transduction pathways that lead to the activation of mitogenactivated protein kinases (MAPKs) and subsequent production of several different cytokines and
chemokines. In the MyD88-independent pathway, the recruited adaptor proteins include TIR
domain-containing adaptor protein inducing interferon (IFN)-β (TRIF), TRIF-related adaptor
molecule (TRAM), and TRAF3. The engagement of adaptor molecules in the MyD889

independent pathway initiates signal transduction pathways that lead to the activation of
interferon regulatory factor 3 (IRF3), promoting the production of IFN-β and endocytosis of the
TLR 4/MD 2 and agonist complex (Fig. 1.1). Both MyD88-dependent and MyD88-independent
pathways have been shown to regulate phagocytosis in several different types of immune cells
(Esen and Kielian, 2014; Fu et al., 2014); however, neither of these two pathways are absolutely
required for phagocytosis since TRIF and MyD88 double knockout (KO) dendritic cells exposed
to LPS have been shown to retain phagocytic activity (Zanoni et al., 2011).
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Figure 1.1. TLR 4 is activated after a complex of agonist with TLR 4/MD 2 is formed. Once
activated, TLR 4/MD 2 and agonist complexes dimerize and engage two separate downstream
signaling pathways: the MyD88-dependent and MyD88-independent pathways. The MyD88dependent pathway leads to the secretion of inflammatory molecules and increased phagocytic
activity, and the MyD88-independent pathway leads to the secretion of IFN-β and increased
phagocytic activity. IFN-β activates several genes, such as suppressor of cytokine signaling
(SOCS)-1 and SOCS-3 in astrocytes (Qin et al., 2008). Upon activation of the MyD8811

independent pathway, the TLR 4/MD 2 and agonist complex becomes internalized by
endocytosis. The exact mechanisms of interaction between TRIF and MyD88-dependent
pathway are unknown, but it is established that TRIF influences the MyD88-dependent secretory
profile of immune cells. Both pathways have been shown to increase the phagocytic activity of
immune cells, such as microglia. However, they may not increase phagocytic activity through the
same mechanisms.
1.7 Effects of the gut microbiota on microglia and astrocytes
Gut microbes co-exist with humans in a mutualistic relationship. These microbes benefit
the host in several ways. For example, gut microbes are necessary for the synthesis of vitamin K
and B. They are also involved in the metabolism of many compounds, such as bile acids, sterols,
and xenobiotics (Roberfroid et al., 1995). Recent evidence suggests that the gut microbiota
regulates host health. For example, altered composition of the human gut microbiota is suggested
to be linked to the onset of multiple sclerosis (MS) (Gandy et al., 2019), PD (Sampson et al.,
2016; Scheperjans et al., 2015) and AD (Harach et al., 2017; Haran et al., 2019).
The effects of absent or altered gut microbiota on neurological disorders have been
studied using germ-free (GF) mice. For example, relapsing-remitting MS-model mice kept in
specific-pathogen free (SPF) conditions spontaneously develop MS-like symptoms (Berer et al.,
2011). Interestingly, when these MS-model mice are housed in a sterile environment, they do not
develop as severe MS-like symptoms. Other studies show that housing AD- (Harach et al., 2017)
or PD- (Sampson et al., 2016) model mice in GF conditions reduces disease-related proteins or
symptoms. For example, brain tissues from eight-month-old AD-model mice in GF conditions
have reduced levels of amyloid-β peptides with 42 residues (Aβ42, hallmark protein of AD),
compared to age-matched brain tissues from AD-model mice raised in SPF conditions. While the
aforementioned study did not measure the cognitive impairment of these AD-model mice, other
studies show that the cognition of these mice declines between seven and eight months of age
(Gengler et al., 2010; Radde et al., 2006; Serneels et al., 2009). Interestingly, neuron loss is not
observed in these AD-model mice until they are 17 months old (Rupp et al., 2011). PD-model
mice in GF conditions show decreased motor dysfunction and lower insoluble α-synuclein (α12

syn) (hallmark protein of PD) levels compared to PD-mode mice in SPF conditions (Sampson et
al., 2016).
Previous studies show the immune response of microglia from GF mice treated with LPS
decreases, compared to microglia from SPF mice treated with LPS (Erny et al., 2015). For
instance, the mRNA expression of IL-1β, IL-6, TNF-α, and MCP-1 is 10 to 20 fold lower in
microglia from GF mice treated with LPS, compared to microglia from LPS-treated SPF mice
(Erny et al., 2015). In the same study, similar significant results are shown using microglia from
GF mice exposed to lymphocytic choriomeningitis virus (LCMV), instead of LPS. The reduced
immune response of LCMV-activated microglia from GF mice is also accompanied with a
reduced expression of ionized calcium binding adaptor molecule (IBA)-1 (Erny et al., 2015), a
well-established marker of microglia activation (Hovens et al., 2014). However, it is important to
note that IBA-1 expression is upregulated in microglia throughout GF mice brains, compared to
microglia populations from of SPF mice. This observation that microglia in GF mice exist in a
more activated state compared to the microglia in SPF mice may be due to their sensitivity to
stimuli. To elaborate, conventionally raised SPF mice exhibit higher levels of LPS in portal
blood compared to GF mice (Molinaro et al., 2017). When primary murine microglia were
exposed to three LPS challenges in 24 h intervals, microglia secreted significantly less TNF-α on
the second and third dose of LPS (Ajmone-Cat et al., 2003). Therefore, it is plausible that
immune cells in GF mice are sensitive to stimuli, such as LPS, and gut microbes are required to
train immune cells, including microglia, to appropriately respond to immune stimuli.
Interestingly, recolonizing the gut of GF mice reduces the upregulated expression of IBA-1 by
microglia in these animals (Erny et al., 2015). It is possible that microglia in GF mice are more
activated compared to microglia from SPF mice; therefore, the capacity of microglia from GF
mice to mount an immune response when stimulated by LPS or LCMV may be limited. The
same study also shows that adding a mixture of acetate, butyrate and propionate, which are
bacterial metabolites, to the drinking water of GF mice reduces the upregulated expression of
IBA-1 by microglia in these mice (Erny et al., 2015). Altogether, the reduced immune response
by microglia in GF mice may compromise the ability of microglia to maintain brain homeostasis.
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Microglia are malformed in the brains of GF mice. For example, microglia from GF mice
express higher levels of colony-stimulating factor-1 receptor, epidermal growth factor-like
module-containing mucin-like hormone receptor-like 1 (F4/80), and cluster of differentiation
(CD) 31 (Erny et al., 2015). Higher levels of these proteins are reminiscent of immature
microglia, as the expression of colony-stimulating factor-1, F4/80 and CD 31 are downregulated
in adult murine microglia, compared to embryonic murine microglia (Kierdorf et al., 2013).
Previous studies show a higher density of immature microglia in GF mice, compared to mice
with a normal gut microbiota. Additionally, the behavior of microglia in GF mice is significantly
different from microglia populations in SPF mice. For example, microglia from GF mice often
directly contact other microglia, crossing the territorial boundaries exhibited by microglia from
SPF mice (Erny et al., 2015). Therefore, a normal gut microbiota regulates the phenotype and
behavior of adult murine microglia.
Few studies have tested the effects of an absent or altered gut microbiota on the
morphology or functions of astrocytes. Unlike microglial populations, the density of astrocytes
does not change in GF mice, compared to mice with a normal gut microbiota (Erny et al., 2015).
Interestingly, a previous study demonstrates that metabolites of tryptophan reduce the immune
response of primary murine astrocytes (Rothhammer et al., 2016). It is important to point out that
tryptophan, an essential amino acid for humans acquired through their diet, is catabolized into
indole, indoxyl-3-sulfate, indole-3-propionic acid, and indole-3-aldehyde by gut microbes
(Roager and Licht, 2018). The mRNA expression of MCP-1 and nitric oxide synthase 2 by
primary murine astrocytes decreases when antibiotic-treated mice are administered orally with
indole, indole-3-propionic acid, or indole-3-aldehyde. Similar trends are observed when
antibiotic-treated mice are injected intraperitoneally with indoxyl-3-sulfate (Rothhammer et al.,
2016). Therefore, tryptophan or its metabolites may regulate the activation of astrocytes. These
anti-inflammatory properties of tryptophan or its metabolites may also have clinical significance
in neurodegenerative diseases. For example, disease scores are reduced in MS-model mice fed
tryptophan, compared to MS-model mice fed a diet without tryptophan (Rothhammer et al.,
2016). This ability of tryptophan to improve disease scores is blocked in MS-model mice with
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aryl hydrocarbon receptor (AHR) knocked out (Rothhammer et al., 2016), suggesting that the
anti-inflammatory properties of tryptophan or its metabolites may be partially regulated by AHR.
It is important to note that the microbiota of mice and humans are significantly different
(Nguyen et al., 2015), so the clinical significance of the observations in mouse models needs to
be determined. Many published studies demonstrate association between the composition of the
gut microbiota and diseases, such as PD (Scheperjans et al., 2015) or AD (Haran et al., 2019).
However, it is currently unknown whether diseases, such as AD, initiate a change in gut
microbiota composition, or the progression of the disorder is regulated by changes in the
composition of gut bacteria.
1.8 Research rationales
Many structural components of mitochondria, when released into the extracellular space,
activate microglia and astrocytes (Culmsee et al., 2019; Joshi et al., 2019). For example, Joshi et
al. (2019) demonstrate activated primary murine microglia release mitochondrial fragments, and
these fragments induce the secretion of neurotoxins by primary murine astrocytes. The same
study demonstrates that treating microglia with mitochondrial fission inhibitor P110 prevents the
secretion of neurotoxins by astrocytes. Joshi et al. (2019) did not identify the secreted
mitochondrial components that activated glial cells, and thus the experiments in chapters 2 and 3
were conducted to fill this knowledge gap. In particular, in chapter 2, I investigated the effects of
the extracellular cardiolipin (mitochondrial phospholipid) on select immune functions of
microglia, and in chapter 3, I studied the effects of extracellular CytC (mitochondrial protein) on
astrocytic immune functions. Cardiolipin and CytC have been reported to modulate the immune
responses of immune cells, including microglia (Gouveia et al., 2017; Pizzuto et al., 2019;
Pointer et al., 2019), providing rationale to further investigate the extracellular effects of these
mitochondrial components on glia. Since several components of mitochondria are reported to act
as TLR 4 ligands, including cytochrome c and cardiolipin (Balasubramanian et al., 2015;
Cloonan and Choi, 2013; Gouveia et al., 2017), I tested whether the effects of cardiolipin and
cytochrome c on select immune functions of glia were mediated by TLR 4. Since TLR 4 agonists
15

induce phenotypes representative of both M1/M2 microglia and A1/A2 astrocytes, the research
in this thesis tested hypothesis that TLR 4 is the target receptor of CL and CytC. I did not attempt
to classify glia with regard to the M1/M2 or A1/A2 phenotypes they acquired after interacting
with CL and CytC.
Metabolites released by gut microbes reduce the secretion of inflammatory mediators by
immune cells, including microglia (Spielman et al., 2018). SCFAs are one family of molecules,
among many, that are released by gut microbes and possess inflammation-modulating properties.
For example, acetate (5 mM) reduces the secretion of IL-1β and MCP-1 by LPS-stimulated
human monocytes (Ang et al., 2016), and butyrate (2.5-5 mM) reduces the secretion of TNF-α by
primary rat microglia (Huuskonen et al., 2004). Yet, serum concentrations of individual SCFAs
are less than 500 μM (Hanzlik et al., 2005; Ktsoyan et al., 2016; Zhao et al., 2007). Therefore,
the millimolar concentrations of SCFAs used in previous studies are well above levels that
microglia would encounter in vivo. The effects of SCFAs at micromolar concentrations on the
immune functions of microglia are unknown. Therefore, to fill this knowledge gap, I tested the
effects of SCFAs acetate, butyrate, propionate, valerate and formate mixed at a physiologicallyrelevant ratio applied at the total concentrations of the mixture between 5 – 500 µM on
microglia. Specifically, since high concentrations of single SCFAs reduce the secretion of IL-1β,
MCP-1 and TNF-α by immune cells, including microglia (Ang et al., 2016; Huuskonen et al.,
2004), I investigated the effects of individual SCFAs or their mixture at physiological
concentrations on these cytokines.
1.8.1 Cell culture models
Cell lines used in this thesis respond to molecules in a fashion similar to primary cells
and were utilized to model cells of the CNS. Immortalized cells used were derived from
cancerous tissue or experimentally created. Cell lines often express genes and display
morphologies different from their primary cell counterparts (Maqsood et al., 2013). In this thesis,
several significant findings obtained using cell lines were confirmed with primary cells.
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Murine BV-2 microglia, human THP-1 monocytic cells, and differentiated human HL-60
myelomonocytic cells were used to model microglia. Due to interspecies differences in immune
responses and receptor expression of microglia (Bhattacherjee et al., 2019; Davis et al., 2018; Du
et al., 2017), HL-60 and THP-1 cells were used to model specific functions of human microglia,
such as phagocytosis, secretion of cytokines, and respiratory burst response. Unlike murine
microglia, primary human glia and THP-1 cells express known SCFA receptors free fatty acid
receptor (FFAR) 2 and 3 (Uhlén et al., 2015). THP-1 cells enabled me to investigate the effects
of SCFAs on select microglial functions, and whether these effects were mediated by FFAR 2
and 3.
Differentiated human HL-60 myelomonocytic cells were used to model the respiratory
burst response since these cells, similar to microglia, express functional NADPH-dependent
oxidase (Levy et al., 1990). BV-2 cells were used to study functions characteristic of microglia,
including phagocytosis and the secretion of cytokines (Kapellos et al., 2016; Subedi et al., 2019).
THP-1 cells were also used to study microglial functions, as these cells were previously
described to secrete cytotoxins at levels similar to primary human microglia (Klegeris et al.,
1999).
U118 MG cells, which present with both glioblastoma and astrocytoma cell
morphologies, were used as models of human astrocytes. U118 MG cells express low levels of
astrocyte marker glial fibrillary acidic protein (GFAP) (Restrepo et al., 2011). Similar to their
primary cell counterpart, U118 MG cells secrete cytokines and cytotoxins in response to immune
stimuli (Hashioka et al., 2009).
Human SH-SY5Y neuroblastomas were used to model neurons. These cells express
markers characteristic of neuronal cells, including microtubule associated protein 2 and neuron
specific endonuclease. Importantly, human SH-SY5Y cells are widely used to study
neurotoxicity in vitro (Hashioka et al., 2009; Heusinkveld and Westerink, 2017).
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1.9 Research hypotheses and objectives
Neuroinflammation driven by microglia and astrocytes contributes to the pathogenesis of
neurodegenerative diseases, such as AD. Previous studies demonstrated that CL, CytC and
SCFAs can exist extracellularly (Balasubramanian et al., 2015; Dalile et al., 2019; Renz et al.,
2001; Sorice et al., 2004). Most of the research on these molecules has focussed on their role in
immune signaling in the periphery (Balasubramanian et al., 2015; Nastasi et al., 2015; Pullerits et
al., 2004). However, the effects of CL, CytC and SCFAs in the CNS are unknown. Therefore, I
hypothesize that extracellularly-released endogenous molecules CL, CytC and SCFAs regulate
select immune responses of glia. The overall objective of this thesis is to discover and
characterize previously unknown effects of CL, CytC and SCFAs on select functions of glia.
In chapter two, I hypothesize that CL, a phospholipid primarily located in mitochondrial
membranes that may be released into the extracellular space upon cell death, modulates the
secretion of cytokines and cytotoxins by microglia, as well as their phagocytic activity, in a TLR
4-dependent manner. To address this hypothesis, I focussed on the following specific research
objectives:
1) Determine whether CL regulates the secretion of inflammatory mediators and
cytotoxins by microglia and microglia-like cells.
2) Establish whether select lipids that are structurally similar to CL regulate the
secretion of inflammatory mediators and cytotoxins by microglia-like cells.
3) Examine whether TLR 4 mediates the effect of CL on secretion of inflammatory
mediators and cytotoxins by microglia and microglia-like cells.
4) Establish whether cardiolipin reduces the cytotoxic secretions induced by Aβ42 and
α-syn.
5) Identify whether TLR 4 mediates the ability of CL to upregulate microglial
phagocytosis.
In chapter three, I hypothesize that CytC, a soluble protein associated with the
mitochondrial electron transport chain, is released into the extracellular space upon glial cell
18

death and modulates the cytokine secretion of astrocytes in a TLR 4-dependent manner. To
address this hypothesis, I focussed on the following specific research objectives:
1) Examine whether cytotoxins, such as staurosporine, Aβ42, and TNF-α induce release
of CytC from microglia and astrocytes into the culture medium.
2) Establish whether CytC induces the secretion of cytokines and cytotoxins by
astrocytes.
3) Identify whether astrocyte TLR 4 is engaged by CytC.
4) Determine whether CytC modulates the expression of astrocyte TLR 4.
In chapter four, I hypothesize that physiological concentrations of SCFAs alone and in
combination modulate the secretion of cytokines and cytotoxins by microglia, as well as their
phagocytic activity. To address this hypothesis, I focussed on the following specific research
objectives:
1) Characterize whether SCFAs decrease the secretion of inflammatory cytokines and
cytotoxins by microglial cells.
2) Examine whether SCFAs reduce microglia-mediated cytotoxicity towards neurons.
3) Establish whether the cytokine-modulating effects of SCFAs are mediated by the
known SCFA receptors: FFAR 2 and 3.
4) Determine whether select SCFAs modulate the phagocytic activity of microglial cells.

19

Chapter 2: Extracellular cardiolipin modulates microglial phagocytosis and cytokine
secretion in a toll-like receptor 4-dependent manner
2.1 Chapter introduction
Neuroinflammation contributes to the pathogenesis of neurological disorders, including
AD and PD. Under normal brain conditions, cytokines are released by microglia, the innate
immune cells of the brain, to correct altered physiological states and maintain homeostasis of the
CNS. Pathology-associated proteins, like Aβ in AD or α-syn in PD, activate microglia,
upregulating their secretion of cytotoxins and inflammatory cytokines (Fellner et al., 2013; Shi et
al., 2016). Some of these cytokines, such as TNF-α and IFN-γ, provide positive feedback by
activating nearby microglia (Kuno et al., 2005; Rock et al., 2005). This leads to excessive
secretion of microglial cytotoxins and inflammatory mediators, propagating neurodegeneration
(Clayton et al., 2017).
DAMPs and resolution-associated molecular patterns (RAMPs) are endogenous
molecules that are released into the extracellular space from injured cells. Some of the most
extensively studied pro-inflammatory DAMPs include ATP and HMGB1 (Gong et al., 2020;
Klegeris, 2020; Venegas and Heneka, 2017). αB-crystallin and HSP 10 are often characterized as
RAMPs due to their anti-inflammatory and pro-resolving properties (Shields et al., 2011). The
biological activity of these molecular patterns is well characterized in peripheral tissues, where
they have been shown to regulate phagocytic activity and the secretion of cytokines by several
different immune cell types (Roh and Sohn, 2018). Their CNS effects are less understood (for
reviews, see Klegeris, 2020; Shields et al., 2011; Wenzel et al., 2020b)
Depending on the experimental outcomes, CL has been identified as either a DAMP or a
RAMP by different studies (Chakraborty et al., 2017; Grazioli and Pugin, 2018; Pointer et al.,
2019; Wenzel et al., 2020b). CL is a mitochondrial phospholipid primarily found in the inner
mitochondrial membrane of mammalian cells. Unlike most phospholipids forming cellular
membranes, CL possesses a dimeric structure that includes a double glycerophosphate backbone
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and four acyl chains (Pointer and Klegeris, 2017). During cellular death, CL migrates to the outer
layer of the plasma membrane, where it can interact with nearby cells (Sorice et al., 2004). In
addition, extracellular CL has been detected in human sera, where it binds to β2-glycoprotein
(also known as apolipoprotein H) (Deguchi et al., 2000; Kertesz et al., 1995).
Extracellular CL has been shown to regulate select responses of immune cells. For
example, it increases the phagocytic activity of primary murine microglia, as well as their
expression of brain-derived neurotrophic factor (BDNF) and glial cell-line derived neurotrophic
factor (GDNF) (Pointer et al., 2019). Furthermore, LPS-stimulated peripheral immune cells
display reduced secretion of cytokines when exposed to CL-containing liposomes, compared to
cells exposed to liposomes without CL (Balasubramanian et al., 2015; Pizzuto et al., 2019). In
addition, CL-containing liposomes increase the phagocytic activity of peripheral immune cells
(Balasubramanian et al., 2015). TLR 4 and its associated receptors, including CD 36, CD 14, and
MD 2, have been implicated as the molecular targets of CL in immune cells (Balasubramanian et
al., 2015; Pizzuto et al., 2019).
Most of the research on extracellular CL has focussed on its role in immune signaling in
the periphery (Balasubramanian et al., 2015; Iyer et al., 2013; Pizzuto et al., 2019); only a limited
number of studies have examined the effects of extracellular CL in the CNS (Pointer et al., 2019;
Pointer and Klegeris, 2017). I hypothesized that CL regulates microglial secretion of
inflammatory mediators in a TLR 4-dependent manner. Due to the reported differences between
the TLR 4-ligand recognition domains in humans and mice (Vaure and Liu, 2014), I used murine
and human cell lines, in addition to primary murine cells, to model select immune functions of
microglia. I demonstrate that secretion of MCP-1, IFN-γ-induced protein (IP)-10, and nitric
oxide is induced by exposure of human microglia-like cells to extracellular CL; however, when
CL is added to immune-stimulated primary murine microglia, their secretion of MCP-1 and
TNF-α is inhibited.
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2.2 Materials and methods
2.2.1 Reagents
3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), N-(1naphthyl)ethylenediamine dihydrochloride, N,N-dimethylformamide, N-formylmethionineleucyl-phenylalanine (fMLP), α-syn, bisBenzimide (Hoechst 33258), CL (from bovine heart,
Cat. No. C1649), LPS, propidium iodide (PI) and sulfanilamide were obtained from Sigma
Aldrich (Oakville, ON, Canada). 1X phosphate-buffered saline (PBS) tablets were purchased
from VWR International (Mississauga, ON, Canada). Human and mouse recombinant IFN-γ, as
well as the enzyme-linked immunosorbent assay (ELISA) development kits for human and
MCP-1, mouse TNF-α, and human IP-10 were purchased from PeproTech (Embrun, ON,
Canada). Fluorescein isothiocyanate (FITC) externally-labelled one µm fluorescent polystyrene
latex beads were purchased from Bangs Laboratories (Fishers, IN, USA). 1,2-dilinoleoyl-snglycero-3-phosphate (PA182) and 1,2-dioleoyl-sn-glycero-3-phosphate (PA181) were from
Avanti Polar Lipids (Alabaster, AL, USA). Aβ42 was purchased from California Peptide
Research (Salt Lake City, UT, USA). All other reagents were from Thermofisher Scientific
(Ottawa, ON, Canada). α-syn and Aβ42 were prepared as described in previously published
studies (Hashioka et al., 2011; Klegeris et al., 2006). CL from Sigma Aldrich (Cat. No. C1649) is
representative of the most common isotypes in mice brain cells and cell lines (Zhang et al.,
2011). There are additional CL species that can be found in brain parenchyma, but are not
included in the commercially available solution I used.
2.2.2 Cell culture models
Primary murine microglia were extracted from the brains of eight-week old C57BL/6
mice as described in a previously published study (Lee and Tansey, 2013), except that dispase II
was omitted from the cell dissociation medium. Primary microglia were cultured in vitro for
seven days before being used in experiments. The murine microglia BV-2 cell line was donated
by Dr. G. Garden (Department of Neurology, University of Washington, Seattle, WA, USA).
The human THP-1 monocytic cell line was purchased from the American Type Culture
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Collection (ATCC, Manassas, VA, USA). The human neuroblastoma SH-SY5Y cell line was
donated by Dr. R. Ross (Department of Biological Sciences, Fordham University, Bronx, NY,
USA). Cells were cultured in Dulbecco’s modified Eagle medium nutrient mixture F-12 Ham
(DMEM-F12) supplemented with 10% calf bovine serum (CBS), penicillin (100 U/ml) and
streptomycin (100 μg/ml) in T-75 flasks incubated at 37 °C in humidified 5% CO2 and 95% air
atmosphere.
2.2.3 Secretion of cytokines by primary murine microglia, murine BV-2 microglia and human
THP-1 microglia-like cells
Primary murine microglia were plated in 96-well plates at a concentration of 5 x 104

cells/ml in 250 μl DMEM-F12 containing 5% CBS, penicillin (100 U/ml) and streptomycin (100
μg/ml). One well was used for each experimental condition. CL (0.4-14 µM) at concentrations
similar to levels detected in plasma from fasting humans (Deguchi et al., 2000) or its vehicle
solution (ethanol) was added to culture media, followed by a 15 min incubation period. Primary
microglia were treated with LPS (20 ng/ml), Aβ42 (5 µM), α-syn (10 µg/ml), IFN-γ (150 U/ml)
or their vehicle solutions (PBS for all stimulants, except Aβ42 which is dissolved in 8%
acetonitrile in a solution of 28% endotoxin-free water:72% PBS). Supernatants were collected 48
h later and centrifuged at 1000 x g for 10 min. Concentrations of MCP-1 and TNF-α in primary
murine microglia supernatants were measured using PeproTech ELISA development kits
according to the manufacturer’s instructions.
This experiment was repeated to measure the concentrations of MCP-1 in the
supernatants of BV-2 microglia and THP-1 monocytic cells, with modifications. BV-2 microglia
and THP-1 cells were plated in 24-well plates at a concentration of 2 x 105 cells/ml in 500 μl

DMEM-F12 containing 5% CBS, penicillin (100 U/ml) and streptomycin (100 μg/ml), and 5 x
105 cells/ml in one ml DMEM-F12 containing 5% CBS, penicillin (100 U/ml) and streptomycin
(100 μg/ml), respectively. 30 min prior to the addition of CL, TLR 4-blocking antibodies (10

µg/ml, clone: MTS510 for BV-2 microglia, clone: HTA125 for THP-1 cells) were added to the

culture medium of cells. In addition to MCP-1, concentrations of IP-10 were measured in THP-1
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supernatants using PeproTech ELISA development kits according to the manufacturer’s
instructions. BV-2 microglia and THP-1 cells were not stimulated with Aβ42, α-syn or IFN-γ,
and only THP-1 cells were stimulated with LPS.
2.2.4 Measurement of nitric oxide release by the Griess assay
The secretion of nitric oxide was measured by the Griess assay as described in a
previously published study (Pointer et al., 2019), with minor modifications. Human THP-1 cells
were plated as described in 2.3. One well was used for each experimental condition. CL or its
vehicle solution was added to the culture medium of cells. Following a 15 min incubation period,
cells were treated with LPS (400 ng/ml) or its vehicle solution. Following a 24 h incubation
period, nitrite concentration was measured by collecting supernatants, adding an equal volume of
Griess reagent (1% sulfanilamide, 2.5% phosphoric acid, 0.1% N-(1-naphthyl)ethylenediamine
dihydrochloride in H2O), and measuring the optical density at 550 nm using the FLUOstar
Omega microplate reader.
2.2.5 Secretion of cytotoxins by human THP-1 microglia-like cells
The experiments were performed as described in a previously published study (Wenzel et
al., 2020a), with minor modification. Human THP-1 monocytic cells were plated as described in
2.3. One well was used for each experimental condition. CL, PA182 (0.4-14 µM), PA181 (0.4-14
µM) or their vehicle solutions (ethanol) were added to culture media, followed by a 15 min
incubation period. THP-1 cells were treated with a combination of LPS (20 ng/ml) plus IFN-γ
(150 U/ml) or vehicle solution. Supernatants were collected 48 h later. 0.4 ml of the collected
THP-1 supernatants were transferred to each well containing SH-SY5Y neuronal cells that had
been plated 24 h earlier at a concentration of 3 x 105 cells/ml in 0.4 ml of DMEM-F12

containing 5% CBS, penicillin (100 U/ml) and streptomycin (100 μg/ml). After 72 h incubation,
neuronal cell viability was assessed by the MTT assay and cell death was assessed by the PI
assay. Viability of unstimulated and stimulated THP-1 cells was also assessed by the MTT and
PI assays at the end of the 48 h incubation period with CL
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2.2.6 Phagocytic activity of primary murine microglia and human THP-1 microglia-like cells
Phagocytic activity was assessed as described in a previously published study (Wenzel et
al., 2020a), with minor modifications. Primary murine microglia were plated in poly-D-lysinecoated, eight-chambered coverglass slides at a density of 5 x 104 cells/ml in 500 μl DMEM-F12
containing 5% CBS, penicillin (100 U/ml) and streptomycin (100 μg/ml), while THP-1 cells

were plated at a concentration of 1 x 105 cells/ml in 500 μl DMEM-F12 containing 5% CBS,

penicillin (100 U/ml) and streptomycin (100 μg/ml). One chamber was used for each

experimental condition. CL or its vehicle solution was added to culture media, followed by a 15
min incubation period. In select wells, cells were incubated for 30 min with anti-TLR 4
antibodies (10 µg/ml, clone MTS510 for primary murine microglia, or clone HTA125 for THP-1
cells) prior to the addition of CL. One µm diameter externally FITC-labelled latex beads were
added in a 10:1 bead:cell ratio. After one h incubation, light from non-internalized beads was
quenched by adding trypan blue at a final concentration of 0.05% to the culture medium.
Supernatant, trypan blue, and beads were removed from all wells by washing two times with one
ml PBS. Prior to imaging, bisBenzimide (2 μg/ml) nuclear stain was added to all wells in 0.5 ml
PBS.
Cells were visualized using a Zeiss AxioObserver.Z1 widefield epifluorescence
microscope with Zen image acquisition software (version 2.0) at an excitation/emission of
350/470 nm for bisBenzimide, and 470/520 nm for the fluorescent beads. Images of a minimum
of 50 cells per well were acquired and analyzed by another researcher, and thus data were
collected in a blinded manner. The mean fluorescence intensity (MFI) was measured using
ImageJ (version 1.53a, National Institute of Health, USA). Only viable cells, identified by trypan
blue exclusion, were examined. In addition, primary murine microglia were visualized using an
Olympus FluoView FV1000 confocal microscope and imaged using FV10-ASW software
(version 3.0) to confirm that fluorescing beads were engulfed by cells.
2.2.7 Assessing cell viability/death
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Cell viability was monitored by the MTT assay, which measured the reduction of watersoluble tetrazolium dye MTT to an insoluble purple formazan product by viable cells (Hansen et
al., 1989; Wenzel et al., 2019). Cells were incubated with MTT (0.5 mg/ml) at 37 °C for one h in
a 5% CO2 incubator. The resulting formazan crystals were dissolved by adding a volume of
sodium dodecyl sulfate (20% w/v)/N,N-dimethylformamide (50% v/v) solution equal to that of
the culture medium present in the well, then incubating the plates for three h. Optical densities
were measured at 570 nm using the FLUOstar Omega microplate reader. Cell viability data are
presented as percent compared to values obtained from cells incubated in growth medium only.
To assess cell death, PI, a fluorescent DNA dye which cannot penetrate membranes of
live cells, was used (Nieminen et al., 1992; Wenzel et al., 2019). PI (20 μg/ml) was added to the
cell cultures and the plates were incubated for 20 min at 37 °C in a 5% CO2 incubator.
Fluorescence intensity was measured by the FLUOstar Omega microplate reader, using 485 nm
excitation and 625 nm emission filters. Cell death data are presented as percent compared to
values obtained from cells lysed in growth medium only.
2.2.8 Data analysis
Data obtained were analyzed using (1) the randomized block design one-way analysis of
variance (ANOVA), followed by the Dunnett’s or Tukey’s post-hoc test, or (2) the paired
Student’s t-test with the Holm-Bonferroni correction for multiple comparisons. Independent
experiments are defined herein as assays performed on different days. Data are presented as
means ± standard error of the mean (SEM). Significance was established at P<0.05. Detection
limits were calculated using the following formula:
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𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 =

[(ODmean 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)+3∗(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)]−𝑏𝑏
𝑚𝑚

Where:

ODmean = mean optical density
m = slope value obtained from the linear standard curve
b = intercept value with the optical density axis obtained from the linear standard
curve
2.3 Results
2.3.1 CL regulates the secretion of MCP-1 and TNF-α by primary murine microglia
We assessed the effects of extracellular CL on the secretion of inflammatory mediators
MCP-1 and TNF-α by primary murine microglia. Previous studies have shown that microglial
secretion of these two inflammatory mediators can be induced by a diverse set of stimuli,
including LPS (McManus et al., 1998; Welser-Alves and Milner, 2013), IFN-γ (Rock et al.,
2005; Welser-Alves and Milner, 2013), Aβ42 (Cho et al., 2013; Shi et al., 2016), and α-syn
(Fellner et al., 2013; Roodveldt et al., 2013), which were also selected for the first series of
experiments (Fig. 2.1). Treating resting primary microglia with extracellular CL only (14 μM)
induced their secretion of MCP-1 (Fig. 2.1A), but not TNF-α (Fig. 2.1F). Figure 2.1 illustrates
that LPS, Aβ42, α-syn, and IFN-γ increased secretion of MCP-1 and TNF-α by primary murine
microglia. When cells were treated with CL prior to stimulation with LPS or Aβ42, their
secretion of MCP-1 and TNF-α decreased, compared to stimulated microglia treated with CL
vehicle solution only (Fig. 2.2B,C,G,H). CL reduced α-syn-induced secretion of TNF-α (Fig.
2.1I), while only a trend towards significant inhibition was observed for MCP-1 secretion
(P=0.06, Fig. 2.1D). CL had no effect on the secretion of MCP-1 and TNF-α by cells stimulated
with IFN-γ (Fig. 2.2E,J). According to the MTT assay, no significant changes in cell viability
were induced by CL, the stimuli alone, or any combinations of CL and stimuli used (Fig. S2.2 in
Appendix).
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Figure 2.1. Effects of CL on MCP-1 (A-E) and TNF-α (F-J) secretion by unstimulated and stimulated primary murine microglia. CL
was added to cell cultures to reach a final concentration of 14 µM. Cells were left unstimulated (A,F) or were stimulated with 20
ng/ml LPS (B,G), 5 µM Aβ42 (C,H), 10 µg/ml α-syn (D,I), or 150 U/ml IFN-γ (E,J) 15 min later. After 48 h incubation,
concentrations of MCP-1 and TNF-α in cell-free supernatants were measured by ELISAs. Data (means ± SEM) from eight (A-E) or
six (F-J) independent experiments performed on separate days are presented. *P<0.05, **P<0.01 according to the paired Student’s ttest with Holm-Bonferroni correction for multiple comparisons. The detection limits of the MCP-1 and TNF-α ELISAs are shown as
dotted lines.
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2.3.2 CL, but not structurally similar phospholipids, induces the secretion of MCP-1 by murine
BV-2 microglia and human THP-1 microglia-like cells in a TLR 4-dependent manner
In silico studies have implicated TLR 4 as one of the molecular targets of CL
(Balasubramanian et al., 2015). Activation of TLR 4 has also been shown to increase the
secretion of MCP-1 by immune cells, including microglia (Rustenhoven et al., 2016). Therefore,
I tested whether the effects of CL alone on MCP-1 secretion by BV-2 microglia and THP-1
monocytic cells were mediated by this receptor. TLR 4-blocking antibodies (10 μg/ml) or their
solvent was added to cell cultures, followed by CL (14 μM) or its vehicle solution (Fig. 2.2A,B).
CL alone increased the secretion of MCP-1 by BV-2 microglia and THP-1 cells. This effect of
CL was inhibited by TLR 4-blocking antibodies, which on their own did not affect MCP-1
secretion by BV-2 microglia or THP-1 cells. CL, TLR 4-blocking antibodies, or their solvents
did not affect viability of BV-2 or THP-1 cells according to the MTT assay (Fig. S2.3 in
Appendix and 2.5D,F).
Next, I assessed whether phospholipids that are structurally similar to CL, namely PA182
or PA181 (Fig. S2.1 in Appendix), could increase the secretion of MCP-1 by THP-1 monocytic
cells. PA182 and PA181 have only one phosphate head group and two acyl chains, which is
different from CL possessing two phosphate heads and four acyl chains; however, the 18-carbon
length and two degrees of acyl chain unsaturation make PA182 and PA181 similar to the CL
species used in this study. Neither PA182 nor PA181 at the concentration range used for CL
(0.4-14 µM) induced secretion of MCP-1 by THP-1 monocytic cells (Fig. 2.2C,D).
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Figure 2.2. Effects of CL on MCP-1 secretion by murine BV-2 microglia (A), and human THP-1
monocytic cells (B) in the presence or absence of TLR 4-blocking antibodies, as well as the
effects of phospholipids with two 18-carbon acyl chains, PA182 (C) and PA181 (D), on MCP-1
secretion by THP-1 cells. 10 µg/ml of anti-TLR 4 antibodies were added to cell cultures 30 min
before stimulation with CL (A,B). Different concentrations of PA182 (C) and PA181 (D) on
their own were added to cell cultures. After 48 h incubation, concentrations of MCP-1 in cellfree supernatants were measured by ELISA. Data (means ± SEM) from four to 13 independent
experiments performed on separate days are presented. *P<0.05, **P<0.01 according to the
Tukey’s post-hoc test. P and F values calculated by the one-way randomized blocks ANOVA are
shown, as well as the detection limits of the MCP-1 ELISAs as dotted lines.
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2.3.3 CL regulates the secretion of IP-10 and nitric oxide by THP-1 microglia-like cells
Since CL alone increased the secretion of MCP-1 by BV-2 and THP-1 cells, I studied the
effect of this phospholipid on secretion of two other inflammatory mediators, IP-10 and nitric
oxide, by human monocytic THP-1 cells. Nitric oxide was measured through its major
breakdown product, nitrite, using the Griess assay. CL (0.4-14 μM), when added to THP-1 cell
cultures, induced the secretion of IP-10 at all concentrations tested (Fig. 2.3A), and the secretion
of nitric oxide at the highest concentration tested (Fig. 2.3C). Control experiments showed no
chemical interaction between CL and the Griess reagents (Fig. S2.4 in Appendix).
Next, I tested the effects of CL at the same concentrations on the secretion of IP-10 and
nitric oxide by LPS-stimulated THP-1 cells. The secretion of IP-10 was reduced when CL (4 or
14 μM) was added to culture medium before LPS stimulation (Fig. 2.3B). Even at high 400
ng/ml concentrations, LPS alone did not induce the secretion of nitric oxide by THP-1 cells;
instead, LPS likely inhibited the stimulatory effect of CL at 14 μM seen on fig. 2.3C since in the
presence of LPS there was only a trend towards significant upregulation of nitric oxide by CL
(P=0.054, Fig. 2.3D). Viability of THP-1 cells was not affected by CL, or its vehicle solution,
according to the MTT assay (Fig. S2.5 in Appendix).
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Figure 2.3. Effects of CL on IP-10 (A,B) and nitric oxide (C,D) secretion by human THP-1
monocytic cells in the presence or absence of LPS. Increasing concentrations of CL (0.4-14 μM)
were added to cell cultures. Cells were left unstimulated (A,C) or were stimulated with 20 ng/ml
(B) or 400 ng/ml (D) LPS 15 min later. After 48 h incubation, concentrations of IP-10 and nitrite
in cell-free supernatants were measured by an ELISA and Griess assay respectively. Data (means
± SEM) from six independent experiments performed on separate days are presented. *P<0.05,
**P<0.01 compared to cells not exposed to CL, according to the Dunnett’s post-hoc test. P and F
values calculated by the one-way randomized blocks ANOVA are shown, as well as the
detection limits of the ELISA (A,B) or Griess assay (C,D) as dotted lines.
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2.3.4 CL, but not structurally similar phospholipids PA182 and PA181, regulates the secretion of
cytotoxins by THP-1 microglia-like cells
Since CL regulated the secretion of inflammatory cytokines and nitric oxide, a reactive
nitrogen species, by THP-1 cells, I studied the effect of CL on secretion of cytotoxins by these
microglia-like cells. I also tested the structurally similar phospholipids PA182 and PA181.
Increasing concentrations of CL (0.4-14 μM), PA182 (0.4-14 μM) or PA181 (0.4-14 μM) were
added to THP-1 cell cultures prior to their stimulation with LPS plus IFN-γ (Fig. 2.4). Figures
2.4A,C,E demonstrate that LPS plus IFN-γ stimulation induced the cytotoxicity of THP-1
supernatants towards SH-SY5Y neuronal cells, which could be observed as reduced viability of
SH-SY5Y recorded by the MTT assay. At the highest concentration tested, CL (14 μM) reduced
the toxicity of THP-1 supernatants towards SH-SY5Y neuronal cells, compared to supernatants
from THP-1 cells stimulated in the absence of CL (Fig. 2.4A). PA182 and PA181 did not
significantly affect the cytotoxicity of supernatants from stimulated THP-1 cells (Fig. 2.4C,E).
No significant changes in THP-1 cell viability were detected in this experiment according to the
MTT assay (Fig. 2.4B,D,F). In addition, when CL, PA182, or PA181 (0.4-14 μM) was added to
unstimulated THP-1 cells, cytotoxicity towards SH-SY5Y cells was not induced (Fig. 2.5).
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Figure 2.4. Effect of CL (A), PA182, (C) and PA181 (E) on cytotoxicity of stimulated human
THP-1 monocytic cells towards human SH-SY5Y neuronal cells. Increasing concentrations of
CL (B), PA182 (D), or PA181 (F) were added to THP-1 cell cultures 15 min before their
stimulation with LPS (20 ng/ml) plus IFN-γ (150 U/ml). After 48 h incubation, THP-1
supernatants were transferred onto SH-SY5Y cell cultures and viability of THP-1 cells measured
by the MTT assay (B,D,F). Following 72 h incubation with supernatants from THP-1 cells,
viability of SH-SY5Y cells was measured by the MTT assay (A,C,E). Data (means ± SEM) from
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five independent experiments performed on different days are presented. ** P<0.01 compared to
SH-SY5Y cells exposed to supernatants from THP-1 cells stimulated in the absence of CL,
according to the Dunnett’s post-hoc test. P and F values calculated by the one-way randomized
blocks ANOVA are shown. Dashed lines represent the mean signal from SH-SY5Y cells
incubated in tissue culture medium only and not exposed to THP-1 supernatants (A,C,E), or the
mean signal from unstimulated THP-1 cells (B,D,F).

Figure 2.5. Effect of CL (A), PA182, (C) and PA181 (E) on cytotoxicity of unstimulated human
THP-1 monocytic cells towards human SH-SY5Y neuronal cells. Increasing concentrations of
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CL (B), PA182 (D), or PA181 (F) were added to THP-1 cell cultures. After 48 h incubation,
THP-1 supernatants were transferred onto SH-SY5Y cell cultures and viability of THP-1 cells
measured by the MTT assay (B,D,F). Following 72 h incubation with supernatants from THP-1
cells, viability of SH-SY5Y cells was measured by the MTT assay (A,C,E). Data (means ±
SEM) from five independent experiments performed on different days are presented. P and F
values calculated by the one-way randomized blocks ANOVA are shown.
2.3.5 CL-induced increase of phagocytosis by primary murine microglia and THP-1 microglialike cells is mediated by TLR 4
The activation of TLR 4 has been shown to increase the phagocytic activity of immune
cells, including microglia (Michaud et al., 2013). Since CL reduced the secretion of cytokines by
stimulated microglia and microglia-like cells in a TLR 4-dependent manner, I used the effective
concentration of CL (14 μM) to evaluate its effect on the phagocytic activity of primary murine
microglia and THP-1 cells. TLR 4-blocking antibodies (10 μg/ml) or their solvent was added to
primary murine microglia or THP-1 cell cultures, followed by CL or its vehicle solution. The
phagocytosis of fluorescent latex beads by primary murine microglia and THP-1 cells was
studied 24 h later. Figure 2.6 demonstrates CL alone upregulated the phagocytic activity of
primary murine microglia and THP-1 cells. TLR 4-blocking antibodies significantly reduced this
effect of CL in both cell types. TLR 4-blocking antibodies on their own did not affect the
phagocytic activity of primary murine microglia or THP-1 cells. No significant changes in cell
viability were detected in this experiment according to the MTT assay (Fig. S2.6 in Appendix).
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Figure 2.6. Effects of CL on phagocytosis of latex beads by primary murine microglia (A) or
human THP-1 monocytic cells (B) in the presence or absence of TLR 4-blocking antibodies. 10
µg/ml of anti-TLR 4 antibodies were added to cell cultures first. After 30 min incubation, CL
was added to reach the final concentrations of 14 µM. After a 24 h incubation period, fluorescent
latex beads were added to cell cultures for one h, followed by quenching non-internalized beads
with 0.05% trypan blue. Fluorescence intensity of unquenched latex beads in live cells was
measured using a widefield microscope. Data (means ± SEM) from four independent
experiments performed on separate days are presented as a fold change of phagocytosed bead
fluorescence in live cells, compared to cells exposed to latex beads in growth medium only.
*P<0.05, **P<0.01 according to the Tukey’s post-hoc test. P and F values calculated by the oneway randomized blocks ANOVA are shown.
2.4 Chapter discussion
Extracellular CL has recently been shown to regulate the functions of immune cells,
including microglia and peripheral macrophages (Balasubramanian et al., 2015; Pizzuto et al.,
2019; Pointer et al., 2019). For example, extracellular CL upregulated murine microglia
phagocytic activity and expression of two different neurotrophic factors (Pointer et al., 2019).
Phagocytic activity of cell lines from human and murine hosts was also upregulated by treatment
with CL-containing liposomes (Balasubramanian et al., 2015). Initially, in silico studies
identified TLR 4 as the candidate cell surface receptor CL could interact with (Balasubramanian
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et al., 2015). Subsequently, in vitro experiments using human and murine peripheral immune
cells demonstrated that CL species with saturated acyl chains activated TLR 4, while species
with unsaturated acyl chains blocked the effects of TLR 4 agonists (Pizzuto et al., 2019). It is
important to note that the innate and acquired immune responses of humans and mice are not
identical (Mestas and Hughes, 2004). Specifically, the coding sequences for the extracellular
ligand-recognition domain of TLR 4 are different between humans and mice; although, the
intracellular TLR 4 signalling domain is highly conserved between these two species (Lizundia
et al., 2008; Schroder et al., 2012; Vaure and Liu, 2014). Therefore, I investigated the effects of
extracellular CL on microglia by using both human and murine cells. Upon activation, microglia
release a mixture of inflammatory cytokines and cytotoxins, possibly contributing to the
progression of neurodegenerative diseases (Brabazon et al., 2018; Clayton et al., 2017; Klegeris
et al., 2005). In addition, microglial phagocytosis, which is essential to maintaining brain
homeostasis, becomes dysregulated in AD (Galloway et al., 2019); therefore, I studied whether
extracellular CL could regulate these immune functions of microglia in vitro.
Our data, showing inhibitory effect of CL on the secretion of TNF-α and MCP-1 by
activated primary murine microglia, were consistent with previous observations demonstrating
that CL reduced the secretion of TNF-α by LPS-activated immortalized murine bone marrowderived macrophages (BMDMs), BV-2 microglia, primary human monocyte-derived
macrophages, human peripheral blood mononuclear cells and THP-1 cells (Balasubramanian et
al., 2015; Pizzuto et al., 2019; Pointer et al., 2019). Similar to our observations with LPSactivated THP-1 cells, Pizzuto et al. (2019) also demonstrated that mono- and di-unsaturated CL
downregulated the secretion of IP-10 by LPS-activated murine BMDMs.
We were able to repeat experiments by Pointer et al. (2019) who showed that
extracellular CL inhibited secretion of cytotoxins by LPS plus IFN-γ-stimulated THP-1 cells
without reducing their viability. Herein, I extended this previous observation by demonstrating
that CL inhibited secretion of several potentially neurotoxic molecules, including MCP-1, IP-10,
and TNF-α (Annis et al., 2013; Sui et al., 2004; Yang et al., 2011), by activated microglia or
microglia-like cells. Since the cytotoxicity of microglial supernatants can be mediated by a
mixture of toxins (Clayton et al., 2017), the overall anti-cytotoxic activity of CL on microglia38

like THP-1 cells is likely due to its ability to lower concentrations of these toxins in supernatants
from immune-stimulated cells. I also showed that the anti-cytotoxic activity of CL was not
mediated by its phospholipid fragments.
We demonstrated that PA182 and PA181, which are similar to the phospholipids forming
CL, did not inhibit secretion of cytotoxins by immune-stimulated THP-1 cells. Furthermore,
unlike CL, neither of these two phospholipids induced secretion of MCP-1 by THP-1 cells.
These observations indicated that the overall four acyl chain structure of CL was required for its
extracellular activity. Interestingly, liposomes containing both phosphatidylcholine and
phosphatidylserine were shown to downregulate the secretion of TNF-α and nitric oxide by Aβ
plus IFN-γ-stimulated primary rat microglia, as well as to reduce their production of reactive
oxygen species (Hashioka et al., 2007). The fact that PA182 and PA181 were ineffective in our
study demonstrated that not all phospholipids regulate the secretion of cytokines and cytotoxins
by microglia and microglia-like cells and that the cellular effects of extracellular CL are specific
for this diphosphatidylglycerol lipid.
Our observation that CL alone induced the secretion MCP-1 and IP-10, but not TNF-α,
by microglia and microglia-like cells was partially supported by a previous study demonstrating
that liposomes containing CL activated nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-κB) in RAW-Blue cells derived from murine RAW 264.7 macrophages (Pizzuto et al.,
2019). NF-κB activation in immune cells commonly leads to upregulated secretion of a broad
range of cytokines, including IP-10 (CXCL10), MCP-1, TNF-α (Liu et al., 2017). Interestingly,
Pizzuto et al. (2019) showed that CL-containing liposomes induced the secretion of TNF-α by
murine BMDMs and human monocytic cells, which is different from our observations with
murine primary microglia; however, it should also be noted that this study used liposomes
containing CL with saturated acyl chains, while the CL used in our experiments had all acyl
chains unsaturated. It is important to point out that our data showed MCP-1 levels in the
supernatants of primary murine microglia were lower than BV-2 microglia after CL treatment
alone. Interestingly, previous studies demonstrated that primary murine microglia produced
higher levels of MCP-1 in response to LPS compared to BV-2 microglia (Chhor et al., 2013; Das
et al., 2016). However, it is important to note that these studies either did not report the density
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of cells plated or used different densities for each cell type. It is possible that low levels of MCP1 secretion by primary murine microglia I observed was due to these cells being plated at a
density four times less than BV-2 microglia.
Our data, showing CL alone induced the secretion of nitric oxide by undifferentiated
THP-1 cells, were unique since several previous studies had failed to induce nitric oxide
productions by human microglia or microglia-like cells, even when such potent stimuli as LPS
and IFN-γ were used (Chen et al., 1996; Klegeris et al., 2005). Interestingly, Pointer et al. (2019)
reported that CL alone did not induce the secretion of nitric oxide, or the expression of inducible
nitric oxide synthase (iNOS), by murine BV-2 microglia. Therefore, our observation that CL
induces the secretion of nitric oxide by THP-1 cells may be cell type-specific. Even though nitric
oxide is commonly considered a microglial cytotoxin, it is important to point out that its
neuroprotective properties have also been reported (Garry et al., 2015). Even though I
demonstrated CL alone upregulated the secretion of several potentially cytotoxic molecules,
including MCP-1, IP-10 and nitric oxide, by THP-1 microglia-like cells, supernatants from CLstimulated THP-1 cells were not toxic towards SH-SY5Y neuronal cells. This observation could
indicate that CL alone was unable to induce the release of monocytic cell cytotoxins at
sufficiently high concentrations to show toxic effects.
Exogenous CL and liposomes containing CL have already been shown to upregulate the
phagocytic activity of immune cells, including primary murine microglia, RAW264.7 murine
macrophages, and differentiated THP-1 cells (Balasubramanian et al., 2015; Pointer et al., 2019).
Balasubramanian et al. (2015) demonstrated that liposomes containing CL with monounsaturated
acyl chains were internalized with efficiency similar to liposomes containing CL with two
degrees of acyl chain unsaturation. The same study showed that liposomes containing a mixture
of CL species with different length and saturation of acyl chains upregulated the phagocytic
activity of RAW 264.7 cells. I extended these previous studies by demonstrating that
extracellular CL upregulated phagocytic activity of primary murine microglia and human THP-1
cells in TLR 4-dependent manner.
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By using TLR 4 blocking antibodies, I showed that this receptor mediated the
extracellular CL-induced phagocytosis as well as cytokine secretion of microglia and microglialike cells of murine and human origin. Supporting our observations, Pizzuto et al. (2019)
demonstrated that the entire LPS receptor-activation pathway, including CD 14, MD 2, and TLR
4, was required for CL to induce the secretion of cytokines. Interestingly, Balasubramanian et al.
(2015) reported that CD 36, another receptor often associated with TLR 4, could also mediate the
CL-induced increase in phagocytic activity. Their data demonstrating reduced, but not absent,
phagocytic activity in macrophages with CD 36 knocked out indicated that TLR 4 and CD 36
could cooperate to regulate the effects of CL on microglial phagocytosis.
Additional indirect support for TLR 4 as the key microglial surface receptor that binds
CL came from our observations that this phospholipid alone induced cytokine production by
microglia and microglia-like cells, while inhibiting their cytokine secretion induced by TLR 4
agonist LPS, but not IFN-γ which does not bind to TLRs (Ottum et al., 2015). Very similar
observations were reported by Pizzuto et al. (2019) who demonstrated that CL alone induced the
secretion of TNF-α and IL-1β by primary human monocytes, but inhibited LPS-induced
secretion of the same cytokines by primary human peripheral blood mononuclear cells. It is
possible that CL enhances cell tolerance towards TLR 4 agonists through mechanisms described
in previously published studies (Sato et al., 2000; Seeley and Ghosh, 2017). For example, pretreating murine peritoneal macrophages with TLR 2/6 agonist macrophage-activating
lipopeptides, 2 kDa (MALP-2) prior to LPS reduced their secretion of TNF-α by downregulating
TLR 4 expression (Sato et al., 2000). Recent studies also showed that the activation of TLR 4 by
LPS upregulated the production of microRNAs, which alter signaling events upon subsequent
activation of this receptor (for a review, see Seeley and Ghosh, 2017). For instance, these
microRNAs inhibited the activation of NF-κB and the secretion of cytokines including TNF-α.
Several other TLR 4 ligands have shown a similar ability to induce cytokine secretion by
resting cells and inhibit the stimulatory effects of LPS (Hayashi et al., 2014; Tanaka et al., 2013).
For example, the synthetic TLR 4 ligands 1Z105 and 1Z88 alone induced the production of IP-10
and IL-6 by bone marrow-derived dendritic cells. The same molecules inhibited LPS-induced
secretion of IL-6 by bone marrow-derived macrophages (Hayashi et al., 2014). This study also
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reported that the stimulatory effects of 1Z105 and 1Z88 on cytokine production were
significantly weaker when compared to such potent TLR 4 agonists as LPS and monophosphoryl
lipid A. Notably, our experiments also showed that CL induced low-level secretion of MCP-1
compared to other known TLR 4 agonists LPS, Aβ42 and α-syn.
2.5 Chapter conclusion
Since Aβ42 and α-syn have been previously reported to activate glia in a TLR 4dependent manner (Fellner et al., 2013; Shi et al., 2016), I investigated whether CL inhibited
cytokine secretion by primary microglia stimulated with these neuropathology-associated
proteins. Our observation that CL reduced the secretion of the pro-inflammatory, and potentially
cytotoxic, TNF-α by Aβ42- and α-syn-stimulated primary murine microglia is in line with
several previous reports identifying protective effects of TLR 4 antagonists in experimental and
animal models of AD and PD (Hughes et al., 2020, 2019; Kostuk et al., 2018; Rannikko et al.,
2015). Even though CL induced low-level secretion of several inflammatory mediators, the fact
that it also upregulated the beneficial phagocytic activity of microglia and reduced the secretion
of cytotoxins by microglia stimulated with potent immune stimuli (LPS, Aβ42 and α-syn)
indicated that extracellular CL might play an overall protective and neuroinflammation-resolving
role in brain pathologies. Thus, our data support previous studies identifying CL as one of the
RAMPs of the CNS (Klegeris, 2020; Wenzel et al., 2020b). Future in vivo experiments using
brain-derived CL will need to be conducted to establish conclusively that extracellular CL can
regulate microglial activation and ameliorate neuroinflammatory processes in AD and PD.
Additional experiments also need to be conducted to determine physiologically-relevant
concentrations of CL that exist in the intercellular space of the brain parenchyma under
pathological conditions, such as AD.
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Chapter 3: Cytochrome c can be released into extracellular space and modulate functions
of human astrocytes in a toll-like receptor 4-dependent manner
3.1 Chapter introduction
CytC is a highly conserved 12-kDa protein consisting of 104 amino acids and a
covalently attached heme group (Bushnell et al., 1990). The primary location of CytC is in the
mitochondrial intermembrane space. CytC has multiple intracellular functions: (1) it serves as an
electron carrier between complex III and IV of the electron transport chain; (2) it scavenges ROS
generated by the electron transport chain; and (3) it has a key role in the initiation of apoptosis
once CytC leaks from mitochondria into the cytosol (Atlante et al., 2000; Goodsell, 2004;
Hüttemann et al., 2011). During oxidative stress, the release of CytC into the cytosol mediates
apoptosis by initiating the caspase cascade through the activation of caspase 9 (Kagan et al.,
2005).
Following cell death in the periphery and the CNS, elevated concentrations of CytC have
been observed in the serum and cerebrospinal fluid, respectively, suggesting that CytC may also
be released into the extracellular space by damaged or dying cells (Au et al., 2012;
Radhakrishnan et al., 2007). For example, following the induction of necrosis in splenocytes,
CytC was observed immediately in the extracellular space, while apoptotic insults caused a
delayed release (Jemmerson et al., 2002). Similarly, damaged neurons have been shown to
release CytC into cell culture medium (Ahlemeyer et al., 2002).
Several immunomodulatory properties of extracellular CytC have been reported in the
periphery. Intra-articular injection of CytC in mice induced the accumulation of neutrophils and
macrophages leading to chronic inflammation and symptoms characteristic of rheumatoid
arthritis (Pullerits et al., 2004). The same study demonstrated extracellular CytC induced NF-κB
activation and the release of inflammatory cytokines and chemokines such as IL-6, TNF-α, and
MCP-1 from cultured mouse splenocytes. These studies indicate a possible role for CytC as a
DAMP similar to HMGB1 and TFAM. DAMPs are endogenous molecules that can perform
immunomodulatory functions following active secretion or passive release by damaged or dying
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cells into the extracellular space (Bianchi et al., 2011; Faraco et al., 2007; Little et al., 2014;
Lotze and Tracey, 2005; Štros, 2010).
Similar to other well-characterized DAMPs such as HMGB1 and TFAM, extracellular
CytC has been shown to activate immune responses of microglia and microglia-like cells, which
represent the innate immune system in the CNS. Studies using human microglia and neuron
models have demonstrated that CytC in combination with bacterial LPS causes neurotoxic
inflammatory responses in vitro, and these effects of CytC on microglia were at least partially
mediated by its interaction with the TLR 4 (Gouveia et al., 2017). Since TLR 4 is also expressed
by another CNS glial cell type, astrocytes, I hypothesized that CytC released into the
extracellular space of the CNS may also be recognized by astrocytes and produce
neuroinflammatory effects that are detrimental to neuronal survival.
Astrocytes are the most abundant subtype of glial cells in the CNS and they play
numerous roles that support neuronal function including the initiation and modulation of synapse
formation, transportation and storage of metabolic substrates, as well as maintenance of ion and
water homeostasis (Forsyth et al., 1996; Simard and Nedergaard, 2004; Ullian et al., 2004).
However, in response to specific pathological stimuli, astrocytes undergo a process of activation
similar to microglia, termed reactive astrogliosis, in which they upregulate the production of
cytotoxins and pro-inflammatory mediators (Johnstone et al., 1999; Li et al., 2011; Nagele et al.,
2004). In this study, I used primary human astrocytes and U118 MG human astrocytic cells to
show that extracellularly applied CytC modulated immune responses in this cell type. I
demonstrated that CytC upregulated secretion of the inflammatory mediators granulocytemacrophage colony-stimulating factor (GM-CSF), IL-1β, IL-12 p70, and IL-8 as well as induced
astrocyte-mediated cytotoxicity. The effects of CytC on astrocytes were shown to be at least
partially mediated by the TLR 4 receptor. In addition, I demonstrated that damaged microglia
and astrocytes could be another source of extracellular CytC in the brain. By elucidating the role
of CytC and TLR 4 in the mechanisms leading to CNS neuroinflammation, I identified possible
novel targets for the development of therapies for neurodegenerative disorders where immune
activation of astrocytes contributes to the disease pathogenesis.
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3.2 Materials and methods
3.2.1 Reagents
Bovine serum albumin (BSA), CBS, DMEM-F12, 0.05% and 0.25% trypsin with
ethylenediaminetetraacetic acid (EDTA), diethanolamine, penicillin/streptomycin stock
solutions, N, N-dimethylformamide, sodium dodecyl sulfate, and the Pierce bicinchoninic acid
(BCA) protein assay kit were purchased from Thermofisher Scientific (Ottawa, ON, Canada).
MTT, PBS, phosphatase substrate tablets, PI, and CytC (from bovine heart, Cat. No. C3131)
were obtained from Sigma Aldrich (Oakville, ON, Canada). Human recombinant IFN-γ and IL1β, as well as ELISA development kits for IL-8 and IL-1β, were purchased from PeproTech
(Embrun, ON, Canada). TAK 242 was supplied by Tocris (Oakville, ON, Canada). The alkaline
phosphatase-labeled anti-mouse antibody was supplied by Invitrogen Canada (Burlington, ON,
Canada). Mouse CytC ELISA kits were supplied by Reddot Biotech (Ottawa, ON, Canada).
Aβ42 was purchased from California Peptide Research (Salt Lake City, UT, USA). All other
reagents were from Thermofisher Scientific (Ottawa, ON, Canada).
3.2.2 Cell cultures models
The human glioma-derived astrocytic U118 MG cell line was purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). U118 MG cells, which
present with both glioblastoma and astrocytoma cell morphologies, were used as models of
human astrocytes. The human neuroblastoma SH-SY5Y cell line was donated by Dr. R. Ross
(Department of Biological Sciences, Fordham University, Bronx, NY, USA). The murine
microglia BV-2 cell line was donated by Dr. G. Garden (Department of Neurology, University of
Washington, Seattle, WA, USA). GFAP-positive and S100 calcium-binding protein B (S100B)positive primary human astrocytes isolated from surgically resected temporal lobe tissues were
obtained from the Kinsmen Laboratory of Neurological Research, the University of British
Columbia (UBC), Canada. Normal tissue overlying epileptic foci was collected from four
different subjects. The use of human brain materials was approved by the UBC Clinical
Screening Committee for Human Subjects. Cells were cultured in DMEM-F12 supplemented
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with 10% CBS, penicillin (100 U/ml) and streptomycin (100 μg/ml) in T-75 flasks incubated at
37 °C in humidified 5% CO2 and 95% air atmosphere.
3.2.3 Secretion of inflammatory mediators by U118 MG cells and human astrocytes
Primary human astrocytes were plated in 96-well plates at a concentration of 2 x 105

cells/ml in 0.25 ml DMEM-F12 medium containing 5% CBS, penicillin (100 U/ml) and

streptomycin (100 μg/ml) and incubated for 24 h to allow their adherence. Cells were incubated
with mouse anti-TLR 4 antibodies (five μg/ml, clone HTA125, Ebioscience, San Diego, CA,
USA), isotype control mouse monoclonal anti-superoxide dismutase (SOD) 1 antibody (10
μg/ml, clone 10D5, from Sigma Aldrich), TAK 242 (10 μM), or equivalent volumes of solvents
(PBS or dimethyl sulfoxide). Following one h incubation, 50 μg/ml CytC was added. After 48 h
incubation, cell-free supernatants were collected and stored at -20°C. IL-8 concentration in the
supernatants was measured by the ELISA kit according to the instructions provided by its
manufacturer (PeproTech). Concentrations of all other inflammatory mediators in supernatant
samples were measured by Eve Technologies (Calgary, AB, Canada) using multiplex assays.
Detection limits were reported to be 0.13 – 0.35 pg/ml.
U118 MG astrocytic cells were plated in 24-well plates at a concentration of 2 x 105

cells/ml in one ml of DMEM-F12 containing 5% CBS, penicillin (100 U/ml) and streptomycin
(100 μg/ml) and incubated for 24 h to allow their adherence. Cells were incubated with 10 μg/ml
mouse anti-TLR 4 antibodies or an equivalent volume of solvent (PBS). Following 30 min
incubation, CytC (1-50 μg/ml) was added. Heat-inactivated CytC (50 μg/ml) was also used since
thermal denaturation leads to irreversible structural changes in this protein (Liu and Konermann,
2009); it was prepared by incubating CytC for 45 min at 90 °C. After 48 h incubation, cell-free
supernatants were collected to measure IL-1β and IL-8 concentrations by ELISA.
3.2.4 Measurement of TLR 4 expression
Human U118 MG astrocytic cells were plated in 96-well plates at 2 x 105 cells/ml in

0.25 ml DMEM-F12 medium containing 5% CBS, penicillin (100 U/ml) and streptomycin (100
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μg/ml) and incubated for 24 h to allow their adherence. Cells were incubated for 48 h with:
solvent (PBS); IL-1β (100 U/ml) plus IFN-γ (150 U/ml); CytC (50 μg/ml) alone; and CytC in
combination with IL-1β and IFN-γ. Expression of TLR 4 on the surface of U118 MG cells was
measured as described previously for other cell surface receptors (Józefowski et al., 2011;
Klegeris et al., 2006). First, cells were fixed by air drying for 30 min. The plates were incubated
at room temperature with 3% BSA in PBS for two h, washed three times with PBS, incubated
with monoclonal anti-TLR 4 antibodies diluted 1:100 in 3% BSA in PBS for one h, washed three
times with PBS, and then incubated with goat anti-mouse immunoglobulin G (IgG) alkaline
phosphatase conjugate diluted 1:3000 in 3% BSA in PBS for one h. After washing three more
times with PBS, the presence of surface TLR 4 in each of the wells was determined using a
microplate reader. Optical densities at 405 nm were measured after incubating the wells for two
h with 1 mg/ml Sigma 104 phosphate substrate in 0.1 M diethanolamine buffer, pH 9.8. Optical
density signal in each well was normalized to protein concentration in the same well measured
with a BCA assay used as described by the manufacturer (Thermofisher Scientific).
3.2.5 Cytotoxicity of U118 MG cells and human astrocytes towards SH-SY5Y neuronal cells
To study CytC-induced cytotoxicity of astrocytic cells, supernatant transfer experiments
were performed as described in a previously published study (Klegeris et al., 2003). Briefly,
U118 MG cells were plated as outlined in section 2.3. Following 24 h incubation, the cells were
stimulated with different concentrations of CytC (1-50 μg/ml). After 48 h incubation, 0.4 ml of
cell-free supernatant were transferred to each well containing SH-SY5Y cells that had been
plated 24 h earlier at a concentration of 2 x 105 cells/ml in 0.4 ml of DMEM-F12 containing 5%
CBS, penicillin (100 U/ml) and streptomycin (100 μg/ml). After 72 h incubation, neuronal cell
viability was assessed by the MTT assay and cell death was assessed by the PI assay.

Primary human astrocytes were plated as described in section 2.3. Following 24 h
incubation, the cells were stimulated with CytC (5 μg/ml). After 24 h incubation, 0.15 ml of cellfree supernatant was transferred to each well containing SH-SY5Y cells that had been plated 24
h earlier at a concentration of 2 x 105 cells/ml in 0.15 ml of DMEM-F12 containing 5% CBS,

47

penicillin (100 U/ml) and streptomycin (100 μg/ml). After 72 h incubation, neuronal cell
viability was assessed by the MTT assay.
3.2.6 Direct toxicity of CytC to SH-SY5Y neuronal cells
When neuronal cells are exposed to supernatants from CytC-stimulated astrocytes, some
of the CytC could be transferred onto SH-SY5Y cells possibly causing the toxic effects;
therefore, the direct toxicity of extracellular CytC applied to the culture media of SH-SY5Y cells
was assessed as follows. Neuronal cells were plated at 2 x 105 cells/ml in 0.4 ml DMEM-F12

medium containing 5% CBS, penicillin (100 U/ml) and streptomycin (100 μg/ml) and incubated
for 24 h to allow their adherence. Cells were then exposed to varying concentrations of CytC (150 μg/ml) for 72 h and the MTT assay was used to measure neuronal cell viability.
3.2.7 Release of CytC into the extracellular space by human astrocytes and BV-2 murine
microglia
Concentration of extracellular CytC in cell supernatants was measured using an ELISA as

described previously for staurosporine-treated cells with modifications (Ahlemeyer et al., 2002).
Murine BV-2 microglia and primary human astrocytes were plated in a 6-well plate at a
concentration of 2 x 105 in one ml of serum-free DMEM-F12 and incubated for 24 h to allow
their adherence. Cells were exposed to the following experimental conditions for eight and 24 h:
200 nM staurosporine or its vehicle solution (0.1% dimethyl sulfoxide); 25 μM Aβ42 or its
vehicle solution (PBS); 250 μg/ml TNF-α or its vehicle solution (PBS). Cell-free supernatants
were collected and concentrated approximately three-fold using centrifugal filters with a 10-kDa
molecular weight cutoff and centrifugation (4000 x g for 10 min at room temperature).
3.2.8 ELISA
Concentrations of IL-8 and IL-1β in cell-free supernatants from U118 MG cells
stimulated for 48 h with CytC were measured using PeproTech ELISA development kits
according to the manufacturer’s instructions. The detection limits for the IL-8 and IL-1β ELISAs
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were experimentally determined to be between 20 and 80 pg/ml. Concentrations of CytC in cellfree supernatants from BV-2 murine microglia and primary human astrocytes treated with
staurosporine, Aβ42, or TNF-α were measured using Reddot Biotech CytC ELISA kits according
to the manufacturer’s instructions. The detection limit for the CytC ELISA was experimentally
determined to be 0.13 ng/ml.
3.2.9 MTT cell viability assay
Viability of the cells was monitored by the MTT assay as described previously (Hansen
et al., 1989; Mosmann, 1983). This assay measures the reduction of water-soluble tetrazolium
dye MTT to an insoluble purple formazan product by viable cells. MTT (0.5 mg/ml) was added
to the cell cultures and the plates were incubated for one h at 37 °C in a CO2 incubator. An equal
volume of 20% w/v sodium dodecyl sulfate in 1:1 N,N-dimethylformamide:H2O solution was
then added to each well to solubilize the formazan crystals. The plates were incubated at 37 °C
for three h and optical densities were measured at 570 nm using the FLUOstar Omega microplate
reader (BMG Labtech, Nepean, ON, Canada).
3.2.10 Propidium iodide cell death assay
The percentage of dead cells was evaluated using a fluorescent microplate reader as
described previously with modifications (Nieminen et al., 1992; Zhang et al., 1999). PI, which
cannot penetrate membranes of live cells, was added to each well at 20 μg/ml. After 20 min
incubation at 37oC, the fluorescence intensity from the dead cells was measured by a microplate
reader using 485 nm excitation and 625 nm emission filters.
3.2.11 Data analysis
Data obtained were analyzed using (1) the randomized block design one-way ANOVA,
followed by the Dunnett’s or Tukey’s post-hoc test, or (2) the paired Student’s t-test, followed by
the Holm-Bonferroni correction for multiple comparisons. Data are presented as means ± SEM.
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Significance was established at P<0.05. Detection limits were calculated using the following
formula:
𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 =

[(ODmean 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)+3∗(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑓𝑓 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)]−𝑏𝑏
𝑚𝑚

Where:

ODmean = mean optical density
m = slope value obtained from the linear standard curve
b = intercept value with the optical density axis obtained from the linear standard
curve
3.3 Results
3.3.1 CytC induces secretion of inflammatory mediators by human astrocytes
The concentrations of eight different inflammatory mediators in the supernatant of
primary human astrocytes exposed to 50 μg/ml CytC for 48 h were measured and the data
obtained are summarized in table 3.1 and figure 3.1. Human astrocytes exposed to CytC secreted
significantly elevated concentrations of GM-CSF, IL-1β, and IL-12 p70 when compared to
astrocytes exposed to PBS vehicle solution alone.
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Table 3.1. Concentration of inflammatory mediators in the supernatants of primary human
astrocytes.
Inflammatory mediators

Vehicle-treated

CytC-treated

P-values

astrocytes (pg/ml)

astrocytes (pg/ml)

GM-CSF

0.27 ± 0.05

0.85 ± 0.23

P<0.01 (**)

IL-1β

0.19 ± 0.04

0.53 ± 0.17

P<0.01 (**)

IL-12 p70

0.43 ± 0.02

0.93 ± 0.03

P<0.01 (**)

IFN-γ

0.33 ± 0.03

0.33 ± 0.03

P=0.4

IL-6

0.36 ± 0.02

0.36 ± 0.01

P=0.9

MCP-1

0.69 ± 0.13

2.05 ± 0.78

P=0.3

TNF-α

0.30 ± 0.01

0.30 ± 0.01

P=0.6

Concentrations of inflammatory mediators in the supernatants of primary human astrocytes
exposed to CytC for 48 h were measured using multiplex analysis. Data (means ± SEM) from
cells extracted from three different subjects are presented. ** P<0.01, different from CytC
vehicle-treated cells, according to two-tailed paired the Student’s t-test with the HolmBonferroni correction for multiple comparisons.
3.3.2 Anti-TLR 4 antibody inhibits CytC-induced secretion of inflammatory mediators by human
astrocytes
We investigated TLR 4 as a possible receptor engaged by CytC leading to the increased
secretion of inflammatory mediators by primary human astrocytes. TLRs have been implicated
in mediating the immune responses of microglia and microglia-like cells to several different
DAMP molecules, including mitochondrial TFAM (Schindler et al., 2018). In addition,
extracellular CytC was shown to prime the respiratory burst of microglia-like cells by engaging
TLR 4 (Gouveia et al., 2017). Astrocytes also express several different TLRs, including TLR 4
(Bsibsi et al., 2007). I demonstrated that pre-incubation of primary human astrocytes with anti51

TLR 4 antibodies (5 μg/ml) significantly inhibited their CytC (50 μg/ml)-induced secretion of
GM-CSF (Fig. 3.1A) and IL-1β (Fig. 3.1B), but not IL-12 p70 (Fig. 3.1C). Anti-TLR 4
antibodies also reduced CytC-induced IL-8 secretion more than two fold, but this effect showed
only a trend towards significance with the limited numbers of experiments performed (Fig.
3.1D). Anti-TLR 4 antibodies on their own did not affect the secretion of these four
inflammatory mediators by astrocytes (Fig. S3.1 in Appendix).

Figure 3.1. Anti-human TLR 4 antibodies inhibited CytC-induced upregulation of GM-CSF (A)
and IL-1β (B), but not IL-12 p70 (C) or IL-8 (D) secretion by human primary astrocytes. Data
(means ± SEM) from cells extracted from three different subjects are presented. * P<0.05
according to the paired Student’s t-test with the Holm-Bonferroni correction for multiple
comparisons. The detection limits of the ELISAs are shown as dotted lines.
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3.3.3 CytC upregulates the secretion of IL-1β and IL-8 by U118 MG astrocytic cells
Next, I showed that exposure of human U118 MG astrocytic cells to extracellular CytC
(1-50 μg/ml) for 48 h resulted in a significant increase of IL-1β (Fig. 3.2A) and IL-8 (Fig. 3.2B)
concentrations in their supernatants compared to cells treated with the vehicle solution only. At
the highest concentration tested, CytC induced an approximate three-fold increase in secretion of
both these cytokines. To investigate whether the tertiary structure of CytC, including the heme
group, was required for this biological activity, the experiment was repeated by using heatinactivated CytC. Similar to the reported lack of effects on microglia-like cells (Gouveia et al.,
2017), the exposure of U118 MG astrocytic cells to heated CytC (50 μg/ml) for 48 h did not
induce secretion of IL-1β (Fig. 3.2A) or IL-8 (Fig. 3.2B). CytC (see Fig. 3.5C), or heated CytC
(Fig. S3.2 in Appendix), at the concentrations used did not significantly affect the viability of
U118 MG cells.
3.3.4 Anti-TLR 4 antibodies and TLR 4 signaling inhibitor TAK 242 block CytC-induced
secretion of cytokines by U118 MG astrocytic cells
We also evaluated whether the CytC-induced secretion of IL-1β and IL-8 by U118 MG
cells depended on TLR 4. Anti-TLR 4 antibodies (10 μg/ml) blocked CytC (50 μg/ml)-induced
secretion of IL-1β (Fig. 3.2C) and IL-8 (Fig. 3.2D) by U118 MG cells. Anti-TLR 4 antibodies on
their own did not affect the secretion of IL-1β (Fig. 3.2C) or IL-8 (Fig. 3.2D) by U118 MG cells.
The anti-SOD 1 isotype control antibodies did not inhibit CytC-induced secretion of IL-1β by
U118 MG cells (Fig. S3.3 in Appendix). In addition, I showed that the CytC-induced secretion of
IL-1β was blocked by one h pre-incubation of U118 MG cells with 10 µM TAK 242 (Fig. 3.2E),
which is a selective inhibitor of TLR 4 signaling (Hussey et al., 2012; Wei et al., 2016). At the
concentrations used, the anti-TLR 4 or anti-SOD 1 antibodies, TAK 242, CytC, or their vehicle
solutions did not affect the viability of U118 MG cells (Fig. S3.4 in Appendix).
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Figure 3.2. Extracellular CytC upregulated the secretion of IL-1β (A), and IL-8 (B) by human
U118 MG astrocytic cells, while heated CytC applied at the highest concentration (50 µg/ml)
was ineffective. Anti-human TLR 4 antibodies blocked CytC-induced secretion of IL-1β (C), and
IL-8 (D) by U118 MG astrocytic cells. An inhibitor of TLR 4 signaling TAK 242 abolished
CytC-induced secretion of IL-1β by U118 MG astrocytic cells (E). Anti-human TLR 4
antibodies, TAK 242, or the vehicle solution did not affect the concentration of IL-1β or IL-8 in
supernatants of U118 MG astrocytic cells. Data (means ± SEM) from five to six independent
experiments are presented. * P<0.05 according to the Dunnett’s post-hoc test (A,B). * P<0.05, **
P<0.01 according to the Tukey’s post-hoc test (C-E). P and F values for the one-way randomized
blocks ANOVA are also shown, as well as the detection limit of the ELISAs as a dotted line.
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3.3.5 CytC upregulates TLR 4 expression by U118 MG astrocytic cells
Immune stimuli acting through TLR 4 have been shown to upregulate expression of this
receptor (Moser et al., 2016); therefore, I measured TLR 4 protein levels in U118 MG cells
following their exposure to extracellular CytC. Figure 3.3 shows that TLR 4 levels were
significantly higher in U118 MG cells exposed to extracellular CytC (50 μg/ml) compared to
cells treated with the vehicle solution only. TLR 4 expression showed a trend towards further
1.5-fold increase when cells were co-stimulated with CytC, IFN-γ and IL-1β (Fig. 3.3).

Figure 3.3. Extracellular CytC upregulated the cell surface expression of TLR 4 by human U118
MG astrocytic cells. CytC (50 μg/ml) alone and in combination with IFN-γ (150 U/ml) and IL-1β
(100 U/ml) was added to U118 MG cell culture medium and TLR 4 levels were measured
following 48 h incubation. Data (means ± SEM) from seven independent experiments are
normalized to the protein concentration in each well. The results are expressed as the foldchange compared to cells incubated in the absence of vehicle solution or stimuli. * P<0.05
according to the Tukey’s post-hoc test. P and F values for the one-way randomized blocks
ANOVA are also shown.
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3.3.6 CytC increases astrocyte-mediated cytotoxicity towards SH-SY5Y cells
When the brain is in a state of chronic neuroinflammation, as observed in AD, astrocytes
can become adversely activated and continually release cytotoxic molecules (Bal-Price and
Brown, 2001; Deshpande et al., 2005). These cytotoxins can cause damage or death to
surrounding neurons (Hashioka et al., 2009; Kato and Svensson, 2015; Land, 2015). I examined
whether extracellular CytC induces cytotoxicity of human astrocytes. I showed that supernatants
from U118 MG cells that had been treated with CytC (1-50 μg/ml) reduced the viability of SHSY5Y neuronal cells, measured by two different methods, in comparison to supernatants from
U118 MG astrocytes exposed to vehicle alone (Fig. 3.4A,B). CytC had no significant effect on
viability of U118 MG astrocytic cells (Fig. 3.4C). Since CytC could be transferred onto SHSY5Y cells with the U118 MG cell supernatants, I tested the direct effects of extracellular CytC
on SH-SY5Y viability. Incubation of neuronal cells with CytC (1-50 μg/ml) for 72 h had no
significant effect on their viability (Fig. 3.4E) indicating that CytC induced secretion of toxins
from U118 MG cells instead of being directly toxic to SH-SY5Y cells. Incubation of SH-SY5Y
cells with supernatant from primary human astrocytes that had been exposed to CytC (5 μg/ml)
led to a trend towards significant decrease in viability, compared to neuronal cells incubated with
supernatants from primary astrocytes exposed to vehicle solution only (Fig. 3.4D).
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Figure 3.4. The supernatant from CytC-treated U118 MG astrocytic cells reduced viability of
SH-SY5Y neuronal cells (A) as assessed by the MTT assay, and increased death of SH-SY5Y
neuronal cells (B) as assessed by the PI assay following 48 h incubation. Viability of U118 MG
astrocytic cells was not affected by CytC according to the MTT assay (C). Viability of SH-SY5Y
neuronal cells treated with the supernatant from CytC-treated primary human astrocytes showed
a trend towards significant decrease compared to SH-SY5Y neuronal cells treated with
supernatant from unstimulated primary human astrocytes (D). Direct 72 h exposure of SH-SY5Y
cells to CytC at the concentrations used to stimulate astrocytic cells did not reduce viability of
neuronal cells (E). Data (means ± SEM) from four independent experiments are presented as
percent values obtained from cells incubated in growth medium only (A,C,D). Cell death data
are presented as percent values obtained from cells lysed in growth medium only (B). * P<0.05,
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** P<0.01 according to the Dunnett’s post-hoc test. P and F values for the one-way randomized
blocks ANOVA are also shown.
3.3.7 CytC is released into the cell culture medium from human astrocytes and murine BV-2
microglia treated with staurosporine, Aβ42, or TNF-α
Staurosporine, Aβ42, and TNF-α have been used to induce death of cultured neurons
(Ahlemeyer et al., 2002; Han et al., 2017; Neniskyte et al., 2014). Exposure of neurons to
cytotoxic concentrations of staurosporine has been show to induce release of CytC into the
extracellular space (Ahlemeyer et al., 2002). CytC was undetectable in supernatants from viable
cultured astrocytes or BV-2 cells (Fig. 3.5 and 3.6). I demonstrated the presence of CytC in
supernatants of primary human astrocytes after 24 h exposure to 200 nM staurosporine (Fig.
3.5A). Increased concentration of CytC in the supernatant of primary human astrocytes exposed
to staurosporine was accompanied by a significant decrease in cell viability compared to primary
human astrocytes treated with staurosporine vehicle solution (Fig. 3.5B). CytC was not released
from primary astrocytes incubated for 24 h in the presence of staurosporine vehicle solution (Fig.
3.5A).
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Figure 3.5. CytC was detected in culture medium from primary human astrocytes exposed to
staurosporine, but not from untreated cells (A). Cell viability of primary human astrocytes
exposed to staurosporine decreased after 24 h incubation (B). Data (means ± SEM) from cells
extracted from four different subjects are presented. Cell viability is expressed as a percentage of
MTT absorbance from primary human astrocytes not treated with staurosporine or its vehicle
(B). ** P<0.01 according to the Dunnett’s post-hoc test (A), or paired Student’s t-test (B). P and
F values for the two-way randomized blocks ANOVA are also shown, as well as the detection
limit of the ELISA as a dotted line (A).
To determine if other glial cell types could be a source of extracellular CytC, ELISA was
used to quantify CytC in the supernatants of murine BV-2 microglia. After a 24 h incubation
period, there was a significant increase in the CytC concentration in the supernatants of BV-2
cells exposed to staurosporine (200 nM), Aβ42 (25 μM), or TNF-α (250 μg/ml) (Fig. 3.6A,C,D).
CytC became detectable in the supernatants from Aβ42- and TNF-α-treated BV-2 cells after
eight h incubation. Increased concentrations of CytC in the supernatant of BV-2 cells exposed to
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staurosporine or Aβ42 were accompanied by a significant decrease in cell viability, compared to
BV-2 microglia treated with the corresponding vehicle solutions (Fig. 3.6B,E). Decrease in
viability of BV-2 cells exposed to TNF-α showed only a trend towards significance (Fig. 3.6E).
Incubation of BV-2 cells for 24 h in the presence of staurosporine vehicle solution did not cause
release of CytC into cell supernatants (Fig. 3.6A). Similarly, CytC was not detected in the
supernatants of BV-2 cells exposed to the vehicle solution of TNF-α or Aβ42 (Fig. S3.5 in
Appendix).

Figure 3.6. Concentrations of CytC were significantly increased in the supernatant of BV-2
microglia exposed to staurosporine (A), Aβ42 (C), or TNF-α (D). Viability of BV-2 cells
exposed to staurosporine was decreased compared to cells exposed to the staurosporine vehicle
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only (B). Viability of BV-2 cells exposed to Aβ42 was decreased compared to cells exposed to
the vehicle of Aβ42 only (E). Data (means ± SEM) from four independent experiments are
presented. Cell viability is expressed as a percentage of MTT absorbance from cells incubated in
growth medium only (B,E). * P<0.05, ** P<0.01 according to the Dunnett’s post-hoc test (A,CE), or paired Student’s t-test (B). P and F values for the two-way (A), or one-way randomized
blocks ANOVA are also shown (C-E).
3.4 Chapter discussion
Extracellular CytC has been identified as a clinical marker for several pathologies. For
example, urine or sera concentrations of CytC increase after traumatic brain injury, cancer
treatment, encephalopathy, and kidney injury (Barczyk et al., 2005; Beachy and Repasky, 2008;
Hosoya et al., 2006; Radhakrishnan et al., 2007; Satchell et al., 2005; Zager et al., 2004). CytC is
released into the extracellular space from cells undergoing apoptosis (Ahlemeyer et al., 2002;
Jemmerson et al., 2002). Previous studies have shown that extracellular CytC can modulate
functions of several different cells, including splenocytes, monocytic cells and microglia
(Gouveia et al., 2017; Pullerits et al., 2004). In this study, I extend the list of cell types
potentially affected by extracellular CytC by demonstrating that adding CytC to tissue culture
medium significantly upregulated secretion of GM-CSF, IL-1β, and IL-12 p70 by human
primary astrocytes. Secretion of four other inflammatory mediators, including MCP-1, was not
affected by CytC. For this experiment, I selected a subset of inflammatory mediators, which have
been previously reported to be secreted by resting or activated primary human astrocytes (Choi et
al., 2014; Weinberg et al., 2018). The CytC-induced increase in the secretion of GM-CSF and
IL-1β by primary astrocytes was blocked by anti-TLR 4 antibodies. These data are similar to the
previously reported TLR 4-mediated effects of extracellular CytC on microglia (Gouveia et al.,
2017). It is interesting to note that, in this previous study, CytC also did not induce secretion of
MCP-1 by microglia-like cells, while the secretion of other inflammatory mediators was not
measured. Upregulated secretion of inflammatory mediators by astrocytes in response to TLR
agonists has been reported before; for example, primary murine astrocytes cultures, purified with
L-leucyl-L-leucine methyl ester (LLME) to remove microglia contamination, secreted five-fold
higher levels of IL-1β when treated with the TLR 4 agonist LPS, TLR 2 agonist zymosan, or
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TLR 3 agonist polyinosinic-polycytidylic acid (poly(I:C)) (Marinelli et al., 2015). LPS and
poly(I:C) increased the gene expression of GM-CSF and IL-8 by primary human astrocytes
(Bsibsi et al., 2006). Furthermore, LPS increased the secretion of IL-1β and IL-8 by primary
human astrocytes (Bsibsi et al., 2007), which corresponds to our data obtained by using CytC as
a stimulus.
Differential upregulation of select inflammatory mediators similar to the data obtained in
this study has been reported before for a different immune stimulus. Choi et al. (2014)
demonstrated that the combination of IL-1β and TNF-α significantly upregulated secretion of
GM-CSF, IL-8 and IL-1β, but not IL-12 p70, by primary human astrocytes. Similarly, Weinberg
et al. (2018) demonstrated that IL-1β significantly upregulated secretion of GM-CSF, IL-8, but
not IL-12 p70, by primary human astrocytes. Altogether, the CytC-induced profile of
inflammatory mediator secretion observed in this study is consistent with the previously reported
profiles for primary human and murine astrocytes treated with TLR 4 agonists. Interestingly,
anti-TLR 4 antibodies did not significantly reduce CytC-induced secretion of IL-12 p70, and
their effect showed only a trend towards significance on IL-8 secretion by primary human
astrocytes. This observation may indicate that CytC binds to another astrocyte receptor that
initiates the secretion of IL-12 p70. For example, TLR 2 and TLR 9 have both been shown to
modulate IL-12 p70 secretion by primary murine microglia and other cell types (Holley et al.,
2012; Liew et al., 2005; Martin et al., 2008). However, it is important to note that the activation
of TLR 4 is usually accompanied by an increased secretion of IL-12 p70 in other cell types, such
as macrophages and dendritic cells (Kim and Chung, 2012; Krummen et al., 2010).
In addition to the experiments with primary human astrocytes, I confirmed the interaction
of CytC with the astrocyte TLR 4 by using human U118 MG astrocytic cells, which were
induced by extracellular CytC to secrete IL-1β and IL-8. Pre-incubation of these cells with antiTLR 4 antibodies led to reduced CytC-induced secretion of IL-1β and IL-8. Isotype control
antibodies recognizing SOD 1 were ineffective. I also demonstrated that CytC-induced secretion
of IL-1β by U118 MG cells was inhibited by a selective inhibitor of TLR 4 signaling (Hussey et
al., 2012; Wei et al., 2016). Upregulated expression of this receptor in U118 MG cells exposed to
extracellular CytC, as well as a combination of CytC with IFN-γ and IL-1β, provided additional
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experimental evidence indicating TLR 4 involvement. The latter two cytokines were selected
since they are known to induce a reactive phenotype of astrocytes (Blasko et al., 2000; Falsig et
al., 2004). Ligands that bind to specific TLRs, such as LPS, zymosan, and poly(I:C), have been
shown to modulate the mRNA expression of TLRs in primary astrocytes and microglia (Bsibsi et
al., 2006; El-Hage et al., 2011; Marinelli et al., 2015). Similar to our observations with
extracellular CytC, poly(I:C) and LPS have been shown to upregulate the expression of TLR 3,
TLR 2, and to a lesser extent, TLR 4 by primary human astrocytes (Bsibsi et al., 2006). Overall,
our studies with primary human astrocytes and U118 MG astrocytic cells indicate that CytC,
once released into the extracellular space from damaged cells, can induce in a TLR 4-dependent
manner the secretion of a subset of inflammatory mediators by astrocytes. This interaction
between extracellular CytC and astrocytes could contribute to the neuroinflammation associated
with neurodegenerative disorders, such as AD.
Previous studies have shown that the supernatant from human astrocytes activated by
inflammatory stimuli can cause neuronal death (Hashioka et al., 2009). Here I demonstrated that,
similar to its effects on microglia (Gouveia et al., 2017), extracellular CytC induced the secretion
of cytotoxins by U118 MG astrocytic cells causing death of human SH-SY5Y neuronal cells.
Furthermore, exposure of neuronal cells to supernatants from CytC-stimulated primary human
astrocytes showed a trend towards reduced viability with the limited number of observations
made. These findings are in line with previous studies, which found that extracellular CytC
causes death to nearby neurons (Ahlemeyer et al., 2002). This is consistent with the hypothesis
that CytC can act similar to other DAMPs, which are known to regulate neurotoxicity and have
been implicated in the pathogenesis of neurodegenerative disorders (Kato and Svensson, 2015;
Land, 2015; Pointer et al., 2019). While the exact cytotoxins astrocytes release are unknown, it is
likely a mixture of toxins is secreted, the composition of which depends on the nature of stimuli
astrocytes encounter (Bsibsi et al., 2006; Choi et al., 2014). It is important to note that in our in
vitro assays, measuring secretion of cytokines and cytotoxins by human astrocytes and astrocytic
U118 MG cells, 5-50 μg/ml CytC was required to induce significant effects. This concentration
range was selected based on a previously published study demonstrating modulation of microglia
functions by 50 μg/ml CytC (Gouveia et al., 2017). This is considerably higher than the
concentrations of CytC measured in supernatants of injured glial cells (up to 2 ng/ml in this
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study) or neurons (~ 25 ng/ml) (Ahlemeyer et al., 2002), and cerebrospinal fluids following
traumatic brain injury in children (~1 ng/ml) (Au et al., 2012). The highest level of CytC in vivo
has been shown in human blood plasma following cardiac arrest (5 μg/ml) (Radhakrishnan et al.,
2007). It is plausible that local concentration of CytC in the proximity of damaged cells could be
much higher than its concentration in circulation; such a difference in concentration has been
reported previously for ATP, which is another molecule released from injured cells (Beigi et al.,
1999). For example, Beigi et al. (1999) demonstrated that ATP concentrations near the cell
surface of injured cells were approximately ten-fold higher than levels detected in their cell
culture supernatant. Thus, since 5 μg/ml of CytC was detected in human blood plasma following
cardiac arrest by Radhakrishnan et al. (2007), it is plausible CytC could exist near damaged or
dying cells at concentrations comparable to the effective concentration used in this study.
Our data identify TLR 4 as a possible molecular target to reduce neuroinflammation and
neurotoxicity associated with neurodegenerative diseases, ischemia and traumatic brain injury
(Akhter et al., 2015; Caso et al., 2007; Go et al., 2016; Walter et al., 2007). All these
pathological states are characterized by excessive cell death, which could lead to increased
concentrations of extracellular CytC, and consequently increased cytokine and cytotoxin
secretion by glial cells. Thus, a self-perpetuating cycle of increased release of CytC, cytotoxins
and associated neurotoxicity could be initiated (Gouveia et al., 2017). CytC has already been
shown to be released into the cell culture medium from damaged chick neurons (Ahlemeyer et
al., 2002). In this study, I demonstrated that injuring murine BV-2 microglia by three different
toxic treatments, including Aβ42, induced release of CytC into the cell culture medium. CytC
was also detected in supernatants from damaged human astrocytes. This is in line with a previous
study which showed Aβ42 induced the release of CytC from isolated murine brain mitochondria
(Kim et al., 2002). Thus, our observations identify damaged glial cells as a potential source of
extracellular CytC in the CNS, especially since degenerating microglia and astrocytes have been
reported in AD (Kitamura et al., 1999; Nagele et al., 2004; Navarro et al., 2018; Verkhratsky et
al., 2010).
Only limited information about the cellular mechanisms mediating the extracellular
release of CytC is available. Renz et al. (2001) suggested that unknown apoptotic processes,
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rather than non-specific leakage, lead to the extracellular release of CytC from Jurkat T-cells.
They based this conclusion on the observations that staurosporine, anti-CD 95 antibodies,
etoposide, doxorubicin, and TNF-α plus actinomycin D induced apoptosis as well as
extracellular release of CytC, while the treatments that specifically led to necrosis, such as
hydrogen peroxide or a cocktail of TNF-α, actinomycin D plus carbobenzoxy-valyl-alanylaspartyl-[O-methyl]-fluoromethylketone (ZVAD-FMK), did not cause the release of CytC into
the extracellular space (Renz et al., 2001). Furthermore, lactate dehydrogenase, an intracellular
enzyme that leaks from damaged cells, was released into the extracellular space more than six
hours after CytC was detected in cell culture medium (Renz et al., 2001). Interestingly, I
observed that Aβ42-exposed BV-2 microglia released higher levels of CytC than the same cell
type exposed to staurosporine or TNF-α even though cell viability of cells was affected less by
Aβ42 compared to staurosporine treatment. It is possible that Aβ42 caused more CytC to be
released from BV-2 microglia by inducing a different cell death pathway than staurosporine or
TNF-α. To test this hypothesis, these experiments should be extended by measuring expression
of proteins associated with a variety of cell death pathways, including caspases 1, 3, 8 and
assembly of the NLRP3 (nucleotide-binding domain, leucine-rich repeat family pyrin domain
containing 3) inflammasome. The extracellular release of CytC may involve an unconventional
protein secretion pathway not requiring vesicular movement, which has been shown to mediate
the release of IL-1β and fibroblast growth factor 2 by peripheral macrophages (Rabouille, 2017;
Renz et al., 2001; Rubartelli et al., 1990). It is possible that such an unconventional protein
secretion pathway used by CytC involves the ATP-binding cassette (ABC) transporter A1, which
has been shown to be associated with the release of CytC from the mitochondria of primary
mouse colon cells (Smith and Land, 2012). More importantly, the ABC transporter A1 is
expressed by primary human monocytes and glial cells (Linder et al., 2009; Uhlén et al., 2015);
therefore, these proteins may also cause the rapid extracellular release of CytC from astrocytes
undergoing apoptosis, but this hypothesis requires experimental proof.
3.5 Chapter conclusion
While several different intracellular functions of CytC are well described, only limited
studies have explored the effects of extracellular CytC on the functions of glia. Here I show that
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extracellular CytC can modulate secretion of inflammatory mediators by astrocytes in a TLR 4dependent manner. Additionally, I show that exposure of astrocytes to extracellular CytC induces
their toxicity towards neuronal cells. I also identify damaged astrocytes and microglia as a
potential source of extracellular CytC. Therefore, this study (1) highlights CytC as a novel
DAMP of the CNS that could contribute to neurodegeneration after it is released into the
extracellular space from damaged glial cells, in addition to neurons, and (2) provides additional
evidence supporting TLR 4 as a possible therapeutic target to treat the neuroinflammation
associated with neurodegeneration. Confirmation of the extracellular effects of CytC in vivo is
the next required step.
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Chapter 4: Short-chain fatty acids (SCFAs) alone or in combination regulate select immune
functions of microglia-like cells
4.1 Chapter introduction
Neuroinflammation contributes to the pathogenesis of neurodegenerative disorders,
including AD (McGeer and McGeer, 2013; Newcombe et al., 2018). Accumulation of pathologyassociated molecules, such as Aβ, may initiate neuroinflammatory responses in AD. For
example, Aβ can activate microglia, the innate immune cells of the brain, upregulating their
production of cytotoxins and inflammatory mediators (Malm et al., 2015; Yu and Ye, 2015).
Secreted inflammatory cytokines, such as TNF-α and IL-1β, can further activate nearby
microglia, causing positive feedback leading to excessive release of inflammatory mediators and
damage of surrounding brain cells, including neurons (Brown and Vilalta, 2015; Prinz et al.,
2019). Identifying endogenous mechanisms that reduce the persistent activation of microglia
may lead to the discovery of new therapeutic targets to treat neurodegenerative diseases, like
AD.
Recent studies indicate that healthy gut microbiota play an important role in
downregulating systemic and brain inflammation (Ghosh et al., 2020; Schirmer et al., 2016;
Syeda et al., 2018). SCFAs are among the many metabolites released by gut microbes. Under
physiological conditions of the host, SCFAs are continuously released by gut microbes (den
Besten et al., 2013), but under pathological conditions there are less SCFA-producing bacteria in
the gut and thus abnormal levels of circulating SCFAs (Liu et al., 2019). Once released from gut
microbes, SCFAs enter the circulatory system, which allows them to act systemically. Previous
studies demonstrate that select SCFAs activate FFAR 2 and 3 (Brown et al., 2003). These
receptors are expressed by human and murine peripheral immune cells, including eosinophils,
neutrophils, and monocytes (Alvarez-curto and Milligan, 2016; Uhlén et al., 2015). In the human
CNS, FFAR 2 and 3 are expressed by both glia and neurons (Uhlén et al., 2015). The antiinflammatory properties of certain SCFAs, notably acetate, propionate, and butyrate, have been
studied extensively in the periphery (Ji et al., 2016; Nastasi et al., 2015; Tan et al., 2014), with
only limited data available about their effects in the brain (Huuskonen et al., 2004). CNS effects
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of SCFAs have begun to emerge since some of them can cross the BBB aided by
monocarboxylate transporters and interact, for example, with microglia (Dalile et al., 2019).
Effects of SCFAs on microglia have been studied before with inconsistent outcomes. For
example, butyrate reduced the secretion of IL-6 and TNF-α by LPS-stimulated primary murine
microglia, but increased the secretion of IL-6 by LPS-stimulated N9 microglia (Huuskonen et al.,
2004). The same study demonstrated that propionate and butyrate, but not valerate, upregulated
the secretion of nitric oxide by LPS-stimulated N9 microglia. SCFAs have also been shown to
inhibit inflammatory cytokine secretion by other types of human monocytic cells. For example,
acetate, propionate, and butyrate, but not formate, decreased secretion of TNF-α and IFN-γ by
LPS-stimulated human peripheral blood mononuclear cells (Cox et al., 2009). All four of these
SCFAs decreased the secretion of MCP-1 by LPS-stimulated primary human monocytes, but
only acetate, propionate, and butyrate decreased their secretion of IL-10 (Cox et al., 2009).
Effects of SCFAs on neutrophils have also been reported. High concentrations of butyrate,
acetate, and propionate decreased the phagocytic activity, as well as production of ROS, by
bovine polymorphonucleocytes treated with opsonized zymosan or phorbol 12-myristate 13acetate, respectively (Mills et al., 2006).
To date, the majority of studies on the anti-inflammatory properties of SCFAs have used
them at concentrations that are much higher than those measured in human sera. Therefore, the
results of these studies may not reflect the physiological effects of SCFAs in the brain, where the
concentration of SCFAs would likely be lower than serum levels. I hypothesized that SCFAs act
synergistically at physiological serum concentrations as anti-inflammatory mediators. Even
though the majority of previous studies only use the most abundant SCFAs, namely acetate,
butyrate, and propionate, I chose to also include formate and valerate as additional key SCFA
metabolites of gut microbes (Macfarlane and Macfarlane, 2003; Morrison and Preston, 2016).
Individual SCFAs were added to cell culture medium on their own or as a mixture consisting of
the above five SCFAs in a 16:8:8:1:1 ratio. This ratio, as well as the 5 – 500 µM initial
concentration range used in our study, were selected based on previously published physiological
serum concentrations of SCFAs (Hanzlik et al., 2005; Ktsoyan et al., 2016; Zhao et al., 2007).
Due to the previously-reported interspecies differences in microglia responses (Bhattacherjee et
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al., 2019; Davis et al., 2018; Du et al., 2017), I used two different human cell lines to model
select immune functions of human microglia (Klegeris et al., 2005; Pointer et al., 2019). I
demonstrate that the SCFA mixture as well as individual SCFAs decreased the release of IL-1β,
TNF-α, MCP-1, and cytotoxins by stimulated microglia-like cells.
4.2 Materials and methods
4.2.1 Reagents
MTT, N,N-dimethylformamide, fMLP, bisBenzimide (Hoechst 33258), luminol sodium
salt, LPS, PBS, phosphatase substrate tablets, and PI were obtained from Sigma Aldrich
(Oakville, ON, Canada). Human recombinant IFN-γ as well as ELISA development kits for
MCP-1, IL-1β and TNF-α were purchased from PeproTech (Embrun, ON, Canada). Sodium
butyrate and sodium acetate were purchased from Cayman Chemicals (Ann Arbor, MI, USA).
Sodium propionate and sodium formate were purchased from Alfa Aesar (Ward Hill, MA, USA).
Sodium valerate was purchased from Bide Pharmatech (Yangpu, Shanghai, China). GLPG 0974,
a human FFAR 2 and 3 antagonist, was purchased from Tocris (Oakville, ON, Canada). FITC
externally-labelled one µm fluorescent polystyrene latex beads were purchased from Bangs
Laboratories (Fishers, IN, USA). Texas red fluorophore-conjugated MemBrite Fix membrane
stain was purchased from Biotium (Fremont, CA, USA). All other reagents were from
Thermofisher Scientific (Ottawa, ON, Canada).
4.2.2 Cell culture models
Human THP-1 monocytic and HL-60 myelomonocytic cell lines, which express FFAR 2
(Uhlén et al., 2015), were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). They were used to model select functions of human microglia (Klegeris et
al., 2005; Pointer et al., 2019). The human neuroblastoma SH-SY5Y cell line was donated by Dr.
R. Ross (Fordham University, Bronx, NY, USA). Cells were cultured in DMEM-F12
supplemented with 10% CBS, penicillin (100 U/ml) and streptomycin (100 μg/ml) in T-75 flasks
incubated at 37 °C in humidified 5% CO2 and 95% air atmosphere.
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4.2.3 Secretion of inflammatory mediators and cytotoxins by human THP-1 microglia-like cells
The experiments were performed as described in a previously published study (Pointer et
al., 2019), with minor modifications. THP-1 microglia-like cells were plated in 24-well plates at
a concentration of 2 x 105 cells/ml in one ml DMEM-F12 containing 5% CBS, penicillin (100

U/ml) and streptomycin (100 μg/ml). One well was used for each experimental condition. SCFA
mixture, individual SCFAs on their own, or their vehicle solution (H2O) were added to culture

media for 15 min. In select experiments, cells were incubated for 30 min with GLPG 0974 (0.1
μM) or an equivalent volume of solvent (ethanol) before SCFAs were added. Cells were
stimulated with LPS (20 ng/ml) plus IFN-γ (100 U/ml) and cell-free supernatants were collected
48 h later. The following SCFAs were used: acetate, propionate, butyrate, valerate, and formate;
they were added to cells individually or as a mixture in a 16:8:8:1:1 ratio.
Concentrations of IL-1β, MCP-1, and TNF-α in THP-1 cell supernatants were measured
using PeproTech ELISA development kits according to the manufacturer’s instructions. To
study the effect of SCFAs on secretion of cytotoxins by microglia, 0.4 ml of the collected THP-1
supernatants were transferred to each well containing SH-SY5Y neuronal cells that had been
plated 24 h earlier at a concentration of 3 x 105 cells/ml in 0.4 ml of DMEM-F12 containing 5%
CBS, penicillin (100 U/ml) and streptomycin (100 μg/ml). After 72 h incubation, neuronal cell

viability was assessed by the MTT assay and cell death was assessed by the PI assay. Viability of
THP-1 cells at the end of the 48 h incubation period with SCFAs and stimuli was also assessed
by the MTT and PI assays.
When neuronal cells are exposed to supernatants from SCFA-treated THP-1 monocytic
cells, some of the SCFAs could be transferred onto SH-SY5Y cells possibly affecting their
viability; therefore, a control experiment was performed where SH-SY5Y cells were plated at 3 x
105 cells/ml in 0.4 ml DMEM-F12 medium containing 5% CBS, penicillin (100 U/ml) and

streptomycin (100 μg/ml). One well was used for each experimental condition. After 24 h

incubation to allow their adherence, SH-SY5Y cells were exposed to varying concentrations
SCFAs or the SCFA mixture. Neuronal cell viability was assessed by the MTT and PI assays 72
h later.
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4.2.4 The respiratory burst activity of human HL-60 cells
Differentiated human HL-60 cells were used as model cells to assess the effect of SCFAs
on the respiratory burst of phagocytes as described previously (Pointer et al., 2019). Cells were
primed with LPS for 24 h and then stimulated with bacterial peptide fMLP to induce the release
of ROS, which reacted with luminol added to the cell culture medium to produce
chemiluminescence (CHL). HL-60 cells were differentiated by incubation with 1.3% dimethyl
sulfoxide for five days. Differentiated HL-60 cells were seeded in 24-well plates at a
concentration of 1 x 106 cells/ml in one ml phenol red-free DMEM-F12 supplemented with 2%
CBS. One well was used for each experimental condition. Cells were treated with formate
(0.015-1 mM), valerate (0.015-1 mM) or their vehicle solution, followed by the priming agent
(500 ng/ml LPS). After 24 h incubation, cells were washed, transferred to 96-well plates, luminol
(0.85 mg/ml) and fMLP (1.2 μM) added, and FLUOstar Omega plater reader and the
accompanying Mars Analysis software (BMG Labtech, Guelph, ON, Canada) were used to
measure CHL of each well over a nine min period.
4.2.5 Phagocytic activity of human THP-1 microglia-like cells
Phagocytosis was assessed as described in a previously published study (Ohgidani et al.,
2014), with some modifications. THP-1 microglia-like cells were plated in poly-D-lysine-coated,
4-chambered petri dishes at 1 x 106 cells/ml in 0.5 ml DMEM-F12 medium containing 5% CBS,
penicillin (100 U/ml) and streptomycin (100 μg/ml). One chamber was used for each
experimental condition. Cells were incubated for 24 h with valerate (1 mM) or formate (1 mM)
in the presence or absence of LPS (200 ng/ml) plus IFN-γ (150 U/ml). One µm diameter
externally FITC-labelled latex beads were added in a 10:1 bead:cell ratio. After one h incubation,
light from non-internalized beads was quenched by adding 0.05% trypan blue to the culture
medium. Supernatant, trypan blue, and beads were removed from all wells by washing two times
with one ml PBS. 400 µl of 70% ethanol were added to all wells for five min, and the wells were
washed two times with one ml PBS. 300 µl of one µg/ml Texas red membrane stain were added
to all wells for five min followed by a single washing step with one ml PBS. Prior to imaging,
bisBenzimide (2 μg/ml) nuclear stain was added to all wells in 0.5 ml PBS.
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Cells were visualized using a Zeiss AxioObserver.Z1 widefield epifluorescence
microscope with Zen image acquisition software at an excitation/emission of 350/470 nm for
bisBenzimide, 470/520 nm for the fluorescent beads, and 594/615 nm for Texas red membrane
stain. Images of 30-50 cells per well were acquired and analyzed by another researcher, and thus
data were collected in a blinded manner. MFI was measured using ImageJ software (National
Institute of Health, USA). Only viable cells, identified by trypan blue exclusion, were examined.
Additionally, THP-1 cells were visualized using an Olympus FluoView confocal microscope
(model #FV1000) and imaged using FV10-ASW software to confirm that fluorescing beads were
engulfed by cells.
4.2.6 Assessing cell viability/death
Cell viability was monitored by the MTT assay as described in previously published
studies (Hansen et al., 1989; Wenzel et al., 2019). This assay measures the reduction of watersoluble tetrazolium dye MTT to an insoluble purple formazan product by viable cells. MTT (0.5
mg/ml) was added to the cell cultures and the plates were incubated for one h at 37 °C in a 5%
CO2 incubator. The resulting formazan crystals were dissolved by adding a volume of sodium
dodecyl sulfate (20% w/v)/ N,N-dimethylformamide (50% v/v) solution equal to that of the
culture medium present in the well, then incubating the plates for three h. Optical densities were
measured at 570 nm using the FLUOstar Omega microplate reader. Cell viability data are
presented as percent compared to values obtained from cells incubated in growth medium only.
PI, a fluorescent DNA dye which cannot penetrate membranes of live cells, was used to
assess cell death (Nieminen et al., 1992; Wenzel et al., 2019). Cells were incubated with 20
μg/ml PI at 37 °C for 20 min followed by fluorescence intensity measurements using 485 nm
excitation and 625 nm emission filters. Cell death data are presented as percent compared to
values obtained from cells lysed in growth medium only.
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4.2.7 Data analysis
Data were analyzed using the randomized block design one-way or two-way ANOVA,
followed by Dunnett’s or Tukey’s post-hoc test. Independent experiments are defined herein as
assays performed on different days. Detection limits were calculated using the following
formula:
𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 =

[(ODmean 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)+3∗(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)]−𝑏𝑏
𝑚𝑚

Where:

ODmean = mean optical density
m = slope value obtained from the linear standard curve
b = intercept value with the optical density axis obtained from the linear standard
curve
4.3 Results
4.3.1 SCFAs alone or in mixture reduce secretion of IL-1β, MCP-1, and TNF-α by stimulated
human THP-1 microglia-like cells
Five different SCFAs, widely recognized as key metabolites of gut microbes, were
chosen for this study (Macfarlane and Macfarlane, 2003; Morrison and Preston, 2016). In the
first series of experiments, the five SCFAs were mixed at an approximate physiological ratio and
used at 5-500 μM total concentration. Figure 4.1 illustrates that stimulating THP-1 cells with
LPS plus IFN-γ induced their secretion of IL-1β, MCP-1, and TNF-α. SCFA mixture at the
highest total concentration tested (500 μM), when added before stimulation, significantly
inhibited secretion of all three cytokines, compared to stimulated cells treated with the vehicle
solution only (Fig. 4.1A,C,E). In addition, the SCFA mixture at lower concentrations (5-250 μM)
significantly inhibited secretion of IL-1β but not the other two cytokines. The SCFA mixture at
the concentrations used did not significantly affect the viability of THP-1 cells according to the
MTT and PI assays (see fig. 4.3C,D).
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In the second series of experiments, the same assays were used to confirm the significant
inhibitory effect of the SCFA mixture at the highest total concentration, and to test the effects of
individual SCFAs, at the maximum concentration used within the SCFA mixture, on cytokine
secretion by THP-1 cells (Fig. 4.1 B,D,F). All five individual SCFAs reduced the secretion of
MCP-1, compared to cells treated with vehicle solution only (Fig. 4.1D). All individual SCFAs
tested, except propionate, significantly reduced the secretion of IL-1β (Fig. 4.1B), while three out
of five SCFAs tested (propionate, formate and valerate) reduced the secretion of TNF-α (Fig.
4.1F). Individual SCFAs at the concentrations used did not significantly affect the viability of
THP-1 cells according to the MTT and PI assays (see fig. 4.4C,D).

74

Figure 4.1. Effects of the SCFA mixture and individual SCFAs on cytokine secretion by
stimulated human THP-1 monocytic cells. SCFA mixtures at different concentrations (A,C,E) or
75

individual SCFAs at their respective maximum concentrations used in the mixture (B,D,F) were
added to THP-1 cells 15 min before their stimulation with LPS (20 ng/ml) plus IFN-γ (100
U/ml). After a 48 h incubation period, concentrations of IL-1β (A,B), MCP-1 (C,D), and TNF-α
(E,F) in cell-free supernatants were measured by ELISAs. Data (means ± SEM) from four to
nine independent experiments performed on different days are presented. * P<0.05, ** P<0.01
compared to stimulated THP-1 cells treated with SCFA vehicle only, according to the Dunnett’s
post-hoc test. P and F values for the one-way randomized blocks ANOVA are shown, as well as
the detection limit of the ELISAs as a dotted line. Dotted and dashed lines represent the
concentration of MCP-1 in the supernatant of unstimulated THP-1 cells (C,D). IL-1β and TNF-α
were not detected in the supernatant of unstimulated THP-1 cells.
4.3.2 The inhibitory effect of the SCFA mixture on IL-1β secretion by stimulated THP-1
microglia-like cells is not mediated by FFAR 2 or FFAR 3
Since FFAR 2 and FFAR 3 have been implicated as the molecular targets of certain
SCFAs (Ang et al., 2016; Li et al., 2018), and since activation of both these receptors has been
shown to induce cytokine secretion by immune cells (Ang et al., 2016), I tested a hypothesis that
the inhibitory effects of SCFA mixture on THP-1 cell cytokine secretion are mediated by these
receptors. The FFAR 2 and 3 antagonist (GLPG 0974, 0.1 μM), or its solvent, was added to
THP-1 cell cultures, followed by their treatment with the SCFA mixture (500 μM, Fig. 4.2A), the
SCFA formate alone (500 μM, Fig. 4.2B), or their corresponding solvents. Subsequently, THP-1
cells were stimulated with LPS plus IFN-γ for 48 h to induce IL-1β secretion. Figure 4.2
illustrates that GLPG 0974 on its own did not affect IL-1β secretion by stimulated THP-1 cells.
GLPG 0974 did not block the inhibitory effect of the SCFA mixture on IL-1β secretion (Fig.
4.2A), but it blocked the inhibitory effect of formate alone on IL-1β secretion by stimulated
THP-1 cells (Fig. 4.2B). GLPG 0974, SCFA mixture, or formate on its own at the
concentrations used did not significantly affect the cell viability according to the MTT assay
(Fig. S4.1 in Appendix).
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Figure 4.2. Effect of the SCFA mixture (A) and the SCFA formate on its own (B) in the
presence or absence of the FFAR 2 and 3 antagonist on IL-1β secretion by stimulated THP-1
cells. 0.1 µM GLPG 0974 was added to THP-1 cells first. After 30 min incubation, 500 µM
SCFA mixture (A) or formate alone (B) were added to THP-1 cells, followed by their stimulation
with LPS plus IFN-γ 15 min later. After a 48 h incubation period, concentrations of IL-1β in cellfree supernatants were measured by ELISA. Data (means ± SEM) from four independent
experiments performed on different days are presented. * P<0.05 according to the Tukey’s posthoc test. P and F values for the one-way randomized blocks ANOVA are shown, as well as the
detection limit of the IL-1β ELISA as a dotted line. IL-1β was not detected in the supernatant of
unstimulated THP-1 cells.
4.3.3 SCFA mixture reduces secretion of cytotoxins by stimulated THP-1 microglia-like cells
Since the SCFAs inhibited secretion of inflammatory cytokines by THP-1 cells, I studied
the effect of the SCFA mixture on secretion of cytotoxins by these microglia-like cells.
Increasing concentrations of the SCFA mixture (5-500 μM total concentration, Fig. 4.3) were
added to THP-1 cell cultures prior to their stimulation with LPS plus IFN-γ. Figures 4.3A,B
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illustrate that LPS plus IFN-γ stimulation increased the cytotoxicity of THP-1 supernatants
towards SH-SY5Y neuronal cells, which could be observed as reduced viability of SH-SY5Y
recorded by two different assays. The SCFA mixture in a concentration-dependent manner
reduced the toxicity of THP-1 supernatants towards SH-SY5Y neuronal cells, compared to
supernatants from THP-1 cells stimulated in the absence of SCFAs (Fig. 4.3A,B). At the
concentrations tested, the SCFA mixture did not significantly affect viability of THP-1 cells
according to the MTT and PI assays (Fig. 4.3C,D).

Figure 4.3. Effect of the SCFA mixture on cytotoxicity of stimulated human THP-1 monocytic
cells towards human SH-SY5Y neuronal cells. Viability (A) and death (B) of human SH-SY5Y
cells was measured by the MTT and PI assays respectively after 72 h incubation with
supernatants from THP-1 cells that had been stimulated for 48 h with LPS (20 ng/ml) plus IFN-γ
(100 U/ml) in the presence or absence of different concentration of the SFCA mixture. Effects of
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the SCFA mixture on viability (C) and death (D) of THP-1 cells at the end of the 48 h incubation
period with the stimuli were also assessed. Data (means ± SEM) from six independent
experiments performed on different days are presented. * P<0.05, compared to stimulated and
SCFA vehicle-treated samples, according to the Dunnett’s post-hoc test. P and F values for the
one-way randomized blocks ANOVA are shown. Dotted and dashed lines represent the mean
signal from SH-SY5Y cells incubated in tissue culture medium only and not exposed to THP-1
supernatants (A,B), or the mean signal from unstimulated THP-1 cells (C,D).
The same assays were repeated to confirm the significant inhibition of THP-1 cell
cytotoxicity by the SCFA mixture at the highest concentration, and to test the effects of
individual SCFAs at the maximum concentration used within SCFA mixture on THP-1 cellmediated toxicity (Fig. 4.4A,B). The supernatants from stimulated THP-1 cells exposed to
formate (15 μM) or valerate (15 μM) alone, but not acetate (236 μM), butyrate (117 μM) or
propionate (117 μM), increased the viability of SH-SY5Y cells, compared to cells exposed to
supernatants from stimulated THP-1 cells treated with vehicle solution (Fig. 4.4A,B). SCFA
mixtures or individual SCFAs at concentration used did not significantly affect the viability of
stimulated THP-1 cells according to two independent assays (Fig. 4.4C,D).
Since the SCFAs could be transferred onto SH-SY5Y cells with the THP-1 cell
supernatants, I tested the possible direct effects of the SCFA mixture and individual SCFAs on
SH-SY5Y viability. SCFA mixture (5-500 μM) or individual SCFAs at the maximum
concentration used had no significant effect on viability of SH-SY5Y cells when added to
neuronal cells for 72 h (Fig. S4.2 in Appendix).
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Figure 4.4. Effect of the individual SCFAs on cytotoxicity of stimulated human THP-1
monocytic cells towards human SH-SY5Y neuronal cells. Viability (A) and death (B) of human
SH-SY5Y cells was measured by the MTT and PI assays respectively after 72 h incubation with
supernatants from THP-1 cells that had been stimulated for 48 h with LPS (20 ng/ml) plus IFN-γ
(100 U/ml) in the presence or absence of the SCFA mixture or individual SCFAs at respective
maximum concentrations used in the mixture. Effects of the mixture and individual SCFAs on
viability (C) and death (D) of THP-1 cells at the end of the 48 h incubation period with the
stimuli were also assessed. Data (means ± SEM) from six independent experiments performed on
different days are presented. * P<0.05, compared to stimulated and SCFA vehicle-treated
samples, according to the Dunnett’s post-hoc test. P and F values for the one-way randomized
blocks ANOVA are shown. Dotted and dashed lines represent the mean signal from SH-SY5Y
cells incubated in tissue culture medium only and not exposed to THP-1 supernatants (A,B), or
the mean signal from unstimulated THP-1 cells (C,D).
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4.3.4 Formate, but not valerate, reduces the respiratory burst response of stimulated HL-60
microglia-like cells
Since formate and valerate on their own inhibited secretion of select cytokines and
cytotoxins by THP-1 cells, further studies were performed to assess their effects on respiratory
burst and phagocytic activity of microglia-like cells. First, I evaluated whether increasing
concentrations of formate (15-1000 μM) and valerate (15-1000 μM) reduced the fMLP-induced
production of ROS by differentiated HL-60 cells primed with LPS (Pointer et al., 2019). Figure
4.5 demonstrates that fMLP-induced respiratory burst response was higher in LPS-primed
compared to unprimed differentiated HL-60 cells. When added during the LPS priming, formate
at the highest concentration studied significantly lowered the levels of ROS after fMLP
stimulation (Fig. 4.5A). Figure 4.5C shows that valerate did not affect the fMLP-induced
respiratory burst response of LPS-primed, differentiated HL-60 cells. At the concentrations
studied, neither formate nor valerate affected the viability of LPS-primed, differentiated HL-60
cells, as measured by the MTT assay (Fig. 4.5B,D).
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Figure 4.5. Effect of formate and valerate on the respiratory burst of differentiated human HL60 myelomonocytic cells. Dimethyl sulfoxide-differentiated human HL-60 cells were primed
with LPS for 24 h in the presence or absence of increasing concentrations of formate (A,B) or
valerate (C,D). The respiratory burst response was then induced by adding fMLP, and luminoldependent CHL signal was measured (A,C); cell viability was assessed in parallel wells by the
MTT assay (B,D). Data (means ± SEM) from four independent experiments performed on
different days are presented. ** P<0.01 compared to LPS-primed and fMLP stimulated HL-60
cells not exposed to SCFAs, according to the Dunnett’s post-hoc test. P and F values for the oneway randomized blocks ANOVA are shown. Dotted and dashed lines represent CHL signal from
differentiated HL-60 cells that had not been primed with LPS, but were stimulated with fMLP
(A,C), or viability data from differentiated HL-60 cells that had not been primed with LPS or
stimulated with fMLP (B,D).
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4.3.5 Formate and valerate decrease the phagocytic activity of stimulated THP-1 microglia-like
cells
Since formate reduced the respiratory burst response of HL-60 cells at the highest
concentration tested (1 mM), I used the same concentration to evaluate the effects of formate and
valerate on phagocytic activity of THP-1 cells. Either of the two SCFAs was added to THP-1 cell
cultures in the presence or absence of LPS plus IFN-γ, a combination of stimuli which is known
to upregulate phagocytosis (Voss et al., 2017). THP-1 cell phagocytosis of fluorescent latex
beads was studied 24 h later. Figure 4.6 illustrates that LPS plus IFN-γ significantly upregulated
the phagocytic activity of THP-1 cells compared to cells exposed to vehicle solution. Formate
and valerate on their own did not modulate phagocytic activity of THP-1 cells, but both these
SCFAs significantly inhibited the LPS plus IFN-γ-upregulated phagocytosis of latex beads.

Figure 4.6. Effects of formate and valerate on phagocytosis of latex beads by unstimulated and
stimulated THP-1 cells. Data (means ± SEM) from four independent experiments performed on
different days (N=122-125 cells per experimental condition) are presented as a fold-change of
phagocytosed bead fluorescence in live cells compared to the signal obtained from THP-1 cells
exposed to vehicle solutions only. ** P<0.01 according to Tukey’s post-hoc test. P and F values
for a two-way randomized blocks ANOVA are shown.
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4.4 Chapter discussion
Anti-inflammatory properties of SCFAs have been studied by using animal models of
peripheral inflammatory diseases (Maslowski et al., 2009; Masui et al., 2013). For example,
colons of the colitis model mice receiving 150 mM acetate in their drinking water had
significantly higher levels of the anti-inflammatory cytokine IL-10, as well as lower levels of the
pro-inflammatory TNF-α, compared to colitis-model mice not treated with acetate (Masui et al.,
2013). The anti-inflammatory properties of SCFAs have also been demonstrated by studying in
vitro immune activation of different types of mononuclear phagocytes, including microglia (Ang
et al., 2016; Huuskonen et al., 2004). In most cases, effects of individual SCFAs have been
investigated, with limited numbers of studies using mixtures (Canfora et al., 2017; McLoughlin
et al., 2017). Clinical relevance of using SCFA mixtures was demonstrated by Canfora et al.
(2017) who showed that fasting, overweight or obese males rectally administered with 24 mmol
acetate, 8 mmol propionate, and 8 mmol butyrate had significantly lower plasma levels of the
pro-inflammatory IL-1β, compared to control subjects treated with saline solution. The same
SCFAs mixed at two other ratios (18:14:8 mmol or 18:8:14 mmol acetate:propionate:butyrate)
had no effect on the plasma IL-1β levels.
We investigated the neuroimmune effects of acetate, propionate, butyrate, formate, and
valerate on their own or mixed at approximate physiological ratios found in human peripheral
blood (Hanzlik et al., 2005; Ktsoyan et al., 2016; Zhao et al., 2007). The SCFA mixture I used
had acetate at the highest concentration compared to other fatty acids, which makes it similar to
the mixture found to have anti-inflammatory activity in clinical research (Canfora et al., 2017).
Given the prominent role microglia play in neuroimmune reactions, I studied the effects of
SCFAs on secretion of cytokines and cytotoxins by human microglia-like cells. Additionally, I
studied the effects of individual SCFAs on the respiratory burst and phagocytic activities of
microglia-like cells. Clinical and experimental evidence indicates that these select microglia
functions become dysregulated in AD (Brown and Vilalta, 2015; Fu et al., 2014; Meraz-Ríos et
al., 2013); therefore, identification of molecules and mechanism that can be used to modulate
these functions may reveal novel therapeutic strategies for slowing the progression of AD.
Human cell lines were used instead of primary mouse or rat microglia due to the previously
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reported interspecies differences in microglia responses to immune stimulation; for example,
human CD 33, a microglial receptor, regulates the phagocytic activity of microglia, unlike its
murine homologue (Bhattacherjee et al., 2019). Unlike their murine counterparts, human
microglia are activated by IL-1β (Davis et al., 2018), which may differently affect cytotoxic
secretions of microglia from these two species. Furthermore, after oxygen–glucose deprivation
and reoxygenation, human, mouse, and rat microglia express different baseline levels of
chemokines and cytokines, including IL-1β, MCP-1, and TNF-α (Du et al., 2017).
Reactive microglia release a mixture of inflammatory cytokines and neurotoxins,
possibly contributing to the progression of neurodegenerative diseases (Brown and Vilalta, 2015;
Brabazon et al., 2018; Klegeris et al., 2008). In the first series of experiments, I used human
microglia-like THP-1 cells to investigate secretion of three inflammatory cytokines, which have
been reported to be regulated by individual SCFAs in different cell types (Ang et al., 2016;
Huang et al., 2017; Russo et al., 2012; Zhou et al., 2014). For example, Huang et al. (2017)
showed that acetate and butyrate alone inhibited secretion of IL-1β and MCP-1 by SV-40 MES
13 murine glomerular mesangial cells stimulated with LPS. However, it is important to note that
butyrate also reduced cell viability, which could be responsible for the decreased cytokine
secretion (Huang et al., 2017). Another study showed butyrate inhibited the secretion of TNF-α
by LPS-stimulated human Caco-2 epithelial cells (Russo et al., 2012). Furthermore, by using
LPS-stimulated primary human peripheral blood monocytes, Ang et al. (2016) demonstrated that
acetate decreased the secretion of IL-1β and MCP-1. Even though different cell types were used,
some of these previous observations are consistent with the data obtained herein by using LPS
plus IFN-γ-stimulated THP-1 cells; for example, acetate and butyrate alone downregulating the
secretion of IL-1β and MCP-1.
Previous studies have shown that all the SCFAs used in our study are FFAR 2 and FFAR
3 agonists. Thus, HEK293T cells were shown to respond to treatment with acetate, propionate,
butyrate, formate, or valerate alone only after being transfected with FFAR 2 or FFAR 3 (Brown
et al., 2003). Other studies revealed that individual SCFAs and FFAR 2 and 3 agonists induced
secretion of similar set of cytokines. For example, Ang et al. (2016) showed that acetate alone, as
well as the FFAR 2 agonist (2S)-2-(4-chlorophenyl)-3,3-dimethyl-N-(5-phenylthiazol-285

yl)butanamide, and the FFAR 3 agonist AR420626 at different time points, decreased the
secretion of IL-1β and MCP-1 by primary human peripheral blood monocytes stimulated with
LPS.
Very few studies have tested the capacity of FFAR 2 and 3 antagonists to block the
inhibitory effects of SCFAs on cytokine secretion. GLPG 0974 reduced the inhibitory effects of
acetate, propionate, and butyrate on IL-6 secretion by LPS- or TNF-α-stimulated primary human
umbilical vein endothelial cells, but this FFAR 2 and 3 antagonist only reduced the effect of
acetate on IL-8 secretion by the same cells (Li et al., 2018). In our study, GLPG 0974 blocked
the inhibitory effect of high concentration formate on IL-1β secretion by LPS plus IFN-γstimulated THP-1 cells, but it did not modify the inhibitory effect of the SCFA mixture in the
same experimental model. Therefore, it is possible that SCFAs at low concentrations act through
other SCFA receptors of monocytic cells, such as the niacin receptor 1 (Gpr109a) (Wannick et
al., 2018), which regulates the secretion of cytokines including IL-1β (Rahman et al., 2014;
Singh et al., 2014).
Individual SCFAs can engage several different inhibitory mechanisms that reduce the
secretion of cytokines by immune cells. As previously mentioned in this thesis, acetate,
propionate, butyrate, formate and valerate activate FFAR 2 and 3 (Brown et al., 2003), while
butyrate can also activate Gpr109a (Singh et al., 2014). Earlier, Cousens et al. (1979) showed
that propionate, butyrate, valerate, and, to a much lesser degree, acetate inhibited histone
deacetylases. Prevention of the activation of NF-κB has been established as the common
mechanisms used by FFAR 2 and 3 and Gpr109a agonists, as well as histone deacetylase
inhibitors (Lee et al., 2013; Place et al., 2005; Zandi-nejad et al., 2013). It is important to note
that activation of NF-κB commonly leads to upregulated secretion of cytokines by immune cells
(Liu et al., 2017).
The respiratory burst response of phagocytes, including macrophages, microglia, and
neutrophils, is characterized by NADPH oxidase-dependent rapid release of large quantities of
ROS (Thomas, 2017). Even though this cellular response is aimed at neutralizing foreign
pathogens, the cytotoxic ROS can be harmful to the cells of the host. Similar to our observations
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showing inhibitory effect of formate on the respiratory burst of macrophages, previous studies
have demonstrated individual SCFAs regulate the levels of ROS, or ROS-related proteins. For
example, sodium butyrate decreased the intracellular levels of ROS in LPS-stimulated human
Caco-2 epithelial cells (Russo et al., 2012), while acetate and butyrate upregulated SOD activity
and decreased intracellular ROS levels in SV-40 MES 13 cells stimulated by LPS (Huang et al.,
2017). Interestingly, sodium butyrate supplementation of feed upregulated the gene expression of
SOD 1, 2, and 3, as well as glutathione peroxidase 3 in the mammary tissue of goats (Memon et
al., 2019).
Inflammatory mediators and ROS released by reactive microglia could have toxic effects
on surrounding cells, including neurons (Kim and Joh, 2006; Takeuchi, 2010; Uttara et al.,
2009). For example, previous studies have demonstrated that incubating primary human neurons
with the subset of inflammatory mediators I studied, including IL-1β and TNF-α, causes neurons
to die (Annis et al., 2013). In another study, Yang et al. (2011) showed that adding MCP-1 to the
primary murine microglia-neuron co-cultures, but not pure cultures of primary murine neurons,
induced neurotoxicity. In our study, SCFA mixtures, as well as formate and valerate on their
own, reduced the cytotoxicity of THP-1 cell supernatants towards neuronal cells. These data are
consistent with our observation that SCFA mixtures, as well as formate and valerate alone,
decrease the release of potentially cytotoxic molecules IL-1β, TNF-α, MCP-1 and ROS.
Interestingly, it has been demonstrated that suberoylanilide hydroxamic acid, a histone
deacetylase inhibitor, reduces the toxicity of IFN-γ-activated primary human astrocytes towards
SH-SY5Y neuronal cells (Hashioka et al., 2012).
It is also important to highlight that SCFAs ability to reduce the secretion of IL-1β, TNFα and MCP-1 by THP-1 cells – a peripheral immune cell that is being used herein as a microglial
model - would plausibly decrease microglial activation and neuron death. In mice, IL-1β and
TNF-α cross the BBB from blood-to-brain using a saturable transport mechanism (Banks, 2005)
and MCP-1 reduces the integrity of the BBB (Yao and Tsirka, 2014). It is unknown whether IL1β, TNF-α and MCP-1 engage the same mechanisms in humans. If the human cytokines act in
the same manner as their murine counterparts, decreasing the levels of these inflammatory
mediators in the periphery could prevent adverse glial activation and neuronal death (Annis et
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al., 2013; Lively and Schlichter, 2018; Yang et al., 2011). Therefore, our observation that SCFAs
alone or in mixture reduce the secretion of IL-1β, TNF-α and MCP-1 by THP-1 monocytic cells
could be relevant to immune signaling between the periphery and CNS.
We studied effects of formate and valerate on phagocytosis, which is commonly viewed
as a protective function since it ensures removal of tissue debris and is used to eliminate foreign
pathogens. Recent studies indicate that adversely activated microglial can phagocytose live
neurons, causing their death (phagoptosis); therefore, inhibiting their phagocytic activity could
be neuroprotective under certain pathological conditions (Brown and Neher, 2014; Fu et al.,
2014; Hornik et al., 2016). I demonstrated that formate and valerate decreased the phagocytic
activity of THP-1 cells stimulated with LPS plus IFN-γ. These data are similar to previously
reported effects of butyrate on the phagocytic activity of LPS-stimulated primary chicken
macrophages (Zhou et al., 2014). However, in another study, butyrate increased the phagocytic
activity of IL-4-stimulated primary murine bone marrow-derived macrophages (Fernando et al.,
2016). It has been suggested that SCFAs activate different signaling pathways in human and
murine macrophages (Ang et al., 2016), which may explain the opposite effects of butyrate on
human and murine macrophage phagocytosis.
4.5 Chapter conclusion
It is important to point out that most in vitro studies on biological effects of SCFAs have
used them at millimolar concentrations, which may be well above the physiological SCFA
concentration in human serum and brain tissue. This study highlights the potential of SCFAs
alone and in combinations to regulate microglial functions that are disrupted in AD. Further
investigation is required to determine the primary mechanisms engaged by the SCFA mixture
since the inhibitory effect of SCFAs appears to be only partially dependent on the FFAR 2 or 3.
It is also important to note that only future in vivo experiments will be able to establish
conclusively that SCFAs produced by gut microbes enter the CNS at sufficiently high
concentrations to regulate microglial activation and beneficially modulate the progression of
neuroinflammatory processes in AD.
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5. Conclusion
5.1 Discussion
Chapters 2-4 demonstrate the ability of CL, CytC and SCFAs to modulate select
functions of glia. Based on the data I collected, as well as previously published literature, figure
5.1 illustrates a possible mechanism engaged by these three endogenous molecules in the human
body, and how these mechanisms contribute to the pathogenesis of AD.
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Figure 5.1. A proposed schematic for the signaling events described in this thesis, and how they
may contribute to the pathogenesis of AD. Extracellular CL, CytC and SCFAs modulate the
secretion of inflammatory mediators that 1) alter phagocytic activity (Giulian and Ingeman,
1988; Neniskyte et al., 2014), 2) activate glia (Clarner et al., 2015; Lively and Schlichter, 2018;
McLarnon, 2016; Parajuli et al., 2012), 3) cause neurons to die (Annis et al., 2013; Demaurex
and Scorrano, 2009; McLarnon, 2016; Sui et al., 2004; Yang et al., 2011), and 4) reduce BBB
integrity (Ding et al., 2017; Song et al., 2020; Yao and Tsirka, 2014). A subset of inflammatory
mediators, namely IL-8, IP-10, and MCP-1, recruit microglia and peripheral macrophages
90

towards the site of injury, facilitating the activation of more cells (Clarner et al., 2015;
McLarnon, 2016; Sheehan et al., 2007). GM-CSF also upregulates the expression of TLR 4
(Parajuli et al., 2012), which sensitizes glia to TLR 4 agonists such as Aβ. Each of these events
can contribute to the pathogenesis of neurological disorders such as AD (Leitner et al., 2019;
Thériault et al., 2015). CytC and CL are constitutively present in mitochondria of brain cells, and
can be released into extracellular space under pathological conditions, whereas SCFAs are
produced in the gut by microbes. Thus, SCFAs need to move from the gut to the brain
parenchyma, or modify peripheral signaling pathways, to modulate glial immune responses. For
example, SCFAs may i) cross the BBB through monocarboxylate transporters and act directly on
microglia, or ii) modulate the secretion of peripheral inflammatory mediators that can cross the
BBB and regulate glia functions (see chapter 4 for expanded commentary).

As figure 5.1 illustrates, the effects of CL, CytC and SCFAs may be more pronounced in
the brain parenchyma where multiple cell types exist simultaneously. For example, while the
experiments described in this thesis show CytC induces the secretion of cytotoxins by astrocytic
cells, these experiments were conducted in the absence of microglia. Since CytC induces
astrocytes to secrete GM-CSF, IL-1β and IL-8, which activate microglia (Lively and Schlichter,
2018; McLarnon, 2016; Parajuli et al., 2012), I would expect substantially more cytotoxins to be
secreted in the human brain parenchyma where microglia and astrocytes co-exist, inducing
neuron death. Furthermore, GM-CSF upregulates the expression of TLR 4 by microglia, and
primes microglia for an enhanced immune response when subsequently exposed to TLR 4
agonists (Parajuli et al., 2012). Thus, it is plausible that CytC may adversely sensitize microglia
causing their excessive response to subsequent challenge with TLR 4 agonists, including the
disease-related proteins Aβ and α-syn. It is also important to point out that GM-CSF promotes
the proliferation of microglia, but not astrocytes (Giulian and Ingeman, 1988; Liva et al., 1999),
which may lead to increased numbers of activated microglia in pathological conditions.
Extracellular MCP-1 and ROS reduce BBB integrity, thus increasing the permeability of
this structure. As extensively reviewed by Thériault et al. (2015), reduced BBB integrity enables
the entry of peripheral immune cells into the brain parenchyma, where they can contribute to the
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removal of Aβ deposits. While studies have demonstrated peripheral macrophages clear Aβ
deposits more readily than microglia (Gate et al., 2010), it is important to state that the presence
of peripheral cells in the brain can have adverse consequences. For example, a previous study
demonstrates T cells that infiltrate the CNS reduce the spatial memory of AD-model mice
(Laurent et al., 2017). Upregulated ROS production in the brain has been associated with
reduced BBB integrity (Song et al., 2020). From a mechanistic perspective, it is possible that
ROS directly injure the BBB; for example, excessive ROS produced by microglia induces
apoptosis of pericytes (Ding et al., 2017; Song et al., 2020), which, as described in section 1.2,
are the principal cell type forming the BBB.
Several different inflammatory mediators, including GM-CSF, TNF-α and nitric oxide,
directly modulate microglial phagocytosis (Giulian and Ingeman, 1988; Kopec and Carroll,
2000; Neniskyte et al., 2014). For example, GM-CSF increased the phagocytic activity of
microglia 3.2 fold (Giulian and Ingeman, 1988). Therefore, CytC-induced secretion of GM-CSF
by astrocytes could lead to upregulated phagocytic activity of microglia . While the data in
Chapter 2 demonstrate that CL induces the secretion of nitric oxide by human THP-1 cells, this
may not translate to a physiologically-relevant observation in murine cells. For instance, even
though nitric oxide upregulates the phagocytic activity of murine microglia (Kopec and Carroll,
2000), CL does not induce the secretion of nitric oxide by these cells (Pointer et al., 2019).
Therefore, CL-induced upregulation of murine microglia phagocytosis is likely not mediated by
nitric oxide. As demonstrated by Kopec and Carroll (2000), molecules such as Aβ can increase
the phagocytic activity of murine microglia without inducing their secretion of nitric oxide.
While upregulated phagocytic activity of immune cells has been suggested to be neuroprotective
in AD (Gate et al., 2010; Leitner et al., 2019), it is critical to highlight that it can directly cause
neurons to die. For example, Neniskyte et al. (2014) demonstrate that TNF-α upregulates rat
microglial phagocytosis and causes neurons to die. This study illustrates that it is essential to
regulate phagocytosis to prevent excessive neuronal death contributing to the onset of AD
symptoms.
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5.2 Study considerations and limitations
Immortalized cell lines were utilized in most of the experiments described in this thesis.
These cells were derived from cancerous tissues, or were experimentally created through viral
transfection (Maqsood et al., 2013). Due to these origins, immortalized cells are representative of
the subpopulation of cells they were derived from. Their characteristics, such as morphology,
gene expression or secretome, may not be representative of the whole population of primary
cells. To overcome this limitation, several key experiments in this thesis were repeated using
primary cells.
Primary cells also have limitations compared to immortalized cell lines. While primary
cells may express more native characteristics, their morphology, gene expression and secretome
may drastically change when removed from their native environment (Gosselin et al., 2017). In
an attempt to overcome this limitation, scientists have historically conducted in vivo studies.
However, animal models have their own unique sets of drawbacks compared to primary cells,
which were described in sections 1.5 and 2.4. In brief, structural and expression differences exist
between murine and human receptors, including TLR 4 (Lizundia et al., 2008; Vaure and Liu,
2014). These differences can contribute to a drug failing clinical trials in humans, despite the
success of the drug during a preclinical trial using animal models of corresponding diseases
(Oura et al., 2017; Shepherd and Sridhar, 2003). Furthermore, primary murine microglia used in
experiments described in this thesis were obtained from eight-week old mice. While six to 20
weeks of age have been consistently described as adult mice (Jackson et al., 2017), it is known
that microglia extracted from older animals secrete higher levels of cytokines and exhibit
decreased phagocytic activity compared to microglia derived from younger animals (Rawji et al.,
2016). Astrocytes extracted from aged animals also secrete cytokines at higher concentrations
compared to cells obtained from young animals (Palmer and Ousman, 2018). Therefore, it is
possible that the effects of CL, CytC and SCFAs may differ if primary cells were derived from
aged animals. Recent research indicates that the optimal time of therapeutic intervention for AD
precedes symptoms, and thus tissues from younger animals and patients should be used in
experimental and clinical studies (Crous-Bou et al., 2017). The experiments in chapter 3 utilizing
primary human astrocytes were conducted using cells derived from three patients only due to the
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very limited supply of surgically resected human brain tissue. If additional human tissue samples
become available, these experiments should be repeated. Larger sample size could increase
statistical power to a level sufficient to delineate additional effects of CytC. For example, with
more samples, the experiment described in Table 3.1 may demonstrate that CytC significantly
increases the secretion of MCP-1 by primary human astrocytes.
Recently, new brain organoid technologies have been developed in an attempt to
overcome the limitations of two-dimensional cell cultures and animal models. Brain organoids
are self-assembling three-dimensional cell cultures that resemble a fetal human brain (Velasco et
al., 2019), and have been used to study a variety of diseases, including AD (Lancaster and Huch,
2019; Papaspyropoulos et al., 2020). Cells in these three-dimensional cultures can receive and
send signals to a variety of cell types native to their normal tissues, unlike in two-dimensional
cultures where some cell types are often excluded. For example, two-dimensional cell cultures
do not often simultaneously consist of neurons, oligodendrocytes, astrocytes, microglia and
progenitor cells. Cells that make up brain organoids (e.g. neurons, oligodendrocytes, astrocytes
and microglia) are derived from inducible pluripotent stem cells (iPSC), which can be generated
by reprogramming somatic cells in blood, such as CD 34-positive or erythroid progenitor cells.
Importantly, brain organoids are generated with a genetic background identical to the human the
iPSCs are derived from. Therefore, this technology allows the generation of cell cultures that
have disease-relevant genetic backgrounds.
The experiments described in this thesis should be extended to organoid models. Not only
do these three-dimensional cultures better encapsulate the brain than two-dimensional cultures,
the cells of brain organoids express receptors and respond to stimuli similar to their primary
human counterpart. Thus, this technology overcomes some limitations of in vivo models, such as
the interspecies differences in immune responses and receptor expression of microglia described
in sections 1.5 and 2.4. This technology would have been particularly beneficial to chapter 4,
where a non-glial human cell line was used because (1) murine brain cells do not express the
hypothesized receptor targets FFAR 2 and 3, and (2) there is no human microglial cell line that is
widely available and well characterized. While the reproducibility of organoid model systems
have been questioned, recent studies demonstrate that brain organoids have sample-to-sample
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variation similar to fetal human and adult mice brains (Nascimento et al., 2019; Velasco et al.,
2019). Altogether, organoids enable researchers to study a system that better represents the
human brains, compared to traditional two-dimensional cell cultures.
Experiments conducted in chapters 2-4 measured a limited number of cytokines at only
one timepoint. Cytokines secreted by microglia and astrocytes reach peak concentrations at
distinct timepoints after glial stimulation (Lee et al., 1993; Norden et al., 2016). For example,
TNF-α is maximally secreted by microglia eight h after their exposure to LPS (Lee et al., 1993).
The same study also demonstrates that TNF-α activate microglia and astrocytes. Since the
experiments described throughout this thesis measured cytokines in glial supernatant 24 h and 48
h after exposure to stimuli, the observed effects may not be caused directly by CL, CytC and
SCFAs, but indirectly by the cytokines that are released from stimulated glia. Furthermore, only
the classical pro-inflammatory cytokines were measured in chapters 2-4. As previously described
in section 1.4 and 1.6, TLR 4 agonists induce the secretion of a broad range of pro- and antiinflammatory cytokines. In an attempt to better profile the direct effects of CL, CytC and SCFAs
on the glia secretome, experiments described herein should be repeated to measure a wider range
of cytokines. In addition, these repeated experiments should use shortened simulation periods.
Identifying ligand targets using receptor antagonists has limitations (Lin et al., 2019). For
example, it is possible that the antagonists used in this thesis could have unexpected off-target
effects, leading to the incorrect identification of TLR 4. In an attempt to overcome this
limitation, the experiments described in chapter 3 used TLR 4-blocking antibodies, as well as a
synthetic receptor antagonist. The experiments described in this thesis should be repeated using
cells with the implicated target receptor knocked out using clustered regularly interspaced short
palindromic repeats (CRISPR)-CRISPR associated protein (Cas) 9 technology. This has been
recently described as the gold standard to identify ligand-protein target interactions, as
antagonists and RNA-interfering molecules are often less specific than expected (Lin et al.,
2019).
It is important to highlight that the experiments described in chapter 3 exposed human
astrocytes to bovine CytC. Many species are tolerant to antigens produced by the host-organism
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(self-tolerance); therefore, immune cells do not respond to normal constituents of the host
(Weigle, 1980). However, small differences in amino acid residues can cause a molecule to
induce an immune response, even if a protein is highly conserved between species. For example,
subcutaneous injections of human CytC, but not mouse CytC, into mice induced an immune
response in the animals (Mamula et al., 1992). Therefore, it is possible that human CytC may
have no effect on human astrocytes. It is paramount to test human-derived CytC on human
astrocytes to enhance the translatability of this research. In addition, the experiments in chapter 2
should be repeated using human CL derived from brain tissue, where there exist unique CL
species with a variety of different acyl chain lengths and degrees of unsaturation (Pointer and
Klegeris, 2017).
5.3 Significance of research
In chapter 2, I discovered previously unknown molecular mechanisms engaged by
extracellular CL, and novel neuroinflammation-resolving properties of this phospholipid. I
demonstrated for the first time that CL inhibits the secretion of MCP-1 and TNF-α by α-syn and
Aβ42-stimulated microglia, suggesting this phospholipid may have disease-modifying
properties. I established that CL alone induces the secretion of inflammatory mediators IP-10,
MCP-1, and nitric oxide, but not at concentrations that are cytotoxic towards neuronal cells.
Previous studies demonstrated CL inhibits secretion of cytokines by LPS-stimulated immune
cells, as well as upregulates microglial phagocytosis (Balasubramanian et al., 2015; Pizzuto et
al., 2019; Pointer et al., 2019). Yet, I am the first to experimentally describe TLR 4 as the
receptor that mediates the effects of CL on microglia and microglia-like cells. Altogether, the
data reported in chapter 2 supports my hypothesis that CL modulates the secretion of cytokines
and cytotoxins by microglia, as well as their phagocytic activity, in a TLR 4-dependent manner.
Experimental results described in chapter 2 justify developing CL or TLR 4 inhibitors as possible
therapeutic agents to reduce the adverse neuroinflammation observed in AD patients.
In chapter 3, I discovered CytC is released from dying glial cells and subsequently
induces the secretion of cytokines and cytotoxins from astrocytes in a TLR 4-dependent manner,
which supports my chapter 3 hypothesis. Previous studies demonstrated CytC modulates immune
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responses of non-astrocytic cells. For example, CytC primed the respiratory burst response of
differentiated HL-60 myelomonocytic cells, and induced the secretion of nitric oxide by BV-2
microglia (Gouveia et al., 2017). Yet, the effects of CytC on astrocyte functions were unknown. I
demonstrated for the first time that CytC alone induces the secretion of cytokines from primary
human astrocytes in a TLR 4-dependent manner. In addition, I established that CytC induces the
secretion of cytotoxins by astrocytic cells at sufficiently high concentrations to kill neurons.
Importantly, I discovered that CytC is released from damaged glial cells, including microglia
exposed to Aβ42 or TNF-α. With the data reported herein showing CytC release from glia, and
previous studies showing its release from neurons (Ahlemeyer et al., 2002), there is
accumulating evidence that CytC sufficiently contributes to the increased neuroinflammation
exhibited in conditions of exacerbated cell death, including neurodegenerative diseases.
In chapter 4, I discovered that SCFAs at physiologically relevant concentrations modulate
the secretion of cytokines and cytotoxins by microglia-like cells, as well as their phagocytic
activity. Previous studies demonstrated that individual SCFAs at concentrations well-above
levels measured in human sera modulate the secretion of cytokines by microglia (Huuskonen et
al., 2004). Yet, only limited studies described effects of SCFAs alone or in mixture at
physiological serum concentrations. I discovered that SCFAs mixed at concentrations reported in
human sera reduced the secretion of IL-1β, MCP-1, TNF-α and cytotoxins by microglia-like
cells. I demonstrated for the first time that FFAR 2 or 3 mediated the ability of formate alone, but
not the SCFA mixture, to reduce the secretion of IL-1β by microglia-like cells. I also discovered
that formate and valerate at high concentrations reduced the phagocytic activity of microglia-like
cells. Therefore, it is possible that formate and valerate may reduce phagoptosis (phagocytosis of
live neurons), slowing the death of neurons in AD (Clayton et al., 2017). I demonstrated that
formate inhibits the respiratory burst response of macrophages. Since there are less SCFAproducing microbes in the gut of AD patients (Liu et al., 2019), it is possible that therapeutic
agents that lead to the recolonization by and proliferation of these microbes may have ADmodifying properties .
Overall, I discovered previously unknown molecular mechanisms and functional
consequences of microglia and astrocyte activation by extracellular CL, CytC and SCFAs. In
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addition, I discovered receptors that partially regulate effects of these endogenous molecules.
The novel knowledge described in this thesis about the regulation of glial functions by
endogenous molecules offers insight into possible therapeutic agents that could be developed to
prevent or treat neurological disorders, such as AD. For example, since TLR 4 modulates glial
functions that become dysregulated in AD and blocking this receptor reduces the secretion of
cytotoxic secretions of glia, therapeutic agents that inhibit TLR 4 may slow the progression of
AD. Experiments described in chapter 4 also justify future studies to determine whether therapies
that promote the colonization and proliferation of SCFA-producing bacteria reduce
neuroinflammation, and subsequently slow the onset of AD symptoms.
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Appendix
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Figure S2.1. The chemical structure of the most abundant form of CL (A), PA182 (B), and
PA181 (C).
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Figure S2.2. Effects of CL on the viability of unstimulated and stimulated primary murine microglia. CL was added to cell cultures to
reach a final concentration of 14 µM. Cells were left unstimulated (A) or were stimulated with 20 ng/ml LPS (B), 5 µM Aβ42 (C), 10
µg/ml α-syn (D), or 150 U/ml IFN-γ (E) 15 min later. After 48 h incubation, viability of primary murine microglia was measured by
the MTT assay. Data (means ± SEM) from six independent experiments performed on separate days are presented. No significance
was detected according to the paired Student’s t-test with Holm-Bonferroni correction for multiple comparisons.
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Figure S2.3. Effects of CL the viability of murine BV-2 microglia (A) and human THP-1
monocytic cells (B) in the presence or absence of TLR 4-blocking antibodies. 10 µg/ml of antiTLR 4 antibodies were added to cell cultures 30 min before stimulation with CL (A,B). After 48
h incubation, viability of BV-2 microglia (A) and THP-1 cells (B) was measured by the MTT
assay. Data (means ± SEM) from four independent experiments performed on separate days are
presented. P and F values calculated by the one-way randomized blocks ANOVA are shown.
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Figure S2.4. Chemical interaction between CL or its solvent and the Griess reagents. Solutions
of cardiolipin or its solvent was mixed with Griess reagents in the presence or absence of sodium
nitrite. Data (means ± SEM) from three experiments are presented.
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Figure S2.5. Effects of CL on the viability of human THP-1 monocytic cells in the presence or
absence of LPS. Increasing concentrations of CL (0.4-14 μM) were added to cell cultures. Cells
were left unstimulated (A) or were stimulated with 400 ng/ml (B) LPS 15 min later. After 48 h
incubation, the viability of THP-1 cells were measured with the MTT assay. Data (means ±
SEM) from six independent experiments performed on separate days are presented. P and F
values calculated by the one-way randomized blocks ANOVA are shown.
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Figure S2.6. Effects of CL on the viability of primary murine microglia (A) or human THP-1
monocytic cells (B) in the presence or absence of TLR 4-blocking antibodies. 10 µg/ml of antiTLR 4 antibodies were added to cell cultures first. After 30 min incubation, CL was added to
reach the final concentrations of 14 µM. After a 24 h incubation period, viability of primary
murine microglia (A) or THP-1 cells (B) was measured with the MTT assay. Data (means ±
SEM) from four independent experiments performed on separate days are presented. P and F
values calculated by the one-way randomized blocks ANOVA are shown.
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Figure S3.1. Anti-human TLR 4 antibodies alone did not affect the secretion of GM-CSF (A),
IL-1β (B), IL-12 p70 (C) or IL-8 (D) by human primary astrocytes. 10 µg/ml of anti-TLR 4
antibodies were added to cell cultures first. 48 h later, concentrations of of GM-CSF (A), IL-1β
(B), IL-12 p70 (C) or IL-8 (D) in cell-free supernatants were measured by the ELISA. Data
(means ± SEM) from three independent experiments performed on separate days, using cells
extracted from three different subjects, are presented. No significance was detected according to
the paired Student’s t-test with the Holm-Bonferroni correction for multiple comparisons. The
detection limits of the ELISAs are shown as dotted lines.
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Figure S3.2. Effects of heated CytC on the viability of U118 MG astrocytic cells. Heated CytC
was added to reach the final concentrations of 50 µg/ml. After a 48 h incubation period, viability
of U118 MG astrocytic cells was measured with the MTT assay. Data (means ± SEM) from five
independent experiments performed on separate days are presented. No significance was
detected according to the paired Student’s t-test.
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Figure S3.3. Anti-human SOD 1 antibodies had no effect on the CytC-induced secretion of IL1β by U118 MG astrocytic cells. 10 µg/ml of anti-SOD 1 antibodies were added to cell cultures
first. After 30 min incubation, CytC was added to reach the final concentrations of 50 µg/ml. 48
h later, concentrations of IL-1β in cell-free supernatants were measured by the ELISA. Data
(means ± SEM) from six independent experiments performed on separate days are presented.
* P<0.05, ** P<0.01 according to the Tukey’s post-hoc test. P and F values for the one-way
randomized blocks ANOVA are also shown, as well as the detection limit of the ELISAs as a
dotted line.
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Figure S3.4. Anti-TLR 4 antibodies (A), TAK 242 (B), and anti-human SOD 1 antibodies (C)
did not affect the viability of U118 MG astrocytic cells. 10 µg/ml of antibodies (A,C) or 10 µM
TAK 242 (B) was added to cell cultures first. Cells were left untreated or were treated with CytC
(50 µg/ml) 30 min later. After a 48 h incubation period, viability of U118 MG astrocytic cells
was measured by the MTT assay. Data (means ± SEM) from six independent experiments
performed on separate days are presented. P and F values for the one-way randomized blocks
ANOVA are also shown.
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Figure S3.5. CytC was not detected in culture medium from BV-2 microglia exposed to the
vehicle solutions of TNF-α (A) or Aβ42 (B). Data (means ± SEM) from four independent
experiments performed on different days are presented. P and F values for the one-way
randomized blocks ANOVA are shown, as well as the detection limit of the ELISA as a dotted
line.
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Figure S4.1. Effect of the SCFA mixture (A) and the SCFA formate on its own (B) in the
presence or absence of the FFAR 2 and 3 antagonist on the viability of THP-1 cells. 0.1 µM
GLPG 0974 was added to THP-1 cells first. After 30 min incubation, 500 µM SCFA mixture (A)
or formate alone (B) were added to THP-1 cells, followed by their stimulation with LPS plus
IFN-γ 15 min later. After a 48 h incubation period, viability of THP-1 cells was measured by the
MTT assay. Data (means ± SEM) from four independent experiments performed on different
days are presented. P and F values for the one-way randomized blocks ANOVA are shown.
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Figure S4.2. Effect of the SCFA mixture (A) and individual SCFAs (B) on viability of human
SH-SY5Y neuronal cells. Viability human SH-SY5Y cells was measured by the MTT assay
respectively after 72 h incubation with SCFAs (A), or individual SCFAs at their maximum
concentration in mixture (B). Data (means ± SEM) from four independent experiments
performed on different days are presented. P and F values for the one-way randomized blocks
ANOVA are shown.

141

