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Abstract

The increasing number of Canadians with dementia is projected to reach one million by
2033. The most common cause of dementia is Alzheimer’s disease (AD). Modifiable risk factors
for AD, including dietary factors, should be investigated to inform recommendations for disease
prevention. Dietary fatty acids, including polyunsaturated fatty acids (PUFAs), monounsaturated
fatty acids (MUFAs) and saturated fatty acids (SFAs), are modifiable dietary components.
PUFAs affect immune functions in the periphery and the central nervous system (CNS).
Microglia are CNS immune cells that release inflammatory mediators including chemokines,
cytokines, reactive nitrogen species (RNS) and reactive oxygen species (ROS). In AD, microglia
are chronically activated by abnormal proteins, which results in excessive production of
inflammatory mediators, promoting neuron death.
The fatty acids studied in this thesis included the n-3 and n-6 PUFAs α-linolenic acid
(ALA) and linoleic acid (LA), the MUFA oleic acid (OA), and the SFA stearic acid (SA). While
this thesis presents experiments containing two glucose conditions, effects of fatty acids on the
microglial release of RNS, ROS, monocyte chemoattractant protein (MCP)-1 and neurotoxins
were examined using high glucose conditions (17.0-17.3 mM). Gas chromatography assessed
fatty acid content of cells exposed to fatty acids in the presence of 5.6 mM and 17.0 mM glucose.
The Griess assay assessed RNS, followed by immunoblotting for inducible nitric oxide synthase
(iNOS). Chemiluminescence was used to measure ROS, and enzyme-linked immunosorbent
assays were used to detect MCP-1. Neuronal SH-SY5Y cells were incubated with supernatants
from microglia exposed to fatty acid to assess impact of released neurotoxins.
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In activated BV-2 microglia cultured in high glucose media (17.0 mM), fatty acids ALA
and LA reduced microglial RNS release, and LA reduced the expression of iNOS. In microglia
cultured in high glucose media (17.0-17.3 mM), no effects of fatty acids on phagocytosis, ROS
release and MCP-1 release were identified. Except for SA, each fatty acid studied did not affect
neurotoxic microglial secretions. My thesis demonstrates that dietary fatty acids inhibit select
immune responses of microglia cultured in high glucose (17.0 mM). This data extends our
knowledge basis needed for evidence-based dietary recommendations to prevent CNS
inflammation.
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Lay Summary

Each year, there are 10 million new global cases of dementia, and as the population ages,
this number will increase. The most common cause of dementia is Alzheimer’s disease (AD),
which is associated with the death of neurons. Diet may be important in the development of this
disease. To test whether dietary fats play a preventative role in AD, my thesis research
investigated how four different dietary fats altered the responses of brain cells known as
microglia. Microglia are immune cells required to maintain the healthy environment of the brain.
In AD, microglia excessively release factors that cause inflammation, including reactive nitrogen
species (RNS). This results in an environment that is toxic to neurons. After microglia were
cultured in high glucose and treated with each fat, I observed decreased RNS levels. Thus, these
fats should be further investigated for their protective roles in altering microglial responses
involved in AD.
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Chapter 1: Introduction
1.1

Cells of the Central Nervous System (CNS)
The central nervous system (CNS) is comprised of neuronal and non-neuronal cells,

which have unique physiological functions. Neurons are the main excitable cells of the brain,
whereas glia, the immune and helper cells of the brain, support the functions of neurons. The
main types of glia include astrocytes, microglia and oligodendrocytes, and they offer both
trophic and neuroimmune support to the CNS (Hanisch and Kettenmann, 2007; Lee and
MacLean, 2015; Ransohoff, 2016). The above types of glia and their critical functions in CNS
homeostasis are described in Figure 1.
Astrocytes primarily function as support cells of the brain. Astrocytes associate with
endothelial cells and pericytes in the blood brain barrier (BBB), and regulate the passage of
molecules, including nutrients and oxygen required for neuron metabolism (Lecrux and Hamel,
2011). Astrocytes support neurons through their responses to neuronal signals, such as release of
the signaling molecule nitric oxide (NO), in addition to regulating neurotransmitter abundance in
the CNS and participating in the turnover of neuronal synapses by phagocytosis (Ben Haim et
al., 2015; Chung et al., 2013). Furthermore, astrocytes become activated to release proinflammatory signals in response to disruptions in CNS homeostasis, including an altered
environment of “healthy” neuronal signaling molecules, or an accumulation of abnormal proteins
(Ben Haim et al., 2015).
Another type of glia, oligodendrocytes, provide physical support to neurons in the form
of the myelin sheath (Jessen, 2004), which is an insulating physical barrier for neurons. The
myelin sheath also participates in neuronal metabolism, providing a supporting role in ion and
energy regulation (Saab and Nave, 2017).
1

Microglia are the resident immune cells of the brain that constantly monitor and maintain
the microenvironment of the CNS. Microglia promote CNS homeostasis through immune
responses, phagocytosis of cellular debris and dysfunctional neuronal synapses, regulation of
neuronal synapse activity and neurotransmitter recycling (Brown and Neher, 2014; Clark et al.,
2015; Hanisch and Kettenmann, 2007). Microglia can detect a wide range of endogenous and
exogenous stimuli that promote their activation, resulting in the release of signaling molecules,
which can be anti-inflammatory or pro-inflammatory depending on the activating stimulus. For
example, stimuli including endogenous cytokines such as tumor necrosis factor (TNF)-α or
interferon (IFN)-γ, and exogenous mediators such as bacterial lipopolysaccharide (LPS) promote
a pro-inflammatory phenotype of microglia (Brown and Vilalta, 2015; Hanisch and Kettenmann,
2007; Lee and MacLean, 2015). Upon activation, microglia release pro-inflammatory mediators
including reactive oxygen species (ROS) and reactive nitrogen species (RNS), as well as
cytokines and chemokines, to facilitate removal of the activating stimulus (Lee and MacLean,
2015). Microglial activation and their secretion of pro-inflammatory mediators is a significant
feature of Alzheimer’s disease (AD) and other neurodegenerative diseases (Brown and Vilalta,
2015).
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Figure 1. Glia of the central nervous system (CNS). Glia regulate CNS functions by the release of neurotrophic
factors, pro-inflammatory and pro-resolving chemokines and cytokines, and nutrients (Brown and Vilalta, 2015;
Hanisch and Kettenmann, 2007; Lee and MacLean, 2015). The end feet of astrocytes associate with pericytes and
endothelial cells of the blood brain barrier (BBB) to regulate the flow of nutrients (Lee and MacLean, 2015),
whereas microglia are the primary immune cells of the CNS. Astrocytes and microglia can phagocytose neuronal
synapses to eliminate weak connections as well as regulate synapse activity (Chung et al., 2013; Clark et al., 2015;
Hanisch and Kettenmann, 2007). Oligodendrocytes provide metabolic and axonal support, including development of
the myelin sheath (Jessen, 2004; Saab and Nave, 2017).

1.2

CNS Inflammation and Alzheimer’s Disease (AD)
Abnormal protein aggregation in the CNS is an important feature of several

neurodegenerative diseases. The hyperphosphorylation of tau protein and aggregation of toxic
amyloid-β (Aβ) species are the two hallmarks of AD. Tau protein is an abundant intra-neuronal
cytoskeletal protein, and tau hyperphosphorylation causes accumulation of neurofibrillary
tangles (NFTs), which can lead to necroptotic neuron death (Caccamo et al., 2017; Kametani and
Hasegawa, 2018). The second pathological hallmark of AD, which is the aggregation of Aβ into
soluble Aβ oligomers and insoluble plaques, is due to excessive cleavage of the amyloid
precursor protein (APP) (Ferreira and Klein, 2011). The presence of abnormal protein in the AD
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brain causes adverse microglial activation (Bronzuoli et al., 2016). Moreover, microglial
activation in turn promotes a chronic state of neuroinflammation, which propagates further
activation of surrounding microglia. Due to the non-specific nature of change in the glial
secretome upon activation, a positive feedback loop is generated, wherein microglial activation
leads to neuroinflammation and excessive neuron death (Spielman et al., 2014). Some experts
believe that this neuroinflammatory cycle is largely responsible for the disease progression and
cognitive decline seen in AD (Whittington et al., 2017). Additionally, several other recently
described modifiable risk factors may affect the chronic neuroinflammation observed in AD
(Freeman et al., 2014; McKenzie et al., 2017).

1.3

Modifiable Risk Factors for AD Development
Modifiable risk factors for AD include certain cardiovascular conditions and type 2

diabetes mellitus, whose pathologies share common features of systemic and CNS inflammation
(McKenzie et al., 2017). Dietary factors may also be important AD risk factors, and the types of
fats consumed in the diet may be particularly significant (Freeman et al., 2014). Past studies have
often focused on comparisons of high-fat (over 40-45% energy from fat) and low-fat (<10-30%
energy from fat) diets, as the high caloric intake in high-fat diets is relevant to the development
of obesity (Schrauwen and Westerterp, 2000; Schwingshackl and Hoffmann, 2013). Obesity is
characterized by systemic and CNS inflammation and increased body mass (Guillemot-Legris
and Muccioli, 2017). Systematic review comparing low-fat to high-fat diets found that both diets
can be associated with certain beneficial aspects related to cardiovascular disease prevention
(Schwingshackl and Hoffmann, 2013). Low-fat and high-fat diets may show these complex
effects due to compositional changes of individual fatty acids between these diets, which are
4

difficult to control in human studies. It remains important to elucidate the cellular roles of such a
significant part of human diet, namely dietary fatty acids, on human immune status.
An extensive understanding of the dietary composition of fatty acids and their
physiological effects are required to provide evidence-based dietary recommendations. These
recommendations may be beneficial for the prevention of type 2 diabetes mellitus and potential
comorbid conditions including AD. Dietary patterns prevalent in North America and Northern
Europe, often recognized as following a “western diet” pattern, are characterized by moderate fat
intake (35-40% energy) and low intake of n-3 polyunsaturated fatty acids (PUFAs) compared to
n-6 PUFAs (Feart et al., 2012; Simopoulos, 2016, 2011). As PUFAs play key roles regulating
fatty acid oxidation, triglyceride content, and body weight in animals, the low intake ratio of n-3
to n-6 PUFAs in the western diet may contribute to the development of obesity (Hennig and
Watkins, 1989; Massiera et al., 2010; Simopoulos, 2016, 2011; Ukropec et al., 2003). Further,
many dietary fatty acids have systemic and CNS immunomodulatory activities, which highlight
the possible relevance of these dietary factors in the development of AD (Layé et al., 2018;
McKenzie et al., 2017).

1.4

Dietary Factors
Dietary factors may protect from age-related cognitive decline and the development of

AD; however, meta-analyses have failed to find a significant positive impact of altered dietary
fatty acids including n-3 PUFAs on cognition (Cooper et al., 2015; Lehert et al., 2015; Xu et al.,
2015). Many of these studies focused on Mediterranean diets (MeDi), which have low caloric
content and high levels of monounsaturated fatty acids (MUFAs) with an increased ratio of n-3
to n-6 PUFAs (Lehert et al., 2015; Nowson et al., 2018; Van De Rest et al., 2015; Xu et al.,
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2015). Studies have confirmed the association between MeDi and reduced risk of age-related
cognitive decline or dementia (Van De Rest et al., 2015). These results suggest that diet impacts
cognition and dementia, and dietary fat may be a contributor (Martínez-Lapiscina et al., 2013;
Nowson et al., 2018; Zazpe et al., 2008). As it is difficult to isolate dietary variables in human
studies, data from in vitro experiments will be useful in determining the effects of fatty acids
prominent in the MeDi on cells of the CNS. There is some in vitro data to suggest an antiinflammatory contribution of high content of a MUFA, oleic acid (OA), and an n-3 PUFA,
docosahexaenoic acid (DHA), which are prominent in the MeDi (Debbabi et al., 2017). In this
study, OA and DHA both reduced ROS production and apoptosis of microglial BV-2 cells
following exposure to a bioactive sterol, 7-ketocholesterol. These types of studies may provide
insight into particular types of fatty acids in the MeDi that may contribute to the beneficial
outcomes of these diets on human health.
The potential beneficial effects of the MeDi on cognition contrast those of the western
diet, which is generally characterized by high caloric content from highly processed foods, high
saturated fatty acid (SFA) content, and low n-3 PUFA to n-6 PUFA ratio (Cordain et al., 2005;
Simopoulos, 2016). For instance, an estimated ratio of n-3 to n-6 PUFAs from dietary intake
within the United States in 2016 was approximately 17:1 (Simopoulos, 2016). Recently, it was
shown that mice reared on a mock western diet, which contained 16.4% total fat compared to
4.6% in the control diet, including 8% saturated fat compared to 1% in the control diet, displayed
increased activation of both microglia and astrocytes (Graham et al., 2016). Limited evidence
suggests that saturated fats may be a risk factor for cognitive decline in humans, further
highlighting the negative impacts of the western diet, in comparison to the protective benefits of
the MeDi (Eskelinen et al., 2008; Lee et al., 2010). These studies have been confirmed, by
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Baierle et al. (2014), who found a positive correlation between human serum DHA and increased
cognition, alongside a correlation of serum SFAs with reduced cognitive function (Baierle et al.,
2014).
Thus, individuals who consume western diets with high levels of SFAs and low levels of
n-3 PUFAs compared to n-6 PUFAs may have an increased risk of cognitive decline, compared
to individuals who do not regularly consume high levels of SFAs and n-6 PUFAs. Understanding
how fatty acids from diet affect the brain and impact neuroinflammation is important to help
explain the mechanisms of the potential link between dietary fatty acid and cognition, which is
still poorly understood.

1.5
1.5.1

Dietary Fats and the CNS
Ingestion of Dietary Fats
Dietary fats in the form of free (unesterified) fatty acids are absorbed in the small

intestine (Wang et al., 2013). Triglycerides and phospholipids are two common esterified fatty
acids in diet that are cleaved by lipases into smaller fatty acid chains; these free fatty acids are
repackaged into triglycerides, which are esterified into lipoproteins for transport through the
lymphatic system into circulation, or they are transported directly by the portal venous system to
the liver (Sigalet and Martin, 1999; Wang et al., 2013).
The circulatory system transports free and esterified fatty acids to the BBB, before entry
into the CNS (Banks et al., 2018; Bazinet and Laye, 2014). Upon entering circulation,
lipoproteins, including chylomicrons, low-density and high-density lipoproteins (LDLs and
HDLs) are carried to the tissue, where they can bind to lipoprotein lipase (LPL) present in
endothelium. LPL releases triglycerides from HDLs and LDLs, some of which remain in
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circulation. In circulation, triglycerides undergo recycling reactions to free fatty acids. When in
circulation, free fatty acids bind to serum albumin (in μM concentrations, in a ratio of 0.5 to 2
free fatty acids per each albumin protein), with a much lower level (nM concentrations) of serum
fatty acids not bound to albumin (Richieri and Kleinfeld, 1995; Spector, 1975). The fatty acid
carboxyl group binds to the cationic sites of serum albumin, with additional hydrophobic
interactions between the fatty acid chain and albumin side chains (Spector et al., 1969).
Both free fatty acids and esterified fatty acids in lipoproteins are thought to be able to
enter the CNS by passive diffusion and by active transport across the BBB (Banks et al., 2018;
Bazinet and Laye, 2014; Layé et al., 2018). Within the CNS, fatty acids and their metabolites
play several regulatory roles. Fatty acids and their metabolites are important in cell membrane
organization (Shaikh and Teague, 2012), inter- and intra-cellular signaling (Bazinet and Laye,
2014), β-oxidation of fatty acids to generate energy (primarily in astrocytes) (Auestad et al.,
1991), and intra-cellular storage in lipid droplets (Daemen et al., 2016). Fatty acids affect cellular
receptors by interacting directly with receptors, or by producing fatty acid metabolites that
interact with receptors. Within cells, including neurons, fatty acids and their metabolites can be
re-formed from membrane phospholipids when they are recycled through reactions known as the
Land’s cycle (Bazinet and Laye, 2014; Tabe et al., 2016).

1.5.2. Fatty Acid Composition of CNS Glia
Some fatty acids can be formed in the CNS, including the MUFA OA, and the SFA
stearic acid (SA). In the CNS, fatty acids are preferentially formed through the elongation
pathway of fatty acid synthesis from malonyl-CoA compared to de novo fatty acid synthesis
(Aeberhard and Menkes, 1968). For instance, SA is produced by the elongation of palmitic acid.
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The MUFA OA can be produced from SA, which has been demonstrated in astrocytes of the
developing rat brain, but this has yet to be described for the adult CNS (Tabernero et al., 2002).
However, there is a variant of the enzyme that converts SA to OA, stearoyl-coA desaturase-5,
which is expressed in the adult human brain (Wang et al., 2005).
Though MUFAs and SFAs can be produced in the CNS, the 18-carbon PUFAs, αlinolenic acid (ALA) and linoleic acid (LA), are essential in the diet. Once ingested, they can be
converted in the liver to their metabolites DHA and the n-6 PUFA arachidonic acid (AA),
respectively (Layé et al., 2018). Structures of the four 18-carbon fatty acids, ALA, LA, OA and
SA are shown in Figure 2.

Figure 2. Structures of the 18 carbon fatty acids assessed in this study: (A) α-linolenic acid (ALA), (B) linoleic
acid (LA), (C) oleic acid (OA), and (D) stearic acid (SA). This figure was created using ACD/ChemSketch,
version 2017.2.1, Advanced Chemistry Development, Inc., Toronto, ON, Canada, www.acdlabs.com, 2017.

Fatty acid metabolism in microglial cells is currently not well understood. BV-2 mouse
microglia are composed of higher proportions of both SFAs and MUFAs, compared to PUFAs
(Button et al., 2014). These microglia have been shown to express mRNA of stearoyl-coA
desaturase-2, which allows for conversion of SA to OA. Microglial membrane fatty acid
composition was altered upon pro-inflammatory stimulation by LPS, which was associated with
reduced activity of stearoyl-coA desaturase-2 (Button et al., 2014). Fatty acid treatment may also
affect the organization of cellular membranes; for instance, DHA can affect a number of cell
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membrane functions, including the ability to remodel microglial organelles and lipid rafts
(Hellwing et al., 2018; Tremblay et al., 2016). Studies have shown in vivo altered PUFA
composition in astrocytes and oligodendrocytes when rats were fed diets with different fatty acid
compositions (Bourre et al., 1984). In vitro, the addition of LA also increased n-6 to n-3 PUFA
phospholipid ratios of neonatal rat astrocytes (Murphy, 1995). In comparison to astrocytes, the
fatty acid composition of microglial cells is largely unknown.
Intracellular fatty acid content, particularly of membrane phospholipids, may be an
important component of the phagocyte response. Peripheral mouse macrophages treated with
unsaturated fatty acids displayed an increased rate of phagocytosis of both zymosan particles and
viable bacteria, when compared to the phagocytic activity of macrophages without fatty acid
treatment (Adolph et al., 2012; Calder et al., 1990). In macrophages, the addition of unsaturated
fatty acids including ALA or LA has been shown to double total unsaturated phospholipid
content (Calder et al., 1990). This increased phagocytic effect in macrophages treated with
unsaturated fatty acids may be due to either altered membrane fluidity upon fatty acid exposure,
or changes in the reactive states of the macrophages (reviewed by Schumann, 2016). The
hypothesis that increased membrane fluidity promotes phagocytosis is supported by literature, as
compounds that increase fluidity, such as the sterol intermediate lanosterol, also enhance
phagocytosis (Adolph et al., 2012; Araldi et al., 2017). Since microglia are phagocytes, their
responses may also be affected by compositional membrane changes upon fatty acid treatment,
but this has not been established for microglia.
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1.6

Dietary Fats and Alzheimer’s Disease
Dietary factors may impact cognition and AD pathogenesis; however, research has been

unable to identify a fatty acid treatment that specifically lowers risk of AD development. Some
research indicates a role of n-3 PUFA phospholipids in reducing cognitive decline (Phillips et al.,
2012); yet, systematic reviews have failed to validate these findings (Burckhardt et al., 2016;
Sydenham et al., 2012). These systematic reviews found no association between dietary n-3
PUFA intake and cognitive decline in humans with dementia as well as non-demented adults.
Studies have indicated that DHA levels are reduced in the cerebrospinal fluid and brains of AD
patients (Fonteh et al., 2014; Martín et al., 2010); however, conflicting reports indicate that DHA
levels did not change (Fraser et al., 2010), or even increased in AD brains (Snowden et al.,
2017).
Some metabolites of LA are found at increased levels in the plasma of AD patients
compared to non-demented individuals, including 13-hydroxyoctadecadienoic acid (HODE), an
important regulator of inflammation (Vangaveti et al., 2016; Yoshida et al., 2009). Limited
evidence suggests that metabolism of the n-6 PUFA AA into its metabolites may be increased in
the brains of individuals with AD (Esposito et al., 2008); however, other studies found that levels
of AA were reduced in AD brains when compared to brains from non-demented individuals
(Snowden et al., 2017). The inconsistencies in these research findings indicate a clear gap in
understanding the link between fatty acid profiles and neurodegenerative disease pathology and
thus merit further study.
MUFAs are a key component of the MeDi, such as oleamide, a metabolite of the MUFA
OA found in fermented dairy products. In the 5x familial AD transgenic mouse model, which
overexpresses human APP, dietary supplementation with fermented dairy products reduced
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hippocampal Aβ1-42 (Ano et al., 2015). Oral administration of oleamide in mice also increased ex
vivo phagocytosis of Aβ1-42 when its production was induced in primary microglia,
demonstrating the potential neuroprotective effects of this fatty acid. Thus, while levels of
various types of fatty acids may be dysregulated in AD brains, little is known about this dietary
factor in the development of AD.

1.7

Immune Responses Induced by Fatty Acids
Whether the PUFAs ALA and LA have direct cell-modifying effects is a current source

of controversy. Bioactive metabolites of these fatty acids are responsible for immunomodulatory
effects and cell signaling activity, and thus these metabolites have been a current focus in
research on inflammation (Bazinet and Laye, 2014; Vangaveti et al., 2016; Weylandt et al.,
2012). From microarray analysis, high plasma ratios of LA to ALA in humans were found to be
associated with increased expression of inflammatory markers, such as toll-like receptor (TLR)-8
(Olsen et al., 2013). A study involving Wistar rats showed that a diet rich in ALA promoted
macrophage immune effects that were comparable to a diet rich in DHA (fish oil), which
included increased phagocytic activity of neutrophils (Schiessel et al., 2016). However, due to
various reactions that convert ALA to DHA and other metabolites, it is unknown which factors
may be responsible for the altered immune responses. In vivo research has largely failed to
elucidate direct inflammatory effects specific to the PUFAs ALA and LA alone.
Intake of the n-3 PUFA ALA in diet may induce protective functions of glial cells in the
CNS. For example, following ischemia, rats given a diet enriched in ALA displayed reduced
microglial activation (Liu et al., 2014). Similar results were reported in a study on mice with
traumatic brain injury (TBI), where reduced astrocyte activation was observed for mice reared on
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a diet that was supplemented with ALA (Desai et al., 2016). These outcomes may be
neuroprotective, as ischemia and TBI are accompanied by persistent glial activation (Guruswamy
and ElAli, 2017; Li et al., 2018; Ramlackhansingh et al., 2011). Neurodegeneration may follow
either ischemia or TBI, and abnormal proteins may accumulate in TBI, linking these conditions
to neurodegenerative disease (Johnson et al., 2010; Xiong et al., 2013; Zlokovic, 2011).
Cerebroventricular injection of ALA in rats, followed by ischemic damage, reduced the presence
of reactive microglia that was indicated by the microglial marker Iba-1 by almost 50% compared
to rats that did not receive ALA (Liu et al., 2014). ALA may have a role in reducing the
activation of microglia and altering their neuroimmune responses.
In the periphery, LA has demonstrated immunomodulatory functions. In primary human
Muller cells, a type of retinal glia, treatment with LA induced the release of cytokines that
promote inflammation, such as interleukin (IL)-6 (Capozzi et al., 2016). Other studies have
found an anti-inflammatory role of LA treatment, which reduced TNF-α levels in mouse
macrophages stimulated with LPS (Martins De Lima-Salgado et al., 2011). In activated mouse
peripheral macrophages, the addition of either ALA or LA reduced both nitrite levels and ROS
release (Ambrozova et al., 2010). This thesis is focused on exploring the effects of the fatty acids
ALA and LA on microglial immune function. Research to explain which immune functions are
specifically modulated by ALA and LA is currently lacking, whereas the primary metabolites of
these PUFAs including DHA and AA have been extensively studied.
DHA is an important n-3 PUFA and a significant component of phospholipid membranes
in brain tissue (Salem et al., 2001). This BBB-permeable fatty acid is acquired through diet or
metabolized from ALA in the liver (Bazinet and Laye, 2014; Nguyen et al., 2014). DHA may
play an important role in converting microglia from a pro-inflammatory activated state to an anti13

inflammatory and pro-resolving state, which is necessary for brain tissue repair following injury
and inflammation (Harvey et al., 2015; Heras-Sandoval et al., 2016). DHA activates proresolving and anti-inflammatory pathways through the action of its bioactive metabolites,
resolvins and neuroprotectins (Weylandt et al., 2012). These metabolites reduce the
neuroinflammatory response and promote homeostasis. For instance, neuroprotectin D1 has been
shown to reduce expression of cyclooxygenase (COX)-2 and TNF-α in a primary human
neuronal-glial co-culture model (Zhao et al., 2011). Similarly, the family of resolvins can
decrease mouse microglial immune responses, as measured by reductions in Iba-1 and TNF-α
(Xu et al., 2013). Thus, the action of DHA on microglial immune responses has been extensively
studied.
n-6 PUFAs, including AA and its derivatives, have been well-known for their proinflammatory actions. LA is the precursor to AA, and these fatty acids can be metabolized
enzymatically or through oxidation reactions with ROS to produce a variety of metabolites (Niki,
2009; Vangaveti et al., 2016; Yoshida et al., 2015). Enzymatically, LA and AA are metabolized
by lipoxygenase (LOX) and COX enzymes to generate immunomodulatory mediators, including
13-HODE, which is a regulator of inflammation in peripheral cells (Czapski et al., 2016;
Vangaveti et al., 2016). AA-derived eicosanoids, including thromboxanes, prostaglandins and
leukotrienes, are generally pro-inflammatory with some immunomodulatory functions
(Alashmali et al., 2016; Levi et al., 1998). AA is converted to prostaglandins by COX enzymes,
which are active in the brain (Eskilsson et al., 2017; Janssen et al., 2018; Vane et al., 1998). LOX
enzymes metabolize AA to produce the eicosanoid molecules hydroxyeicosatetraenoic acids
(HETEs) and leukotrienes (Czapski et al., 2016); this metabolism was shown to occur in
microglia (Matsuo et al., 1995; Rademacher et al., 2004; Slepko et al., 1997). A positive
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correlation between the level of brain AA phospholipids and activation of both microglia and
astrocytes has been demonstrated (Xu et al., 2016). The release of AA from microglial cells has
also been shown to promote microglial survival (Palomba et al., 2009), which may promote
prolonged neuroinflammatory outcomes. Thus, metabolites of LA, including AA, may promote
increased severity and duration of microglial pro-inflammatory responses.
Bioactive metabolites produced from AA and DHA in microglia may affect the immune
status of the CNS in non-demented and AD brains. Fatty acids and their metabolites in the CNS
can have a variety of pro-resolving and anti-inflammatory actions, as well as pro-inflammatory
actions. Investigating the specific effects of fatty acids, including ALA and LA, on
neuroinflammation will help to clarify the role of PUFAs in the progression of AD.
Measuring the effects of OA, a MUFA, has shown conflicting results related to
neuroimmune function. For instance, OA increased the BV-2 mouse microglial secretion of
matrix metalloproteinase-9, which is a pro-inflammatory mediator (Button et al., 2014).
However, anti-inflammatory effects of OA have also been reported, such as the reduction of
inducible nitric oxide synthase (iNOS) after LPS-stimulation in BV-2 cells and primary rat
microglia (Oh et al., 2009). In addition, OA increased superoxide anion release by human
neutrophils, but decreased superoxide anion release by BV-2 mouse microglia (Hatanaka et al.,
2006; Oh et al., 2009). These data may be explained by differences in cell types and
experimental methods used for superoxide detection. OA also improved neuronal viability after
toxicity was induced by the exposure to an SFA (Kwon et al., 2014). Based on these results,
further studies are required to elucidate the effects OA has on microglial function.
An amide metabolite of OA, oleamide, has anti-inflammatory potential. Oleamide and
OA treatment reduced TNF-α levels in primary mouse microglia (Ano et al., 2015). Similarly,
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OA and oleamide reduced levels of iNOS and prostaglandin E2 levels in primary rat microglia,
and reduced ROS levels in BV-2 microglia, demonstrating the anti-inflammatory potential of
these fatty acids (Oh et al., 2009; Oh et al., 2010b). Thus, OA and its metabolites may exert antiinflammatory activity; however, there is some controversy in literature regarding this role.
The SFA SA can interact with multiple receptors and pathways to elicit pro-inflammatory
and apoptotic effects. Both SA and its metabolites, which include the elongated SFAs arachidic
acid and behenic acid, upregulated protein levels of pro-inflammatory cytokines including TNFα and IL-1β in rat brain (Milanski et al., 2009). SA increased the microglial release of matrix
metalloproteinase-9 from BV-2 microglia (Button et al., 2014). SFAs are known to stimulate the
release of pro-inflammatory mediators through activation of TLR-4 pathways in the periphery
(Lee et al., 2001). However, apart from the action on cell surface receptors, SFAs including SA
can also induce inflammation upon accumulation in the cell. SA was shown to promote the
activation of endoplasmic reticulum stress pathways in macrophages including c-Jun N-terminal
kinase (Anderson et al., 2012), independent of any TLR-2 or TLR-4 receptor activity. Thus,
SFAs have multiple mechanisms through which they may promote inflammation. In BV-2
microglia, SA treatment increased the production of iNOS, TNF-α, IL-1β and IL-6 when
compared to untreated cells (Wang et al., 2012). The SFA palmitic acid was also shown to elicit
pro-inflammatory responses of BV-2 microglia through the TLR-4 pathway. As the known proinflammatory effects of SA have been found in very few studies specific to microglia, it is
necessary to further ascertain microglial responses following SA exposure.
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1.8

Model Cell Lines
In this thesis, BV-2 cells, THP-1 cells and HL-60 cells were used to model microglia, and

SH-SY5Y cells were used to model neurons. BV-2 cells were used as a microglia model for gas
chromatography analysis of cellular fatty acid content, nitrite measurement, and iNOS detection
by western blotting. The utility of BV-2 cells, which is an immortalized mouse microglial cell
line, has recently been refuted as there are some proteins expressed in primary microglia that are
not expressed in BV-2 cells upon exposure to LPS (Das et al., 2016). However, a similar pattern
of expression of monocyte chemoattractant protein (MCP)-1, iNOS and many other chemokines,
cytokines and other inflammatory mediators was observed when comparing BV-2 microglia and
primary mouse microglia, when they were exposed to LPS (Das et al., 2016; Henn et al., 2009).
Therefore, BV-2 cells are an established microglial model with cellular activity comparable to
that of primary microglia, particularly for the experiments performed herein.
THP-1 cells are human monocytic cells, which were used as a model of microglia. THP-1
cells show gene expression patterns that are similar to macrophages. For example, the TNF-α
gene expression response to different LPS exposure times showed the same fold-change patterns
when THP-1 cells and peripheral blood mononuclear cell-derived macrophages were compared
(Sharif et al., 2007). THP-1 cells have been shown to respond in a similar neurotoxic manner as
microglia upon various methods of stimulation (Klegeris et al., 2005; Little et al., 2014). THP-1
cells were used to study secretion of MCP-1 and neurotoxins. SH-SY5Y cells are human
neuroblastoma cells that are commonly used to model neurons; they express neuronal markers
and secrete the neurotransmitter dopamine (Korecka et al., 2013; Kovalevich and Langford,
2013; Ross et al., 1981). Neurotoxicity is an established effect of activated THP-1 cells on SHSY5Y neurons (Gouveia et al., 2017; Klegeris et al., 2005; Klegeris and McGeer, 2003).
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HL-60 cells were used to model the phagocyte respiratory burst. HL-60 cells are human
promyelocytic cells that acquire a neutrophil-like phenotype upon treatment with dimethyl
sulfoxide (DMSO) and are ideal for stimulating respiratory bursts to release ROS (Levy et al.,
1990). Neutrophils and macrophages both use the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase-mediated respiratory burst response to produce ROS (Benakis et al., 2015;
Thomas, 2017).

1.9

Research Questions and Hypotheses

The central hypothesis of my research is that the 18-carbon fatty acids ALA, LA, OA and SA
regulate select microglial immune responses. I hypothesized that ALA (the n-3 PUFA) and OA
(the MUFA) would inhibit the immune responses of microglia, whereas LA (the n-6 PUFA) and
SA (the SFA) would enhance the microglial immune responses.
The specific research hypotheses tested through the experimental work described in this thesis
included:
1. The fatty acid composition of BV-2 microglia cultured in high glucose media (17.0
mM) is altered by fatty acid treatment.
We hypothesized that treatment with each of the fatty acids, ALA, LA, OA, and SA,
would result in increased levels of n-3 PUFA, n-6 PUFA, MUFA, and SFA, respectively,
due to incorporation of these fatty acids into microglial membrane phospholipids.
2. Fatty acids affect the phagocytic activity of primary microglia cultured in high
glucose media (17.0 mM).
We hypothesized that the unsaturated fatty acids ALA, LA and OA increase phagocytic
responses of microglia, which can be beneficial to maintain the immune status of the
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CNS. Alternatively, we hypothesized that SA reduces phagocytic activity, which could be
detrimental for CNS homeostasis.
3. Fatty acids regulate select microglial responses.
i. Fatty acids affect levels of mediators released by microglia, including RNS,
iNOS, ROS, and MCP-1, when cells were cultured in high glucose media
(17.0 to 17.3 mM).
We hypothesized that ALA and OA reduce levels of RNS, ROS, and MCP-1 as
well as iNOS expression, associated with adverse microglial immune responses.
We hypothesized that LA and SA increase the levels of RNS, ROS, and MCP-1 in
addition to upregulating iNOS expression in microglia.
ii. Fatty acids alter microglia-mediated neurotoxicity, after culturing
microglial and neuronal cells in high glucose media (17.0 mM).
We hypothesized that ALA and OA reduce microglial secretion of neurotoxins.
Conversely, LA and SA were hypothesized to increase microglial neurotoxicity.
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Chapter 2: Materials and Methods
2.1

Chemicals and Reagents
The following reagents were purchased from Sigma Aldrich (Oakville, ON, Canada):

ammonium persulfate (APS), β-nicotinamide adenine dinucleotide (BNAD), fatty acid-free
bovine serum albumin (BSA), 4’,6-diamidino-2-phenylindole (DAPI) with FluoroshieldTM,
diaphorase (DPH), DMSO, DNase, extravidin alkaline phosphatase, N-formylmethionine-leucylphenylalanine (FMLP), glucose, iodonitrotetrazolium chloride (INT), linoleate sodium salt, LPS,
luminol sodium salt, mini cOmplete™ protease inhibitor cocktail, paraformaldehyde (PFA),
phosphoric acid, N-(1-naphthyl)ethylenediamine dihydrochloride, sodium lactate, sodium oleate,
sodium stearate, sulfanilamide, tetramethylethylenediamine (TEMED), D-(+)-trehalose
dihydrate, and Triton® X-100 detergent.
ThermoFisher Scientific (Ottawa, ON, Canada) supplied cell culture reagents, which
included: antibiotic solution containing penicillin G (10000 U/mL), streptomycin (10000 μg/mL)
and amphotericin B (25 μg/mL), calf bovine serum (CBS), Dulbecco's Modified Eagle Medium:
F12/Ham (DMEM-F12) containing 17.5 mM glucose, ethanol, Hanks’ balanced salt solution
(HBSS), papain, percoll, 0.05% trypsin, and 0.25% trypsin. Materials for various assays were
also purchased from ThermoFisher Scientific including: 40% 29:1 acrylamide/bis-acrylamide
mixture, diethanolamine, dimethylformamide (DMF), hydrochloric acid, phosphatase tablets,
sodium bicarbonate, sodium chloride, sodium dodecyl sulfate (SDS), sodium nitrite, Supersignal
West Pico PLUS enhanced chemiluminescence (ECL) substrate, and Tris base.
ALA, DHA, and AH-7614 were purchased from Cayman Chemical (Ann Arbor, MI,
USA). The MCP-1 enzyme-linked immunosorbent assay (ELISA) kit and mouse IFN-γ were
purchased from Peprotech (Montreal, QC, Canada). Bromophenol blue, methanol, nitrocellulose,
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1 X phosphate-buffered saline (PBS) tablets, Ponceau S stain, and Tween-20 were purchased
from Van Waters and Rogers International (Mississauga, ON, Canada).
The anti-actin antibody (1-19; catalogue #SC-1616-R) was purchased from SantaCruz
Biotechnology (Mississauga, ON, Canada). Anti-iNOS polyclonal antibody (catalogue #160862)
was purchased from CedarLane Laboratories (Burlington, ON, Canada). Anti-biotin horseradish
peroxidase (HRP)-linked antibody (catalogue #7075) and anti-rabbit IgG HRP-linked antibody
(catalogue #7074S) were purchased from New England Biolabs, Ltd. (Whitby, ON, Canada).

2.2

Equipment and Supplies
A class two, type IIA biological safety cabinet was used to maintain sterility during

seeding and treatment of cells, including supernatant and protein collection. All cell lines were
cultured in T75 flasks (Sarstedt, Montreal, QC, Canada) in a Steri-Cycle High-Efficiency
Particulate Air Class 100 CO2 incubator (Model #370, ThermoFisher Scientific) with a
humidified atmosphere of 5% CO2 and 95% air. A hemocytometer (ChangBioscience, Fremont,
CA, USA) was used to manually count cells before seeding. A Sorvall RT1 centrifuge
(ThermoFisher Scientific) was used to collect cell pellets prior to seeding cells and during
extractions of primary mouse microglia. An AccuspinTM 400 centrifuge (ThermoFisher
Scientific) was used for fatty acid extraction prior to the gas chromatography analysis, and a
Sorvall Legend Micro 17 centrifuge (ThermoFisher Scientific) was used for processing protein
samples prior to western blotting. A FLUOstar Omega microplate reader (BMG LabTech,
Guelph, ON, Canada) was used for all assays requiring absorbance measurements in 96-well
microplates, including Griess, ELISA, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT) and lactate dehydrogenase (LDH) assays. For western blotting, a Mini21

PROTEAN electrophoresis cell (Bio-Rad, Mississauga, ON, Canada) was used with a BioRad
Transblot electrophoresis transfer cell. Plastic 24-well plates, 96-well plates, 10 cm and six cm
tissue culture dishes were used (Corning, NY, USA). Petri dishes and eight-well chamber slides
were purchased from ThermoFisher Scientific.

2.3

Cell Lines
BV-2 cells were generously donated by Dr. G. Garden (University of Washington,

Seattle, WA, USA). Human THP-1 cells and HL-60 cells were obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA), and the human SH-SY5Y cells were gifted by
Dr. R. Ross (Fordham University, NY, USA).
Antibiotic solution that was used throughout all experiments contained penicillin G
(10000 U/mL), streptomycin (10000 μg/mL) and amphotericin B (25 μg/mL). In all experimental
media, antibiotic solution was diluted 100-fold. F0 media refers to DMEM-F12 containing
antibiotic solution alone. F2 media refers to DMEM-F12 (without phenol red) containing
antibiotic solution as well as two percent CBS, F5 media refers to DMEM-F12 containing
antibiotic solution as well as five percent CBS, and F10 media refers to DMEM-F12 containing
antibiotic solution as well as 10% CBS (Table 1). Low glucose media contained 5.6 mM glucose,
while all other media used for maintaining and seeding cells contained 16.5 mM to 17.5 mM
glucose. Trypsin was used to detach adherent cells from the flask bottom, with 0.05% trypsin
used for SH-SY5Y cells, and 0.25% trypsin used for BV-2 cells.
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Table 1. The media preparations used throughout all experiments. Antibiotic solution containing penicillin G
(10000 U/mL), streptomycin (10000 μg/mL) and amphotericin B (25 μg/mL) was diluted 100-fold into all media.

Medium Abbreviation

CBS (%)

Presence of Phenol
Red Marker

Glucose Level
(mM)

F0

-

Yes

17.5

F0 (clear)

-

No

17.5

F2 (clear)

2

No

17.3

F5

5

Yes

17.0

F10

10

Yes

16.5

Low Glucose F0

-

Yes

5.6

Low Glucose F5

5

Yes

5.6

Low Glucose F10

10

Yes

5.6

2.4

Preparation of Fatty Acid Stocks and Conjugation with Bovine Serum Albumin
The fatty acids ALA, LA, OA, and SA were dissolved (100 mM) in 70% ethanol (in

deionized H2O (dH2O)) by heating for approximately 10 min (37⁰C for ALA, LA, and OA; 70⁰C
for SA). Each 100 mM fatty acid stock was diluted 40-fold with 6% (w/v) BSA in F0 (clear)
media. Fatty acid was conjugated to BSA by incubating at 37⁰C for one hour. The resulting fatty
acid/BSA solutions had a final concentration of 2.5 mM fatty acid/6% BSA, and were sterile
filtered (0.2 μM filter) prior to use in the cell culture experiments. Vehicle solution was prepared
through a 40-fold dilution of 70% ethanol with 6% (w/v) BSA solution in F0 (clear) media. This
vehicle solution (final concentration of 1.8% ethanol, 6% BSA) was similarly incubated at 37⁰C
for one hour, and sterile filtered (0.2 μM filter).
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2.5

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay
MTT is commonly used to determine viability of cultured cells. The MTT assay

determines viability by measuring metabolic activity of electron transport system components in
mitochondria, including succinate dehydrogenase and nicotinamide adenine dinucleotide
(NADH)-linked substrates, which reduce tetrazolium dye to formazan crystals (Liu et al., 1997).
Importantly, MTT is a sensitive metabolic measure that was shown to correlate with cell viability
(Fotakis and Timbrell, 2006; Hansen et al., 1989; Mosmann, 1983). As the MTT reaction to
formazan product increases linearly with increasing cell density, an important caveat is that MTT
can also measure cellular proliferation (Hansen et al., 1989; Hussain et al., 1993). Cell culture
experiments commonly include two different assays (e.g. MTT and LDH) in parallel to provide a
more robust analysis of cell viability and death rate. The tetrazolium dye MTT was dissolved in
sterile PBS (5 mg/mL) and was added to cell culture medium at the final concentration of 0.5
mg/mL. After one hour incubation, the formation of purple formazan dye could be observed in
live cell cultures, and a solution of 20% (w/v) of SDS in 50% DMF (diluted in dH2O) equal to
the total well volume was added to dissolve this formazan dye. The MTT and SDS-DMF mixture
was incubated for three to 12 h, followed by agitation. Absorbance of the dissolved formazan
dye solution (100 μL in 96-well plates) was measured at 570 nm by the FLUOstar Omega
microplate reader.
Analysis of the MTT assay consisted of subtracting the lowest value of raw absorbance of
either the media or lysis sample from the raw absorbance values of each sample, followed by
normalization as a percentage of the control cells, as shown by the following formula.
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((AbsorbanceSample –AbsorbanceMedia or Lysis) / AbsorbanceControl) x 100%

(1)

Where Media = F5 Media Alone; Lysis = BV-2 cells + F5 Media + 1% Triton X-100; Control =
BV-2 Cells + F5 Media. Cells in the lysis sample were lysed immediately prior to the MTT
assay.

2.6

Lactate Dehydrogenase (LDH) Assay
The LDH cell death assay is often paired with a viability assay such as MTT as part of

best practice cell culturing experiments (Fotakis and Timbrell, 2006). The LDH assay measures
cell death by the detection of an intracellular enzyme, LDH, which is released from the
cytoplasm upon membrane damage (Chan et al., 2013; Decker and Lohmann-Matthes, 1988;
Fotakis and Timbrell, 2006). INT (20 μL of two mg/mL stock in 10% DMSO) was added to cell
supernatant (100 μL) to a final INT concentration of 0.3 mg/mL. Absorbance at 492 nm was
measured immediately (ODInitial). DPH, BNAD, and lactate were diluted in PBS and added to
each well (30 μL total), for final concentrations of 0.03 mg/mL, 0.06 mg/mL, and 0.72 mg/mL,
respectively. After 30 min incubation in a 37°C incubator, absorbance was measured at 492 nm
(ODFinal). This reaction detects the conversion of lactate to pyruvate, through a series of redox
reactions that produces formazan (Burd and Usategui-Gomez, 1973; Decker and LohmannMatthes, 1988). Optical density (OD) and cell death were calculated by the following formulae.
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ODSample = ODFinal - ODInitial

(2)

Cell Death (%) = (ODSample – ODMedia) / (ODLysis – ODMedia) x 100 %

(3)

Where ODMedia = absorbance of F5 media alone; ODLysis = absorbance of BV-2 cells + F5 Media
+ 1% Triton X-100. Cells from the lysis sample were lysed immediately prior to the LDH assay
reactions.

2.7
2.7.1

Gas Chromatography Measurement of Microglial Fatty Acid Content
BV-2 Seeding and Fatty Acid Treatment
BV-2 cells (0.1 million cells/mL) were seeded at a well volume of 0.5 mL (using 24-well

plates) in F5 media (containing either 5.6 mM or 17.0 mM glucose). Cell cultures were incubated
at 37⁰C in a CO2 incubator with 5% CO2 overnight (16 to18 h) to allow the BV-2 cells to adhere
to the plates. A description of all controls is provided in Table 2. Media were removed from all
wells and fresh F5 media were added 30 min prior to the addition of fatty acid/BSA solutions for
each of ALA, LA, OA, and SA. The fatty acid/BSA solutions (2.5 mM fatty acid/6% BSA; see
2.4) were first diluted 10-fold in F0 media followed by 10-fold dilution into cell cultures to
achieve final well concentrations of 25 μM for each fatty acid. Vehicle control was obtained by a
10-fold dilution of the vehicle solution (the 1.8% ethanol and 6% BSA solution; see 2.4) in F0
media followed by 10-fold dilution into cell cultures achieving final well concentrations of
0.02% ethanol, and 0.06% BSA. Following the addition of the fatty acid/BSA and vehicle
solutions to BV-2 cell cultures, these culture plates were incubated at 37⁰C in a CO2 incubator
with 5% CO2 for 24 h.
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Table 2. A description of control wells used in the gas chromatography preparation of BV-2 cells cultured in
media containing low and high glucose (5.6 mM and 17.0 mM), and exposed to fatty acids.

Control Label

Description

Control

BV-2 cells cultured in F5 media* and no fatty acid treatment

Vehicle

BV-2 cells cultured in F5 media*, with a final concentration of 0.06% BSA
and 0.02% ethanol

* = DMEM-F12 (5.6 mM or 17.0 mM glucose) with antibiotic solution and 5% CBS

2.7.2

BV-2 Cell Lysis and Collection
After the 24 h incubation, adherent BV-2 cells were washed three times with one mL

PBS, which was then aspirated from the cells. Lysis buffer (100 μL; 150 mM sodium chloride,
1% Triton® X-100, and 50 mM Tris buffer, pH 8) was added to all samples (fatty acid-treated
cells, BV-2 control cells and vehicle cells), which were frozen at -20 ⁰C.

2.7.3

Fatty Acid Extraction and Gas Chromatography
The lipid extraction protocol was modified from the simplified method by Kang and

Wang (2005). Each cell lysate was incubated with either low glucose (5.6 mM) or high glucose
(17.0 mM; 100 μL cell lysate diluted in 100 μL lysis buffer; 200 μL total), mixed with 1.2 mL
hexane (EMD Millipore, Etobicoke, ON, Canada) and 1.2 mL boron trifluoride (14% in
methanol; Alfa Aesar, Tewksbury, MA, USA), and heated (one hour at 100 ⁰C) with periodic
mixing. The samples were added to two mL of double distilled H2O and centrifuged at 1400 rpm
(500 x g) for two min. Centrifugation was followed by collection of the upper hexane phase,
containing the extracted fatty acids. Extracted fatty acid samples were analysed using gas
chromatography with a flame ionization detector (GC-FID; Thermo ScientificTM Trace 1300 gas
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chromatograph). Data analysis was performed by manually comparing the chromatogram peaks
to a panel of standard peaks using Thermo ScientificTM DionexTM Chromeleon software. This
software was used to visualize the fatty acid peaks, and output the integrated areas of individual
peaks as a percentage (%) of the total area obtained by integrating all peaks.

2.7.4

BV-2 Cell Viability in Fatty Acid Measurement Experiments
BV-2 cell viability was determined after BV-2 cells were cultured in media containing

low or high glucose concentrations (5.6 mM and 17.0 mM, respectively), and treated with the
different fatty acids at 25 μM for 24 h. The fatty acid/BSA stock solution (2.5 mM of fatty
acid/6% BSA) was diluted in F0 to the fatty acid concentrations of 0.1 mM, 0.25 mM. 0.5 mM,
and 1 mM. These were further diluted to the final concentrations of 10 μM, 25 μM, 50 μM, and
100 μM. The vehicle control wells contained BV-2 cells with a final BSA concentration of 0.2%
and a final ethanol concentration of 0.07%, which corresponded to BSA and ethanol
concentrations of the highest concentration of fatty acid treatment, 100 μM.

2.7.5

Fatty Acid Content Measured in Microglia Cultured in Low Glucose Medium (5.6

mM)
Experimental protocols in 2.7.1. to 2.7.4 were repeated using all low glucose media (F0,
F5, and F10 described in Table 1, containing 5.6 mM of glucose) and 25 μM fatty acid
treatments only.
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2.8
2.8.1

Measurement of Nitrite Concentration in BV-2 Cell Supernatant
BV-2 Cell Seeding and Fatty Acid Treatment in High Glucose Medium (17.0 mM)
BV-2 cells (0.1 million cells/mL) were seeded into 24-well plates at a well volume of 0.5

mL in F5 media (high glucose media containing 17.0 mM glucose). Cells were allowed to adhere
in a CO2 incubator for 16 to 18 h. Media were removed from all wells and fresh F5 media were
added 30 min prior to the addition of fatty acid/BSA solutions. Fatty acid solutions were
prepared from the fatty acid/BSA stock solutions (2.5 mM fatty acid/6% BSA; see 2.4) and were
diluted in F0 to the concentrations of 0.01 mM, 0.1 mM, 0.25 mM, and 1 mM. Following a 30
min incubation period, the different concentrations of fatty acids were added (ALA, LA, OA or
SA) to their respective wells. For BV-2 cells that were later stimulated with LPS, final fatty acid
concentrations were 1 μM, 10 μM, 100 μM, and 250 μM; for BV-2 cells that were later
stimulated with IFN-γ, final fatty acid concentrations were 1 μM, 10 μM, 25 μM, 100 μM, and
250 μM. Control and vehicle wells are described in Table 3. After 24 h fatty acid treatment in a
CO2 incubator at 37 °C with 5% CO2, LPS (50 μg/mL) or IFN-γ (5000 U/mL) diluted in PBS
was added for 24 h. Final concentrations of LPS or IFN-γ diluted in cell culture media were 0.5
μg/mL and 50 U/mL, respectively. PBS was the vehicle solution for both LPS and IFN-γ, and
was added at this time to any unstimulated wells. After the final incubation, supernatants were
collected (50 μL) to be used in the Griess assay to measure nitrite. Cell viability was determined
by the MTT assay using the protocol described in 2.5.
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Table 3. A description of control wells used in experiments measuring nitrite or iNOS with BV-2 cells exposed
to fatty acids, after BV-2 cells were cultured in high glucose media (17.0 mM).

Control
Labels
Unstimulated
Control
Stimulated
Control
Vehicle

LPS or
IFN-γ
Stimulation
LPS
-

Stimulated
Vehicle
Unstimulated
Control
Stimulated
Control

Description

LPS
-

BV-2 cells cultured in F5 media*, and no fatty acid treatment
BV-2 cells cultured in F5 media*, no fatty acid treatment, and
0.5 μg/mL LPS
BV-2 cells cultured in F5 media*, with a final concentration of
0.6% BSA, 0.18% ethanol and 100-fold PBS dilution (LPSstimulation vehicle)
BV-2 cells cultured in F5 media*, with a final concentration of
0.6% BSA, 0.18% ethanol and 0.5 μg/mL LPS
BV-2 cells cultured in F5 media* and no fatty acid treatment

BV-2 cells cultured in F5 media*, no fatty acid treatment, and
50 U/mL IFN-γ
BV-2 cells cultured in F5 media*, with a final concentration of
Vehicle
0.6% BSA, 0.18% ethanol and 100-fold PBS dilution (IFN-γstimulation vehicle)
Stimulated
BV-2 cells cultured in F5 media*, with a final concentration of
IFN-γ
Vehicle
0.6% BSA, 0.18% ethanol and 50 U/mL IFN-γ
* = DMEM-F12 (17.0 mM glucose) with antibiotic solution and 5% CBS

2.8.2

IFN-γ

Griess Assay for Nitrite Measurement
NO in blood is quickly converted to nitrite and nitrate (Preik-Steinhoff and Kelm, 1996).

The Griess assay detects nitrite in cell culture media and other solutions (Bryan and Grisham,
2007). In cell-free conditions with media exposed to air atmosphere, NO was shown to degrade
fully into nitrite within three min, while nitrate was below the detection limit (Ridnour et al.,
2000). Therefore, nitrite alone is widely used as an indirect measure of NO in cell culture media
(Bryan and Grisham, 2007). In this assay, sulfanilamide binds to nitrite, in acidic conditions, to
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form a diazonium ion. This ion binds N-(1-naphthyl)ethylenediamine, forming a product that
absorbs maximally at 550 nm. NO2 standard solutions (0.01 μM to 40 μM) in F5 media were
prepared for a standard curve of different nitrite concentrations. Solution C was prepared by
mixing solution A (2% sulfanilamide; 5% phosphoric acid in dH2O) and solution B (0.2% N-(1naphthyl)ethylenediamine dihydrochloride in dH2O) in a one to one ratio immediately prior to
use. One volume of solution C was added to one volume of BV-2 supernatant samples or NO2
standard, followed by absorbance measurement at 550 nm using the FLUOstar Omega
microplate reader. The following formulae were used to calculate nitrite concentrations in
experimental samples.
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Corrected ODSample = ODSample – ODMedia

(6)

Nitrite (μM) in Supernatant = Corrected ODSample / m

(7)

Where ODSample = absorbance of BV-2 supernatant sample; ODMedia = absorbance of F5 media; m
= slope of the standard nitrite curve.
The limit of detection (LOD) was calculated by the following formulae.

LODAbsorbance = Media Average + 2 x (Standard Deviation of ODMedia)

(8)

LOD (μM) = (LODAbsorbance – b) / m

(9)

Where Media = F5 Media; b = the intercept of the standard curve; m = slope of the standard
curve.

2.8.3

Griess Assay in Experiments Using G Protein-Coupled Receptor (GPR)-120

Antagonist
BV-2 cells (0.1 million cells/mL) were seeded into 24-well plates at a well volume of 0.5
mL in F5 media (high glucose media containing 17.0 mM glucose). Cells were allowed to adhere
in a CO2 incubator for 16 to 18 h. Media were removed from all wells and fresh F5 media were
added 30 min prior to treatment with the G protein-coupled receptor (GPR)-120 antagonist AH7614. Vehicle controls were prepared as described in Table 4. AH-7614 (10 mM) was prepared
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in 100% DMSO, which was further diluted 10-fold with 50% (v/v) DMSO in PBS. After 30 min
incubation at 37 °C, AH-7614 was added to the cell culture medium to a final concentration of
one μM. Incubation at 37°C was repeated for an additional 30 min prior to the addition of fatty
acid/BSA solutions. ALA and LA solutions were prepared from the fatty acid/BSA stock
solutions (2.5 mM fatty acid/6% BSA; see 2.4) and were diluted in F0 to one mM, followed by
dilution into cell culture medium to a final concentration of 100 μM. After 24 h, LPS (50 μg/mL
in PBS) was added for an additional 24 h incubation to achieve a final concentration of 0.5
μg/mL LPS. After the final incubation, supernatants were collected (50 μL) to be used in the
Griess assay to measure nitrite (see 2.8.2). Cell viability was determined by the MTT assay using
the protocol described in 2.5.
This experiment was repeated using DHA as a positive control. DHA in 100% ethanol
was diluted to 0.5 g/L in PBS, and then diluted in F0 to 0.25 mM. DHA was added at a final
concentration of 25 μM to BV-2 cells cultured as previously described in high glucose media
(17.0 mM). Vehicle controls were as described in Table 4, with modifications including 0.01%
ethanol and no BSA.
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Table 4. A description of control wells used in a cell culture experiment measuring nitrite with BV-2 cells
cultured in high glucose media (17.0 mM) that were exposed to fatty acids and the GPR-120 antagonist AH7614.

Control
Labels
Unstimulated
Control
Stimulated
Control
Vehicle

LPS or
IFN-γ

Description

Stimulation
LPS
-

Stimulated
Vehicle

LPS

NonInhibited
Vehicle With
Fatty Acid

LPS

BV-2 cells cultured in F5 media*, and no fatty acid treatment
BV-2 cells cultured in F5 media*, no fatty acid treatment, and
0.5 μg/mL LPS
BV-2 cells cultured in F5 media*, with a final concentration of
0.2% BSA, 0.07% ethanol, 100-fold PBS dilution (LPSstimulation vehicle) and 0.05% DMSO (AH-7614 vehicle)
BV-2 cells cultured in F5 media*, with a final concentration of
0.2% BSA, 0.07% ethanol, 0.5 μg/mL LPS and 0.05% DMSO
(AH-7614 vehicle)
BV-2 cells cultured in F5 media*, with a final concentration of
100 μM fatty acid, and 0.05% DMSO (AH-7614 vehicle)

* = DMEM-F12 (17.0 mM glucose) with antibiotic solution and 5% CBS

2.9
2.9.1

Detection of Inducible Nitric Oxide Synthase (iNOS) by Western Blotting
Fatty Acid Treatment and Stimulation
BV-2 cells (0.2 million cells/mL) were seeded onto six cm tissue culture dishes in two

mL of F5 media (high glucose media containing 17.0 mM glucose). Cells were allowed to adhere
for 16 to 18 h, fresh media was added for 30 min at 37°C with a 5% CO2 and 95% air
atmosphere. Fatty acid/6% BSA stock solutions (see 2.4) were prepared as described in 2.8.1.
Cells were treated with different concentrations of fatty acids (final concentrations: 100 μM and
250 μM for experiments using LPS as stimulus; 25 μM, 100 μM and 250 μM for experiments
using IFN-γ as stimulus) or vehicle solution for 24 h. Refer to Table 3 for a summary of prepared
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controls. After treatment and incubation at 37°C with a 5% CO2 and 95% air atmosphere for 24
h, cells were stimulated as previously described with LPS (final concentration of 0.5 μg/mL) or
IFN-γ (final concentration of 50 U/mL).

2.9.2

Protein Collection
After fatty acid treatment and stimulation, cells were washed once with one mL PBS,

followed by lysing of cells with radioimmunoprecipitation assay (RIPA) buffer (refer to
Appendix A) containing 1 X mini cOmplete™ protease inhibitor cocktail. Following incubation
for five min, cells were gently scraped off the plates using a rubber policeman and centrifuged at
10 000 x g for 20 min. Supernatants from lysed cells were collected for western blotting, and cell
debris pellets were discarded. Cell viability was determined by MTT assay using the previously
described protocol in 2.5, and following identical seeding, treatment and stimulation parameters
as cells prepared for western blotting analysis.

2.9.3

Bicinchoninic Acid (BCA) Protein Assay
The PierceTM Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo Scientific) was used

to normalize protein as per the manufacturer’s protocol. Eight provided BSA standards were
diluted in RIPA buffer (25 to 2000 μg/mL standard BSA concentrations). Extracted proteins
from lysed BV-2 cells were diluted four-fold in RIPA buffer. Working stock was prepared by
diluting 50 volumes of BCA kit Reagent A for every volume of BCA kit Reagent B, and 200 μL
of this working stock was added to 25 μL of each sample/standard in duplicate using a 96-well
plate. This mixture was agitated for 30 s, followed by 30 min incubation in 37°C and
measurement of absorbance at 570 nm. A standard curve was used to interpolate the protein
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concentration of each sample for western blot analysis. LPS-stimulated BV-2 samples were
diluted to 1.5 mg/mL of protein, and IFN-γ-stimulated BV-2 cells were diluted to 1 mg/mL of
protein.

2.9.4

Polyacrylamide Gel Preparation
A polyacrylamide resolving gel was prepared by mixing 1.3 mL of 40% 29:1

acrylamide/bis-acrylamide mixture, 1.3 mL of 1.5 M Tris at pH 8.8, 0.1 mL of 20% SDS, 50 μL
of 10% APS, and 2.3 mL dH2O to produce the following final concentrations of the reagents:
10% 29:1 acrylamide/bis-acrylamide mixture, 0.4 M Tris pH 8.8, 0.4% SDS, 0.1% APS. Five μL
of TEMED (0.1%) was added, and the gel was allowed to set between one mm glass plates. One
mL 70% ethanol was poured over the gel to ensure that bubbles did not disrupt the gel. After 20
min, polymerization was complete, ethanol was removed, and dH2O was used to rinse any
unpolymerized product from the gel. The stacking gel was prepared by combining 0.9 mL of
40% 29:1 acrylamide/bis-acrylamide mixture, 0.6 mL 1.0 M Tris at pH 6.8, 0.2 mL 20% SDS,
50 μL of APS and 3.3 mL dH2O to produce the final concentrations of the reagents: 7.1%
acrylamide, 0.1 M Tris pH 6.8, 0.8% SDS, 0.1% APS. 10 μL of TEMED (0.2% TEMED) was
added to the stacking gel mixture, which was immediately poured over the lower gel. The
stacking gel was allowed to polymerize for 10 to 15 min. A combination of equal volumes of the
visual ladder OptiLadder (Applied Biological Materials, Inc., Vancouver, BC, Canada) and
biotinylated protein ladder (New England Biolabs) was heated to 100°C for two min. Protein
samples (1 to 1.5 mg/mL in 1 X Laemmli sample buffer; refer to Appendix A) were denatured at
90°C for 4 min prior to loading 7.5 μg of protein sample on the 10% SDS polyacrylamide gel
using specialized loading tips. 20μL of ladder mixture was loaded in the same manner.
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Preliminary data showed detectable iNOS protein in a 10% SDS polyacrylamide gel after
loading 7.5 μg of protein from LPS-stimulated BV-2 cell lysate. Therefore, for this experiment,
7.5 μg protein was loaded in all 10% SDS polyacrylamide gels. Gels were run at 160 V for 60 to
75 min in 1 X Laemmli running buffer. Proteins from each gel were transferred onto a
nitrocellulose membrane for 75 min at a current of 0.3 A using a BioRad Transblot
Electrophoresis Transfer Cell (Bio-Rad) in ice-cold 1 X Towbin transfer buffer (refer to
Appendix A). Nitrocellulose membranes were then incubated for 10 to 15 min in Ponceau stain
(0.02% Ponceau S, 0.3% trichloroacetic acid, 0.3% sulfosalicylic acid in dH2O) followed by one
wash with tris-buffered saline-tween (TBS-T) buffer (refer to Appendix A) to remove any
background staining. Membranes were imaged with the Fluorchem® FC2 image system using
the AlphaView Q 3.2.2.0 gel acquisition software (Cell Biosciences, Inc.) and the gel analysis
function of ImageJ software.

2.9.5

Immunoblotting
Several five min washes with TBS-T at room temperature were used to remove the

Ponceau stain. When the membrane was clear of all Ponceau stain, it was blocked for 60 min in
5% skim milk protein (SMP) dissolved in TBS-T. The gel was cut between the 50 kDa and 60
kDa markers, using the visual ladder as a guide; one half of the membrane was incubated with
the anti-iNOS antibody and the other with the anti-actin antibody. Blocked membranes were
incubated in primary antibody (1:200 anti-iNOS antibody diluted with 5% SMP in TBS-T, or
1:1000 anti-actin antibody diluted with 5% SMP in TBS-T) at 4°C overnight, followed by five
10 min TBS-T washes. Both membrane halves were incubated in secondary antibody containing
anti-rabbit secondary antibody to bind the primary antibody, and anti-biotin antibody to bind the
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biotinylated protein ladder. Secondary antibody incubation (1:1000 anti-rabbit IgG secondary
antibody diluted with 5% SMP in TBS-T and 1:2000 anti-biotin antibody diluted with 5% SMP
in TBS-T) occurred for one hour at room temperature, followed by five 10 min TBS-T washes.
Membranes were incubated in ECL reagent (SuperSignal West Pico PLUS) in the dark for five
min. Membranes were imaged with the Fluorchem® FC2 image system using the AlphaView Q
3.2.2.0 gel acquisition software and analysed with the gel analysis function of ImageJ software.
Western blotting data were displayed as a ratio of the signal from the iNOS-containing protein
band divided by the total protein signal obtained by Ponceau staining.

2.10 Reactive Oxygen Species (ROS) Detection
The HL-60 cell line was used to detect ROS released by respiratory burst. Differentiated
HL-60 cells can be primed by LPS to undergo enhanced respiratory burst upon exposure to the
bacterial peptide FMLP. First, HL-60 cells were plated at 0.2 million cells/mL in petri dishes
containing 12 mL of F10 media with 1.3% DMSO. These HL-60 cells were left to differentiate
to their neutrophil-like phenotype during five-day incubation at 37°C with an atmosphere of 5%
CO2 and 95% air.
After five days, differentiated HL-60 cells were seeded into 96-well plates. Cells primed
with LPS were seeded at one million cells/mL, while unprimed cells were seeded at two million
cells/mL, each in 250 μL of F2 (clear) media (containing 17.3 mM glucose). Fatty acid solutions
(ALA, LA, OA, and SA) were prepared from the fatty acid/6% BSA stock solutions (see 2.4).
Fatty acid solutions were diluted in F0 (clear) media to achieve concentrations of 0.01 mM, 0.1
mM and 1 mM. Vehicle stock (see 2.4) was diluted in F0 (clear) media 2.5-fold. After 30 min
incubation, this vehicle solution was diluted in HL-60 cell culture media for a final concentration
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of 0.6% BSA and 0.18% ethanol. Fatty acid solutions (10 μL) were diluted in the cell culture
media to final concentrations of 1, 10, and 100 μM. Table 5 summarizes the control samples used
in this experiment.

Table 5. A description of control samples used in experiments studying the effects of fatty acids on LPSprimed HL-60 cell respiratory burst when cells were cultured in high glucose media (17.3 mM).

Control

LPS
Description

Labels

Priming

Unprimed
-

HL-60 cells cultured in F2 media*, and no fatty acid treatment

Control
HL-60 cells cultured in F2 media*, with a final concentration of
Unprimed
-

0.6% BSA, 0.18% ethanol and 100-fold PBS dilution (LPS-

Vehicle
stimulation vehicle)
Primed

HL-60 cells cultured in F2 media*, with a final concentration of
0.5 μg/mL

Vehicle**

0.6% BSA, 0.18% ethanol and 0.5 μg/mL LPS

* = DMEM-F12 (17.3 mM glucose) with antibiotic solution and 2% CBS
** = Control not used for experiments with unprimed HL-60 cells

After 24 h treatment with fatty acid solutions, LPS stock was prepared (50 μg/mL in
PBS), and this stock was diluted into the cell culture media to a final concentration of 0.5 μg/mL.
This LPS treatment primed the differentiated HL-60 cells, which was shown to intensify the
neutrophil respiratory burst response (Forehand et al., 1989). Unprimed HL-60 cells did not
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receive this LPS treatment. The following day, a sufficient volume of media was removed to
leave 85 μL in each well. Luminol (10 mg/mL dissolved in PBS) and FMLP (1 mM in DMSO)
stock solutions were prepared. FMLP was further diluted in PBS to a 20 μM solution. The
FLUOstar OMEGA plate reader was used, and the different injectors of the plate reader were
used to add luminol and FMLP solutions. Light intensity measurements were recorded every 21 s
(one cycle) for 60 cycles. Luminol (13 μL) was injected after five cycles of measurements,
followed by FMLP (8 μL) at 15 cycles of measurements to induce the respiratory burst response.
For light intensity analysis, background levels were measured during cycles 0 to 14, and the
respiratory burst intensity measurements were taken during cycles 15 to 39. Cell viability was
determined by MTT assay using the previously described protocol in 2.5; however, luminol and
FMLP were not injected to avoid interference between MTT and luminol. The following
formulae were used to calculate chemiluminescence.

Corrected Chemiluminescence (CHL) = Sample CHL - Background CHL

(13)

CHL (%) = (Corrected CHL / Unprimed Vehicle CHL) x 100%

(14)

Where the Sample CHL and Background CHL are measured from 15 to 39 cycles, and 0 to 14
cycles, respectively. Each value is a measure of the area under the curve of the respiratory burst,
which were analysed using the MARS data analysis software (BMG LabTech). This software
was used to subtract Sample CHL and Background CHL, and then this chemiluminescence value
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was normalized to the CHL intensity measured from unprimed, but FMLP-stimulated HL-60
cells.

2.11 Measurement of Monocyte Chemoattractant Protein (MCP)-1 Concentration
THP-1 cells were first seeded into 24-well plates at one million cells/mL in one mL of
F5 media (high glucose media containing 17.0 mM glucose). Fatty acid solutions were prepared
from the fatty acid/6% BSA stock solutions (see 2.4). Fatty acid solutions were diluted in F0
media to achieve concentrations of 0.01 mM, 0.1 mM and 1 mM. After 30 min, 100 μL of each
fatty acid solution (ALA, LA, OA, and SA) were added to THP-1 cells to final concentrations of
0 μM, 1 μM, 10 μM, 100 μM, and 250 μM. Vehicle solution was added to THP-1 cells to the
final concentration of 0.18% (v/v) ethanol and 0.6% (w/v) BSA. Following 24 h incubation, cells
were stimulated with LPS (final concentration 0.5 ng/mL) and IFN-γ (final concentration 150
U/mL) for 48 h. After incubation, THP-1 supernatants were collected and stored in -20°C for the
ELISA.
ELISAs were performed following the manufacturer’s protocol for the detection of
human MCP-1 (Peprotech). Primary antibody at a 1:400 dilution in coating solution (50 μL; refer
to Appendix A) was added to each well of a 96-well plate and left to adhere to the plastic
overnight at 4°C. After incubation, coating solution was removed and blocking solution (180 μL;
1% SMP and 1% heat-shock treated BSA, ThermoFisher Scientific) was then added to each well
for one h at 37°C. The plate was washed twice with PBS-Tween (PBS-T) (refer to Appendix A).
During the second wash, PBS-T was left in each well, followed by aspiration from individual
wells and the addition of 100 μL of THP-1 supernatant samples or MCP-1 standards into their
respective wells. To prepare the standards, MCP-1 protein was diluted in F5 media (six
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concentrations between 0.0032-10 ng/mL). Standards and supernatants were left in the plate
overnight at 4°C.
After the overnight incubation, plates were washed three times with PBS-T. 100 μL of
secondary antibody diluted 1:200 in blocking solution were added to each well, and incubated
for one hour at 37°C. Each well was washed four times with PBS-T, and 100 μL of extravidin
alkaline phosphatase (prepared 1:10 000 in blocking solution) were added to each well for 45
min at 37°C. Each well was then washed five times with PBS-T. One tablet of phosphatase
substrate was dissolved in five mL of diethanolamine, and 100 μL of this phosphatase substrate
solution (final concentration one mg/mL) were added to each well. Immediately after
phosphatase substrate solution was added, the FLUOstar OMEGA plate reader was used to
measure absorbance at 405 nm (ODInitial). Absorbance was measured again four h after
incubation at 37°C (ODFinal).
A standard curve was used to determine the MCP-1 concentrations in all samples. The
formulae used were as follows.
ODSample = ODFinal - ODInitial

(10)

MCP-1 concentration (ng/mL) = (ODSample – ODMedia) / m

(11)

Where ODMedia = absorbance of F5 media, and m is the slope of the MCP-1 linear standard
curve.
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The LOD was calculated by the following formula.
LOD = (2 x Standard Deviation of ODMedia) / m

(12)

Where ODMedia = absorbance of F5 media, and m is the slope of the standard curve.

2.12 Microglial-Mediated Neurotoxicity
2.12.1 Fatty Acid Treatment of THP-1 Cells
THP-1 cells were used to model microglia-mediated neurotoxicity, where THP-1
supernatants were transferred onto SH-SY5Y neurons. THP-1 cells were first seeded into 24well plates at one million cells/mL in one mL of F5 media (high glucose media containing 17.0
mM glucose). Fatty acid solutions from the fatty acid/6% BSA stock solutions were prepared as
described (see 2.4). Fatty acid solutions were diluted in F0 media to achieve concentrations of
0.01 mM, 0.1 mM and 1 mM. After 30 min, 100 μL of each fatty acid solution (ALA, LA, OA,
and SA) were added to THP-1 cells to final concentrations of 0, 1, 10, 100, and 250 μM. Vehicle
solution was added to THP-1 cells to the final concentration of 0.18% (v/v) ethanol and 0.6%
(w/v) BSA. Following 24 h incubation, cells were stimulated with LPS (final concentration 0.5
ng/mL) and IFN-γ (final concentration 150 U/mL) for 48 h.

2.12.2 THP-1 Supernatant Transfer on SH-SY5Y Neurons
SH-SY5Y neurons were seeded into 24-well plates at a density of 0.4 million cells/mL in
400 μL of F5 media (high glucose media containing 17.0 mM glucose). After 24 h, SH-SY5Y
media were aspirated, and supernatants (400 μL) from THP-1 cells that were stimulated with
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LPS and IFN-γ for 24 h were transferred onto SH-SY5Y neurons. On the same day, 100 μL of
THP-1 supernatants were used in the LDH assay to measure cell death, and the remaining 300
μL of THP-1 cells were used in the MTT assay to measure cell viability in 2.5. After 72 h
incubation of the SH-SY5Y cells at 37°C in 5% CO2 and 95% air atmosphere, 100 μL of SHSY5Y supernatants were used in the LDH assay, and the remaining 300 μL of SH-SY5Y cells
were used in the MTT assay described in 2.5.

2.13 Statistical Analysis
Student's paired t-test was used to assess the significance of the effects of fatty acids on
the viability of BV-2 cells (3.1.1). Several analyses were performed using the two-way
randomized block analysis of variance (ANOVA). These included assessing the effects of
extracellularly added fatty acids on the microglial fatty acid content (3.1.2), as well as on MCP-1
release by THP-1 cells (3.3.3), and on cell viability and death in the microglia-mediated
neurotoxicity assays (3.4). One-way randomized block ANOVAs followed by Dunnett’s multiple
comparison procedure were used for all other statistical tests. These tests assessed the effects of
fatty acids on the microglial release of RNS, expression of iNOS, and release of ROS (3.3.1 to
3.3.2).
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Chapter 3: Results
3.1

The Effects of Exogenous Fatty Acids on Microglial Fatty Acid Content Measured by

Gas Chromatography
3.1.1

BV-2 Cell Viability and Death
The MTT and LDH assays were used to determine the effects of extracellularly-added

fatty acids on viability and death of BV-2 cells, respectively (described in 2.7.4 and 2.7.5).
Culturing BV-2 cells for the MTT assay, the LDH assay, and the measurement of microglial
fatty acid content was performed in parallel. Cells were cultured in both high glucose (17.0 mM)
and low glucose (5.6 mM) media. Different concentrations (10 μM, 25 μM, 50 μM, or 100 μM)
of each fatty acid (ALA, LA, OA and SA) or its vehicle solution (0 μM) were added to BV-2
cells for 24 h. After incubation, the production of formazan dye was quantified by the MTT
assay, and the release of LDH was measured. Results were normalized as a percentage of the
signal obtained from untreated BV-2 cells that were also cultured in either low or high glucose
media (5.6 mM or 17.0 mM, respectively).
For comparison with the gas chromatography data, in which 25 μM of fatty acids were
added to BV-2 cell cultures, viability data for only the 25 μM concentration of each fatty acid are
presented (Figure 3). BV-2 cells cultured in high glucose media (17.0 mM) and treated with
ALA, LA, and OA did not display significant differences in viability or death compared to BV-2
cells treated with vehicle (0 μM) solution (Figure 3; A-C, E-G). In high glucose media (17.0
mM), SA treatment alone significantly decreased cell viability according to the MTT assay when
compared to cells treated with vehicle solution (Figure 3; D), but SA treatment did not affect cell
death as assessed by the LDH assay (Figure 3; H).
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For cells cultured in low glucose (5.6 mM) media, ALA and OA did not affect viability
of BV-2 cells determined by the MTT assay, when compared to cells treated with vehicle (0 μM)
solution (Figure 4; A, C), but ALA and OA treatments significantly increased cell death as
shown by the LDH assay (Figure 4; E, G). LA and SA treatments significantly decreased BV-2
cell viability (Figure 4; B, D). LA, but not SA, also significantly increased BV-2 cell death,
when compared to the death of cells treated with its vehicle solution (Figure 4; F, H).
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Figure 3. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on
viability and death of unstimulated BV-2 mouse microglia cultured in high glucose medium (17.0 mM). BV-2
cells were treated for 24 h with ALA, LA, OA, SA or their vehicle solution (0 µM fatty acid, 0.07% v/v ethanol and
0.2% w/v BSA). Concentrations of fatty acids (μM) are shown on the abscissa. After incubation, viability of ALAtreated (A), LA-treated (B), OA-treated (C), and SA-treated (D) BV-2 cells was assessed by the MTT assay. Cell
death of ALA-treated (E), LA-treated (F), OA-treated (G), and SA-treated (H) BV-2 cells was assessed by the LDH
assay. Data (means ± S.E.M.) are expressed as a percentage of the viability of untreated BV-2 cells (A-D) or LDH
released by lysed BV-2 cells (E-H) without fatty acid or vehicle treatment, from four independent experiments. ** p
< 0.01, different from cells in the absence of fatty acids (0 µM), according to Student’s paired t-test (p values are
indicated on the figure).

47

Figure 4. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on
viability and cell death of unstimulated BV-2 mouse microglia cultured in low glucose medium (5.6 mM). BV2 cells were treated for 24 h with ALA, LA, OA, SA or their vehicle solution (0 µM fatty acid, 0.07% v/v ethanol
and 0.2% w/v BSA). Concentrations of fatty acids (μM) are shown on the abscissa. After incubation, viability of
BV-2 cells treated with (A) ALA, (B) LA, (C) OA, and (D) SA was assessed by the MTT assay. Cell death of BV-2
cells treated with (E) ALA, (F) LA, (G) OA, and (H) SA was assessed by the LDH assay. Data (means ± S.E.M.) are
expressed as a percentage of the viability of untreated BV-2 cells (A-D) or the cell death of untreated and lysed BV2 cells (E-H), from four independent experiments. * p < 0.05, ** p < 0.01, different from cells in the absence of fatty
acids (0 µM), according to Student’s paired t-test (p values are indicated on the figure).

3.1.2

Microglial Fatty Acid Content
Experiments were performed as described in 2.7.1 to 2.7.3. BV-2 cells were treated with

25 μM of ALA, LA, OA, and SA for 24 h. After incubation, BV-2 cells were washed three times
with PBS, cells were lysed, and fatty acids were extracted. GC-FID was used to measure the
fatty acid content in microglial extracts. Data are presented as the area of each peak relative to
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the total area of peaks on the corresponding chromatogram obtained from either vehicle solution
(0 μM) or fatty acid treated cells (25 μM).
Four types of fatty acids were measured: SFAs, MUFAs, n-6 PUFAs, and n-3 PUFAs.
For BV-2 cells cultured in high glucose, SFA showed the highest relative content, corresponding
to approximately 60% of total fatty acids, followed in decreasing order by MUFAs, n-6 PUFAs
and n-3 PUFAs (Figure 5). The fatty acid content of cells treated with 25 μM of ALA, LA, OA,
or SA were compared to the fatty acid content of cells cultured in the absence of fatty acids (0
μM) by two-way ANOVA; no statistically significant effect of fatty acid treatement was
observed (Figure 5; A-D). For BV-2 cells cultured in low glucose, the highest relative fatty acid
content was for SFAs, which corresponded to 50 to 60% of total fatty acids (Figure 6; A-D).
Following SFAs, in decreasing order, were MUFAs, n-6 PUFAs and n-3 PUFAs. The fatty acid
content of cells treated with 25 μM of ALA, LA, OA, or SA was compared to the fatty acid
content of cells cultured in the absence of fatty acids (0 μM) by two-way ANOVA; no
statistically significant effect of fatty acid treatment was observed.
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Figure 5. The fatty acid profile of BV-2 mouse microglia that were exposed to α-linolenic acid (ALA), linoleic
acid (LA), oleic acid (OA), and stearic acid (SA) and cultured in high glucose medium (17.0 mM). BV-2 cells
were treated for 24 h with 25 μM of (A) ALA, (B) LA, (C) OA, (D) SA or their vehicle solution (0 µM fatty acid,
0.02% v/v ethanol and 0.06% w/v BSA). The concentrations of fatty acids (0 μM or 25 μM) and fatty acid types are
shown on the abscissa. Extracted fatty acids were analysed using gas chromatography with a flame ionization
detector (GC-FID). Data (means ± S.E.M.) from three or four independent experiments are presented as the peak
area corresponding to four different types of fatty acids (%), relative to the total chromatogram peak area determined
by manual peak labelling and calculated by Thermo ScientificTM DionexTM Chromeleon software. No statistically
significant differences were observed between fatty acid-treated and vehicle-treated cells by two-way ANOVA (p
values > 0.9).
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Figure 6. The fatty acid profile of BV-2 mouse microglia that were exposed to α-linolenic acid (ALA), linoleic
acid (LA), oleic acid (OA), and stearic acid (SA) and cultured in low glucose medium (5.6 mM). BV-2 cells
were treated for 24 h with 25 μM of (A) ALA, (B) LA, (C) OA, (D) SA or their vehicle solution (0 µM fatty acid,
0.02% v/v ethanol and 0.06% w/v BSA). The concentrations of fatty acids (0 μM or 25 μM) and fatty acid types are
shown on the abscissa. Extracted fatty acids were analysed using gas chromatography with a flame ionization
detector (GC-FID). Data (means ± S.E.M.) from four independent experiments are presented as the peak area
corresponding to four different types of fatty acids (%), relative to the total chromatogram peak area determined by
manual peak labelling and calculated by Thermo ScientificTM DionexTM Chromeleon software. No statistically
significant differences were observed between fatty acid-treated and vehicle-treated cells by two-way ANOVA (p
values > 0.9).
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3.2

The Effects of Exogenous Fatty Acids on Primary Microglial Phagocytosis
Primary microglia were extracted, as described in Appendix B.1. Preliminary

experiments indicated that treatment of primary mouse microglia with 25 μM of ALA, LA, OA
or SA did not affect their phagocytosis of latex beads (see Appendix B.2).

3.3

The Effects of Exogenous Fatty Acids on the Microglial Immune Response

3.3.1
3.3.1.1

The Effects of Fatty Acids on Nitrite Levels and iNOS Expression
LPS-Stimulated BV-2 Cell Viability and Cell Death
Experiments were performed as described in 2.8.1. Different concentrations (1 μM, 10

μM, 100 μM, or 250 μM) of each fatty acid (ALA, LA, OA and SA), or their vehicle solution (0
μM), were added for 24 h to BV-2 cells cultured in high glucose media (17.0 mM). After
incubation, cells were left unstimulated or were stimulated with LPS (0.5 μg/mL) for 24 h, and
the MTT and LDH assays were used to measure viability and death of BV-2 cells, respectively.
Results were compared to the data obtained from cells stimulated in the absence of fatty
acids (0 μM). For ALA-, and LA-treated and LPS-stimulated BV-2 cells cultured in high glucose
media (17.0 mM), no significant differences in viability were observed across all fatty acid
concentrations (Figure 7; A, B). The only significant difference in cell viability observed with
OA-treated cells was an increase in viability seen at the 250 μM concentration (Figure 7; C). SA
treatment at 100 μM and 250 μM significantly decreased viability of LPS-stimulated BV-2 cells
cultured in high glucose media (17.0 mM; Figure 7; D).
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Figure 7. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on the
cell viability of LPS-stimulated BV-2 mouse microglia cultured in high glucose medium (17.0 mM). BV-2 cells
were treated for 24 h with ALA, LA, OA, SA or their vehicle solution (0 µM fatty acid, 0.18% v/v ethanol and 0.6%
w/v BSA). After incubation, cells were left unstimulated or were stimulated with LPS (0.5 µg/mL) for 24 h.
Concentrations of fatty acids (μM) are shown on the abscissa. The MTT assay assessed viability of (A) ALAtreated, (B) LA-treated, (C) OA-treated, and (D) SA-treated BV-2 cells after LPS stimulation. Data are expressed as
a percentage of the viability of untreated and unstimulated BV-2 cells. Data (means ± S.E.M.) from four
independent experiments are presented. The dashed line represents viability of unstimulated BV-2 cells treated with
both fatty acid vehicle and LPS vehicle solutions. * p < 0.05, ** p < 0.01, different from cells stimulated in the
absence of fatty acids (0 µM), according to randomized block design one-way ANOVA (F and p values indicated),
followed by Dunnett’s multiple comparison procedure.

Cell death was assessed by the LDH assay. Results were compared to the data obtained
from cells stimulated in the absence of fatty acid (0 μM). ALA, LA or OA treatments did not
affect death of stimulated BV-2 cells assessed by the LDH assay (Figure 8; A - C). 100 μM and
250 μM of SA significantly increased cell death of LPS-stimulated BV-2 cells (Figure 8; D).
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3.3.1.2

Nitrite Concentration in Supernatants of BV-2 Cells Stimulated by LPS
Nitrite concentration (μM) was assessed by the Griess assay. Experiments were

performed as described in 2.8.1 to 2.8.2. Different concentrations (1 μM, 10 μM, 100 μM, or 250
μM) of each fatty acid (ALA, LA, OA, and SA), or their vehicle solution (0 μM), were added for
24 h to BV-2 cells cultured in high glucose media (17.0 mM). After incubation, BV-2 cells were
left unstimulated or were stimulated with LPS (0.5 μg/mL) for 24 h, followed by measuring
nitrite in their supernatants.
Nitrite was undetected in the supernatants of BV-2 cells that were not stimulated with
LPS (data not shown; nitrite detection limit = 1.2 ± 1.1 µM). Results were compared to data
obtained from the supernatants of BV-2 cells stimulated in the absence of fatty acid (0 μM). BV2 cells that were cultured in high glucose media (17.0 mM), treated with ALA, LA, and SA (100
μM and 250 μM), and stimulated with LPS, displayed reduced supernatant nitrite concentrations
(Figure 9; A, B, D). OA had no significant effect on the nitrite concentration in supernatants
from LPS-stimulated BV-2 cells (Figure 9; C).
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Figure 8. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on the
cell death of LPS-stimulated BV-2 mouse microglia cultured in high glucose medium (17.0 mM). BV-2 cells
were treated for 24 h with ALA, LA, OA, SA or their vehicle solution (0 µM fatty acid, 0.18% v/v ethanol and 0.6%
w/v BSA). After incubation, cells were left unstimulated or were stimulated with LPS (0.5 µg/mL) for 24 h.
Concentrations of fatty acids (μM) are shown on the abscissa. LDH activity was measured in supernatants from BV2 cells treated with (A) ALA, (B) LA, (C) OA, and (D) SA, followed by LPS stimulation. Data are expressed as a
percentage of LDH released by untreated and lysed BV-2 cells. Data (means ± S.E.M.) from four independent
experiments are presented. The dashed line represents cell death of unstimulated BV-2 cells treated with both fatty
acid vehicle and LPS vehicle solutions. * p < 0.05, ** p < 0.01, different from cells stimulated in the absence of
fatty acids (0 µM), according to randomized block design one-way ANOVA (F and p values indicated), followed by
Dunnett’s multiple comparison procedure.
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Figure 9. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on the
nitrite concentration in supernatants from LPS-stimulated BV-2 mouse microglia cultured in high glucose
medium (17.0 mM). BV-2 cells were treated for 24 h with ALA, LA, OA, SA or their vehicle solution (0 µM fatty
acid, 0.18% v/v ethanol and 0.6% w/v BSA). After incubation, cells were left unstimulated or were stimulated with
LPS (0.5 µg/mL) for 24 h. Concentrations of fatty acids (μM) are shown on the abscissa: (A) ALA, (B) LA, (C) OA,
and (D) SA. Nitrite (μM) in supernatants of cells stimulated with LPS was measured by the Griess assay. Data
(means ± S.E.M.) from four independent experiments are presented. The detection limit of the Griess assay is shown
as a dotted line (1.2 ± 1.1 µM). ** p < 0.01, different from cells stimulated in the absence of fatty acids (0 µM),
according to randomized block design one-way ANOVA (F and p values indicated), followed by Dunnett’s multiple
comparison procedure.

3.3.1.3

Nitrite Concentration in the Presence of the GPR-120 Receptor Antagonist
Nitrite concentration (μM) was assessed by the Griess assay as described in 2.8.3. BV-2

cells that were cultured in high glucose media (17.0 mM) were pre-treated with 1 μM of the
GPR-120 antagonist AH-7614 or its vehicle solution. After 30 min, cells were treated with 100
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μM of ALA or LA, or 25 μM of DHA for 24 h. After incubation, cells were stimulated with LPS
(0.5 μg/mL) for 24 h, followed by the measurement of nitrite in cell supernatants, as well as the
MTT assay.
Nitrite levels in supernatants of cells that were stimulated in the absence of fatty acid
and AH-7614 (0 μM) were compared to the nitrite levels in supernatants of cells treated with
fatty acid in the absence of AH-7614, and stimulated with LPS. A significant reduction in nitrite
was observed for each fatty acid treatment, when compared to cells not treated with fatty acids
(Figure 10; A-C; cells cultured in 17.0 mM glucose media).
Supernatant nitrite levels of ALA-treated BV-2 cells pre-treated with AH-7614 were
compared to supernatant nitrite levels from ALA-treated cells that received only the AH-7614
vehicle pre-treatment. This pre-treatment with AH-7614 did not significantly affect the nitrite
concentration in BV-2 supernatants of cells treated with 100 μM of ALA (Figure 10; A). Pretreatment with AH-7614 significantly increased nitrite levels in supernatants of cells that were
treated with either 100 μM of LA or 25 μM of DHA prior to LPS stimulation (Figure 10; B, C;
cells cultured in 17.0 mM glucose media).
No significant differences in cell viability were observed for BV-2 cells pre-treated with
AH-7614 or its vehicle solution alone, followed by treatment with 100 μM of ALA (data not
shown) or 25 μM of DHA (Figure 10; E), and stimulation with LPS. Cell viability was
significantly reduced when cells were treated with LA in the absence of AH-7614, compared to
the viability of cells that were stimulated in the absence of both fatty acid and AH-7614 (Figure
10; D). Cell viability was significantly increased when BV-2 cells were pre-treated with AH7614, followed by the addition of LA and stimulation with LPS, compared to cells that did not
receive AH-7614 before the addition of LA and LPS (cells cultured in 17.0 mM glucose media).
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Figure 10. The effects of α-linolenic acid (ALA), linoleic acid (LA), and docosahexaenoic acid (DHA) on the
nitrite concentration in supernatants from LPS-stimulated BV-2 mouse microglia cultured in high glucose
medium (17.0 mM) in the presence of the GPR-120 antagonist AH-7614. BV-2 cells were treated for 30 min
with AH-7614 or its vehicle alone (0.05% DMSO). After incubation, cells were treated for 24 h with ALA, LA,
DHA or their vehicle alone (0 µM fatty acid; ALA and LA vehicle: 0.07% v/v ethanol and 0.2% w/v BSA; DHA
vehicle: 0.01% v/v ethanol). After incubation, cells were stimulated with LPS (0.5 µg/mL) for 24 h. Concentrations
of fatty acids are shown on the abscissa: (A) ALA, (B) LA, and (C) DHA. Nitrite (μM) in supernatants of cells
stimulated with LPS was measured by the Griess assay. The MTT assay assessed viability of cells treated with (D)
LA or (E) DHA in the presence or absence of AH-7614, followed by LPS stimulation. Viability data are expressed
as a percentage of the viability of untreated and unstimulated BV-2 cells. Data (means ± S.E.M.) from three to six
independent experiments are presented. The detection limit of the Griess assay is shown as a dotted line (1.6 ± 1.2
µM). * p < 0.05, ** p < 0.01, different from LPS-stimulated cells treated with fatty acids, in the absence of inhibitor
(0 µM), according to randomized block design one-way ANOVA (F and p values are indicated) with Dunnett’s
multiple comparison procedure; ns, not significant.
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3.3.1.4

iNOS Expression in LPS-stimulated BV-2 Cells
Experiments were performed as described in 2.9. BV-2 cells were cultured in high

glucose media (17.0 mM) and were treated with 100 μM and 250 μM of ALA or LA, or vehicle
solution (0 μM) alone for 24 h. After incubation, cells were left unstimulated or were stimulated
with LPS (0.5 μg/mL) for an additional 24 h. iNOS protein was measured by western blotting
techniques, and the protein expression data were presented as the ratio of iNOS to total protein
quantified by Ponceau staining. The MTT assay was used to measure the viability of BV-2 cells
that were treated with ALA, LA, or their vehicle solution (0 μM), followed by LPS stimulation.
Each iNOS expression result was compared to the expression in cells stimulated with
LPS in the absence of fatty acid (0 μM). ALA at 250 μM significantly decreased the level of
iNOS protein in BV-2 cells cultured in high glucose media (17.0 mM; Figure 11; A). Each
viability result was compared to the viability of cells stimulated with LPS in the absence of fatty
acid (0 μM). Cells treated with 250 μM of ALA showed significantly reduced viability (Figure
11; C). Cells treated with 100 μM and 250 μM of LA had a significantly decreased iNOS protein
expression (Figure 11; D). Viability of LPS-stimulated cells was not altered at in the presence of
100 μM of LA, but was significantly decreased by 250 μM of LA, when compared to the
viability of cells stimulated in the absence of fatty acid (Figure 11; D, F). Representative
immunoblots are shown in Figure 11; B, E.
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Figure 11. The effects of α-linolenic acid (ALA) and linoleic acid (LA) on the protein levels of inducible nitric
oxide synthase (iNOS) in LPS-stimulated BV-2 mouse microglia cultured in high glucose medium (17.0 mM).
BV-2 cells were treated for 24 h with ALA, LA or their vehicle solution (0 µM fatty acid, 0.18% v/v ethanol and
0.6% w/v BSA). After incubation, cells were left unstimulated or were stimulated with LPS (0.5 µg/mL) for 24 h.
Concentrations of fatty acids (μM) are shown on the abscissa. Immunoblotting was used to measure iNOS, and total
protein was assessed by Ponceau staining. Data are presented as the ratio of iNOS / total protein for BV-2 cells
treated with (A) ALA and (D) LA, with representative chemiluminescence immunoblots shown in (B) and (E),
respectively. Viability of ALA- and LA-treated BV-2 cells after LPS stimulation was assessed by the MTT assay
and data in (C) and (F) are expressed as a percentage of the viability of unstimulated BV-2 cells without fatty acid or
vehicle treatment. Data (means ± S.E.M.) from four to nine independent experiments are presented. The dashed lines
represent iNOS expression or viability of unstimulated BV-2 cells treated with both fatty acid vehicle and LPS
vehicle solutions. * p < 0.05, ** p < 0.01, different from cells stimulated in the absence of fatty acids (0 µM),
according to randomized block design one-way ANOVA (F and p values indicated), followed by Dunnett’s multiple
comparison procedure.

3.3.1.5

IFN-γ-Stimulated BV-2 Cell Viability and Cell Death
Experiments were performed as described in 2.8.1. Different concentrations (1 μM, 10

μM, 25 μM, 100 μM, or 250 μM) of each fatty acid (ALA, LA, OA and SA), or its vehicle
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solution (0 μM), were added for 24 h to BV-2 cells cultured in high glucose media (17.0 mM).
After incubation, cells were left unstimulated or were stimulated with IFN-γ (50 U/mL) for 24 h,
followed by the MTT and LDH assays to measure viability and death of BV-2 cells.
Results were compared to the data obtained from IFN-γ-stimulated cells cultured in high
glucose media (17.0 mM) without fatty acid treatment (0 μM). No significant differences in
viability were observed in cells treated with ALA and stimulated with IFN-γ (Figure 12; A). LA
at 10 μM significantly reduced BV-2 cell viability (Figure 12; B). OA at 250 μM significantly
increased BV-2 cell viability (Figure 12; C). 100 μM and 250 μM of SA reduced cell viability of
stimulated BV-2 cells (Figure 12; D).

3.3.1.6

Nitrite Concentration from Supernatants of BV-2 Cells Stimulated by IFN-γ
Nitrite concentration (μM) was measured by the Griess assay as described in 2.8.1 to

2.8.2 using BV-2 cells cultured in high glucose media (17.0 mM). Results were compared to the
data obtained from supernatants of cells stimulated with IFN-γ in the absence of fatty acid (0
μM). BV-2 cells treated with the highest 250 μM concentration of ALA prior to IFN-γ
stimulation displayed significantly reduced nitrite levels over two-fold (Figure 13; A). At 100
μM and 250 μM, LA-treated and stimulated cells demonstrated significantly decreased
supernatant nitrite levels (Figure 13; B). OA treatment in BV-2 cells followed by IFN-γ
stimulation did not affect the supernatant nitrite concentration (Figure 13; C). SA at 250 μM
significantly reduced nitrite in supernatants of stimulated BV-2 cells (Figure 13; D). Supernatant
nitrite levels from cells treated with fatty acid vehicle and IFN-γ vehicle were 1.9 ± 0.7 μM
associated with OA, and 0.7 ± 0.3 μM associated with LA treatments (data not shown). Nitrite
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was undetected in all other supernatants from BV-2 cells treated with fatty acid vehicle and IFNγ vehicle alone (cells cultured in high glucose of 17.0 mM; data not shown).

Figure 12. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on
the cell viability of IFN-γ-stimulated BV-2 mouse microglia cultured in high glucose medium (17.0 mM). BV2 cells were treated for 24 h with ALA, LA, OA, SA or their vehicle solution (0 µM fatty acid, 0.18% v/v ethanol
and 0.6 w/v BSA). After incubation, cells were left unstimulated or were stimulated with IFN-γ (50 U/mL) for 24 h.
Concentrations of fatty acids (μM) are shown on the abscissa. The MTT assay assessed viability of BV-2 cells
treated with (A) ALA, (B) LA, (C) OA, and (D) SA, followed by IFN-γ stimulation. Data are expressed as a
percentage of the viability of unstimulated BV-2 cells without fatty acid or vehicle treatment. Data (means ± S.E.M.)
from four independent experiments are presented. The dashed line represents viability of unstimulated BV-2 cells
treated with both fatty acid vehicle and IFN-γ vehicle solutions. * p < 0.05, ** p < 0.01, different from cells
stimulated in the absence of fatty acids (0 µM), according to randomized block design one-way ANOVA (F and p
values indicated), followed by Dunnett’s multiple comparison procedure.
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Figure 13. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on
the nitrite concentration in supernatants from IFN-γ-stimulated BV-2 mouse microglia cultured in high
glucose medium (17.0 mM). BV-2 cells were treated for 24 h with ALA, LA, OA, SA or their vehicle solution (0
µM fatty acid, 0.18% v/v ethanol and 0.6% w/v BSA). After incubation, cells were left unstimulated or were
stimulated with IFN-γ (50 U/mL) for 24 h. Concentrations of fatty acids (μM) are shown on the abscissa: (A) ALA,
(B) LA, (C) OA, and (D) SA. Nitrite (μM) released after IFN-γ stimulation was measured by the Griess assay. Data
(means ± S.E.M.) from four independent experiments are presented. The detection limit of the Griess assay is shown
as a dotted line (0.6 ± 0.4 µM). * p < 0.05, ** p < 0.01, different from cells stimulated in the absence of fatty acids
(0 µM), according to randomized block design one-way ANOVA (F and p values indicated), followed by Dunnett’s
multiple comparison procedure.

3.3.1.7

iNOS Expression in IFN-γ-stimulated BV-2 Cells
Experiments were performed as described in 2.9. BV-2 cells that were cultured in high

glucose media (17.0 mM) were treated with different concentrations of ALA or LA (25 μM, 100
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μM, and 250 μM), or their vehicle solution (0 μM) for 24 h. After incubation, cells were left
unstimulated or were stimulated with IFN-γ (50 U/mL) for an additional 24 h. iNOS protein was
measured by western blotting techniques. The protein expression data were presented as the ratio
of iNOS to total protein quantified by Ponceau staining. The MTT assay was used to measure the
viability of BV-2 cells cultured in high glucose media (17.0 mM) that were treated with ALA,
LA, or their vehicle solution (0 μM), followed by IFN-γ stimulation.
Each iNOS expression result was compared to the expression in cells stimulated with
IFN-γ in the absence of fatty acid (0 μM). No significant differences in iNOS expression were
observed in cells treated with ALA or LA (Figure 14; A, D). Each viability result was compared
to the viability of cells stimulated with IFN-γ in the absence of fatty acid (0 μM). Cells treated
with 250 μM of ALA or LA had significantly reduced cell viability (Figure 14; C, F).
Representative immunoblots are shown in Figure 14; B, E.
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Figure 14. The effects of α-linolenic acid (ALA) and linoleic acid (LA) on the protein levels of inducible nitric
oxide synthase (iNOS) in IFN-γ-stimulated BV-2 mouse microglia cultured in high glucose medium (17.0
mM). BV-2 cells were treated for 24 h with ALA, LA or their vehicle solution (0 µM fatty acid, 0.18% v/v ethanol
and 0.6% w/v BSA). After incubation, cells were left unstimulated or were stimulated with IFN-γ (50 U/mL) for 24
h. Concentrations of fatty acids (μM) are shown on the abscissa. At the end of the experiment, BV-2 cells were
washed with sterile PBS and lysed. Immunoblotting was used to measure iNOS, and total protein was assessed by
Ponceau staining. Data are presented as the ratio of iNOS / total protein for BV-2 cells treated with (A) ALA and
(D) LA, with representative chemiluminescence immunoblots shown in (B) and (E), respectively. Viability of ALAand LA-treated BV-2 cells after IFN-γ stimulation was assessed by the MTT assay and data in (C) and (F) are
expressed as a percentage of the viability of unstimulated BV-2 cells without fatty acid or vehicle treatment. Data
(means ± S.E.M.) from four or five independent experiments are presented. The dashed lines represent iNOS
expression or viability of unstimulated BV-2 cells treated with both fatty acid vehicle and IFN-γ vehicle solutions. *
p < 0.05, ** p < 0.01, different from cells stimulated in the absence of fatty acids (0 µM), according to randomized
block design one-way ANOVA (F and p values indicated), followed by Dunnett’s multiple comparison procedure.
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3.3.2
3.3.2.1

The Effects of Fatty Acids on the Release of ROS by HL-60 Cells
Cell Viability of Differentiated and LPS-Primed HL-60 Cells
Experiments were performed as described in 2.10. HL-60 cells were differentiated by

DMSO to induce the expression of NADPH oxidase components (Levy et al., 1990). These cells
were cultured in high glucose media (17.3 mM) and were then treated with different
concentrations (1 μM, 10 μM, and 100 μM) of each fatty acid (ALA, LA, OA, and SA) or its
vehicle solution (0 μM) alone for 24 h. After incubation, LPS (0.5 μg/mL) was added for 24 h.
Viability results were compared to the viability of LPS-primed cells stimulated with FMLP in the
absence of fatty acid (0 μM). Viability was reduced in cells treated with the highest 100 μM
concentration of ALA or OA (Figure 15; A, C). LA increased cell viability at 1 and 10 μM
(Figure 15; B). Treatment with SA showed no effect on cell viability (Figure 15; D).

3.3.2.2

Differentiated and LPS-Primed HL-60 Cells Stimulated by FMLP to Induce

Respiratory Burst
Differentiated HL-60 cells were cultured in high glucose (17.3 mM), and treated with
different concentrations (1 μM, 10 μM, and 100 μM) of each fatty acid (ALA, LA, OA, and SA)
or its vehicle solution (0 μM) for 24 h. After incubation, LPS (0.5 μg/mL) was added to prime
cells for 24 h, which leads to a 10-fold greater respiratory burst upon FMLP stimulation when
compared to unprimed cells (see Figure 18).
Data in Figure 16 are presented as a measure of the luminol-dependent chemiluminescence
response following stimulation with FMLP.
Results were compared to the data obtained from the chemiluminescence response of the
LPS-primed cells stimulated in the absence of fatty acid (0 μM). Only the 100 μM treatment with
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ALA decreased the HL-60 chemiluminescence response (Figure 16; A). LA at 1 μM
significantly increased chemiluminescence of these cells (Figure 16; B). No other significant
differences in chemiluminescence response upon priming and stimulation of the respiratory burst
were observed in HL-60 cells cultured in high glucose media (17.3 mM) and treated with OA, or
SA (Figure 16; C, D).
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Figure 15. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on
the viability of LPS-primed HL-60 cells cultured in high glucose medium (17.3 mM). DMSO was used to
differentiate HL-60 cells to induce the expression of NADPH oxidase components. Differentiated HL-60 cells were
treated with ALA, LA, OA, SA or their vehicle solution (0 µM fatty acid, 0.18% v/v ethanol and 0.6% w/v BSA).
Concentrations of fatty acids (μM) are shown on the abscissa. After incubation, cells were left unprimed or were
primed with LPS (0.5 µg/mL) for 24 h. Viability of cells treated with (A) ALA, (B) LA, (C) OA, and (D) SA was
assessed by the MTT assay. Data are expressed as a percentage of the viability of differentiated and unprimed HL60 cells without fatty acid or vehicle treatment. Data (means ± S.E.M.) from five to seven independent experiments
are presented. * p < 0.05, ** p < 0.01, different from LPS-primed cells in the absence of fatty acids (0 µM),
according to the randomized block design one-way ANOVA (F and p values indicated), followed by Dunnett’s
multiple comparison procedure.
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Figure 16. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on
the FMLP-stimulated respiratory burst of LPS-primed HL-60 cells cultured in high glucose medium (17.3
mM). DMSO was used to differentiate HL-60 cells to induce the expression of NADPH oxidase components.
Differentiated HL-60 cells were treated with ALA, LA, OA, SA or their vehicle solution (0 µM fatty acid, 0.18%
v/v ethanol and 0.6% w/v BSA). Concentrations of fatty acids (μM) are shown on the abscissa. After incubation,
cells were left unprimed or were primed with LPS (0.5 µg/mL) for 24 h. After 24 h, cells were stimulated with
FMLP to induce a respiratory burst, which was measured by the luminol-dependent chemiluminescence response.
Chemiluminescence of cells treated with (A) ALA, (B) LA, (C) OA, and (D) SA is presented, and data are expressed
as a percentage of the chemiluminescence response by differentiated and unprimed HL-60 cells treated with vehicle
solution. Data (means ± S.E.M.) from five to seven independent experiments are presented. * p < 0.05, different
from LPS-primed cells in the absence of fatty acids (0 µM), according to the randomized block design one-way
ANOVA performed on chemiluminescence values before normalization (F and p values indicated), followed by
Dunnett’s multiple comparison procedure.

3.3.2.3

Cell Viability of Differentiated and Unprimed HL-60 Cells
Experiments were performed as described in 2.10. HL-60 cells were differentiated by

DMSO, and then were treated with different concentrations (1 μM, 10 μM, and 100 μM) of each
fatty acid (ALA, LA, OA, and SA) or its vehicle solution (0 μM) for 24 h.
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Each result was compared to the data obtained from cells cultured in the absence of fatty
acid (0 μM). At 1 μM, ALA and OA significantly increased HL-60 cell viability, and at 100 μM,
they decreased cell viability (Figure 17; A, C). No difference in cell viability was observed for
LA- and SA-treated HL-60 cells that were cultured in high glucose media (17.3 mM; Figure 17;
B, D).

3.3.2.4

Unprimed HL-60 Cells Stimulated by FMLP to Induce Respiratory Burst
Differentiated HL-60 cells were cultured in high glucose media (17.3 mM) and then

treated with different concentrations (1 μM, 10 μM, and 100 μM) of each fatty acid (ALA, LA,
OA, and SA). FMLP was used to stimulate respiratory bursts. Data are presented as a measure of
the luminol-dependent chemiluminescence response. Each response was compared to data
obtained from cells stimulated in the absence of fatty acid (0 μM). These responses were
approximately 10-fold lower than the responses observed in the LPS-primed HL-60 respiratory
burst described in 3.3.2.2 (see Figure 16).
The only significant change in respiratory burst chemiluminescence was a significant
increase for 1 μM, 10 μM, and 100 μM of OA treatment (Figure 18; C). No other significant
difference in chemiluminescence of fatty acid treated HL-60 cells cultured in high glucose (17.3
mM) was observed (Figure 18; A, B, D).
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Figure 17. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on
the viability of unprimed HL-60 cells cultured in high glucose medium (17.3 mM). DMSO was used to
differentiate HL-60 cells to induce the expression of NADPH oxidase components. Differentiated HL-60 cells were
treated with ALA, LA, OA, SA or their vehicle solution (0 µM fatty acid, 0.18% v/v ethanol and 0.6% w/v BSA).
Concentrations of fatty acids (μM) are shown on the abscissa. Viability of cells treated with (A) ALA, (B) LA, (C)
OA, and (D) SA was assessed by the MTT assay. Data are expressed as a percentage of the viability of unprimed
HL-60 cells without fatty acid or vehicle treatment. Data (means ± S.E.M.) from four independent experiments are
presented. * p < 0.05, different from cells in the absence of fatty acids (0 µM), according to the randomized block
design one-way ANOVA (F and p values indicated), followed by Dunnett’s multiple comparison procedure.
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Figure 18. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on
the FMLP-stimulated respiratory burst of unprimed HL-60 cells cultured in high glucose medium (17.3 mM).
DMSO was used to differentiate HL-60 cells. Differentiated HL-60 cells were treated with ALA, LA, OA, SA or
their vehicle solution (0 µM fatty acid, 0.18% v/v ethanol and 0.6% w/v BSA). Concentrations of fatty acids (μM)
are shown on the abscissa. After incubation, unprimed cells were stimulated with FMLP to induce a respiratory
burst, which was measured by the luminol-dependent chemiluminescence response. Chemiluminescence of cells
treated with (A) ALA, (B) LA, (C) OA, and (D) SA is expressed as a percentage of the chemiluminescence response
by unprimed HL-60 cells treated with vehicle solution. Data (means ± S.E.M.) from four independent experiments
are presented. Chemiluminescence levels from LPS-primed and FMLP-stimulated HL-60 cells treated with vehicle
solution are shown as a dotted line for comparison. * p < 0.05, different from cells in the absence of fatty acids (0
µM), according to the randomized block design one-way ANOVA performed on chemiluminescence values before
normalization (F and p values indicated), followed by Dunnett’s multiple comparison procedure.
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3.3.3

The Effects of Fatty Acids on MCP-1 Release by THP-1 Cells
Experiments were performed as described in 2.11. THP-1 cells that were cultured in high

glucose media (17.0 mM) were treated with different concentrations (1 μM, 10 μM, 100 μM, and
250 μM) of each fatty acid (ALA, LA, OA, or SA) or its vehicle solution (0 μM) for 24 h. After
incubation, a combination of LPS (0.5 ng/mL) and IFN-γ (150 U/mL) was used to stimulate the
cells for 48 h. The MCP-1 concentration in THP-1 supernatants was quantified by ELISA. Twoway ANOVA assessed the main effects of 1) MCP-1 release from THP-1 cells that were left
unstimulated or were stimulated with LPS and IFN-γ and 2) MCP-1 release from THP-1 cells
treated with different fatty acid concentrations.
Unstimulated THP-1 cells cultured in high glucose media (17.0 mM) showed
significantly lower levels of MCP-1 when compared to MCP-1 levels from cells stimulated with
LPS and IFN-γ (Figure 19; A-D). No significant differences in MCP-1 release were observed
with different fatty acid treatments by two-way ANOVA (Figure 19; A-D).

3.4
3.4.1

The Effects of Exogenous Fatty Acids on Microglial-Mediated Neurotoxicity
THP-1 Cell Viability and Death
Experiments were performed as described in 2.12. THP-1 cells that were cultured in high

glucose media (17.0 mM) were treated with different concentrations (1 μM, 10 μM, 100 μM, and
250 μM) of each fatty acid (ALA, LA, OA, or SA) or its vehicle solution (0 μM) for 24 h. After
incubation, a combination of LPS (0.5 ng/mL) and IFN-γ (150 U/mL) was used to stimulate the
cells for 48 h. Two-way ANOVA assessed the main effects of 1) viability/cell death of THP-1
cells that were left unstimulated or were stimulated with LPS and IFN-γ and 2) viability/cell
death of THP-1 cells treated with different fatty acid concentrations.
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All two-way ANOVAs confirmed the significant difference between viability and cell
death of unstimulated when compared to stimulated THP-1 cells cultured in high glucose media
(17.0 mM; Figure 20, 21, 22, 23). No significant differences by two-way ANOVA of THP-1 cell
viability or THP-1 cell death were observed when cells were treated with ALA (Figure 20). Only
the 1 μM treatment of LA displayed significantly reduced cell viability of THP-1 cells (Figure
21; A), but cell death was unaffected at all LA concentrations (Figure 21; B). In cells that were
either left unstimulated or were stimulated, 1 μM and 10 μM of OA significantly reduced cell
viability, but 250 μM of OA increased cell viability (Figure 22; A). OA at 100 μM significantly
increased cell viability of stimulated cells. OA did not significantly affect cell death at any
concentration (Figure 22; B). All concentrations of SA significantly reduced cell viability of both
unstimulated and stimulated cells (Figure 23, A). 250 μM of SA increased cell death of
unstimulated cells (Figure 23; B). 100 μM and 250 μM of SA increased death of stimulated
THP-1 cells.
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Figure 19. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on
the release of MCP-1 by THP-1 cells cultured in high glucose medium (17.0 mM). THP-1 cells were treated for
24 h with ALA, LA, OA, SA or their vehicle solution (0 µM fatty acid, 0.18% v/v ethanol and 0.6% w/v BSA).
Concentrations of fatty acids (μM) are shown on the abscissa. After incubation, cells were left unstimulated or were
stimulated with a combination of LPS (0.5 ng/mL) and IFN-γ (150 U/mL) for 48 h. After 48 h, ELISA was used to
measure the release of MCP-1 (ng/mL) by THP-1 cells treated with (A) ALA, (B) LA, (C) OA, and (D) SA. Data
(means ± S.E.M.) from three independent experiments are presented. The detection limit of the ELISA is shown as a
dotted line (0.8 ± 0.9 ng/mL). No statistically significant differences within ALA, LA, OA, or SA treatments were
observed using a two-way ANOVA. From the two-way ANOVA, F1 and p1 values represent the main effect of
stimulation, and F2 and p2 values represent the main effect of the fatty acid treatment.
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Figure 20. The effects of α-linolenic acid (ALA) on viability and death of THP-1 cells cultured in high glucose
medium (17.0 mM). THP-1 cells were treated for 24 h with ALA or its vehicle solution (0 µM fatty acid, 0.18% v/v
ethanol and 0.6% w/v BSA). Concentrations of ALA (μM) are shown on the abscissa. After incubation, cells were
left unstimulated or were stimulated with a combination of LPS (0.5 ng/mL) and IFN-γ (150 U/mL) for 48 h.
Viability and death of ALA-treated THP-1 cells after stimulation were assessed by the (A) MTT assay and (B) LDH
assay. Viability data are expressed as a percentage of the viability of unstimulated THP-1 cells without fatty acid or
vehicle treatment. Cell death data are expressed as a percentage of the LDH released from untreated, unstimulated
and lysed THP-1 cells. Data (means ± S.E.M.) from seven independent experiments are presented. No statistically
significant differences between ALA treatments were observed using a two-way ANOVA. From the two-way
ANOVA, F1 and p1 values represent the main effect of stimulation, and F2 and p2 values represent the main effect of
the fatty acid treatment.
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Figure 21. The effects of linoleic acid (LA) on viability and death of THP-1 cells cultured in high glucose
medium (17.0 mM). THP-1 cells were treated for 24 h with LA or its vehicle solution (0 µM fatty acid, 0.18% v/v
ethanol and 0.6% w/v BSA). Concentrations of LA (μM) are shown on the abscissa. After incubation, cells were left
unstimulated or were stimulated with a combination of LPS (0.5 ng/mL) and IFN-γ (150 U/mL) for 48 h. Viability
and cell death of LA-treated THP-1 cells after stimulation were assessed by the (A) MTT assay and (B) LDH assay.
Viability data are expressed as a percentage of the viability of unstimulated THP-1 cells without fatty acid or vehicle
treatment. Cell death data are expressed as a percentage of the LDH released from untreated, unstimulated and lysed
THP-1 cells. Data (means ± S.E.M.) from six independent experiments are presented. # p < 0.05, different from
unstimulated cells in the absence of fatty acid (0 μM), assessed by a two-way ANOVA followed by Dunnett’s
multiple comparison procedure. From the two-way ANOVA, F1 and p1 values represent the main effect of
stimulation, and F2 and p2 values represent the main effect of the fatty acid treatment.
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Figure 22. The effects of oleic acid (OA) on viability and death of THP-1 cells cultured in high glucose
medium (17.0 mM). THP-1 cells were treated for 24 h with OA or its vehicle solution (0 µM fatty acid, 0.18% v/v
ethanol and 0.6% w/v BSA). Concentrations of OA (μM) are shown on the abscissa. After incubation, cells were left
unstimulated or were stimulated with a combination of LPS (0.5 ng/mL) and IFN-γ (150 U/mL) for 48 h. Viability
and cell death of OA-treated THP-1 cells after stimulation were assessed by the (A) MTT assay, and (B) LDH assay.
Viability data are expressed as a percentage of the viability of unstimulated THP-1 cells without fatty acid or vehicle
treatment. Cell death data are expressed as a percentage of the LDH released from untreated, unstimulated and lysed
THP-1 cells. Data (means ± S.E.M.) from seven independent experiments are presented. ## p < 0.01, different from
unstimulated cells in the absence of fatty acid (0 μM); * p < 0.05, ** p < 0.01, different from cells stimulated in the
absence of fatty acid (0 μM). Significance was assessed by a two-way ANOVA followed by Dunnett’s multiple
comparison procedure. From the two-way ANOVA, F1 and p1 values represent the main effect of stimulation, and F2
and p2 values represent the main effect of the fatty acid treatment.
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Figure 23. The effects of stearic acid (SA) on viability and death of THP-1 cells microglia cultured in high
glucose medium (17.0 mM). THP-1 cells were treated for 24 h with SA or its vehicle solution (0 µM fatty acid,
0.18% v/v ethanol and 0.6% w/v BSA). Concentrations of SA (μM) are shown on the abscissa. After incubation,
cells were left unstimulated or were stimulated with a combination of LPS (0.5 ng/mL) and IFN-γ (150 U/mL) for
48 h. Viability and cell death of SA-treated THP-1 cells after stimulation were assessed by the (A) MTT assay, and
(B) LDH assay. Viability data are expressed as a percentage of the viability of unstimulated THP-1 cells without
fatty acid or vehicle treatment. Cell death data are expressed as a percentage of the LDH released from untreated,
unstimulated and lysed THP-1 cells. Data (means ± S.E.M.) from six independent experiments are presented. ## p <
0.01, different from vehicle-only treated unstimulated cells; ** p < 0.01, different from cells stimulated in the
absence of fatty acid (0 μM). Significance was assessed by a two-way ANOVA followed by Dunnett’s multiple
comparison procedure. From the two-way ANOVA, F1 and p1 values represent the main effect of stimulation, and F2
and p2 values represent the main effect of the fatty acid treatment.

3.4.2

SH-SY5Y Cell Viability and Death
THP-1 supernatants were collected following treatment with fatty acids and stimulation

with a combination of LPS and IFN-γ. SH-SY5Y cells cultured in high glucose media (17.0 mM)
were exposed to THP-1 supernatants for 72 h. Following incubation, the effects of THP-1
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supernatant exposure on SH-SY5Y cell viability and SH-SY5Y cell death were assessed by the
MTT assay and LDH assay. All two-way ANOVAs confirmed the significant difference between
SH-SY5Y cells exposed to supernatants from stimulated THP-1 cells when compared to SHSY5Y cells exposed to unstimulated THP-1 cell supernatants (Figure 24, 25, 26, 27).
No significant differences in SH-SY5Y cell viability or cell death were observed when
SH-SY5Y cells cultured in high glucose (17.0 mM) were exposed to supernatant from THP-1
cells that were previously treated with ALA (Figure 24). Similarly, there were no significant
differences in viability or death upon SH-SY5Y cell exposure to supernatant from THP-1 cells
previously treated with LA (Figure 25). Exposure to supernatants from THP-1 cells treated with
OA also did not significantly affect SH-SY5Y cell viability or death (Figure 26). However,
supernatants from SA-treated (250 μM) and stimulated THP-1 cells significantly increased the
cell death of SH-SY5Y cells exposed to these supernatants without affecting cell viability
(Figure 27; cells cultured in 17.0 mM glucose).
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Figure 24. The effects of α-linolenic acid (ALA)-treated THP-1 cell supernatants on viability and death of SHSY5Y cells cultured in high glucose medium (17.0 mM). THP-1 cells were treated for 24 h with ALA or its
vehicle solution (0 µM fatty acid, 0.18% v/v ethanol and 0.6% w/v BSA). Concentrations of ALA (μM) are shown
on the abscissa. After incubation, THP-1 cells were left unstimulated or were stimulated with a combination of LPS
(0.5 ng/mL) and IFN-γ (150 U/mL) for 48 h. After 48 h, SH-SY5Y cells were exposed to THP-1 supernatants for 72
h. Viability and death of SH-SY5Y cells exposed to supernatants of ALA-treated THP-1 cells were assessed by the
(A) MTT assay and (B) LDH assay. Viability data are expressed as a percentage of the viability of unstimulated SHSY5Y cells without fatty acid or vehicle treatment. Cell death data are expressed as a percentage of the LDH
released from untreated, unstimulated and lysed SH-SY5Y cells. Data (means ± S.E.M.) from seven independent
experiments are presented. No statistically significant differences between ALA treatments were observed using a
two-way ANOVA. From the two-way ANOVA, F1 and p1 values represent the main effect of stimulation, and F2
and p2 values represent the main effect of the fatty acid treatment.
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Figure 25. The effects of linoleic acid (LA)-treated THP-1 cell supernatants on viability and death of SHSY5Y cells cultured in high glucose medium (17.0 mM). THP-1 cells were treated for 24 h with LA or its vehicle
solution (0 µM fatty acid, 0.18% v/v ethanol and 0.6% w/v BSA). Concentrations of LA (μM) are shown on the
abscissa. After incubation, THP-1 cells were left unstimulated or were stimulated with a combination of LPS (0.5
ng/mL) and IFN-γ (150 U/mL) for 48 h. After 48 h, SH-SY5Y cells were exposed to THP-1 supernatants for 72 h.
Viability and death of SH-SY5Y cells exposed to supernatants of LA-treated THP-1 cells were assessed by the (A)
MTT assay and (B) LDH assay. Viability data are expressed as a percentage of the viability of unstimulated SHSY5Y cells without fatty acid or vehicle treatment. Cell death data are expressed as a percentage of the LDH
released from untreated, unstimulated and lysed SH-SY5Y cells. Data (means ± S.E.M.) from six independent
experiments are presented. No statistically significant differences between LA treatments were observed using a
two-way ANOVA. From the two-way ANOVA, F1 and p1 values represent the main effect of stimulation, and F2
and p2 values represent the main effect of the fatty acid treatment.
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Figure 26. The effects of oleic acid (OA)-treated THP-1 cell supernatants on viability and death of SH-SY5Y
cells cultured in high glucose medium (17.0 mM). THP-1 cells were treated for 24 h with OA or its vehicle
solution (0 µM fatty acid, 0.18% v/v ethanol and 0.6% w/v BSA). Concentrations of OA (μM) are shown on the
abscissa. After incubation, THP-1 cells were left unstimulated or were stimulated with a combination of LPS (0.5
ng/mL) and IFN-γ (150 U/mL) for 48 h. After 48 h, SH-SY5Y cells were exposed to THP-1 supernatants for 72 h.
Viability and death of SH-SY5Y cells exposed to supernatants of OA-treated THP-1 cells were assessed by the (A)
MTT assay and (B) LDH assay. Viability data are expressed as a percentage of the viability of unstimulated SHSY5Y cells without fatty acid or vehicle treatment. Cell death data are expressed as a percentage of the LDH
released from untreated, unstimulated and lysed SH-SY5Y cells. Data (means ± S.E.M.) from seven independent
experiments are presented. No statistically significant differences between OA treatments were observed using a
two-way ANOVA. From the two-way ANOVA, F1 and p1 values represent the main effect of stimulation, and F2
and p2 values represent the main effect of the fatty acid treatment.
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Figure 27. The effects of stearic acid (SA)-treated THP-1 cell supernatants on viability and death of SH-SY5Y
cells cultured in high glucose medium (17.0 mM). THP-1 cells were treated for 24 h with SA or its vehicle
solution (0 µM fatty acid, 0.18% v/v ethanol and 0.6% w/v BSA). Concentrations of SA (μM) are shown on the
abscissa. After incubation, THP-1 cells were left unstimulated or were stimulated with a combination of LPS (0.5
ng/mL) and IFN-γ (150 U/mL) for 48 h. After 48 h, SH-SY5Y cells were exposed to THP-1 supernatants for 72 h.
Viability and death of SH-SY5Y cells exposed to supernatants of SA-treated THP-1 cells were assessed by the (A)
MTT assay and (B) LDH assay. Viability data are expressed as a percentage of the viability of unstimulated SHSY5Y cells without fatty acid or vehicle treatment. Cell death data are expressed as a percentage of the LDH
released from untreated, unstimulated and lysed SH-SY5Y cells. Data (means ± S.E.M.) from six independent
experiments are presented. * P < 0.05, different from cells stimulated in the absence of fatty acid (0 μM), as assessed
by a two-way ANOVA followed by Dunnett’s multiple comparison procedure. From the two-way ANOVA, F1 and
p1 values represent the main effect of stimulation, and F2 and p2 values represent the main effect of the fatty acid
treatment.
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Chapter 4: Discussion
4.1

Treatment of Microglia with Exogenous Fatty Acids Does Not Alter their Fatty Acid

Content
Fatty acids can be transported into the cell by fatty acid binding proteins and transporters,
and they can also interact with the cell surface receptors (Oh et al., 2010a; Schwenk et al., 2010).
Once inside the cell, fatty acids can be metabolized for energy, used in synthesis pathways to
produce bioactive mediators, incorporated into phospholipids, or stored in lipid droplets
(Auestad et al., 1991; Bazinet and Laye, 2014; Daemen et al., 2016; Langelier et al., 2010). A
commonly used method for determining the fatty acid content of a cell is gas chromatography,
which can be used to establish a full profile of intracellular fatty acids. Some studies have
already investigated the incorporation of fatty acids in mouse macrophage cells (Schroit and
Gallily, 1979). Button et al. (2014) used gas chromatography to describe the fatty acid content of
BV-2 microglia before and after stimulation with LPS. However, the incorporation of fatty acids
into microglia following extracellular application of dietary fatty acids has not been studied.
During this thesis work, the fatty acid content of BV-2 cells that were cultured in low or
high glucose media (5.6 mM or 17.0 mM, respectively) was investigated after their exposure to
the dietary fatty acids ALA, LA, OA, and SA. During these studies, the baseline fatty acid
content of untreated BV-2 cells showed similar relative abundances of fatty acid groups when
compared to the composition previously reported in literature (Button et al., 2014). SFAs and
MUFAs are highly abundant in BV-2 cells, with lower proportions of n-6 and n-3 PUFAs, in
decreasing order. Although MUFAs were expected to be the most abundant group, it was
observed that SFA levels exceeded those of MUFAs.
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Treatment of BV-2 cells that were cultured in low and high glucose media (5.6 mM and
17.0 mM) with ALA, LA, OA, and SA was hypothesized to increase the fatty acid content of n-3
PUFAs, n-6 PUFAs, MUFAs, and SFAs, respectively. No significant effect of fatty acid
treatment on the fatty acid content of BV-2 cells was observed. Therefore, treating cells with 25
μM of fatty acid for 24 h was not sufficient to induce a detectable change in the fatty acid content
of microglia, due to lack of effect or an effect that was below the detection limit of GC-FID. This
exposure to fatty acids may not be affecting immune responses in unstimulated BV-2 cells by
modifying membrane composition.
In human monocyte-derived macrophages, high concentrations of glucose inhibited fatty
acid transporter expression, such as the CD36 transporter (Moheimani et al., 2011). The high
level of glucose in cell culture was hypothesized to prevent fatty acid uptake in microglia, which
could result in the observed lack of effect on microglial fatty acid content. When gas
chromatography experiments were repeated in low glucose media (5.6 mM), results were similar
to data obtained in high glucose media (17.0 mM). Thus, reducing glucose levels did not
promote the entry of fatty acids into BV-2 microglia. Based on previous findings with other CNS
cell types, it was expected that BV-2 cells cultured over 24 h in media containing glucose at
concentrations lower than 5.6 mM were not viable (Bahniwal, 2014). Thus, changes in fatty acid
composition in the presence of even lower glucose concentrations were not studied.
Transcriptomics studies have described the presence of multiple fatty acid receptors and
transporters in mouse microglia, including the scavenger receptor CD36, and fatty acid transport
protein 4 (Zhang et al., 2014). CD36 is also an important mediator in LPS-induced activation of
BV-2 mouse microglia, and primary mouse microglia. CD36 is involved in the phagocytosis of
apoptotic material from neurons (Stolzing and Grune, 2004; Xia et al., 2017; Zhang et al., 2013).
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Activating microglial cells to a pro-inflammatory state may allow for the increased uptake of
fatty acids due to CD36 upregulation.

4.2

Fatty Acids Do Not Alter Phagocytic Activity of Primary Microglia
Microglia use phagocytosis to eliminate synapses, cellular debris and pathogens from the

CNS (Brown and Neher, 2014; Floden and Combs, 2011; Petersen and Dailey, 2004). Increased
phagocytosis is a pro-resolving action of microglia and is beneficial for maintenance of CNS
homeostasis. Cell surface receptors bind molecules expressed by apoptotic cells such as
phosphatidylserine to initiate engulfment, and the plasma membrane encapsulates this stimulus
(reviewed by Sokolowski and Mandell, 2011). Phagocytosis can remove abnormal structures, but
this process is impaired in aged and AD-like disease states (Floden and Combs, 2011;
Sokolowski and Mandell, 2011). Phagocytosis can be impacted by membrane fluidity, which is
affected by membrane composition (reviewed by Schumann, 2016). Fluidity of the phospholipid
membrane can be increased by the presence of unsaturated fatty acids. Higher unsaturation of
membrane fatty acids was previously associated with increased phagocytic activity (Calder et al.,
1990). In this study, the treatment of macrophages with unsaturated fatty acids, including ALA
and LA, induced a higher phagocytic response, while OA did not affect phagocytosis.
Additionally, SA treatment did not alter phagocytic activity.
Based on the degree of unsaturation of the fatty acids studied, I hypothesized that ALA,
LA and OA would increase phagocytic activity of primary mouse microglia. Conversely, SA was
hypothesized to decrease microglial phagocytosis. My preliminary data showed that 25 μM of
ALA, LA, OA, and SA had no effect on the phagocytic activity of primary microglia. This
contrasts previous studies that determined a role for ALA and LA in promoting the phagocytic
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response of RAW264.7 peripheral macrophages (Adolph et al., 2012). Lack of effect of OA on
the phagocytosis of Aβ1-42 by primary mouse microglia has previously been demonstrated (Ano
et al., 2015), which is similar to the data obtained in experiments described in this thesis. The
lack of effect of SA on phagocytosis has previously been documented in mouse macrophages
(Calder et al., 1990), but not in microglia. The results described in this thesis indicate that SA
does not impact phagocytosis in primary microglia. A previous study determined that OA did not
alter BV-2 microglial membrane fluidity (Debbabi et al., 2017). This is consistent with our data,
as we would expect that increased membrane fluidity would promote phagocytosis, whereas the
lack of effect on phagocytic activity was observed.
Phagocytosis by microglia is critical for clearing pathogens as well as abnormal proteins
in the CNS. The inability of fatty acids to promote a positive effect on phagocytosis would have
no beneficial effect on the microglial neuroinflammatory response; however, if an effect to
increase phagocytosis was observed, cells would have a greater ability to clear proteins including
toxic Aβ protein. Compounds that can modulate phagocytic activity are of particular interest as
potential treatment options for AD, among other neurodegenerative diseases (reviewed in Fu et
al., 2014).
I cannot conclusively comment on the interaction of membrane composition and
phagocytosis, as fatty acid content and phagocytosis were assessed using identical treatment
parameters but different cell types: BV-2 mouse microglia and primary mouse microglia.
Primary adult mouse microglia were chosen for physiological relevance in the phagocytosis
assay, and the procedure to measure phagocytosis by fluorescence has been previously described
using primary microglia (Pointer, 2017). In primary microglia, the effect of fatty acid treatment
on intracellular fatty acid composition remains to be determined since experiments were
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performed with BV-2 microglia only. Interestingly, there is evidence that NO may impair
phagocytosis in BV-2 mouse microglia (Kopec and Carroll, 2000). Thus, a further direction for
my studies would be to determine if microglial phagocytosis is altered at concentrations of fatty
acid that impact NO release by microglia.

4.3

Fatty Acids Reduce BV-2 Microglia Nitrite and iNOS Levels
NO, a reactive nitrogen species that can diffuse freely through cellular membranes, is an

important regulatory molecule in the immune system (Aktan, 2004). BV-2 microglia
constitutively express endothelial NO synthase (eNOS), which may generate low levels of NO
(Kopec and Carroll, 2000). At low concentrations, NO can be beneficial to the brain as a
neurotransmitter (reviewed by Balez and Ooi, 2016; Paul and Ekambaram, 2011). Upregulation
of iNOS enzyme can produce high levels of NO, which occurs in BV-2 microglia stimulated by
LPS and IFN-γ (Kopec and Carroll, 2000). Such high levels of NO released by microglia cause
pro-inflammatory outcomes that are detrimental to neurons, including nitroxidative stress and
necrotic damage (Bal-Price and Brown, 2001; Brown, 2010). Nitrite, which is a breakdown
product of NO, as well as iNOS were measured in BV-2 microglia cultures. In these
experiments, nitrite was present in significantly increased levels in supernatants from BV-2
microglia (cultured in high glucose media of 17.0 mM) after stimulation with LPS as well as
IFN-γ. Similarly, the expression of iNOS was induced by stimulation using LPS or IFN-γ.
ALA was previously shown to reduce nitrite and iNOS in LPS-stimulated RAW 264.7
macrophages (Ren and Chung, 2007). Thus, we hypothesized that ALA treatment would also
reduce nitrite and iNOS in microglia. ALA reduced nitrite released by BV-2 cells that were
cultured in high glucose (17.0 mM) and stimulated with LPS; however, ALA did not reduce the
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expression of iNOS upon LPS stimulation without causing reduced cell viability. Similar data
have been obtained by using peripheral macrophages. One study using RAW 264.7 macrophages
found that ALA reduced nitrite in supernatant, but did not significantly reduce iNOS
(Ambrozova et al., 2010). These results may seem contradictory; however, several factors need
to be considered when interpreting the result that ALA treatment reduced nitrite levels without
reducing iNOS protein expression. Firstly, a control experiment determined that at the highest
concentration used, none of the fatty acids significantly altered nitrite levels in the absence of
cells, which indicated that none of the fatty acids (ALA, LA, OA, or SA) exhibited NOscavenging activity or interfered with the Griess assay (data not shown). The discrepancy in the
effects of ALA on nitrite levels and iNOS expression could be due to indirect interactions with
NO. NO reacts with multiple chemical species, which could be affected by the fatty acids in cell
culture. NO interacts with signalling factors, such as thiols, to form additional chemical species,
known as nitrosothiols (Broniowska and Hogg, 2012; Wolhuter et al., 2018). For example, Snitrosoglutathione is formed from a reaction of NO with glutathione (Keszler et al., 2011). ALA
has been shown to increase glutathione in smooth muscle (Hamilton et al., 2003). Further studies
should assess the changes in expression of NO-reactive groups induced by ALA to address this
research gap.
OA was hypothesized to inhibit the NO release by microglia leading to reduced nitrite
levels in BV-2 supernatant. However, no significant differences in nitrite levels were observed;
thus, at the concentrations tested, OA did not affect this microglial immune response. These
results did not support the observed reduction of nitrite in the supernatant of BV-2 microglia and
primary rat microglia reported in one available study (Oh et al., 2009). This could be due to
differences in study design including incubation times, as the study had an acute exposure to OA
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(1 h), whereas in this thesis a different exposure time was used (24 h). OA administered in vivo
did not affect the level of nitrite in the supernatant of peritoneal macrophages obtained from
these animals (Magdalon et al., 2012). While a different cell type was used, this lack of effect in
vivo was similar to the lack of in vitro effects described in this thesis.
Since metabolites of LA are known for having pro-inflammatory functions, LA was
hypothesized to increase nitrite release and upregulate the expression of iNOS. In LPSstimulated BV-2 cells, LA treatment was found to decrease nitrite release as well as the
expression of iNOS. In support of these results, another study determined that in a species of
mushroom that exhibits medicinal properties, LA is the primary component that is responsible
for reducing the BV-2 cell expression of iNOS (Nallathamby et al., 2016). The observed
reduction in nitrite levels may reduce inflammatory responses, as the excessive release of NO
leads to nitroxidative stress in the CNS. Nitrosative and oxidative stress are implicated in
neurodegenerative pathways and could induce microglial responses to increase
neuroinflammation and alter CNS status (reviewed in Brown, 2010; Zhang et al., 2012; Bordt
and Polster, 2014).
SA was previously shown to induce the production of iNOS mRNA in BV-2 microglia,
among other enhanced pro-inflammatory outcomes (Wang et al., 2012). We hypothesized that
SA would enhance pro-inflammatory responses in microglia, resulting in increased levels of
nitrite in BV-2 supernatant when experiments were performed in high glucose media (17.0 mM).
However, in our experiments SA significantly reduced levels of nitrite in BV-2 supernatant.
Increased toxicity upon SA treatment was likely responsible for this effect, which was
demonstrated as reduced viability and increased death of BV-2 cells cultured in the presence of
high glucose (17.0 mM) and SA.
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n-3 PUFAs interact with the GPR-120 receptor to exert immunomodulatory responses
(Oh et al., 2010a; Han et al., 2017). For instance, in mice fed high-fat diet, treatment with DHA
reduced mRNA expression of pro-inflammatory markers such as iNOS (Oh et al., 2010a). This
effect was abrogated when the gene for the GPR-120 receptor was deleted, demonstrating that
some anti-inflammatory functions of PUFAs are mediated through GPR-120. In human
embryonic kidney cells, ALA was the most potent agonist of this receptor among the fatty acids
tested; however, DHA as well as the product of the LA desaturation reaction, γ-linolenic acid,
also interacted with GPR-120 (Hirasawa et al., 2005). The GPR-120 receptor mRNA is
expressed by BV-2 cells (Dragano et al., 2017).
The mechanism by which ALA and LA reduce nitrite in microglial supernatant is
currently unknown. The fatty acids ALA and LA were hypothesized to interact with GPR-120 to
cause the observed decreases in nitrite levels. DHA was used as a positive control to demonstrate
that AH-7614 was effectively blocking activity of the GPR-120 receptor. We hypothesized that
DHA would bind GPR-120 to reduce BV-2 nitrite levels. We can provide no evidence that ALA
operates through a GPR-120-dependent mechanism. Pre-treatment with 1 μM of the GPR-120
antagonist, AH-7614, did not significantly block the reduction in nitrite levels by ALA treatment
at 100 μM in the presence of high glucose (17.0 mM). Conversely, the nitrite-reducing effect of
the 25 μM treatment with DHA was significantly inhibited by 1 μM of AH-7614. LA may also
operate through a GPR-120-dependent mechanism. This interaction with GPR-120 was
demonstrated by a significant increase in nitrite after 1 μM of AH-7614 antagonist was used in
combination with 100 μM of LA treatment, when compared to BV-2 cells treated with LA alone.
These data must be interpreted with caution as a significant increase in viability was observed for
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these LA-treated cells (all experiments were performed in media containing 17.0 mM glucose).
Thus, further studies are required to elucidate this mechanism.
IFN-γ was used as another stimulus to test whether the observed effects of fatty acids on
nitrite were specific to LPS stimulatory pathways. LPS exerts its effects through the TLR4/nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) pathway, whereas IFN-γ
exerts its effects through the Janus kinase/signal transducers and activators of transcription
(JAK/STAT) pathway (Aktan, 2004). We hypothesized that ALA and LA treatment could reduce
iNOS expression induced by both pathways. However, treatment with ALA and LA reduced the
levels of nitrite in IFN-γ-stimulated BV-2 cells without downregulating iNOS expression.
The GPR-120 receptor has been shown to operate through downstream inhibition of NFκB in RAW 264.7 macrophages (Oh et al., 2010a). LA reduced the expression of iNOS in LPSstimulated BV-2 cells and may regulate its transcription, potentially through activation of the
GPR-120 receptor. This receptor activation could inhibit LPS-stimulated iNOS production,
which is dependent on NF-κB, resulting in lower nitrite levels in the supernatant. Additionally,
we did not find evidence to suggest that the nitrite reduction seen in cells cultured in high
glucose media (17.0 mM), treated with ALA or LA and stimulated with IFN-γ occurs by iNOSdependent regulation. Further experiments should be performed to clarify the regulation of NO in
IFN-γ-stimulated BV-2 cells.

4.4

Fatty Acids Do Not Affect HL-60 ROS Release
The release of ROS is an important microglial immune response to eliminate pathogens.

ROS can be generated by the respiratory burst where cell stimulation (for example, with FMLP)
leads to assembly of NADPH-oxidase machinery and release of a large burst of ROS (Forehand
93

et al., 1989). Use of LPS prior to this stimulation primes the respiratory burst response, which
leads to enhanced production of ROS.
ALA and OA were hypothesized to reduce the ROS release of LPS-primed and FMLPstimulated HL-60 cells. The respiratory burst in differentiated HL-60 cells cultured in high
glucose media (17.3 mM) was studied to model human microglia. LA and SA were hypothesized
to increase the ROS release by respiratory burst. For the LPS-primed and FMLP-induced
respiratory burst, only ALA treatment reduced ROS release at the highest concentration, which
corresponded to a reduction in cell viability. Thus, this thesis does not describe significant effects
of any fatty acid on ROS release that could not be explained by their effects on cell viability.
These data indicate that the fatty acids studied would not reduce oxidative damage caused by
activated microglia in the presence of high glucose (17.3 mM).
The unprimed and FMLP-stimulated respiratory burst was assessed by luminoldependent chemiluminescence measurement. ALA did not significantly affect the unprimed HL60 respiratory burst. OA only slightly but significantly increased the unprimed respiratory burst
at 1 μM, 10 μM and 100 μM. At 1 μM, but not 10 μM, OA also significantly increased cell
viability, and at 100 μM OA significantly reduced cell viability. The result described herein may
indicate immunomodulatory effects of OA at these specific concentrations in the presence of
high glucose (17.3 mM). Increased LA content of primary human neutrophils has been
previously shown to correlate with the reduced FMLP-stimulated respiratory burst by these cells
(Bellavite et al., 1995). This study also failed to find a correlation between the SA content of
human neutrophils and ROS release via their respiratory burst response. However, both LA and
SA did not affect unprimed respiratory burst of FMLP-stimulated HL-60 cells in the presence of
high glucose (17.3 mM) described by this thesis. It is important to note that the unprimed
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respiratory burst induced by FMLP shows large variability between vehicle-treated cells, and can
be 10-fold lower than the LPS-primed HL-60 respiratory burst. Thus, respiratory bursts
generated by unprimed cells may not be sufficiently strong and reliable to observe any changes.

4.5

Fatty Acids Do Not Exhibit Effects on MCP-1 Release from THP-1 Cells
MCP-1 is a chemokine involved in the microglial immune response. ALA has been

shown to reduce the mRNA expression of pro-inflammatory cytokines TNF-α and IL-1β in THP1 cells (Zhao et al., 2005). LA treatment has been shown to reduce the chemoattractant
chemokine IL-8 protein secreted from THP-1 cells (Håversen et al., 2009), in addition to
decreasing mRNA expression of pro-inflammatory cytokines TNF-α and IL-1β (Zhao et al.,
2005). SA treatment has been shown to increase the release of pro-inflammatory mediators
including IL-1β and TNF-α by THP-1 cells (Håversen et al., 2009). We hypothesized that MCP1 is reduced upon treatment with ALA and OA, and increased upon treatment with LA and SA.
No effects of any fatty acid treatment on MCP-1 release by unstimulated or LPS- and IFN-γstimulated THP-1 cells were observed.
As MCP-1 is a chemokine, it can promote the resolution of acute inflammation, but it
was also found at increased levels in CSF of AD-afflicted individuals; additionally, MCP-1 was
detected within Aβ plaques in human brains afflicted with AD (Galimberti et al., 2006; Ishizuka
et al., 1997). MCP-1 did not affect the levels of pro-inflammatory mediators in rat microglia,
indicating that MCP-1 does not exacerbate inflammation but contributes to inflammation
resolution by recruiting monocytes and microglia (Hinojosa et al., 2011; Sheehan et al., 2007).
Accordingly, MCP-1 release may be a beneficial response that is not affected by fatty acid
treatment as described in this thesis. Inflammatory conditions may promote neurodegeneration,
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and as MCP-1 was unaltered following fatty acid treatment, these findings do not support a proinflammatory role of the fatty acids studied. Further, lack of effect of OA on the release of MCP1 by unstimulated THP-1 cells has been shown previously (Cullberg et al., 2014). Similarly,
another study found no effect of LA on levels of MCP-1 released by THP-1 cells that had been
differentiated to a macrophage phenotype (Wang et al., 2009). Our findings support these results
in the THP-1 microglia model, and are first to suggest the lack of effect of ALA and SA on
MCP-1 release from THP-1 cells cultured in high glucose media (17.0 mM).

4.6

Fatty Acids Do Not Affect Microglia-Mediated Neurotoxicity
ALA and OA were hypothesized to inhibit microglial immune responses, and lead to

reduced microglial neurotoxicity. Both ALA and OA showed no effect on microglia-mediated
neurotoxicity when assessed by measuring SH-SY5Y neuronal viability and cell death following
exposure to supernatants from THP-1 cells cultured with fatty acid in the presence of high
glucose (17.0 mM). Previous studies showed that neurotoxicity was unaltered upon exposure of
neuronal cells to media from THP-1 cells treated with OA (Little et al., 2012). However, ALA
had not been previously studied using this in vitro model. The data obtained indicated that
exposure to this fatty acid did not affect the overall inflammatory status of the THP-1 cells
sufficiently to impart an effect on the secretion of neurotoxic molecules in the presence of high
glucose (17.0 mM). A previous study has also shown no effect of ALA treatment on count and
viability of unstimulated THP-1 cells (Vangaveti et al., 2014).
LA and SA were hypothesized to increase microglial immune responses, and lead to
increased neurotoxicity upon incubation of neuronal cells with supernatants of THP-1 cells
cultured with fatty acid. Neurotoxicity was previously found upon incubation of neurons with
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supernatants from THP-1 cells that had been cultured with the SFA palmitate (Little et al., 2012).
Metabolites of LA, but not LA itself, were also found to decrease viability of THP-1 cells
(Vangaveti et al., 2014). However, in this thesis work no concentration-dependent effect of the
LA treatment was observed on viability and death of THP-1 cells, which corroborates these
previous findings. No effect was seen for viability or death of SH-SY5Y neuronal cells after they
were exposed to supernatants from LA-treated THP-1 cells in the presence of high glucose (17.0
mM), which suggests that LA treatment did not promote neurotoxicity of microglia at the
concentrations studied.
The toxicity of 100 μM of SA on THP-1 cells in culture has been previously described
(Håversen et al., 2009). In this thesis work, SA toxicity at all concentrations was observed as
reduced THP-1 cell viability, and as increased cell death at high SA concentrations. When
neuronal cell viability and death were assessed following exposure to these THP-1 supernatants,
a significant increase in neuronal death was determined for the highest concentration of SA.
These data indicate that SA inhibits immune functions of THP-1 cells cultured in high glucose
(17.0 mM) due to its toxic effect on this cell type. As widespread destruction of immune cells is
not desired for homeostasis of the CNS, the toxic effects of SA may be detrimental when
interacting with microglia in the CNS.
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Chapter 5: Conclusion
5.1
5.1.1

Research Hypotheses Addressed
Hypothesis 1: The Fatty Acid Composition of BV-2 Microglia Changes Following

Fatty Acid Treatment
Contrary to my hypothesis, treatment with four different types of dietary fatty acids
added extracellularly at a concentration of 25 μM for 24 h did not affect the fatty acid
composition of BV-2 microglia cultured in either low or high glucose media (5.6 mM or 17.0
mM, respectively). Future experiments could explore different fatty acid concentrations and
microglia exposure times.

5.1.2

Hypothesis 2: Fatty Acids Affect the Phagocytic Activity of Primary Microglia
None of the dietary fatty acids studied were found to affect the phagocytic activity of

primary mouse microglia upon incubation with 25 μM of fatty acid for 24 h in the presence of
high glucose (17.0 mM). Future experiments could explore different fatty acid concentrations
and microglia exposure times.

5.1.3

Hypothesis 3: Fatty Acids Regulate Select Microglial Responses
Aligned with my hypothesis, in the presence of high glucose (17.0 mM) the dietary fatty

acids ALA and LA regulated microglial RNS release and iNOS expression. However, none of
the fatty acids studied affected microglial secretion of ROS, MCP-1, and neurotoxins in the
presence of high glucose (17.0 mM to 17.3 mM). Future studies could elucidate the mechanism
behind the effects of dietary fatty acids on RNS release and iNOS expression.

98

5.2

Limitations of the Research
One important limitation in collecting in vitro data is the well-established differences

between human and mouse cells. Firstly, BV-2 microglia and primary microglia used in this
thesis work are mouse cells. The ability to extrapolate data from mouse cells to human cells has
recently come into question. A study by Galatro et al. (2017) found some similarities between
human and mouse microglia; however, there were many gene transcripts that were expressed
differentially in aged human and mouse microglia. Further, mouse cells have altered patterns of
fatty acid uptake, when compared to the uptake of fatty acids demonstrated for humans (Fritsche,
2007). For instance, an analysis of multiple mouse and human studies found that mouse
lymphocytes have higher levels of DHA, compared to human cells. PUFA uptake in
lymphocytes after supplementation of mouse diets and human diets differs as well, with the
accumulation of higher percentages of DHA in mouse cells. Therefore, the effects shown in
mouse cells may have a different magnitude when compared to human cells.
An important caveat in this thesis work is that mouse cells have been used to determine
the effects of fatty acids on microglial fatty acid content, phagocytosis, and iNOS expression.
Our data regarding nitrite and iNOS levels require caution to interpret, as it is currently a source
of controversy whether human macrophages release NO in quantities large enough to promote
inflammation (Thomas and Mattila, 2014). iNOS has been detected in human monocytes and
macrophages isolated from various disease states and in one human microglial cell line (Hjorth et
al., 2010; Thomas and Mattila, 2014). Mouse and rat glia release large amounts of NO when
activated, which promote inflammation and neuron death (Bal-Price and Brown, 2001; Brown,
2010; Liberatore et al., 1999). The impact of iNOS-dependent production of NO by human
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microglia is unknown. Thus, inferences made may not be applicable to human cells, and some
degree of caution must be used when interpreting data discussed in this thesis.
To resolve these important species limitations, where possible, human cell lines have
been used instead of mouse cell lines. Unfortunately, there are very few cell lines of
commercially available immortalized human microglia, which are based on viral transfection
(Garcia-Mesa et al., 2017). Based on the limitations of immortalized human microglia, this
research instead relied on immortalized human cell models of microglia. All of the human cell
types used were previously obtained from cancerous cell lines (Collins et al., 1977; Påhlman et
al., 1990; Tsuchiya et al., 1980). Mouse microglial BV-2 cells were also immortalized by viral
transfection (Blasi et al., 1990).
Another limitation comes from the selected in vitro method of fatty acid treatment. An
experimental design that provides a continuous supply of fatty acid and glucose would improve
the physiological relevance of the findings. Since this type of experimental design was not
practical for this thesis work, fatty acid was instead added to cell culture at a single time point.
Fatty acid-BSA complexes were prepared, which improves the physiological relevance of these
findings when compared to the use of free fatty acids alone in cell culture. To maintain
consistency between fatty acids studied, all fatty acid-BSA complexes were prepared in the same
manner. However, BSA does not bind each fatty acid with the same affinity. For instance, among
the fatty acids studied, SA was shown to have lower affinity for BSA compared to LA and OA,
but ALA was not tested (Spector et al., 1969). Thus, cell culture medium containing BSA and
fatty acids with low BSA-binding affinity may contain a higher concentration of free fatty acids
compared to cell culture media containing BSA and fatty acids with high BSA-binding affinity.
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Finally, the concentration of glucose in media used throughout the experiments is an
important consideration of my thesis work. Although studies in the field of my thesis work
frequently use conditions of high glucose (with varying concentrations between 17 mM and 35
mM), it would be ideal to limit glucose levels within experimental media to obtain more
physiological glucose concentrations. However, most of the experiments described by this thesis
also use microglia activated by LPS, and LPS activation relies on glycolysis to sustain proinflammatory microglial responses (Shen et al., 2017). Thus, low glucose media (5.6 mM) was
only used in experiments measuring fatty acid composition where microglia were not activated.

5.3
5.3.1

Future Directions
Objective 1
Data presented in this thesis indicate that ALA reduces nitrite levels in BV-2 supernatant,

but not through GPR-120-dependent mechanisms. When GPR-120 was inhibited by its
antagonist AH-7614, the effect of ALA on nitrite secretion was not blocked. Observations made
in this thesis cannot rule out GPR-120-dependent effects of LA on microglia. The increase in
nitrite upon inhibition of GPR-120 with AH-7614, followed by the addition of LA, suggests that
LA could be operating through GPR-120-dependent mechanisms. However, further studies that
include additional metrics of cell viability and cell death are required to determine conclusively
whether LA operates through GPR-120-dependent mechanisms.
Another future direction should be to investigate the iNOS-independent effect of ALA. I
determined that ALA reduced nitrite independent of GPR-120 and iNOS. The reduction of nitrite
that I observed may be due to the effects of ALA on NO-reactive factors in microglia, which
could be determined using proteomics experiments or additional targeted protein analysis.
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Finally, other fatty acid binding receptors are potential candidates that could elicit the
nitrite and iNOS-reducing response to LA that I observed. GPR-40 is a free fatty acid receptor
that is expressed in primary mouse microglia and BV-2 microglia, and has been shown to
interact with PUFAs such as ALA in peripheral cells (Dragano et al., 2017; Ohue-Kitano et al.,
2018; Zhang et al., 2014). Experiments with GPR-40 antagonists will clarify possible
involvement of this receptor in LA-mediated inhibition of NO secretion or iNOS expression by
microglia.

5.3.2

Objective 2
Experiments performed with human and mouse cells indicate that the addition of

unsaturated fatty acid to cell culture reduces the pro-inflammatory response of microglia to
SFAs. For instance, OA has been shown to reduce toxicity of mouse neuronal and macrophage
cells that was associated with palmitate treatment (Kim et al., 2017; Kwon et al., 2014). In
primary astrocytes, increasing concentrations of DHA reduced the palmitate-induced production
of TNF-α (Gupta et al., 2012). In my thesis, I have described the effects of four 18 carbon fatty
acids in isolation. However, cells in vivo interact with many fatty acids simultaneously, which
could alter their biological activities. Therefore, to approximate dietary exposure more closely in
vitro, further studies should test combinations of fatty acids at physiological concentrations.

5.3.3

Objective 3
In this thesis work, fatty acid concentrations were used at a concentration range

exceeding their physiological ranges in the CNS (Fonteh et al., 2014). Further studies are needed
to address uptake of the dietary fatty acids in the brain and to determine fatty acid concentrations
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available to cells of the CNS during pathological states. After dietary lipid content is altered, the
rat brain does not exhibit a high degree of membrane lipid fluctuation when compared to other
tissues (Abbott et al., 2012). This may be due to the restricted passage of fatty acids across the
BBB; however, BBB leakage occurs in some pathological states, allowing the passage of serum
molecules. Disruption of the BBB was noted for some AD-afflicted individuals, which was
correlated with high plasma triglyceride content (Bowman et al., 2012). In vivo experiments can
be used to measure the levels of CNS fatty acids in these disease states, and also clarify the
effects of altering dietary fatty acids on their uptake into the CNS.

5.3.4

Significance of the Research
This thesis discusses the key roles of dietary fatty acids in regulating microglial

inflammatory responses in the presence of high glucose (17.0 mM to 17.3 mM glucose used in
these experiments). Select functions of microglia are altered by their exposure to PUFAs,
including the reduced release of RNS, which was assessed by nitrite levels in microglial
supernatants, and expression of iNOS protein. The 18 carbon fatty acids studied did not affect
other inflammatory functions of microglia, which included phagocytosis, as well as the release of
ROS by respiratory burst, MCP-1, and neurotoxic mediators.
Excessively activated microglia promote neuroinflammation, which is a key factor in AD
pathogenesis. Currently there is a lack of viable options for delaying the progression of this
debilitating disease. Recommendations for disease prevention through dietary intervention
require a thorough understanding of how dietary components affect immune cells of the brain.
This research contributes to a much larger field studying the effects of modifiable and dietary
risk factors for AD on inflammatory mechanisms of the brain.
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I demonstrated that the n-3 PUFA ALA and the n-6 PUFA LA reduced the release of
microglial RNS in the presence of high glucose (17.0 mM), and specifically LA reduced the
secretion of RNS in an iNOS-dependent manner. As high levels of extracellular RNS may be
cytotoxic to nearby cells, ALA and LA may be able to reduce the cytotoxicity inflicted by the
microglial secretion of RNS. Therefore, increasing dietary intake of PUFAs, in a balanced ratio,
while reducing the dietary intake of SA may decrease the cytotoxicity associated with activated
microglia, which may subsequently reduce neuroinflammation associated with
neurodegenerative disease. This recommendation is in agreement with the literature that suggests
that following the dietary patterns of the MeDi, a diet balanced in n-3 PUFAs and n-6 PUFAs,
may have neuroprotective outcomes (Debbabi et al., 2017; Van De Rest et al., 2015). My thesis
concludes that both ALA and LA modify microglial immune responses in an anti-inflammatory
manner. Further research of the mechanisms governing the neuroprotective effects of these
PUFAs is required to develop accurate dietary recommendations for the prevention of
neurodegenerative disease.
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Appendices
Appendix A
A.1

Reagents Used in Immunoblotting Experiments

RIPA Buffer: 150 mM sodium chloride, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate, 50 mM Tris buffer, dH2O, corrected to pH 8.0
Laemmli Sample Buffer: 0.125 M Tris buffer, 20% glycerol, 10% mercaptoethanol, 4 %
sodium dodecyl sulfate, 0.004% bromophenol blue, dH2O
10 X Towbin Transfer Buffer: 1.9 M glycine, 0.2 M Tris buffer, dH2O
1 X Towbin Transfer Buffer: 20% methanol, 10% of 10 X Towbin Transfer Buffer, dH2O
TBS-T: 150 mM NaCl, 10 mM Tris buffer, 0.2% Tween-20, dH2O, corrected to pH 8.0

A.2

Reagents Used in ELISA Experiments

Coating solution: 0.1 M sodium bicarbonate buffer, dH2O, corrected to pH 9.6
PBS-T: 1 X PBS, 0.05% Tween-20, dH2O
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Appendix B
B.1

Methods for Primary Adult Mouse Microglial Phagocytosis

B.1.1 Extraction of Primary Mouse Microglia
Primary mouse microglia were extracted as previously described (Lee et al., 2013).
Tissues from C57BL/6 mice (9 to 37 weeks old) were supplied by our collaborators Drs. Barker
and Ghosh from the University of British Columbia Okanagan campus Biology Department. All
F0 and F10 media in the primary mouse microglia extraction protocol were supplemented with
0.45 g/mL glucose. Three to four brains were placed in a six cm tissue culture dish. Tissues were
minced with sterile razor blades in three mL F0, and added to three mL dissociation medium
(one mg/mL papain, 0.13 M trehalose dihydrate, and 20 U/mL DNase1 in F0) in sterile 50 mL
conical tubes. Mechanical dissociation was promoted by continuous inversion of the tubes for 20
to 50 min at 37°C. F10 was added to each tube to neutralize enzymes in the dissociation medium
and tubes were centrifuged at 250 x g at room temperature for five min, followed by aspiration of
supernatant and resuspension of the pellet in F0. Centrifugation was repeated at 250 x g,
supernatant was aspirated and three mL of F10 was added to each tube. To disperse cells, cell
pellets were thoroughly mixed with three decreasing sizes of pipette tips. Dispersion began with
the 10 mL serological pipettes, followed by the addition of three mL of F10, and homogenization
using P1000 pipette tips. Next two mL of F10 was added, and the mixture was homogenized
using P200 pipette tips. Dispersed cells were passed through cell filters (100 μm; ThermoFisher
Scientific) and centrifuged for four min at 250 x g. The cell pellet was then mixed with five mL
of F10. Centrifugation was repeated for four min at 250 x g, and the cell pellets were collected.
A density centrifugation gradient was required to separate microglia from myelin, other cells and
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cellular debris. For this, stock isotonic percoll (SIP) was prepared by mixing nine volumes of
percoll and one volume of 10 X HBSS. Each percoll density gradient was prepared in a 15 mL
conical tube by resuspending the collected cell pellet in four mL of 37% SIP (diluted in 1 X
HBSS), followed by underlaying four mL of 70% SIP (diluted in 1 X HBSS) and overlaying four
mL of 30% SIP (diluted in 1 X HBSS), followed by adding two mL of 1 X HBSS on the top.
From bottom to top of the 15 mL conical tube, the gradient included: 70% SIP, 37% SIP, 30%
SIP, and 1 X HBSS. Each percoll gradient conical tube was centrifuged for 40 min at 300 x g,
8°C, during which time the myelin collected between the top 1 X HBSS and 30% SIP layers. The
microglial cells formed a visible phase between the bottom 37% SIP and 70% SIP layers. Three
mL of each microglial cell phase were collected. These cells were washed in 1 X HBSS, by
mixing every one volume of the microglial cell phase with three volumes of 1 X HBSS. Each
conical was centrifuged for seven min at 500 x g, 4°C, followed by three steps of resuspension in
two mL of 1 X HBSS and centrifugation for four min at 800 x g, room temperature. Cell pellets
were resuspended in F10, and incubated in 10 cm tissue culture dishes for 24 to 48 h to allow
microglia to adhere. After incubation, adherent cells were washed once with PBS to dislodge any
non-adherent cells, followed by standard cell maintenance procedures including the addition of
fresh F10 media without additional supplemented glucose every 48 to 72 h.

B.1.2 Fatty Acid Treatment of Primary Microglia
Five to seven days post-extraction, primary mouse microglia were seeded in 8-well
chamber slides at 15 000 to 40 000 cells in 350 μL of F5 media (40 000 to 120 000 cells/mL) for
24 h. The fatty acid/BSA solutions (2.5 mM fatty acid/6% BSA; see 2.4) were first diluted to
1.75 mM in F0 media followed by 50-fold dilution into cell cultures to achieve the final well
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concentration of 25 μM for each fatty acid. Vehicle control was obtained by a 1.4-fold dilution of
the vehicle solution (1.8% ethanol/6% BSA solution; see 2.4) in F0 media, and 50-fold dilution
into cell cultures to achieve final concentrations of 0.03% (v/v) ethanol and 0.08% (w/v) BSA.
After 24 h, fluorescent beads (Fluoresbright YG 1 μm microspheres; final concentration 0.25%
v/v) were added to the primary mouse microglia cultures with agitation. A one-hour incubation
in the CO2 incubator at 37°C with 5% CO2 and 95% air atmosphere was based on a published
standard curve showing dependence of peripheral macrophage phagocytosis on incubation time
(Oda and Maeda, 1986). The published curve found a linear trend during one hour of bead
incubation, compared to two hours where bead phagocytosis became saturated. Microglial cells
were then washed once with PBS.

B.1.3 Cell Fixation, Staining and Visualization
After washing, cells were fixed to the glass surface of each chamber for 30 min in 4%
PFA, following which cells were washed once with PBS. DAPI with FluoroshieldTM (100 μL)
was used to cover the cells prior to imaging under a Zeiss microscope (AxioObserver.Z1
widefield epifluorescence microscope). For DAPI, 350 nm excitation and 470 nm emission
wavelengths were used, and for the fluorescent beads 470 nm excitation and 520 nm emission
wavelengths were used. Zen image acquisition software was used for image capture. Each
replicate consisted of a minimum of 15 to 25 cells per sample (refer to Table 6 for cell counts),
with several cells per microscope field, and at least three pictures analysed. Phagocytosis was
measured as the corrected total cell fluorescence (CTCF). Fluorescence of each cell analysed was
compared to background area not containing any cells. The fluorescence background was the
fluorescence value within a cell-free area multiplied by the area of the selected cell. The
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integrated density of the cell was calculated by the ImageJ software (National Institute of Health,
USA) as equal to fluorescence of the cell multiplied by the area of the cell, and this measurement
was used for determination of the CTCF value. The CTCF was defined as the integrated density
of the fluorescence divided by the fluorescence background according to the following formulae.

Fluorescence Background = Background Fluorescence Value x Selected Cell Area (4)
CTCF = Integrated Density / Fluorescence Background

(5)

Where Integrated Density, Background Fluorescence Value, and Selected Cell Area are
calculated by ImageJ software. Confocal microscopy (Olympus FluoView confocal microscope
Model #FV1000, Olympus Inc., Richmond Hill, ON, Canada) was performed by Caitlin Pointer
to confirm that fluorescent beads visualized and analysed by this method were engulfed by the
cells as opposed to their adherence to cell surface (Pointer, 2017).
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Table 6. The numbers of primary mouse microglial cells that were used to measure phagocytosis of
fluorescent beads.

Number of Cells
Fatty Acid
Treatment

ALA

LA

OA

SA

Replicate
N1
N2
N3
N1
N2
N3
N1
N2
N3
N1
N2
N3

Vehicle Treated

Fatty Acid
Treated

27
26
46
27
26
46
44
63
30
44
63
30

31
36
41
25
25
58
27
27
25
29
39
29
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B.2

The Effects of Fatty Acids on the Primary Microglial Phagocytosis of Microspheres

Microglia were extracted, as described in B.1, five to seven days prior to their use in
experiments. 25 μM of each fatty acid was added to primary microglia for 24 h. After incubation,
Fluoresbright® YG 1 μm microspheres were added to the microglia for one h. Fluorescence of
microspheres was used to measure the phagocytic activity of the primary microglia (Figure 28).
Phagocytosis associated with each fatty acid treatment was compared to the phagocytosis
associated with vehicle treatment (0 μM) by Student’s paired t-test. For primary mouse microglia
treated with either ALA, LA, OA or SA, no significant differences were observed in
phagocytosis of fluorescent microspheres (Figure 28; A, B, C, D).
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Figure 28. The effects of α-linolenic acid (ALA), linoleic acid (LA), oleic acid (OA), and stearic acid (SA) on
the phagocytic activity of primary adult mouse microglia cultured in high glucose medium (17.0 mM).
Primary mouse microglia were treated for 24 h with 25 μM of ALA, LA, OA, SA or their vehicle alone (0 µM fatty
acid, 0.03% v/v ethanol and 0.08% w/v BSA). Phagocytosis of Fluoresbright® YG 1 μm microspheres (0.25% v/v),
which were incubated with primary microglia for one h, was assessed using light microscopy. Data are presented as
the average corrected total cell fluorescence following treatment with (A) ALA, (B) LA, (C) OA, and (D) SA. Data
(means ± S.E.M.) from three independent experiments are presented. No statistically significant differences were
detected by Student’s paired t-test followed by Holm’s step-down correction (F and P values indicated on figure).
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