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Abstract
Several degenerative disorders of the central nervous system including Alzheimer’s and
Parkinson’s diseases are characterized by chronic inflammation. The main contributors to this

inflammation are glial cells, including microglia and astrocytes. Even though they are normally

protective, disease specific stimuli can activate glial cells to start secreting neurotoxic molecules.

There is no effective treatment for neurodegenerative diseases, though it is hypothesized that
reducing neuroinflammation may diminish neuronal loss. Chronic use of non-steroidal anti-
inflammatory drugs (NSAIDs) has been linked with lower incidence of neurodegenerative
disorders, though mixed results have been obtained in clinical trials of NSAIDs when these
drugs are used for treatment of established disease. Gold thiol compounds, including
aurothiomalate, aurothioglucose, and auranofin, comprise another class of medications effective
at reducing peripheral inflammation in rheumatoid arthritis patients. Their effects on
neuroinflammation are unknown. In this thesis | demonstrate that 0.1 — 5 uM auranofin, but not
the other gold thiol compounds, inhibits human microglia and astrocyte-mediated neurotoxicity
in vitro. The anti-neurotoxic properties of auranofin are selective; treatment with auranofin does
not inhibit expression or secretion of several cytokines by glia but does upregulate heme-
oxygenase (HOX)-1. Interestingly, low micromolar concentrations of auranofin directly protect
neuronal cells from toxicity induced by hydrogen peroxide or stimulated glial supernatants,
possibly through the upregulation of HOX-1. Lastly, laser ablation inductively coupled plasma
mass spectrometry (LA-1ICP-MS) was used to demonstrate that auranofin reaches low
micromolar concentrations in mouse brains following daily oral administration for one week.

Since auranofin can protect against neuroinflammation by inhibiting glial toxicity and is directly



neuroprotective, it may be useful in neurodegenerative diseases where sustained inflammation

contributes to disease progression including neuronal loss.

Keywords: Auranofin, Alzheimer’s Disease, Parkinson’s Disease, Neuroinflammation



Preface

To date, part of my research on AF has been described in two manuscripts. One of them has been
accepted for publication in Inflammopharmacology (see Appendix B) and the other manuscript
is under review by the European Journal of Pharmacology (see Appendix C).

The data described in this thesis was also presented as a poster at the International Alzheimer’s
Association Conference in Vancouver, BC and UBC Okanagan Biochemistry Departmental
seminars.

I underwent training required to work with Biosafety Level 1 and Level 2 materials including

various human cell lines and primary human astrocytes and obtained appropriate certification.

I am responsible for all experimental data obtained and writing presented in this thesis, except
for laser ablation inductively coupled plasma mass spectroscopy (LA-ICP-MS) experiments
which were performed by Colby Renschler and Bert Mueller, Sulforhodamine B (SRB) cell
viability assays performed by Jenelle Lamothe and experiments with primary human microglia
which were performed by Dr. Sadayuki Hashioka. In addition, for the publication included in
Appendix D, | only performed enzyme-linked immunosorbent assays, in addition to writing parts
of the manuscript. Dr. Jonathan Little was the lead author of the manuscript and performed all

other experiments. Drs. Little and Klegeris designed the study, and wrote the manuscript.
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1.0. Introduction
1.1. Neuroinflammation and Background
1.1.1. Neurodegenerative disorders

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the two most common late-
onset neurodegenerative disorders, both of which have devastating effects on patients and their
families 1. Unfortunately, there is not yet an effective treatment or cure for either of these
conditions. Furthermore, the causes of the majority of cases of these disorders are currently
unknown, making it difficult to pinpoint potential targets for treatment. AD alone accounts for
60-70% of all cases of progressive cognitive impairment in the elderly and costs the Canadian
health care system approximately $47,000 per patient per year 2. A large aging population from
the baby boomer generation combined with an increase in the average North American’s lifespan
will amplify the prevalence of these conditions in coming years, placing an enormous burden on
healthcare systems. Therefore, it is now more important than ever to find an effective way to

treat these conditions.

AD currently affects 20-30 million people worldwide, and its population-wide prevalence
increases to above 40% in individuals over the age of 85 2. The symptoms of AD are progressive
and include severe memory loss, inability to communicate, and the eventual loss of motor
functioning 2. The two major pathological features of AD include extracellular plaques
containing amyloid beta protein (AP) and intracellular neurofibrillary tangles (NFT)’s composed
of phosphorylated tau protein *. More recently, the influences of chronic inflammation and glial

cell activation have been recognized as important factors in driving AD progression **. While



the cause of this inflammation remains unknown, the neurotoxic A plaques have been shown to

activate microglia and astrocytes °.

PD also involves neuroinflammation and increases in prevalence with age, from 0.6% at
age 65 to 4-5% at greater than 85 years of age *. Symptoms of PD include resting tremors, slow
movement, rigidity, and dementia in late stages of the disease *. There is significant loss of
dopaminergic neurons in the substantia nigra of PD patients, with the major pathological
hallmark being the presence of Lewy bodies, which are brain inclusions composed mainly of a-
synuclein *’. In PD, death or damage to dopaminergic neurons lead to excess production
ofreactive oxygen species (ROS), and the resulting oxidative stress contributes to
neuroinflammatory processes °. The current treatment for PD is Levodopa, a dopamine precursor
which supplements the central nervous system (CNS) with the dopamine that is no longer being
produced by dead and damaged dopaminergic neurons 2.While Levodopa is able to temporarily
mask the symptoms of PD, it becomes less effective over time, causes increasing side effects, and it

does not stop the progression of the disease and therefore cannot be considered a cure ®.

AD and PD are not the only diseases in which neuroinflammation and neurodegeneration
occur together. For example, Huntington’s disease, multiple sclerosis, and amyotrophic lateral
sclerosis involve both neuroinflammation and neurodegeneration °. Even non-progressive
conditions such as fetal alcohol spectrum disorder are characterized by neuronal loss and
activated microglia °. Neuroinflammation is a multi-faceted process involving many pathways,
including production of toxic reactive species by immune cells of the CNS, inflammatory
cascades involving cyclooxygenase (COX) and lipoxygenase (LOX) enzymes, and activation of
caspases and subsequent apoptosis in neurons “**. The additional complication of disease-

specific triggers in neurodegenerative conditions makes finding a cure for these conditions



especially difficult, as a reductionist perspective attempting to summarize the whole based on
individual parts cannot encompass the many interactions and synergies that occur in these
diseases 3. Obstacles such as these have prevented the development of successful treatments for
neurodegenerative conditions to date. Further research investigating potential treatments may not
only slow the progression of these diseases and elucidate novel mechanisms by which these

diseases occur, but could also lead to the development of a cure.
1.1.2. The Central Nervous System

The brain is primarily composed of two types of cells: neurons and glial cells. Neurons
are excitable cells that respond to stimuli and transmit electrical and chemical signals. In addition
to neurons, there are four main types of glial cells in the CNS: astrocytes, microglia, ependymal
cells, and oligodendrocytes *2. Astrocytes, the most abundant glial cell type in the brain, regulate
the chemical environment surrounding neurons by taking up neurotransmitters and ions and
providing neurons with glucose *2. While astrocytes can support neurons and promote viability,

they can become adversely activated by inflammatory mediators and start damaging neurons *.

Microglia account for approximately 12% of glial cells in the brain. They are members of
the mononuclear phagocyte system and act as part of the innate immune system of the CNS '
While in a resting state, microglia provide protection from foreign pathogens and support
neuronal growth and development by secreting various neurotrophic molecules such as
endocannabinoids and neurotrophins ’. However, upon stimulation with disease-specific
misaggregated proteins such as AP or a-Synuclein, microglia can become activated and begin to
secrete cytotoxic molecules including reactive oxygen and nitrogen species (RONS) and

proteases in an attempt to clear the misaggregated proteins ***. These disease-specific proteins



stimulate microglia through various pathways and cell surface receptors. For example, the formyl
peptide receptor and the receptor for advanced glycation end products (RAGE) have been
implicated in AB-dependent activation of microglia °. On the other hand, activation of microglia
by a-synuclein is mediated by phagocytosis of a-synuclein and includes activation of

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase *°.
1.1.3. Neuroinflammation

Cytotoxic secretions from microglia and astrocytes aid in the destruction of foreign
pathogens. However, when activation of these cells becomes chronic and unchecked, as in
neurodegenerative disorders, they can also harm healthy neurons surrounding the site of
inflammation ***®. The resulting neuronal death and damage can in turn activate additional glial
cells, which can lead to a cycle of inflammation and cell death that continues even in the absence

of the initial trigger *.

In AD, the hallmark A plaques do not correlate strongly with cognitive decline and the
NFTs alone cannot account for progression of the disease . As mentioned previously, Ap
plaques are capable of activating glial cells and initiating neuroinflammation, which could be

partially responsible for the AD progression that cannot be explained by NFTs or Ap alone °.

In the case of PD, the initial stages of the disease are characterized by loss of
dopaminergic neurons in the substantia nigra °. The death of these neurons is followed by the
release of molecules including glutamine, RONS, and a-synuclein, all of which have been shown
to activate microglia . In particular, the mutated form of a-synuclein found in PD has been

shown to activate both microglia and astrocytes, though the mechanism by which this occurs is



currently unknown 8. While PD is known to have various causes, the role of chronic and

excessive microglial activation in disease progression is well established *°.

With the role of inflammation in neurodegenerative disorders becoming more established
and widely accepted, various pilot tests involving anti-inflammatory medications have been
performed in attempt to treat these conditions 2. In their recent work, Lee et al . (2011) showed
that stimulated THP-1 cell supernatants, which model the substances released from activated
microglia, reduce neuronal cell viability by 45%. The effectors responsible for this reduction in
neuronal viability included interleukin (IL)-1pB, IL-8, and tumor necrosis factor (TNF)-a, which
accounted for a combined total of 37-38% of neuronal death *°. RONS accounted for another 37-
38% of neuronal killing *°. Additionally, post-mortem samples from patients with AD confirm
upregulation of inflammatory cytokines, complement activation, and increased COX-2
expression in comparison to non-diseased brains °. Anti-inflammatory treatments that reduce the
inflammation characteristic of neurodegenerative conditions could potentially reduce neuronal
loss in AD and PD. People regularly consuming non-steroidal anti-inflammatory drugs
(NSAIDS) are relatively spared from AD and PD, though clinical trials with COX-2 inhibitors
have shown mixed results %%, Early randomized clinical trials with indomethacin indicated a
protective effect, though subsequent studies with indomethacin, diclofenac, nimesulide, and
naproxen failed to demonstrate any benefit in cognitive performance %%, Leoutsakos et al .,
(2011) demonstrated that naproxen and celecoxib may inhibit cognitive decline in early, but not
late, stages of AD indicating that stages of the disease may also play a role in the efficacy of anti-
inflammatory interventions in AD. Despite these inconclusive data, it is possible that the low

doses used in these studies and the relatively modest anti-inflammatory effects of NSAIDs are



not potent enough to inhibit chronic inflammation once it has begun and may account for the

inconsistent findings.
1.1.4. Rheumatoid Arthritis and Disease-Modifying Anti-Rheumatic Medications

Rheumatoid Arthritis (RA) is a debilitating autoimmune disease characterized by
inflammation and progressive deterioration of the joints 2°. While NSAIDs are prescribed for the
pain associated with RA, there are also several disease-modifying anti-rheumatic drugs
(DMARD)s that are used to control inflammation and prevent disease progression 2°. DMARD
therapy is usually initiated with the drug methotrexate at the time of diagnosis, followed by
physician-supervised DMARD supplementation which is adjusted and tailored to each individual
patient 2. In addition to methotrexate, common DMARDs include gold compounds,
cyclosporine, and sulfasalazine 2”. While these medications all have different mechanisms of
action and efficacies, they tend to be more potent inhibitors of inflammation than NSAIDs ',

Gold thiol compounds comprise the oldest category of DMARDSs and include sodium
aurothiomalate (ATM), aurothioglucose (ATG), and 2,3,4,6-tetra-o0-acetyl-I-thio-3-D-
glucopyrano-sato-S-(triethyl-phosphine) manufactured as auranofin (AF) 2. These gold-based
compounds are the focus of this thesis and we hypothesize that they could be more potent
inhibitors of inflammation in chronic inflammatory diseases such as AD and PD than the
NSAIDs previously used in clinical trials. Aurothiosulfate (ATS); a gold-thiol complex similar to
ATM, ATG and AF, was included in experiments as a control gold compound without anti-

inflammatory activity. The structures of the gold compounds are illustrated in Figure 1.
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Fig. 1: The chemical structures of AF (A), ATG (B), ATM (C), and ATS (D). Ac, acetyl group;

Et, ethyl group.

1.1.5. Gold Drugs and their Potential Therapeutic Uses

In the early 1890’s, interest in gold therapy originated from the work of bacteriologist Dr.

Koch who observed that gold cyanide was toxic toward the tubercle bacteria in vitro %. This led

to increased research activity in this area and the establishment of tuberculosis (TB) treatments

with various gold compounds, including ATM *. The potential anti-TB action of the gold drugs

was eventually dismissed after the patients treated with these compounds were not cured of their

infections. However, a serendipitous observation that RA improved with gold therapy led to the

use of gold compounds in the treatment of RA, which is still widely used today . In the 1980’s



an oral gold drug, AF, was introduced to the market %°. It was thought that the reduced side
effects and easier oral administration of AF compared to other available gold compounds would
make it a better candidate for treatment of RA *!. Unfortunately, AF was not as effective at
reducing RA symptoms as ATM and ATG, and despite having fewer side effects, clinicians

eventually stopped prescribing it as frequently as the injectable gold compounds .

AF has both anti-inflammatory and anti-neoplastic activities which are described in detail
in recent literature reviews 262%° While clinicians generally view it as a safe drug, common side
effects of AF include diarrhoea (the most common side effect and severe in 2-5% of cases
involving mucosal lesions), skin rashes, stomatitis, conjunctivitis, proteinuria, and
thrombocytopenia . ATM and ATG have primarily anti-inflammatory properties and their main

side effects include skin rash, proteinuria, and thrombocytopenia .
1.1.6. Cell Culture Model of Neuroinflammation

Primary human glial cells and neurons are not readily available for use in laboratory
experiments. While human astrocytes proliferate in vitro, human microglia and neurons do not,
therefore immortalized cell lines were used in this thesis to model neuroinflammation.
Experiments were replicated using primary human microglia and astrocytes when significant

results were obtained.

Immortalized human cell lines are neoplastic cells derived from various tissues of
interest. These cells are inexpensive, relatively easy to maintain, and are able to proliferate
indefinitely. These properties make neoplastic cells ideal for drug studies, which often involve

numerous experiments. A disadvantage of using cell lines is that they may differ in their function



and morphology from the original source tissue, hence important experiments need to be

replicated using primary cells.

The following human cell lines were used to model neuroinflammation: THP-1
promonocytic cells as a model of microglia, U-373 MG and U-118 MG astrocytoma cells as
astrocyte models, SH-SY5Y neuroblastoma cells as a model of neurons, and HL-60
promyelocytic cells to model the respiratory burst, which is a defence mechanism used by
phagocytes including neutrophils, macrophages and microglia. All of these cell lines have been

used extensively to model neuroinflammation 323,

It has been found that stimulation of THP-1 cells and human microglia with a
combination of lipopolysaccharide (LPS) and interferon (IFN)-y results in a pathological
activation of these cells similar to activated microglia in disease states **. Stimulation of human
U-373 MG cells and primary astrocytes with IFN-y alone induces cytotoxicity, whereas U-118
MG cells require stimulation with a combination of IFN-y and IL-1p to induce a pathological
response *. We employed the widely accepted method of using the formyl peptide N-formyl-
methionine-leucine-phenylalanine (fMLP) as the trigger of the respiratory burst in HL-60 cells
%_ Another well-known method using LPS to prime the NADPH-oxidase respiratory burst in
HL-60 cells and the mitochondrial protein transcription factor A (Tfam) was employed to see if
damage associated molecular patterns (DAMP)s could also prime the respiratory burst *”. While
neither LPS nor IFN-y are present in most CNS neuroinflammatory conditions, the cytotoxic and
activated glial cell phenotypes they induce are similar to those induced by neuroinflammatory
conditions in the brain and to Ap-induced activation of glial cells ****. By simulating and

inducing the inflammatory and cytotoxic phenotype of glial cells, the anti-cytotoxic and



neuroprotective properties of compounds can be investigated. The specific details of the

experiments performed are explained in the methods section below.
1.1.7. Molecular Targets for AF

Several targets for anti-inflammatory activity exist, including inhibiting ROS production
and pro-inflammatory cytokine expression and secretion, and increasing the expression of anti-
inflammatory protective enzymes ***%°. The effects of AF on each of these components were

investigated in my research.

The ability of AF to inhibit the microglial respiratory burst was investigated using an HL-
60 cell model of NADPH-oxidase *. Traditional NADPH-oxidase inhibitors effectively inhibit
the whole enzyme and prevent the release of any ROS; however, this is not ideal as NADPH-
oxidase activity is necessary for protection against microbes and other immune functions *°. The
NADPH-oxidase enzyme is comprised of several sub-units, each of which requires
phosphorylation to activate the enzyme to produce ROS *. Several disease-specific mediators
are capable of ‘priming’ the NADPH-oxidase enzyme by phosphorylating some, but not all, of
the subunits ’. This priming does not activate the enzyme to produce ROS, but does result in
increased production of ROS upon full stimulation *. Decreasing the priming of the respiratory
burst while not inhibiting NADPH-oxidase completely is an attractive target for anti-
inflammatory therapy as it would inhibit the exacerbated disease responses while retaining
immune functioning. AF was tested for effectiveness against two priming agents; LPS, a well-

established priming agent, and Tfam, a novel DAMP priming agent.

Several inflammatory cytokines have been implicated in neuroinflammation, including

IL-6, IL-8, and monocyte chemotactic protein (MCP)-1 3414241 The expression and secretion
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of these molecules by microglia-like THP-1 and astrocytic cells was investigated. While the
inhibition of pro-inflammatory cytokines is a traditional method used to treat inflammation,
upregulating protective activity may be a better method as inflammation is necessary for tissue
repair *. Both IL-4 and heme-oxygenase (HOX)-1 have anti-inflammatory activities and
function by inducing protective phenotypes in glial cells, therefore their expression in astrocytic

cells was also investigated *2*,

The targets and activities mentioned above could be beneficial in inhibiting the
neuroinflammation associated with AD and PD, and previous research has shown several related
activities of AF. AF has been shown to inhibit the production of pro-inflammatory cytokines IL-
6 and IL-8 by activated immune cells °°°. Research has also shown protective activity of AF
resulting from induced expression of HOX-1 in THP-1 cells *°. The biological activity of AF is

discussed in further detail in section 1.2.
1.1.8. In vivo Distribution of AF

AF is known to accumulate in various tissues throughout the body over time, with highest
levels of gold (Au) accumulating in the kidneys, spleen, and lungs ****. Previous studies by Walz
et al . (1983) indicated low penetration of the blood brain barrier (BBB) by AF. As any agents
intended for treatment of neuroinflammation would need to reach effective concentrations in the
CNS, it was necessary to investigate the in vivo distribution of AF. The distribution of AF has
been previously studied using radioactively labeled Au, sulfur (S) and phosphorus (P) atoms of
AF. This technique involves administration of a mixture of labeled and unlabeled AF and several

steps of sample preparation before measurements can be performed *°. This technique does not

11



distinguish the active moiety of AF, it merely determines the distribution of the various

components of the molecules.

For this thesis a different technique was used to measure Au concentrations in mice fed
AF. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) directly
measures the total number of unlabeled Au atoms in a tissue sample by comparing the signals
obtained from experimental tissue samples with those obtained from preparations with known
Au concentrations. This technique has been used previously to detect platinum-containing drugs
in animal tissues *°. LA-1CP-MS is a more direct measurement of Au than the radioactively
labeled technique used previously *°. However, both these techniques measure Au concentration
as opposed to concentration of intact AF molecules as neither of the techniques is able to

distinguish between AF and its metabolites, including Au as a breakdown product of AF 24,

1.2. Biological Activity of Auranofin
1.2.1. Anti-Inflammatory Activity of AF

AF has been studied extensively since it was first developed in the 1980’s. While the precise
mechanism of AF’s anti-inflammatory activity has not been established, the effects of AF on
peripheral inflammatory pathways have been well-documented “"*!. AF affects the secretion of
several cytokines and there have been reports of AF both increasing and decreasing the secretion
of IL-1B, IL-6, and IL-8 from LPS-stimulated monocytes and macrophages *4°%*% In
macrophages, AF increases the production of pro-inflammatory prostaglandin (PG) E;

production by COX-1 while decreasing the production of PGE, by COX-2 **3. Additionally,

AF has several effects on neutrophils including both increasing and decreasing the neutrophil
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chemotactic response, stimulating and inhibiting secretion of inflammatory cytokines such as IL-

1B, and inhibiting respiratory burst activity >*°°,

AF also modulates several inflammatory pathways, including activating mitogen activated
protein kinases (MAPK), preventing activation of nuclear factor kappa-light-chain-enhancer of
activated-B-cells (NF-kB) and both increasing and decreasing the induction of pro-inflammatory
cytokines **°"*®, These anti-inflammatory properties could potentially inhibit
neuroinflammation, though this has not yet been investigated. In addition to these anti-
inflammatory activities, AF exhibits anti-neoplastic and protective properties, and these studies

have contributed to the understanding of the molecular mechanisms of action of AF >3°7°8,
1.2.2 Anti-Neoplastic Activity of AF

The anti-inflammatory activity of AF is thought to be closely linked to the anti-neoplastic
activity of AF, and this is important to consider as it makes AF toxic to the cell lines used in my
research *"°**". The anti-inflammatory and cytotoxic activities of a compound usually involve
similar molecular pathways, with cytotoxic activity observed at higher concentrations
(YYamamoto and Gaynor, 2001). Identifying these pathways is important in understanding how
AF could be causing the effects observed in our model. Activation of NF-xB and its downstream
pathways is linked with neoplastic growth and development since several anti-apoptotic factors
are activated through this pathway **®°. AF inhibits NF-kB activation and nuclear translocation
by preventing the breakdown of IkB-a and IxB-f and inhibiting kB kinase (IKK) activation in
macrophages stimulated with LPS ***’. The effect of AF on NF-kB is specific to stimulus and
cell type, although it may be mediated by the suppression of TNF-a *". Han et al . (2008) found

that treating LPS-stimulated RAW 264.7 macrophages with AF decreased expression and

13



production of TNF-a, whereas Stern et al . (2005) found that treating LPS-stimulated human
THP-1 promonocytic cells with AF had no effect on TNF-a production. The inhibition of TNF-
a-dependent NF-kB activation by AF may be cell- and stimulus- specific, but AF also blocks

other pathways that activate NF-kB, including inhibiting IL-1f and IL-6 expression and release

47,49

In cultured human monocytes and synoviocytes, AF inhibits release of IL-1p and
prevents NF-kB nuclear translocation ®*. AF has been shown to reduce IL-6 release and inhibit
IL-6-dependent activation of Janus kinase (JAK)-1 and -2 *"*°. Inhibiting JAK-1 and -2 prevents
phosphorylation of signal transducer and activator of transcription (STAT)-3 in multiple
myeloma cell lines, and AF-induced reduction in STAT-3 activity leads to decreased NF-xB
activation *"*°. In combination, the inhibition of STAT-3 signalling and cellular release of TNF-
a and IL-1B may contribute to the molecular mechanisms responsible for the cytotoxicity of AF
towards neoplastic cells *°. Blocking STAT-3 signalling and NF-xB activation could also be

protective in neuroinflammation, hence AF may be a good candidate for treating these diseases

62-64

Angiogenesis is a key factor in the clonal evolution of solid tumors as proliferating
neoplastic cells typically require a direct blood supply ®. Increased angiogenesis and disruption
of the BBB have also been linked to AD, and it is thought that compounds that inhibit
angiogenesis and help maintain the endothelial cells surrounding the CNS could be protective .
AF has been shown to directly inhibit neovascularization, which would result in decreased blood
supply to neoplasms ®’. A molecular basis for this activity could be inhibition of toll-like receptor
(TLR)-3 activation and signalling ®. Viral TLR-3 signalling through a toll/IL-1 receptor “(TIR)-

domain-containing adapter-inducing interferon-p’ (TRIF)-dependent pathway has been linked
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with the angiogenesis induced by neoplastic cells ®. AF inhibits the phosphorylation and
transcription of interferon regulatory factor (IRF)-3 and prevents TRIF activation, which would

also inhibit angiogenesis, the progression of solid tumors, and the pathological angiogenesis that

has been reported in AD ®%87,

AF inhibits many pathways that are critical to the development and progression of
neoplasms, and these molecular effects are summarized in Table 1. Some of these activities
could be beneficial in treating neuroinflammation, while some explain the toxicity of AF towards

the cell lines used in experiments.

Table 1: The Anti-Neoplastic Molecular Mechanisms of AF

Effects Related to NF-xkB
Blocks breakdown of IkB-a and IkB-B °’
Blocks IKK activation °’
| TNF-a expression and secretion
| IL-1P secretion **
| TL-6-induced STAT-3 activation *"*°

53,57

TLR-Mediated Effects
Blocks MyD88 and TRIF pathways in TLR-4 activation """
Blocks TRIF pathway in TLR-3 activation "
Blocks IRF-3 phosphorylation and transcription °"

1.2.3. Protective effects of AF

It has been well documented that AF is toxic towards a wide variety of cell types and
organisms, but several protective activities of AF have also been documented (Ashino et al .,

2011, Shabani et al ., 1998). Under inflammatory conditions, such as RA, AD or PD, an ideal
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treatment would involve stopping or slowing deleterious pro-inflammatory responses while
stimulating innate protective mechanisms **. Inflammation can be beneficial, and treatments
designed to decrease all inflammatory responses without stimulating protective mechanisms have
yielded sub-optimal results. For example, negative outcomes were observed when multiple
sclerosis patients were treated with TNF-a inhibitors, as some inflammation is required in the
healing process **””. Along with inhibiting pro-inflammatory pathways, AF induces several
protective molecules, which may make AF a good candidate for the treatment of inflammatory

conditions ",

Matrix metalloproteinase (MMP)-1 is an enzyme that aids wound repair by degrading
collagen ®. MMP-1 has been shown to contribute to inflammation by augmenting MCP-1
signalling, inducing the processing of stromal cell derived factor-1 into a potentially neurotoxic
form, and enhancing the processing of pro-TNF-a into active TNF-a %. Due to its activity on
collagen, MMP-1 has been implicated in the tissue destruction common in RA *. Tissue
inhibitor of matrix metalloproteinase (TIMP)-1 is responsible for controlling MMP-1 enzymatic
activity; TIMP-1 binds to and inactivates MMP-1 . In fact, upregulation or stabilization of
TIMP-1 could be protective in MMP-1-associated destructive inflammation. TIMP-1 is
susceptible to oxidative inactivation by hypochlorous acid, a by-product of the neutrophil
respiratory burst, so the protective activity of TIMP-1 may be lost during chronic inflammation
81 Shabani et al . (1998) demonstrated that AF, aurothiomalate, and aurothioglucose prevent the
oxidative inactivation of TIMP-1. By preserving the protective activity of the TIMP-1 enzyme,

AF may prevent tissue destruction by MMP-1 without impairing inflammatory processes.

Another protective molecule induced by AF is HOX-1 8. HOX-1 catabolizes the heme

molecule into carbon monoxide (CO), biliverdin, and free iron . Additionally, HOX-1 has anti-
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inflammatory activity, as evidenced by observations that transgenic mice lacking HOX-1
develop chronic inflammation and that the only known human born without HOX-1 enzymatic
activity died of inflammatory syndrome 8. The induction of HOX-1 has been implicated in the
anti-inflammatory activity of alcohol and in the protective activities of several molecules,
including IL-10, rapamycin, and heat shock proteins ®2. AF induces HOX-1 expression by
increasing levels of nuclear factor erythroid 2-related factor 2 (Nrf2) through the activation of
Ras-related C3 botulinum toxin substrate 1 (Racl) *®. The induction of HOX-1 has been linked to
the beneficial effects of AF, including its ability to protect against cocaine-induced hepatic injury
in vivo ". In fact, Ashino et al . (2011) found that AF was able to induce HOX-1 expression in
mouse and human hepatocytes in vitro. Additionally, treating mice with AF prior to cocaine

exposure significantly upregulated HOX-1 in the liver and protected mice from liver damage .

The combined anti-inflammatory and protective activities of AF makes it a good
candidate for the treatment of several diseases associated with inflammation and tissue damage
879 The potential protective effects of AF are particularly exciting as many of the currently
available anti-inflammatory treatments stop inflammation without inducing the protective
mechanisms that enhance recovery **. By inducing several protective pathways, AF has the
potential to be part of a new therapeutic approach aimed at achieving a balanced inflammatory

response >°.
1.3. Research Overview and Hypotheses

There are currently no effective treatments available for neuroinflammation. However,
diseases associated with neuroinflammation, such as AD and PD, are increasing in prevalence,

therefore finding effective treatment options is a priority.
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The main effector cells in neuroinflammation are microglia and astrocytes, which
normally maintain neuronal viability by supplying neurotrophic molecules and regulating the
chemical environment surrounding neurons *. However, upon stimulation by disease-specific
misaggregated proteins, such as Ap or a-synuclein, microglia and astrocytes can become
activated to start secreting cytotoxic chemicals in an attempt to clear the threat 3. This process is
the main driving force of neuroinflammation and is believed to be responsible for some of the
neuronal loss that is characteristic of several neurodegenerative disorders including AD and PD
148 There are no published reports on the effects of the gold compounds in the CNS; however,
significant evidence indicates that AF is a potent inhibitor of inflammation in the periphery %.
Due to AF’s potential as an inhibitor of glial cell-driven neuroinflammation and secretion of
neurotoxic substances, the central hypothesis of this research is that the gold rheumatoid
arthritis medication AF is able to enter the brain where it reduces the neuronal death

caused by toxins that are released by stimulated glial cells.
The hypotheses of this research are:

1) Treatment of stimulated microglia and astrocytes with the gold compounds AF, ATM,

or ATG reduces their toxicity towards neuronal SH-SY5Y cells.

2) Treatment of neuronal cells with the gold compounds AF, ATM, or ATG reduces the

death of neurons exposed to H,O, or toxic supernatants from stimulated glial cells.

3) The molecular mechanisms by which the gold compounds exert their anti-
inflammatory and neuroprotective effects include decreased expression and production of pro-
inflammatory cytokines and increased expression and production of protective cytokines and

enzymes.
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4) After oral administration of AF to mice, increased levels of gold can be detected in

their CNS by LA-ICP-MS.

Figure 2 describes different series of experiments performed by using cell lines and
primary glial cells, their corresponding hypotheses, and the numbers of biological replicates per

experiment.
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1. Transfer experiments

Ho: gold compounds reduce the toxicity of

2. Neuroprotective experiments

microglia and astrocytes towards neurons

Glial cells tested: THP-1 (24 and 48 h), human
microglia, U-373 mg, U-118 mg and human

astrocytes

N=3-5

Yes, AF decreases

glial toxicity

3. Mechanisms in

4

Microglia

Ho: AF inhibits the
production of ROS by
microglia

Experiment: CHL Assay
N=3-5

Ho: AF inhibits priming of
the respiratory burst

Experiment: Tfam and
LPS priming then CHL
Assay N= 4-5

Ho: AF inhibits
production of MCP-1 by
microglia

Experiment: ELISA N=3

\

Astrocytes

Ho: AF inhibits the production
and expression of cytokines

Experiment: ELISA, gPCR
N=3

Ho: AF induces expression of
HOX-1

Experiment: gPCR N=3

Ho: AF inhibits calmodulin
activity

Experiment: TFP inhibitor

N=4

Ho: gold compounds protect neurons from

toxins

Toxins tested: stimulated THP-1
supernatant, stimulated U-373 mg
supernatant, H,O,

N=3-5

Yes, AFis
neuroprotective

3. Mechanisms in
neurons

Y

Neurons

Ho: AF induces expression of
HOX-1

Experiment: gPCR N=4

Ho: AF inhibits calmodulin
activity

Experiment: TFP inhibitor N
=4

AF: Auranofin
CHL.: Chemiluminescence

ELISA: Enzyme linked immunosorbent assay

Ho: Hypothesis

HOX-1: Heme-oxygenase 1

LPS: Lipopolysaccharide

MCP-1: Monocyte chemotactic protein-1
gPCR: Quantitative polymerase chain
reaction

Tfam: Mitochondrial transcription factor A
TFP: Trifloroperazine

Fig 2: Flow chart of experiments performed, corresponding hypotheses, and numbers of
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biological replicates per experiment.

The following human cell lines were used to model neuroinflammation: THP-1
promonocytic cells were used to model microglia, U-373 MG and U-118 MG astrocytic cells
were used as astrocyte surrogates, SH-SY5Y neuroblastoma cells were used as a neuronal model,
and HL-60 promyelocytic cells were used to model the microglial respiratory burst since these
cells express NADPH oxidase at levels that are sufficient for measurements of ROS production.
Primary human microglia and astrocytes obtained from surgical specimens were used to confirm
key findings. The inhibitory effects of the gold compounds on astrocyte- and microglia-mediated
neurotoxicity were investigated. The neuroprotective effect of AF against H,O,-, THP-1-, and U-
373 MG-induced toxicity was investigated and the inhibition of respiratory burst activity and the
effect of priming by gold compounds were examined. The effect of calmodulin inhibition on the
neuroprotective and anti-neurotoxic activities of AF was examined as a potential mechanism of
action of AF. In addition to these experiments, mechanistic studies on the expression and
secretion of cytokines by microglial, astrocytic, and neuronal cells were carried out. Lastly, the
distribution of gold to various tissues in mice that had been administered AF orally was
investigated. Outcomes of this research may contribute to the development of AF as a treatment

option for conditions associated with neuroinflammation.
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2.0. Materials and Methods

2.1. Reagents

The following substances were used in various assays and obtained from Sigma-Aldrich
(Oakville, ON, Canada): ATM, ATG, beta-nicotinamide adenine dinucleotide (B-NAD),
diaphorase (from Clostridium kluyveri), dimethyl sulfoxide (DMSO), iodonitrotetrazolium
chloride (INT), LPS (from Escherichia coli 055:B5), luminol sodium salt, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), fMLP, PD98059 (ERK/MEK1/2
inhibitor), SB202190 (p38 MAPK inhibitor), sodium L-lactate (lactate), SP600125 (JNK
inhibitor), sulforhnodamine B (SRB), and Triton X-100. The following reagents were obtained
from ThermoFisher Scientific (Ottawa, ON, Canada): bovine serum albumin (BSA),
diethanolamine, Dulbecco’s modified Eagle medium nutrient mixture F-12 Ham (DMEM-F12),
ethanol (EtOH), ethylenediaminetetraacetic acid (EDTA) sodium salt, glycine, HCI, H,0,, NaCl,
N,N-Dimethylformamide (DMF), sodium dodecyl sulphate (SDS), trifloroperazine (TFP,

calmodulin inhibitor) and tris (hydroxymethyl)aminomethane (Tris).

AF was obtained from Cedarlane Canada (Burlington, ON, Canada), the control salt ATS
and gScript cDNA synthesis kit were obtained from VWR International (Mississauga, ON,
Canada). Human recombinant IFN-y, human recombinant IL-1p, as well as anti-human IL-6 and
IL-8 antibodies and recombinant protein standards used in the IL-6 and IL-8 enzyme linked
immunoabsorbent assays (ELISA) were purchased from Peprotech (Rocky Hill, NJ, USA).
Ssofast gPCR reaction mix and Aurum RNA extraction kit were purchased from Bio-Rad
(Mississauga, ON, Canada). Trypsin/EDTA solution and fetal bovine serum (FBS) were obtained

from ThermoFisher Scientific. Phosphate-buffered saline (PBS) tablets were purchased from
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Takara Bio Incorporated (Madison, WI, USA). Recombinant Tfam and Tfam buffer was a kind
gift from Dr. Kirsten Wolthers of the University of British Columbia — Okanagan (Kelowna, BC,

Canada).

2.2. Equipment

Tissue culture dishes (10 cm?) and sterile 96-well plastic plates (Corning Inc., Corning,
NY, USA) were used when experiments involved collection of large volumes of supernatants or
treatments in small volumes, respectively. All other cell culture experiments were conducted
using sterile 6-well or 24-well plastic cell culture plates (Corning). Cell cultures were grown in
T-75 flasks (Sarstedt, Montreal, QC, Canada) in a Steri-Cycle HEPA Class 100 carbon dioxide
(CO,) incubator (Model#370, ThermoFisher). A hemocytometer (ChangBioscience, Castro
Valley, CA, USA) was used for cell counting. The Sorvall RT1 Centrifuge (Cat#75002384,
ThermoFisher) was used to centrifuge cell samples for use in experiments or for supernatant
collection. The Fluostar Omega microplate reader used for cell viability and chemiluminescence
experiments was purchased from BMG Labtech (Nepean, ON, Canada). A VistaVision phase
contrast inverted microscope was used to visualize cells (Model #82026-630, VWR
International). Phase contrast digital microscopy pictures were taken with a Motic inverted
microscope (Model AE31) using a Moticam 3000 camera attachment (Motic, Richmond, BC,

Canada).

RNA was quantified using NanoDrop 1000 (ThermoFisher) and a C1000 Thermal Cycler
(Model#185-1048, Bio-Rad) was used to conduct reverse transcriptase reactions. White 96-well
plates were used for real time quantitative polymerase chain reaction (RT-gPCR) (Bio-Rad) and

RT-gPCR was performed using a CFX96 Real Time System (Bio-Rad).

23



2.3. Model cells

The THP-1 human promonocytic cell line was used as a microglia model, U-373 MG and
U-118 MG human astrocytoma cell lines were used as astrocyte models, the HL-60 human
promyelocytic cell line was used as a neutrophil model, and the SH-SY5Y human dopaminergic
neuroblastoma cell line was used to model neurons. All cell lines were obtained from the
Kinsman Laboratory of Neurological Research at the University of British Columbia. Primary
human microglia and astrocytes were isolated from surgical tissues and provided by the Kinsman
Laboratory for Neurological Research at the University of British Columbia VVancouver campus.
Cultures were grown at 37°C with 5% CO, and 100% humidity in DMEM-F12 media
supplemented with 10% FBS (F10). Penicillin (100 U/ml) and streptomycin (100 pg/ml) were

also added to media to inhibit bacterial growth.

2.4. Plating Glial Cells for Transfer and Neuroprotective Experiments

Experiments using THP-1, U-118 MG, and U-373 MG cells were performed on at least
three independently grown batches of cells. Human astrocytes and microglia isolated from two
different human surgical cases were used. Fig. 2 provides an overview on all experiments

performed including the number of independent replicates for each experiment.

2.4.1. THP-1 human promonocytic cells

For use in experiments, THP-1 cells were harvested from T-75 flasks and counted using a
hemocytometer. Cells were then centrifuged at 450 g for 7 min and re-suspended in DMEM-F12

media supplemented with 5% FBS (F5) to a final concentration of 0.5 million cells/ml.
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For transfer experiments, 1 ml of these resuspended THP-1 cells were plated per well in
sterile 24 well plates which were kept in the incubator for 15 min before being treated with AF,
ATM, ATG, ATS, or their respective vehicle controls. For AF 10% DMS0/95% F5 media v/v
was the vehicle, for all other compounds the vehicle was 25% DMSO/75% PBS v/v. The treated
cells were incubated for an additional 15 min period prior to stimulation with a combination of
LPS (0.5 pg/p) and IFN-y (150 U/ml). Following 24 or 48 h incubation at 37°C, cell supernatants
were collected and cell viability was assessed using lactate dehydrogenase (LDH) and MTT

assays.

For use in neuroprotective experiments, 15 ml of THP-1 cells were plated in 10 cm?
sterile culture dishes at a concentration of 0.5 million cells/ml and kept in an incubator for 15
min prior to stimulation with LPS (0.5 pg/ml) and IFN-y (150 U/ml). Cells were then incubated

for 48 h, at which point supernatants were collected for use in experiments.

2.4.2. Primary human microglia

Experiments with primary human microglia were performed at the Kinsman Laboratory
for Neurological Research at the UBC Vancouver campus by Dr. Sadayuki Hashioka. Primary
human microglia isolated from surgical samples were used. The previously described protocol
was followed, which included spinning homogenized tissue on percoll gradients to separate
microglia and astrocytes from myelin and tissue debris then culturing adherent cells 8#7,

Microglial supernatants were collected as described for THP-1 cell supernatant preparation

above (see 2.4.1).
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2.4.3. U-373 MG and U-118 MG astrocytoma cells

Adherent U-373MG and U-118 MG astrocytoma cells were detached from the bottom of
the flask for use in experiments by incubating cells in 2 ml of 0.25% trypsin/EDTA solution for
5-10 min. The flask was washed with 10 ml of F10 medium and cell suspension was harvested
for experiments. The cells were counted, centrifuged at 450 g for 7 min, and re-suspended in F5

media to a final concentration of 0.2 million cells/ml.

For use in transfer experiments, 0.9 ml of U-373MG or U-118MG cells were plated per
well in sterile 24 well plates which were then incubated for 24 h to allow cells to adhere to the
bottom of the plates. Following this incubation, cells were treated with AF, ATM, ATG, ATS, or
their vehicle controls. For mechanism studies, the calmodulin inhibitor TFP was added 15 min
prior to the addition of AF. After treatment, cells were allowed to incubate for 15 min; at which
point U-373MG cells were stimulated with IFN-y (150 U/ml) and U-118MG cells were
stimulated with a combination of IFN-y (150 U/ml) and IL-1p (100 U/ml). U-118 MG cells
required the addition of IL-1p to stimulation mixture as IFN-y alone did not induce toxicity
towards neurons. Treated and stimulated cells were then returned to the incubator for 48 h at
37°C. Following this incubation, supernatants were collected for use in experiments and cell
viability was tested using the LDH and MTT assays. U-373 MG transfer experiments with AF

were replicated using the SRB assay as an alternative method for assessment of cell viability.

For use in neuroprotective experiments, 15 ml of U-373MG cells were plated in 10 cm?
sterile culture dishes and incubated for 24 h to allow cell adherence to the plate. After this
incubation, cells were stimulated with IFN-y (150 U/ml) and incubated for an additional 48 h,

after which supernatants were collected for use in experiments.
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2.4.4. Primary human astrocytes

Primary astrocytes were isolated from human surgical tissues by Dr. Sadayuki Hashioka
at the Kinsman Laboratory of Neurological Research at UBC Vancouver according to previously
published procedures *2. After astrocyte cultures were established, cells were frozen and
transported to UBC Okanagan where they were stored in liquid nitrogen. Cells were thawed by
removing vials from liquid nitrogen then immersing vials in room temperature water until
contents were liquid. Astrocytes were then removed from the vial and suspended in 10 ml of F10
media and centrifuged for 10 minutes at 250 g. After centrifugation media was discarded and
cells were suspended in 10 ml of fresh F10 media and transferred into a T-75 flask where they
grew to confluence before use. For use in experiments, adherent primary human astrocytes were
detached from T-75 flasks by removing cell supernatant and incubating cells with 2 ml of 0.25%
trypsin/EDTA solution for 5-10 min at 37°C. Following cell detachment, the previously

described protocol for collecting U-373 MG cell supernatants was followed (see 2.4.3).

2.5. Plating Human SH-SY5Y Neuronal Cells for Transfer and Neuroprotective
Experiments

Adherent SH-SY5Y cells were detached from the bottom of the flask by incubating cells
in 2 ml of 0.05% trypsin/EDTA solution for 1-2 min. The flask was then washed with 10 ml of
F10 medium and cell suspension was harvested for experiments. SH-SY5Y cells were counted,
centrifuged at 450 g for 7 min, and re-suspended in F5 media to a final concentration of 0.2
million/ml for use in experiments. A volume of 0.4ml/well of re-suspended SH-SY5Y cells was
plated in sterile 24-well plates and incubated for 24 h to allow cells to adhere to the plate prior to

treatment.
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For transfer experiments, SH-SY5Y supernatants were aspirated following 24 h
incubation and replaced with gold compound-treated and/or stimulated glial cell supernatants.
The SH-SY5Y cells were then incubated in a 37 °C CO; incubator for an additional 72 h, at
which point cell viability was assessed using the MTT and LDH assays.

For use in neuroprotective experiments, SH-SY5Y supernatants were aspirated following
24 h incubation and replaced with stimulated glial cell supernatants that had not yet been treated
with gold compounds. SH-SY5Y cells were then immediately treated with the drugs or their
vehicle solution (DMSQ) and returned to the 37 °C CO; incubator for 72 h. Cell viability was
then assessed using the MTT and LDH assays.

For use in H,0; neuroprotective experiments, following the initial 24 h incubation, SH-
SYS5Y cells were treated with various concentrations of AF or a vehicle control and returned to
the incubator for 15 min. SH-SY5Y cells were exposed to 0.5 mM hydrogen peroxide and
allowed to incubate for 24 h. Cell viability was assessed 24 h later using the MTT and LDH

assays.

2.6. Cell viability assay: LDH

Cell supernatants from each experiment were collected for use in the LDH assay to
measure cell death. LDH is a stable enzyme that converts lactate to pyruvate, a reaction essential
to cell survival. LDH is normally present in the cytosol, but the extracellular concentration
increases when it is released from cells with damaged membranes, such as those undergoing
necrosis. The enzymatic activity of LDH released from dead/dying cells can be measured to
estimate the percent cell death in comparison to a 100% lysis control in which untreated cells

have been lysed with 1% Triton X-100. The catalytic activity of LDH requires the reduction of
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B-NAD, which can be coupled with the diaphorase-catalyzed reduction of INT to a purple
product that can be measured spectrophotometrically in order to assess cell death.

For the LDH assay, 100 pl of cell supernatants were collected in a 96-well plate. INT
(260 pg/mL) was added to each well and an initial measurement of optical density (OD) at 492
nm was made. A mixture of lactate (750 pg/ml), B-NAD (60 pg/ml) and diaphorase (55 pg/ml)
in PBS was added to each well and the reaction was incubated for 5-30 min on a bench top
rocker at 37°C. A final measurement of OD at 492 nm was performed when the lysis well
appeared orange in colour. Percent cell death for each sample was determined using a two-step

equation:

1.) Afinai - Ainitiar= CA

2-) (CAsampIe'CAmedia)/(CAIysis'CAmedia)*loo%: % death

Where A refers to the absorbance measurement (OD) at 492 nm and cA indicates the corrected
absorbance value. “Initial’ and “final’ refer to the first and final absorbance measurements,
respectively.

Where Ainital represents the first absorbance value, Asina represents the final absorbance value,
and cA represents the corrected absorbance value for each well. ‘Media’ refers to the absorbance
measured for a control well containing only media and ‘lysis’ refers to the absorbance measured

for cells treated with 1% Triton X-100, which served as a 100% cell death control .
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2.7. Cell viability assay: MTT

Cell viability was assessed using the MTT assay. MTT is a yellow formazan dye that is
reduced to a water-insoluble purple product by succinate dehydrogenase in the mitochondria of
viable cells. The change in OD of the MTT is linearly correlated with the concentration of live
cells in the sample (Hansen et al . 1989; Mosmann 1983).

Following removal of 100 pl of cell supernatants for the LDH assay, 30 pl of 5mg/ml
MTT was added to the 0.3 ml of cell suspensions remaining in each well of the 24-well cell
culture plates. Plates were then placed in a 37°C 5% CO- incubator for 1-2 h, at which point 0.33
ml of 20% SDS/50% DMF in deionized water was added to each well to solubilise the product.
The plates were then placed in a wet box and incubated in a dry incubator at 37°C for 2-3 h.
Each plate was then vortexed for 10 min, following which 0.1 ml of each sample was reverse
pipetted into a 96-well plate and the OD was measured at 570 nm. The percentage of viable cells

was determined using the following equations:

1) Asample Amedia= CA

2.) (CAsampIe/CAuntreated)*loo%: % viable

Where Asample represents the absorbance measurement in each well, Amedia represents the
absorbance of the wells containing media only, and cA represents the corrected absorbance
values for each well. ‘Sample’, “‘media’, and ‘untreated’ refer to the absorbance measurements in
a particular experimental sample well, a control well containing only media, and an untreated
100% cell viability control, respectively. All viability results are presented as a percentage of the

100% untreated control.
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2.8. Cell viability assay: SRB Colorimetric Assay

The SRB assay is based on measuring total cellular protein and was performed as
previously described by Skehan et al . (1990). All SRB assays were carried out by Jenelle
Lamothe, an undergraduate student in Dr. Klegeris’ lab. Supernatants from cell cultures were
aspirated and 0.25 ml of 10% trichloroacetic acid:PBS solution was added to each well.
Following a 1 h incubation at 4 °C, each well was aspirated and washed 4 x with H,0. 0.2 ml of
0.4% (w/v) SRB in 1% acetic acid was then added to each well and plates were incubated for 10
min at room temperature. Plates were aspirated and washed 4 x with 1% acetic acid followed by
the addition of 0.2 ml of 10 mM Tris base solution (pH 10.5) to each well. Each plate was then
incubated for 30 min at room temperature, and after transferring 0.1 ml aliquots of each sample
to 96-well plates, the OD was measured at 492 and 620 nm using a microplate reader. The
background measurement (620 nm) was subtracted from 492 nm values and these values were
used to calculate percentage viability. The cell viability was calculated as a percent of the value

obtained from cells incubated with fresh medium only using the equations below:

1) Asample Amedia= CA

2.) (CAsampIe/CAuntreated)*loo%: % viable

Where Asample represents the absorbance measurement in each well, Amegia represents the

absorbance of the media only well, and cA represents the corrected absorbance for each well.

CAuntreated refers to the 100% cell viability control.
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2.9. ELISA

Concentrations of MCP-1, IL-4, IL-6 and IL-8 secreted by cells were measured using an
ELISA development kit from Peprotech. The assay utilizes a double-antibody “sandwich”
technique in which MCP-1, IL-4, IL-6 or IL-8 cytokines present in cell supernatants first bind a
primary antibody attached to the well surface, and then are detected by the addition of a
biotinylated secondary antibody. Previously collected, frozen and stored at -20°C cell-free
supernatants from THP-1, U-373 MG and U-118 MG cell cultures were thawed for 24 h at 4°C
prior to use in ELISA experiments.

Details on the composition of all solutions used in the ELISA assay are listed in
Appendix 1. The ELISA was performed as follows: 50ul of primary capture antibody diluted
1:200 (or 1:100 for IL-6) in coating buffer (Na,CO3-NaCO3/H,0 solution) was added to each
well of a 96-well plate which was then covered with adherent tape and incubated at 4°C for 24 h.
Following incubation, the coating buffer was discarded and the plate was blocked with 180ul of
blocking solution (0.5% BSA/Skim milk powder w/v in PBS) per well and placed in a wet box
on a bench top rocker for 1 h at 37°C. The blocking solution was then discarded and the plate
was washed 2 x with PBS-Tween (0.05% Tween in PBS v/v). 0.1ml of each supernatant sample
was added to each well of the plate along with a series of standards with concentrations of
cytokines ranging from 0.032 - 10 ng/ml and four media only control wells. The plate was then
covered with adherent tape and incubated at 4°C for 24 h.

Following incubation, samples were discarded, the plate was washed 3 x with PBS-
Tween, and 0.1ml of secondary antibody diluted in blocking solution (1:400 for IL-4, IL-6, and
IL-8 and 1:500 for MCP-1) was added to each well. The plate was then placed in a wet box and

incubated for 45 min at 37°C. The secondary antibody solution was then discarded and the plate
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was washed 4 x with PBS-Tween, following which 0.1ml of extravidin-akaline phosphatase
diluted 1:10 000 in blocking solution was added to each well. The plate was returned to a wet
box and incubated for an additional 45 min period at 37°C. The plate was then washed 5 x with
PBS-Tween and 0.1ml of detection solution (1mg/ml phosphatase substrate tablets in substrate
solution) was added to each well. The optical density was measured at 405 nm immediately after
addition of the detection solution, following which the plate was incubated in a wet box at 37°C
until the yellow colour has developed (0.5-24 h).

Data were analyzed as per ELISA manufacturer’s instructions (Peprotech). The change in
absorbance of samples (AAsamples) Was measured by subtracting the initial absorbance (A;) from
the final absorbance (As). The media control change in absorbance (AAmedium) Was then
subtracted from the change in absorbance of the samples to get the adjusted change in
absorbance (AA,). The detection limit of the assay (ng/ml) was determined by multiplying the
standard deviation of the two blank absorbance values (AAmedium) then adding the average of the
blank absorbance values and calculating the corresponding cytokine concentrations. To calculate
the amount of cytokine present in each sample, a calibration curve was plotted using the AA, of
the standards (0.032 - 10ng/ml) and a trendline was fitted to this curve. The AAasamples Values
were then divided by the slope of the trendline to calculate concentration values. The equations
are demonstrated below.

1) Ar-Ai= AA
2.) AA - AAmegium = AAq

3.) AAa-samples/ Slope of trendline = concentration of cytokine in ng/ml
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2.10. Plating and Differentiating HL-60 cells for use in experiments

It was necessary to differentiate the HL-60 cell line into neutrophil-like cells prior to use
in chemiluminescence experiments so the cells would express functional NADPH-oxidase
enzymes. To do this, 10 ml of cell suspensions were collected and centrifuged at 450 g for 7 min
to form a pellet. Cells were re-suspended in F5 media, counted and diluted to a concentration of
0.2 million cells/ml. The cells were plated onto 10cm? tissue culture dishes in a volume of 10-20
ml then placed in the CO; incubator for 15 min. After incubation, DMSO was added to the cells
at a concentration of 1.3% (v/v) and the cells were allowed to differentiate for 5-7 days before
use in chemiluminescence experiments.

Differentiated HL-60 cells were harvested from 10 cm? tissue culture dishes and
centrifuged at 450 g for 7 min to form a pellet. The cells were then re-suspended in clear media
without FBS (FO media) for same day experiments or clear F5 media for use in 24 h priming
experiments because the red indicator dye in regular cell culture media interferes with the
chemiluminescence signal. The cells were then plated at a concentration of 1 million cells/ml in
0.08 ml in 96-well tissue culture plates.

Same day chemiluminescence experiments were performed by Colby Renschler, an
undergraduate student in Dr. Klegeris’ lab. For same day acute chemiluminescence experiments,
the HL-60 cells in the 96-well plates were allowed to rest for 30 min in a dry heat (37°C)
incubator. Following incubation, cells were treated with 5 ul vehicle controls (PBS or DMSO),
or with gold compounds AF, ATM, ATG or ATS. The plate was then incubated for another 30
min before use in the assay.

For use in priming experiments, HL-60 cells were placed in a 37°C CO; incubator and

incubated for 15 min prior to treatment with 1, 0.5, or 0.1uM concentrations of AF or a vehicle
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control. The cells were then returned to the CO, incubator for 15 min before being exposed to
LPS (0.5 pg/ml), Tfam (5 ug/ml) or Tfam buffer solution. The plates were then incubated for 24
h before use in the assay.

2.11. Chemiluminescence Assay (Measuring Respiratory Burst)

Muranka et al . (2005) developed an assay to measure the production of ROS generated
by HL-60 cells in vitro. This assay utilizes luminol, a compound that interacts with ROS to
produce light that can be measured with a plate reader. fMLP, a component of bacterial cell
walls, was used as a stimulant to induce the respiratory burst in HL-60 cells. Luminol was
diluted in PBS to 50 mM, pre-heated to 37°C, and then loaded into the first injector of the
FLUOstar Omega plate reader prior to each experiment. At the same time, fMLP was diluted to
20 uM in PBS, pre-heated to 37°C, and loaded into the second injector of the plate reader. The
previously plated and treated HL-60 cells were then placed into the plate reader which was pre-
set for cell incubation and chemiluminescence measurements at 37°C.

The plate reader was configured to measure luminescent light for 60 cycles, with each
cycle lasting 30 s. At cycle 5, 10ul of luminol solution was injected into each well and at cycle
10, fMLP was injected. The production of light was then measured every 30 s generating a peak
of light production which was plotted as a light production over time.

Data analysis was done using Mars Analysis Software provided by BMG Labtech. A
baseline correction was done for each curve by adjusting the baseline production of light to the
average value from cycles 40-60. This normalized the curves to the light emission values
detected at the time when the cells were no longer producing ROS. The area under the curves of
the CHL signals measured from cycles 15-39 was summated to produce a single CHL value for

each well. The data was expressed as a percentage CHL of a PBS control well.
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1-) CH I—cycles 15-39 - CH I—cycles 40-60— CH I—normalized

2-) (CH Lnormalized-sample/CH Lnormalized-PBS-controI)*loo%: % CHL

Where CHLycles represents the area under the light production curve in each well, CHLnormalized
represents the baseline corrected CHL signal. Figure 3 illustrates the fluorescence curves

generated by the Mars Analysis Software with a primed HL-60 cells versus non-primed cells.
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Fig. 3: Example of chemiluminescence data. Relative light units produced by LPS primed and
non-primed HL-60 cells stimulated with fMLP were monitored over time.



2.12. mRNA Extraction and cDNA Synthesis
2.12.1. mRNA Extraction from SH-SY5Y Cells

For use in ribonucleic acid (RNA) extraction experiments, adherent SH-SY5Y cells were
first removed from the bottom of the flask by incubating the cells in 2 ml of 0.05%
trypsin/EDTA solution for 1-2 min. The flask was then washed with 10 ml of F10 medium and
the cell suspension was harvested for experiments. SH-SY5Y cells were then counted,
centrifuged at 450 g for 7 min, and re-suspended in F5 media to a final concentration of 1 million
cells/ml. SH-SY5Y cells were then plated in 2 ml/well in sterile 6-well plates and left in the
37°C, 5% CO; incubator for 24 h to allow cells to adhere to the plate prior to treatment.
Following incubation, SH-SY5Y cells were first treated with 0.5 UM AF or vehicle control
(DMSO). The plates were then returned to the incubator for 15 min, after which SH-SY5Y cells
were stimulated with 0.5 mM H;0, and then returned to the incubator for 24 h at 37°C.

Following 24 h incubation RNA was extracted from cells.

2.12.2. mRNA Extraction from Astrocytic Cells

Adherent U-373 MG cells were first removed from the bottom of the flask by incubating
cells in 2 ml of 0.25% trypsin/EDTA solution for 5-10 min. The flask was then washed with 10
ml of F10 medium and cell suspension was harvested for experiments. The cells were then
counted, centrifuged at 450 g for 7 min, and re-suspended in F5 media to a concentration of 1
million cells/ml. For use in RNA experiments, U-373 MG cells were then plated in 2 ml/well in
sterile 6-well plates and left in the incubator for 24 h to allow cells to adhere to the bottom of the
plates. Following 24 h incubation, cells were treated with AF, ATG, or their vehicle controls.

Plates were then returned to the incubator for 15 min after which U-373 MG cells were
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stimulated with IFN-y (150 U/ml). After stimulation, plates were returned to the incubator for 48

h at 37°C. RNA was extracted from cells following this incubation.

For use in RNA experiments, adherent primary human astrocytes were harvested and re-
suspended according to the protocol for U-373 MG cells described above, with the exception that

cells were plated at a concentration of 0.25 million cells/ml in 2 mi/well.

2.12.3. mRNA Spin Column Protocol

Messenger RNA (mRNA) was extracted using the Aurum mini-kit from Bio-Rad using
the spin protocol provided by the manufacturer. Following the final incubation period previously
described for each cell type, adherent cells were washed 2 x with ice-cold PBS. Cells were then
lysed using 350 pl of lysis solution provided in the kit, transferred to eppendorf tubes, and lysed
with 350 pl of 70% molecular grade ethanol. The solutions were then transferred to spin columns
provided with the kit, which were subsequently placed into 2 ml capped tubes. The lids on the 2
ml tubes were closed over the spin columns and tubes were centrifuged for 30 s at 12 000 g to
force the lysis/ethanol solution through the columns. The flow-through was discarded and 750 pl
of low stringency wash solution was added to the column. The lids were then sealed again and
the columns and tubes were centrifuged for another 30 s at 12 000 g. This flow-through was also
discarded. While columns were spinning, 5 pl of DNAse I; which was provided with the kit and
re-constituted in 20mM Tris, was combined with 75 ul of DNAse dilution solution, and 80 pl of
this solution was added to each column. Columns containing this solution were then allowed to
incubate at room temperature for 15 min to remove genomic deoxyribonucleic acid (DNA)
contamination from samples. Following incubation, the DNAse solution was deactivated with

700 pl of high stringency wash solution. Columns were then centrifuged for 30 s at 12 000 g and
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the flow-through was discarded. 700 pl of low stringency wash solution was added to each
column. The columns were centrifuged for 1 min at 12 000 g and the flow-through was
discarded. The empty columns were centrifuged for 2 min at 12 000 g to remove any residual
liquid from the columns. Finally, 40 pul of RNA elution solution was added to the columns,
which were then allowed to incubate for 1 min prior to centrifugation for 1 min at 12 000 g to
remove RNA from the column. The RNA was quantified spectrophotometrically by measuring
absorption at 260 and 280 nm using a NanoDrop 1000 (ThermoFisher). 1ug of RNA was

converted to complementary DNA (cDNA) while the rest was frozen and stored at -80°C.

2.12.4. cDNA synthesis

MRNA samples were converted to cDNA using the gScript cDNA synthesis kit (Quanta
Biosciences, Gaithersburg, MD). Approximately 1 pug of each mRNA sample was converted to
cDNA. A mixture of 1 pug of sample mRNA, 1 ul of reverse transcriptase enzyme, 4 ul of gScript
cDNA reaction mix (proprietary), and nuclease-free water were combined to a total of 20 pl in a
0.2 ml eppendorf tube. Tubes were centrifuged briefly to gather contents then placed in a
thermocycler. Reactions were performed for 5 min at 25 °C, 30 min at 45 °C, 5 min at 85 °C,
then held at 4 °C. Samples were diluted 1:5 in nuclease-free water and stored at -20 °C until use

in gPCR.

2.13. RT-gPCR
Sequences of the primers obtained from previous publications and used in experiments
are shown in Table 2. The primers were checked for specificity using national centre for

biotechnology information (NCBI) primer basic local alignment search tool (BLAST) and were
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tested for optimal annealing temperatures, primer dimer formation, and efficiency before use in
experiments using Minimum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines %. PCR reactions were performed in duplicate on 3-5
independent biological samples in 96-well plates (Bio-Rad). The total volume of each reaction
was 10 pl, containing: 5ul Ssofast Evagreen Supermix (Bio-Rad), 0.8ul of each primer (5 uM),
approximately 1 ng of cDNA template, and 3.2 pl nuclease-free water. Negative controls
consisted of the PCR components of each 10 pl reaction with water replacing cDNA (no
template control, NTC) and a no-reverse transcriptase (NRT) cDNA synthesis control to ensure
no DNA contamination was present. The PCR program of the CFX96 Real Time System (Bio-
Rad) consisted of the following steps: 95°C for 5 min, followed by 40 cycles of 95°C for 5 s,
58°C for 5 s, followed by a dissociation stage of 95°C for 10 s, 65°C for 5's, and 95°C for 5 s.
Melting curve analysis was performed to confirm amplification specificity. The efficiency of
each primer set was determined by plotting template dilutions against cycle threshold (Ct)
values, and results were within standard accepted values 8. An example of an efficiency curve is
shown in Figure 4. The expression of genes for each treatment was first normalized to the
reference gene beta-actin and then normalized to the mRNA found in unstimulated control
samples exposed to DMSO vehicle solution only, which were assigned a value of one. 18s RNA
was also used as an alternative reference gene but it was not included in analysis as a control due
to fluctuations in the level of its expression. Relative expression values were calculated using
GeneExMacro OM 3.0 software (Bio-Rad) and the results are shown as mean + standard error of

the mean (SEM).

40



Table 2: Primer Sequences Used in gPCR Experiments

Primer Sequences

IL-6 F

IL-6 R

IL-8 F

IL-8 R
IL-4 F

IL-4 R
MCP-1F
MCP-1R
HOX-1F
HOX-1R
18S RNA F
18S RNAR

GAC CCAACC ACAAAT GCCA
GTCATG TCC TGC AGC CAC TG
CTGGCCGTGGCT CTCTTG

CCT TGG CAAAACTGCACCTT

CCG GCAGTT CTACAG CCACCAT
CAGAGGTTCCTGTCGAGCCGTT
CTC TGC CGC CCT TCT GTG

TGC ATC TGG CTG AGC GAG

TGT GGC AGC TGT CTC AAA CCT CCA
TTG AGG CTG AGC CAG GAA CAG AGT
GTAACCCGT TGAACCCCATT
CCATCC AAT CGG TAG TAG CG

Beta-Actin F  GGA CTT CGA GCA AGA GAT GG
Beta-ActinR AGC ACTGTG TTG GCG TAC AG
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Fig. 4: Example of primer efficiency data. Primer efficiency data for MCP-1 is shown as a
representative of primers used in this thesis. cDNA from 24 h LPS (0.5 pg/ml) and IFN-y (150
U/ml) stimulated THP-1 cells was used to optimize primers. MCP-1 primer amplification curves
(A), standard curve (B), and melt curve (C) are shown. All values are within standard accepted
values for publishing .

2.14. Treatment of mice with AF and preparation of tissue for LA-ICP-MS

Mice were donated by Dr. D. Gibson and all in vivo experiments were performed by a
technician in Dr. Gibson’s lab. Eight-week-old female C57BL/6 mice obtained from Jackson
Laboratories (Bar Harbor, ME, USA) were maintained at the Center for Disease Modelling at

UBC Vancouver campus in sterilized, filter-topped cages in a temperature-controlled (22 + 2°C)
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facility with a 12 h light-dark cycle. Mice were maintained under pathogen-free conditions and
fed a standard sterile chow (Laboratory Rodent Diet 5001, Purina Mills, St. Louis, MO, USA)
with access to tap water ad libitum throughout the experiments. All procedures involving care
and handling of mice were approved by the UBC Committee on Animal Care Ethics under the
guidelines of the Canadian Council on the Use of Laboratory Animals. Three experimental mice
were administered 0.1 ml of 2 mg/kg AF dissolved in 10% ethanol once daily for 7 days by oral
gavage while 3 control mice were administered 10% ethanol solution only on the same schedule.
Mice were euthanized on day 7 and the liver, spleen, kidneys, duodenum, lungs, and brain of
each mouse were harvested, rinsed in PBS, and stored at -20 °C. Tissue preparation was done
with assistance of Colby Renschler, an undergraduate student in Dr. Klegeris’ lab. Small sections
of frozen tissue were placed on a glass slide and homogenized by cutting repeatedly with a razor
blade. The mass of the homogenized tissue was measured and 5 ppm platinum in 5% HNO; in
PBS was added 1:1 (w/w). Each tissue/platinum sample was then vortexed and sonicated for 30
s. One ul of fully homogenized tissue/platinum suspension was pipetted on a glass slide with
three replicate spots per tissue per experimental animal. Standards with known AF
concentrations were also prepared by adding aliquots of serial dilutions of AF solutions to
homogenized control tissues. The calibration curves for gold measured with these standards
yielded R? correlation factor values between 0.9662 - 0.9995. The spots were allowed to dry for
24 h before being analyzed by LA-ICP-MS. Final concentrations of AF were determined by
accounting for 50% loss of mass from the tissue homogenates due to drying following spotting

on microscope slides.
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2.15. LA-ICP-MS

LA-ICP-MS experiments were performed by an undergraduate student in Dr. Klegeris’
lab, Colby Renschler, and Bert Mueller from the Fipke Laboratory for Trace Element Research
(FILTER, UBC Okanagan campus). A procedure similar to the previously described method
used to measure the distribution of platinum drug cisplatin in kidneys was developed for use with
AF *°. Murine tissues were ablated using an Analyte 193 argon-fluoride laser (Photon Machines
Inc., Redmond, WA, USA). Aerosols generated were transported by 600 ml min™ He flow to an
Element XR sector field ICP-MS (Thermo Scientific) for gold analysis. The wavelength of the
laser was 193 nm (deep UV). It was focused to 148 um spot diameter with 50% power
equivalent to 3.63 J cm™, fired at 10 pulses s, and scanned across samples at a speed of 370 um
s™. Counts for isotopes **Pt, ***Pt and **’ Au were acquired for 18 s in low mass resolution, 1
sample per peak, 0.01 s dwell time, in speed mode. Blank data were acquired before sampling
each standard or sample in the manner described above, except that the laser was not fired.

Signal counts for **’ Au were normalized to the ***Pt counts prior to blank subtraction.
2.16. Statistical analysis

SPSS software (version 16.0, IBM SPSS, Chicago IL, USA) was used to conduct statistical
analyses on the data. Due to considerable variability in the absolute values obtained from
independent experiments performed on different days, randomized block design Analysis of
Variance (ANOVA) was used to determine overall significance of findings. ANOVA was
followed by Fisher’s least significant difference (LSD) post hoc test to assess significant
differences in all possible comparisons. For RT-gPCR experiments, due to different

experimental design, ANOVA was performed on Ct values with Fisher’s LSD as a post hoc test
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8 This allowed for full comparisons between Ct values. Although ANOVA assumes normality,
it is a robust enough test that the likelihood of false positives is low even with the non-normally

distributed Ct values *°.

ANOVA analyses were performed for each experiment; the dependent variable was the
experimental results (MTT, LDH, CHL, or Ct values), the independent variables were the
different concentrations of compounds, and the random factor blocked the data by the different
days or independent replicates. Significance levels of Fisher’s LSD comparisons between the
solvent control and compound concentrations are shown on the graphs. Data are presented as
means £ SEM or standard deviation (SD). A probability (p) value less than 0.05 was considered
statistically significant and indicated on graphs as *p<0.05. Cases with a p value less than 0.01

are also shown on graphs as **p<0.01.
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3.0. Results
3.1. Anti-Neurotoxic Activity of Gold Compounds
3.1.1. Activity of Gold Compounds on Microglial Toxicity
3.1.1.1. Effects of 24 h incubation with gold compounds on human THP-1 promonocytic cell
viability and cytotoxicity

Gold compounds were tested for their ability to inhibit human THP-1 promonocytic cell
toxicity towards human neuronal SH-SY5Y cells. Experiments were performed as described in
materials and methods section 2.4.1. Compounds were tested at concentrations ranging from 0.1
— 50 uM and results were compared to those obtained from samples treated with DMSO vehicle
solution only. At the concentrations used (<0.13%, v/v), DMSO alone had no detectable effects
in the assays used (data not shown). THP-1 cells were treated with the compounds for 15 min
prior to stimulation with LPS plus IFN-y. Following 24 h incubation, viability of THP-1 cells
was assessed using MTT cell viability (Fig. 5A) and LDH cell death (Fig. 5B) assays. AF was
moderately toxic to THP-1 cells at 3 and 4 uM according to the LDH assay (Fig. 5B) and at 4 - 5
MM according to the MTT assay (Fig. 5A). Neither assay indicated toxicity of ATM, ATG, nor

ATS towards stimulated THP-1 cells at the concentrations tested.
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Fig. 5: Effect of 24 h incubation with gold compounds on the viability of human THP-1
promonocytic cells. Non-adherent THP-1 cells were pre-treated with various concentrations of
the gold compounds or their vehicle solution (DMSO) for 15 min before stimulation with a
combination of LPS (0.5 pg/ml) and IFN-y (150 U/ml). After 24 h incubation, the THP-1 cell
viability was assessed by the MTT (A) and LDH (B) assays. Data from 4 independent
experiments are presented. The concentration-dependent effects of the compounds were assessed
by the randomized block design ANOVA, followed by Fisher’s LSD post hoc test. * p<0.05,
significantly different from samples treated with the vehicle solution only.

After the 24 h stimulation period, the cell-free supernatants from THP-1 cell cultures

were transferred to SH-SYS5Y neuroblastoma cells to assess their cytotoxic effects. Following a
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72 h incubation period with THP-1 supernatants, the viability of neuronal cells was assessed
using MTT cell viability (Fig. 6A) and LDH cell death (Fig. 6B) assays. Supernatants from
unstimulated THP-1 cells did not significantly affect the viability of SH-SY5Y cells (see dashed
lines on Fig. 6A and 6B). Transfer of cell-free supernatants from stimulated THP-1 cells to SH-
SY5Y cells resulted in significantly reduced neuronal cell viability (Fig. 6A and 6B). A
combination of LPS and IFN-y was used to achieve maximal stimulation of cells ** . As seen in
Fig. 6A, the MTT assay indicated that neither ATM nor ATG exhibited any anti-neurotoxic
activity while both AF and ATS inhibited the toxicity of stimulated THP-1 supernatants towards
neuronal cells at the 0.5 — 5 pM range and 50 puM, respectively. The anti-neurotoxic activities of
AF at 0.5 -2 pM and ATS at 50 uM were not due to their toxicity towards THP-1 cells, but
most likely due to specific inhibition of the cytotoxic secretions of THP-1 cells. On the other
hand, the anti-neurotoxic activity of AF between 3 — 5 uM was most likely mediated by direct
toxicity towards THP-1 cells. The toxicity and anti-neurotoxic effects of AF were not confirmed
in the LDH assay. AF has been shown to induce apoptosis in several cancer cell lines, and it
could be that the cells are dying by apoptosis, which leads to intracellular degradation of LDH

enzymes before the experiments are completed 2.
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Fig. 6: 24 h incubation with AF reduces cytotoxic secretions of THP-1 promonocytic cells. The
effects of gold compounds on the viability of SH-SY5Y neuronal cells exposed to supernatants
from THP-1 cells stimulated for 24 h with a combination of LPS and IFN-y in the presence or
absence of four different gold compounds was assessed by the MTT (A) and LDH (B) assays.
The horizontal dashed lines indicate viability of SH-SY5Y cells exposed to supernatants from
unstimulated THP-1 cells. Data from 4 independent experiments are presented. The
concentration-dependent effects of the compounds were assessed by the randomized block
design ANOVA, followed by Fisher’s LSD post hoc test. * p<0.05 significantly different from

samples treated with the vehicle solution only.
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3.1.1.2. Effects of 48 h incubation with gold compounds on THP-1 cell viability and cytotoxicity

The anti-neurotoxic effect of gold compounds on THP-1 cells was also assessed after a
48 h incubation period. AF, ATM, and ATS were tested at concentrations ranging from 0.1 — 50
MM and results were compared to those obtained from samples treated with DMSO vehicle
solution only. Experiments were performed as described in materials and methods section 2.4.1.
and in the section 3.1.1.1. above, except that treated THP-1 cells were allowed to incubate with
the drugs for 48 h prior to transfer of supernatants and assessment of the monocytic cell viability
by the MTT cell viability (Fig. 7A) and LDH cell death (Fig. 7B) assays. Similar to results
obtained with the 24 h incubation period, AF was moderately toxic to THP-1 cellsat 4 - 5 uM
and increased THP-1 cell viability at 0.75 pM according to the MTT assay (Fig. 7A). ATM,
ATG, and ATS did not affect viability of stimulated THP-1 cells at the concentrations tested

according to either assay.
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Fig. 7: Effect of 48 h incubation with gold compounds on the viability of human THP-1
promonocytic cells. Non-adherent THP-1 cells were pre-treated with various concentrations of
the gold compounds or their vehicle solution (DMSO) for 15 min before stimulation with a
combination of LPS (0.5 pg/ml) and IFN-y (150 U/ml). After 48 h incubation, the THP-1 cell
viability was assessed by the MTT (A) and LDH (B) assays. Data from 3-5 independent
experiments are presented. The concentration-dependent effects of the compounds were assessed
by the randomized block design ANOVA, followed by Fisher’s LSD post hoc test. * p<0.05,

** p<0.01 significantly different from samples treated with the vehicle solution only.

Following 48 h incubation, cell-free supernatants from the THP-1 cell cultures were
transferred to SH-SY5Y neuroblastoma cells to assess their cytotoxicity. Following a 72 h

incubation period with THP-1 supernatants, the viability of neuronal cells was measured using
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the MTT cell viability (Fig. 8A) and LDH cell death (Fig. 8B) assays. Supernatants from
unstimulated THP-1 cells did not significantly affect the viability of SH-SY5Y cells (see dashed
line on Fig. 8A and 8B). Both the MTT and LDH assays demonstrated that ATM and ATS did
not have any anti-neurotoxic activity while AF inhibited the toxicity of stimulated THP-1
supernatants at the 2 — 5 uM range (Fig. 8). The anti-neurotoxic activity of AF between 2 — 3 uM
was not due to its toxicity towards THP-1 cells but most likely due to specific inhibition of the
THP-1 cytotoxic secretions. However, the anti-neurotoxic activity of AF between 4 — 5 pM was

most likely mediated by direct toxicity towards THP-1 cells.
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Fig. 8: 48 h incubation with AF reduces cytotoxic secretions of THP-1 promonocytic cells. The
effects of gold compounds on the viability of SH-SY5Y neuronal cells exposed to supernatants
from THP-1 cells stimulated for 48 h with a combination of LPS and IFN-y in the presence or
absence of gold compounds was assessed by the MTT (A) and LDH (B) assays. The horizontal
dashed lines indicate viability of SH-SY5Y cells exposed to supernatants from unstimulated
THP-1 cells. Data from 3-5 independent experiments are presented. The concentration-dependent
effects of the compounds were assessed by the randomized block design ANOVA, followed by
Fisher’s LSD post hoc test. * p<0.05, significantly different from samples treated with the

vehicle solution only.
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3.1.1.3. Effects of 48 h incubation with AF on primary human microglia cell viability and

cytotoxicity

The anti-neurotoxic effects of AF were confirmed using primary human microglia
prepared from post mortem brain tissue samples by Dr. S. Hashioka, Department of Psychiatry,
UBC, Vancouver. AF was tested at 0.1 M and cell viability values were compared to those
obtained from samples treated with DMSO vehicle solution only. Experiments were performed
as described previously in materials and methods section 2.4.2. Following 48 h incubation with
0.1 uM AF, or its vehicle control, the viability of primary human microglia was assessed using
the MTT cell viability assay (Fig. 9A); AF was not toxic to microglial cells at this concentration.
Cell-free supernatants from microglia cultures were transferred to SH-SY5Y neuroblastoma cells
in order to assess possible cytotoxic effects. Following a 72 h incubation period with these
supernatants, the viability of neuronal cells was measured using the MTT cell viability assay
(Fig. 9B). MTT assay results demonstrate that 0.1 uM AF inhibited the toxicity of stimulated
human microglia towards neuronal cells (Fig. 9B), confirming results observed with the THP-1

microglia model.
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Fig. 9: Effect of 24 h incubation with AF on the viability and cytotoxicity of primary human
microglia. Primary human microglia were pre-treated with 0.1uM AF or vehicle solution
(DMSO) for 15 min before stimulation with a combination of LPS (0.5 pg/ml) and IFN-y (150
U/ml). After 48 h incubation, microglial cell viability was assessed by the MTT assay (A). The
effects of AF on the viability of SH-SY5Y neuronal cells exposed to supernatants from primary
human microglia stimulated with a combination of LPS and IFN-y in the presence or absence of
0.1 uM AF was also examined. Following 72 h incubation with microglial supernatants, SH-
SYS5Y viability was assessed by the MTT assay (B) Data from 3 independent experiments with
cells obtained from two different surgical cases are presented. The effects of AF were assessed
by one way ANOVA * p<0.05, significantly different from stimulated samples treated with the

vehicle solution only.
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3.1.2. Activity of Gold Compounds on Astrocyte Toxicity
3.1.2.1. Effects of gold compounds on U-373 MG astrocytoma cell viability and cytotoxicity
Four gold compounds were tested for their ability to inhibit human astrocytic cell toxicity
towards human neuronal SH-SY5Y cells. Experiments were performed as described in materials
and methods section 2.4.3.. Compounds were tested at concentrations ranging from 0.1 — 50 uM
and results were compared to those obtained from samples treated with DMSO vehicle solution
only. At the concentrations used (<0.13%, v/v), DMSO alone had no detectable effects in the
assays used (data not shown). The compounds were added to U-373 MG cells 15 min prior to
stimulation with IFN-y. Following 48 h incubation, the viability of U-373 cells was assessed
using MTT cell viability (Fig. 10A) and LDH cell death (Fig. 10B) assays. According to the
MTT assay, ATS was moderately toxic to U-373 MG cells at 0.25, 10, and 50 uM while AF,

ATM, and ATG were not toxic to stimulated U-373 MG cells at the concentrations tested.
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Fig. 10: Effect of 48 h incubation with gold compounds on the viability of human U-373 MG
astrocytoma cells. Adherent U-373 MG cells were pre-treated with various concentrations of
gold compounds or their vehicle solution (DMSO) for 15 min before stimulation with IFN-y (150
U/ml). After 48 h incubation, U-118 MG cell viability was assessed by the MTT (A) and LDH
(B) assays. Data from 3-5 independent experiments are presented. The concentration-dependent
effects of the compounds were assessed by the randomized block design ANOVA, followed by
Fisher’s LSD post hoc test. * p<0.05, significantly different from samples treated with the

vehicle solution only.

Cell-free supernatants from the U-373 MG astrocytic cell cultures were transferred to

SH-SY5Y neuroblastoma cells to assess their cytotoxicity. Following a 72 h incubation period,
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the viability of neuronal cells was measured using MTT cell viability (Fig. 11A) and LDH cell
death (Fig. 11B) assays. Supernatants from unstimulated U-373 MG cells did not significantly
affect the viability of SH-SY5Y cells (see dashed lines on Fig. 11A and 11B). As reported
previously *, transfer of cell-free supernatants from IFN-y stimulated U-373 MG cells to SH-
SYS5Y cells resulted in significantly reduced neuronal cell viability (Fig. 11A and 11B). Figures
11A and 11B illustrate that ATM, ATG or ATS did not have any anti-neurotoxic activity while
AF inhibited the toxicity of stimulated U-373 MG supernatants towards neuronal cells at the 1 —
5 UM range. The anti-neurotoxic activity of AF was not due to its toxicity towards astrocytic
cells but most likely due to specific inhibition of the U-373MG cytotoxic secretions. According
to the LDH assay, ATS exhibited anti-neurotoxic effects at 0.25 and 50 pM, although this was

most likely due to direct toxicity of ATS towards U-373 MG cells.
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Fig. 11: 48 h incubation with AF reduces cytotoxic secretions of U-373 MG astrocytoma cells.
The effects of gold compounds on the viability of SH-SY5Y neuronal cells exposed to
supernatants from U-373 MG cells stimulated for 48 h with IFN-y in the presence or absence of
AF was assessed by the MTT (A) and LDH (B) assays. The horizontal dashed lines indicate
viability of SH-SY5Y cells exposed to supernatants from unstimulated U-373 MG cells. Data
from 3-5 independent experiments are presented. The concentration-dependent effects of the
compounds were assessed by the randomized block design ANOVA, followed by Fisher’s LSD
post hoc test. * P<0.05, ** P<0.01 significantly different from samples treated with the vehicle

solution only.
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The SRB cell viability assay was used to confirm anti-neurotoxic data obtained by the
MTT and LDH assays. It yielded similar results. Experiments were performed as described
previously in materials and methods section 2.8 and Fig. 10. At 0.5 - 5 uM, AF had no
significant effect on stimulated U-373 MG viability (Fig. 12A) but inhibited the toxicity of

stimulated U-373 MG supernatants towards neuronal cells at 2 and 5 uM (Fig. 12B).
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Fig. 12: AF is non-toxic to human U-373 MG astrocytoma cells and reduces toxicity of
secretions from U-373 MG cells towards SH-SY5Y neuronal cells: confirmation by the SRB
assay. Adherent astrocytoma cells were pre-treated with various concentrations of AF or its
vehicle solution (DMSO) for 15 min before stimulation with IFN-y (150 U/ml). After 48 h
incubation, the U-373 MG cell viability was assessed by the SRB assay (A) and 0.4 ml of cell-
free supernatants was applied to SH-SY5Y cells. Survival of neuronal cells was assessed 72 h
later by the SRB assay (B). Data from 3 independent experiments are presented. The horizontal
dashed line indicates viability of SH-SY5Y cells exposed to supernatants from unstimulated U-
373 MG cells (B). The concentration-dependent effects of the compound were assessed by the
randomized block design ANOVA, followed by Fisher’s LSD post hoc test. * P<0.05, ** P<0.01
significantly different from samples treated with the vehicle solution only.
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Phase contrast microscopy images of SH-SY5Y cells were taken following their
incubation with U-373 MG cell supernatants. Fig. 13 shows the density and morphology of SH-
SY5Y cells following incubation with unstimulated supernatants (A), stimulated supernatants
and DMSO vehicle control (B), and stimulated supernatants supplemented with 2 uM AF (C).
The morphology and density of SH-SY5Y cells treated with AF and stimulated supernatants
appear more similar to SH-SY5Y cells exposed to unstimulated U-373 MG supernatants

compared to those exposed to stimulated U-373 MG cell supernatants.
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Fig. 13: AF restores SH-SY5Y morphology after treatment with stimulated U-373 MG cell
supernatants. Phase contrast microscopy of SH-SY5Y cell cultures after incubation with
unstimulated U-373 MG supernatant (A) IFN-y-stimulated U-373 MG supernatant (B) and IFN-
y-stimulated U-373 MG supernatant supplemented with 2 uM AF (C). Experiments were
performed as described in Fig. 7 and 8. Photos are representative of 3 independent experiments.

Magpnification bars in A-C = 100 pum.

3.1.2.2. Effects of AF on U-118 MG astrocytoma cell viability and cytotoxicity
AF was tested for its ability to inhibit human U-118 MG cell toxicity (another astrocytic
cell model) towards human neuronal SH-SY5Y cells to confirm results obtained with U-373 MG

astrocytic cells (see sections 3.1.2.1. above). AF concentrations ranging from 0.1 — 5 uM were
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tested and results were compared to those obtained from samples treated with DMSO vehicle
solution only. AF was added to U-118 MG cells 15 min before stimulation with a combination of
IL-1pB and IFN-y as stimulation with IFN-y alone did not induce significant U-118 MG toxicity
towards SH-SY5Y cells. Following 48 h incubation, the viability of U-118 cells was assessed by
the MTT cell viability (Fig.14A) and LDH cell death (Fig. 14B) assays. According to both the
MTT and LDH assays, AF was moderately toxic to U-118 MG cells at 4 and 5 uM. The LDH
assay also showed AF to be toxic to U-118 MG cells at 2 uM and according to the MTT assay,
AF increased U-118 MG cell viability at 0.75 uM. The cell death rates according to the LDH
assay appeared to be inconsistent with actual cell counts throughout all experiments and are
probably not indicative of actual U-118 MG cell death. The significant increase in U-118 MG
cell viability in the presence of 0.75 uM AF is most likely valid as this is also observed in THP-1
cells. This increase in viability could be due to the inhibition of excitatory cell death caused by
the stimulation; since AF is a potent anti-inflammatory molecule, it would prevent the release of

non-specific cytotoxic molecules such as RONS *°.
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Fig. 14: Effect of 48 h incubation with gold compounds on the viability of human U-118 MG
astrocytoma cells. Adherent U-118 MG cells were pre-treated with various concentrations of AF
or vehicle solution (DMSO) for 15 min before stimulation with a combination of IL-1
(100U/ml) and IFN-y (150 U/ml). After 48 h incubation, U-118 MG cell viability was assessed
by the MTT (A) and LDH (B) assays. Data from 3-5 independent experiments are presented. The
concentration-dependent effects of the compound were assessed by the randomized block design
ANOVA, followed by Fisher’s LSD post hoc test. * p<0.05, ** p<0.01 significantly different
from samples treated with the vehicle solution only.

Cell-free supernatants from U-118 MG astrocytic cells treated with AF were transferred

to SH-SY5Y neuroblastoma cells to assess their cytotoxicity. Following a 72 h incubation
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period, the viability of neuronal cells was measured using MTT cell viability (Fig. 14A) and
LDH cell death (Fig. 15B) assays. Supernatants from unstimulated U-118 MG cells, unlike U-
373 MG cells, significantly reduced the viability of SH-SY5Y cells according to both the MTT
and LDH assays (see dashed lines on Fig. 15A and 15B). According to the MTT assay, transfer
of cell-free supernatants from stimulated U-118 MG cells to SH-SY5Y cells resulted in
significantly reduced neuronal cell viability (Fig. 15A); however, this effect was not seen in the
LDH assay (Fig. 15B). Results from the MTT assay indicate that AF inhibited the toxicity of
stimulated U-118 MG supernatants at the 0.75 — 2 uM range and decreased the viability of SH-
SYS5Y cells at 3-5 pM. The anti-neurotoxic activity of AF at the 0.75 — 2 uM range was not due
to its direct toxicity towards astrocytic cells but most likely due to specific inhibition of U-118

MG cytotoxic secretions.
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Fig. 15: 48 h incubation with AF reduces cytotoxic secretions of U-118 MG astrocytoma cells.
The effects of AF on the viability of SH-SY5Y neuronal cells exposed to supernatants from U-
118 MG cells stimulated for 48 h with a combination of IL-1p and IFN-y in the presence or
absence of AF was assessed by the MTT (A) and LDH (B) assays. The horizontal dashed lines
indicate viability of SH-SY5Y cells exposed to supernatants from unstimulated U-118 MG cells.
Data from 5 independent experiments are presented. The concentration-dependent effects of the
compound were assessed by the randomized block design ANOVA, followed by Fisher’s LSD
post hoc test. * p<0.05, ** p<0.01 significantly different from samples treated with the vehicle

solution only.

67



3.1.2.3. Effects of AF on human astrocyte cell viability and cytotoxicity

The anti-neurotoxic effects of AF were confirmed using primary human astrocytes
prepared from post mortem brain tissue samples by Dr. Sadayuki Hashioka, Department of
Psychiatry, UBC, Vancouver. AF was tested at 0.1 - 5 uM and results were compared to those
obtained from samples treated with DMSO vehicle solution only. Experiments were performed
as described previously for U-373 MG cells in section 3.1.2.1.. Following 48 h incubation with
AF or its vehicle control, the viability of primary human astrocytes was assessed using the MTT
cell viability assay (Fig. 16A). AF was not toxic to human astrocytes at these concentrations, and
5 UM AF actually increased astrocyte viability. Cell-free supernatants from astrocyte cultures
were transferred to SH-SY5Y neuroblastoma cells to assess their cytotoxicity. Following a 72 h
incubation period, the viability of neuronal cells was measured using the MTT cell viability
assay (Fig. 16B); MTT assay results demonstrated that 0.1 uM AF inhibited the toxicity of
stimulated human astrocytes, confirming results observed with U-373 and U-118 MG astrocytic

cell models (see Figs. 10 - 16).
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Fig. 16: Effect of 24 h incubation with AF on the viability and cytotoxicity of primary human
astrocytes. Adherent primary human astrocytes were pre-treated with various concentrations of
AF or vehicle solution (DMSQO) for 15 min before stimulation with IFN-y (150 U/ml). After 48 h
incubation, astrocyte viability was assessed by the MTT assay (A). AF reduced cytotoxic
secretions of primary human astrocytes. The effects of AF on the viability of SH-SY5Y neuronal
cells exposed to supernatants from primary human astrocytes stimulated with IFN-y in the
presence or absence of 0.1 uM AF was examined. Following 72 h incubation with astrocyte
supernatants SH-SY5Y viability was assessed by the MTT assay (B). Data from 5 independent
experiments with cells obtained from two different surgical cases are presented. The effects of
AF were assessed by the randomized block design ANOVA, followed by Fishers LSD post-hoc
test * p<0.05, significantly different from stimulated samples treated with the vehicle solution

only. Note the difference in scales for the two panels.
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3.2. Neuroprotective Activity of AF

The direct neuroprotective effect of AF on cultured SH-SY5Y cells was assessed by: (1)
exposing neuronal cells to hydrogen peroxide in the presence of 0.1 — 1 uM AF (Fig. 17A), (2)
adding AF to supernatants from stimulated U-373 MG cells at the time of their transfer to SH-
SY5Y cells (Fig. 17B), and (3) adding AF to supernatants from stimulated THP-1 cells at the
time of their transfer to SH-SY5Y cells (Fig. 17C). In all cases, AF at 0.5 and 1 pM significantly
increased the viability of treated SH-SY5Y cells compared to those not treated with AF. Figure
17D demonstrates that at the concentrations studied, AF had no direct effect on SH-SY5Y cell

viability in the absence of hydrogen peroxide or toxins derived from THP-1 and U-373 MG cells.
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Fig. 17: AF protects SH-SY5Y neuronal cells against toxicity induced by hydrogen peroxide and
supernatants from stimulated glial cells. The effects of gold compounds on viability of SH-SY5Y
neuronal cells exposed to hydrogen peroxide, stimulated U-373 MG astrocytoma cell
supernatants, stimulated THP-1 cell supernatants, or untreated neuronal cells were examined. A
— AF (0.1 - 1 uM), or its vehicle solution (DMSO), was added 15 min prior to the addition of 0.5
mM hydrogen peroxide. B - AF (0.1 - 1 uM) or its vehicle solution (DMSO) were added to
supernatants from stimulated U-373 MG cells at the time of their transfer to SH-SY5Y cell
cultures. C - AF (0.1 - 1 uM) or its vehicle solution (DMSQO) were added to supernatants from
stimulated THP-1 MG cells at the time of their transfer to SH-SYS5Y cell cultures. D - AF (0.1 -
1 uM), or its vehicle solution (DMSO), was added to unstimulated SH-SY5Y cells. Viability of
neuronal cells was assessed by the MTT assay 24 h (A) or 72 h (B, C, D) later. Data from 3-5
independent experiments are presented; the concentration-dependent effects of the compounds
were assessed by the randomized block design ANOVA, followed by Fishers LSD post-hoc test.
* p<0.05, **p<0.01 significantly different from samples treated with the vehicle solution only.
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3.3. Mechanisms of AF action
3.3.1. Mechanisms of action of AF on microglia
3.3.1.1. Inhibition of the respiratory burst by AF

The four gold compounds; AF, ATG, ATM, and ATS, were tested for their ability to
inhibit the NADPH oxidase-dependent respiratory burst. DMSO-differentiated human HL-60
cells were used as a model of the microglial respiratory burst as THP-1 cells do not express
enough of the NADPH enzyme to generate detectable levels of ROS. Experiments were
performed as described in materials and methods section 2.10. and 2.11. Gold compounds were
tested at concentrations ranging from 0.1- 5 uM and results were compared to those obtained
from samples treated only with DMSO vehicle control. At the concentrations used (<0.13%,
v/v), DMSO alone had no detectable effects in the assays. Fig. 18A illustrates that 30 min
incubation with 5 pM AF significantly reduced the luminol-dependent chemiluminescence of
HL-60 cells induced by the formyl peptide fMLP. However, viability experiments indicated that
concentrations above 1 uM AF are significantly toxic towards HL-60 cells (Fig. 21); therefore,
the inhibition of respiratory burst activity was most likely due to the direct toxicity of AF. The
other gold compounds tested did not significantly affect the luminol-dependent

chemiluminescence of HL-60 cells (Fig. 18B, 18C and 18D).
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Fig. 18: AF, but not ATM, ATG, or ATS, inhibits phagocyte respiratory burst activity. HL-60
cells were first differentiated in the presence of DMSO before use in experiments. They were
then washed and transferred into DMEM-F12 media without phenol red and seeded into 96-well
plated at a concentration of 8 x 10* cells/well. Luminol-dependent chemiluminescence response
of HL-60 cells in the presence or absence of compounds was recorded for 30 min after injection
of 1 uM FMLP. Data from 3-5 independent experiments are presented; the concentration-
dependent effects of the compounds were assessed by the randomized block design ANOVA,
followed by Fishers LSD post-hoc test. ** p<0.01 significantly different from samples treated

with the vehicle solution only.
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3.3.1.2. AF inhibits the priming of the neutrophil respiratory burst by LPS and Tfam

The ability of AF to inhibit priming of the neutrophil respiratory burst by 24 h co-
treatment with LPS or Tfam was investigated using DMSO-differentiated human HL-60 cells.
AF was tested at concentrations ranging from 0.1 — 1 puM and results were compared to those
obtained from samples treated with the DMSO vehicle control (indicated by dashed lines in Fig.
19A and 19B). At the concentrations used (<0.13%, v/v), DMSO alone induced no detectable
effects in the assays used. AF was added to HL-60 cells 15 min before cells were exposed to
LPS, Tfam, or Tfam buffer. Recombinant Tfam was dissolved in Tfam buffer and this buffer was
added as a control group to eliminate the possibility that the ingredients of buffer were priming
HL-60 cells. LPS was dissolved in the media used for cell plating and therefore a vehicle control
was not included in this case. Following 24 h incubation, fMLP-induced production of ROS by
HL-60 cells was measured as increase in luminol-dependent chemiluminescence signal.
Incubation of DMSO-differentiated HL-60 cells with LPS and Tfam for 24 h was found to
increase their ROS production by as much as 400% (Fig. 19A and 19B). Addition of AF at time
of priming, at 0.1 — 1 uM, significantly reduced the production of ROS in cells primed with LPS
(Fig. 19A) or Tfam (Fig. 19B). Furthermore, 24 h incubation with 1 uM AF alone reduced the
production of ROS by HL-60 cells that had not been primed (Fig. 20) though 24 h incubation
with AF and Tfam buffer had no significant effect on ROS production (Fig. 19B). Acute 30 min
treatment with AF had no effect on ROS production in 24 h LPS-primed, 24 h Tfam-primed or
control conditions in the absence of a priming agent (Fig. 19A and 19B). However, viability
experiments (see section 3.3.1.3. below) indicated that 24 h incubation with 1 uM AF was toxic
towards HL-60 cells; therefore, inhibition of the respiratory burst activity at this concentration is

most likely due to the direct toxicity of AF (Fig. 21).
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Fig. 19: AF inhibits LPS and Tfam priming of the phagocyte respiratory burst. HL-60 cells were
differentiated in the presence of DMSO before use in experiments. They were then washed and
transferred into DMEM-F12 media without phenol red and seeded into 96-well plated at a
concentration of 8 x 10* cells/well. Cells were pre-treated with various concentrations of the AF
or vehicle solution (DMSO) for 15 min before their exposure to either LPS (0.5 pg/ml) (A) or
Tfam (5 pg/ml) (B) and were incubated for 24 h. Following 24 h incubation cells that were not
incubated with AF were treated with AF for 0.5 h. Following incubation, luminol-dependent
chemiluminescence response of HL-60 cells in the presence or absence of compounds was
recorded for 30 min after injection of 1 uM fMLP. Data from 4-5 independent experiments are
presented; the concentration-dependent effects of the compounds were assessed by the
randomized block design ANOVA, followed by Fishers LSD post-hoc test. * p<0.05, **p<0.01
significantly different from samples treated with the vehicle solution only.
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Fig. 20 24 h incubation with AF inhibits the phagocyte respiratory burst. HL-60 cells were
differentiated in the presence of DMSO before use in experiments. Cells were then washed and
transferred into DMEM-F12 media without phenol red and seeded into 96-well plated at a
concentration of 8 x 10* cells/well. Cells were pre-treated with various concentrations of the AF
or vehicle solution (DMSO) for 15 min and were incubated for 24 h. Following 24 h incubation
cells that were not incubated with AF were treated with AF for 0.5 h. Following treatment with
AF, luminol-dependent chemiluminescence response of HL-60 cells in the presence or absence
of compounds was recorded for 30 min after injection of 1 uM fMLP. Data from 4 independent
experiments are presented; the concentration-dependent effects of the compounds were assessed
by the randomized block design ANOVA, followed by Fishers LSD post-hoc test. * p<0.05
significantly different from samples treated with the vehicle solution only.
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3.3.1.3. Effects of AF on HL-60 cell viability

AF was tested for its toxicity towards human HL-60 cells at concentrations ranging from
0.1 -1 uM and results were compared to those obtained from samples treated with DMSO
vehicle solution only. At the concentrations used (<0.13%, v/v), DMSO alone had no detectable
effects in the assays (data not shown). AF was added to HL-60 cells, and following 24 or 0.5 h
incubation, viability of HL-60 cells was assessed using the MTT cell viability assay (Fig. 21). 24

h incubation with 1 UM AF caused a significant reduction in the viability of HL-60 cells.
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Fig. 21: Effect of 24 h incubation with AF on the viability of human HL-60 promyelocytic cells.
HL-60 cells were incubated with AF or vehicle solution (DMSO) for 24 h. Following incubation,
the cell viability was assessed by the MTT assay. Data from 4 independent experiments are
presented. The concentration-dependent effects of the compound were assessed by the
randomized block design ANOVA, followed by Fisher’s LSD post hoc test. * p<0.05,
significantly different from samples treated with the vehicle solution only.

3.3.1.4. Effects of gold compounds on the secretion of MCP-1 by THP-1 cells
The effect of three of the gold compounds on the secretion of the pro-inflammatory
cytokine MCP-1 by stimulated THP-1 cells was investigated by ELISA analysis of 24 h

stimulated THP-1 supernatants. Gold compounds were tested at concentrations ranging from
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0.1 - 50 uM and results were compared to those obtained from samples treated with DMSO
vehicle solution only. Figure 22 shows that stimulation of THP-1 cells with LPS and IFN-y
increased the secretion of MCP-1; the baseline secretion of MCP-1 by unstimulated cells is
indicated on Fig. 22 by a dashed line. None of the gold compounds studied significantly affected

the production of MCP-1 by stimulated THP-1 cells (Fig. 22).
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Fig. 22 Gold compounds have no significant effect on MCP-1 secretion by THP-1 cells. THP-1
cells were stimulated as described in the legend of Fig. 2. Following a 24 h incubation period,
MCP-1 concentration in THP-1 culture supernatants was measured by ELISA. Data from 3
independent experiments are presented. The horizontal dashed line indicates MCP-1
concentration in supernatants from unstimulated THP-1 cells. The concentration-dependent
effects of the compound were assessed by the randomized block design ANOVA, no significance

was found.
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3.3.2. Mechanisms of Action of AF on Astrocytes
3.3.2.1. Effects of AF on the expression of inflammatory mediators in astrocytic cells
Expression of the inflammatory mediators HOX-1, IL-6, IL-8, and MCP-1 were
measured in the presence or absence of AF. RT-gPCR was used to measure the fold changes in
the expression of inflammatory genes of interest. Figure 23 illustrates that 24 h incubation of U-
373 MG cells and human astrocytes in the presence of AF significantly upregulated HOX-1
MRNA expression. RT-qPCR results indicated that 1 puM AF upregulated HOX-1 expression in
unstimulated U-373 MG cells more than 75 fold, compared to DMSO solvent-treated cells (Fig.
23A). Similarly, treatment of human astrocytes with 0.1 uM AF resulted in more than 2 fold
upregulation of HOX-1 (Fig. 23B). Stimulation of U-373 MG cells or human astrocytes with
IFN-y alone did not induce a significant increase in HOX-1 expression. However, combining AF
and IFN-y treatments resulted in further doubling of HOX-1 mRNA levels compared to
treatment with AF alone. This resulted in a nearly 150 fold increase in HOX-1 expression in U-
373 MG cells and a more than 7 fold increase in HOX-1 expression in human astrocytes
compared to unstimulated cells (Fig. 23). 24 h treatment with AF did not significantly affect the
expression of IL-6 (Fig. 24A), IL-8 (Fig. 24B), or MCP-1 (Fig. 24C) in either unstimulated or
stimulated U-373 MG cells. Due to the induction of HOX-1 expression by AF, the effect of
treating U-373 MG cells with ATG was also investigated to determine if the effect on HOX-1
was specific to AF. ATG did not induce HOX-1 expression in either stimulated or unstimulated

U-373 MG cells (data not shown).
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Fig. 23: AF upregulates heme oxygenase (HOX-1) mRNA expression in unstimulated and
stimulated U-373 MG astrocytic cells and primary human astrocytes. U-373 MG cells (A) and
human astrocytes (B) were treated with either AF or DMSO vehicle solutions. Astrocytic cells
were either left unstimulated or were stimulated with IFN-y (150 U mI™). Total RNA was
extracted 24 h later and the HOX-1 mRNA expression was analyzed by using specific primers
and RT-qPCR. Results were normalized to a reference gene B-actin and are presented as a fold
increase compared to the HOX-1 mRNA level in control unstimulated cells not exposed to AF
(expression level = 1). Data from 3-4 independent experiments are presented; the observed
differences in expression levels were assessed by the randomized block design ANOVA,
followed by Fishers LSD post-hoc test. * p<0.05; ** p<0.01, significantly different from samples

treated with the vehicle solution only.
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Fig. 24: AF does not change IL-6, IL-8 or MCP-1 expression in unstimulated or IFN-y-
stimulated U-373 MG astrocytic cells. U-373 MG cells were treated with either 1 uM AF or
DMSO vehicle solutions and were either left unstimulated or were stimulated with IFN-y (150
U/ml). Total RNA was extracted 24 h later and IL-6 (A), IL-8 (B) and MCP-1 (C) mRNA
expression was analyzed by using specific primers and RT-qPCR. Results were normalized to a
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reference gene [-actin and are presented as a fold increase compared to the HOX-1 mRNA level
in control unstimulated cells not exposed to AF (expression level = 1). Data from 3 independent
biological replicates are presented; the observed differences in expression levels were assessed
by the randomized block design ANOVA, followed by Fishers LSD post-hoc test, no

significance was found.
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3.3.2.2. Effects of AF on the secretion of IL-6, IL-8, and MCP-1 by astrocytic cells

The effect of gold compounds on the secretion of IL-6, IL-8, and MCP-1 by stimulated
U-373 MG and U-118 MG astrocytic cells was investigated using ELISA to measure the
concentrations of cytokines in 24 h stimulated astrocytic cell supernatants. AF was tested at
concentrations ranging from 0.1 — 5 uM and results were compared to those obtained from
samples treated with DMSO vehicle solution only. The baseline secretion of cytokines by
unstimulated cells is indicated by dashed lines (Fig. 25 and 26). AF did not significantly change
the secretion of IL-8 (Fig. 25A), IL-6 (Fig. 25B), or MCP-1 (Fig. 25C) by stimulated U-373 MG
cells. Note that stimulation of U-373 MG cells by IFN-y did not upregulate secretion of the
cytokines studied; therefore, experiments were repeated using U-118 MG cells. As shown in Fig.
26, stimulation of U-118 MG cells with a combination of IL-1p and IFN-y resulted in a
significant increase in IL-6 (Fig. 26A) and IL-8 (Fig. 26B) secretion. However, AF did not affect

the secretion of IL-6 (Fig. 26A) or IL-8 (Fig. 26B) by stimulated U-118 MG cells.
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Fig. 25: AF has no significant effect on cytokine secretion by stimulated U-373 MG cells. U-373
MG cells were stimulated as described in the legend of Fig. 7. Following a 48 h incubation
period, IL-8 (A), IL-6 (B) and MCP-1 (C) concentration in U-373 MG culture supernatants was
measured by ELISA. Data from 3 independent experiments are presented. The horizontal dashed
lines indicate cytokine concentrations in supernatants from unstimulated U-373 MG cells. The
concentration-dependent effects of the compound were assessed by the randomized block design

ANOVA, no significance was found.
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Fig. 26: AF has no significant effect on cytokine secretion by stimulated U-118 MG cells. U-118
MG cells were stimulated as described in the legend of Fig. 11. Following a 48 h incubation
period, IL-6 (A) and IL-8 (B) concentration in U-118 MG culture supernatants was measured by
ELISA. Data from 3 independent experiments are presented. The horizontal dashed lines indicate
cytokine concentrations in supernatants from unstimulated U-373 MG cells. The concentration-
dependent effects of the compound were assessed by the randomized block design ANOVA, no

significance was found.

3.3.2.3. Effects of the calmodulin inhibitor TFP on the anti-neurotoxic activity of AF

The effect of inhibiting calmodulin signalling on the anti-neurotoxic activity of AF in
astrocytic cells was investigated. U-118 MG cells were pre-treated for 15 min with 2 uM TFP
prior to treatment with 0.1 - 5 uM AF and subsequent stimulation with the combination of IL-1f3
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and IFN-y. 2 uM TFP was used because at this concentration it was not toxic to U-118 MG cells
and was within the 1Csg (1 - 10 uM) values reported by Fisher Scientific. Following 48 h
incubation, cell-free supernatants were transferred to SH-SY5Y neuronal cells. In agreement
with previous results, treatment with AF decreased the toxicity of U-118 MG cells towards SH-
SY5Y cells (Fig. 27A and 27B). Pre-treating the cells with TFP (indicated by white bars) did not

abolish the anti-neurotoxic effects of AF.
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Fig. 27: Calmodulin inhibitor TFP does not affect the anti-neurotoxic activity of AF. U-118 MG
cells were incubated with 2uM TFP and various concentrations of AF (white bars) or various
concentrations of AF alone (grey bars). After 15 min incubation the U-118 MG cells were
stimulated with a combination of IL-1p (100 U/ml) and IFN-y (150 U/ml). Following 48 h
incubation, 0.4 ml of supernatant was transferred onto SH-SY5Y cells. Following further 72 h
incubation, SH-SY5Y viability was assessed by the MTT (A) and LDH (B) assays. Data from 4
independent experiments are presented. The effects of TFP were analyzed using two-way
ANOVA, no significant difference between TFP treated and untreated cell viability was found.

3.3.2.4. Effects of AF on the expression and secretion of IL-4 by human astrocytic cells
The effect of AF on the secretion and expression of IL-4 in U-373 MG cells and primary

human astrocytes was investigated by RT-qPCR and ELISA. RT-gPCR was used to measure the
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fold induction of IL-4 in stimulated and unstimulated U-373 MG cells treated with AF and
ELISA was used to measure the concentration of IL-4 in stimulated human astrocyte
supernatants. Fig. 28A shows that the detection limit of the assay was unable to determine if AF
significantly affected the expression of IL-4 in either unstimulated or stimulated U-373 MG
cells. The dashed line in Fig. 28B indicates the levels of IL-4 in F5 media. As the concentration
of IL-4 in AF-treated, stimulated cells was below the detection limit of the assay which is the
concentration in F5 media (see methods section 2.9 for procedures used to calculate the detection

limit of ELISA used), no conclusions can be drawn from the data.
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Fig. 28: AF has no effect on IL-4 expression in U-373 MG astrocytic cells; it also does not affect
IL-4 secretion by primary human astrocytes. qPCR experiments were performed as described in
Fig. 21. The relative expression of IL-4 in samples treated with AF was not significantly
different from expression in cells treated with a vehicle control (DMSO) only (A). For IL-4
secretion experiments, human astrocytes were stimulated as described in the legend of Fig. 14.
Following a 24 h incubation period, IL-4 concentration in human astrocyte culture supernatants
was measured by ELISA (B). The horizontal dashed line indicates IL-4 concentration in F5
media. The effect of AF on IL-4 secretion was not assessed as concentrations of this cytokine in
treated samples were below the detection limit of the assay (concentration in F5 media). Data

from 3 independent experiments are presented.
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3.3.3. Mechanisms of Action of AF in Neurons
3.3.3.1. Effect of AF on HOX-1 expression in neurons

RT-gPCR was used to measure neuronal expression of the anti-inflammatory mediator
HOX-1 in the presence or absence of AF. Figure 29 illustrates that exposing human neuronal
SH-SY5Y cells to 0.5 uM AF did not increase HOX-1 expression. However, when neuronal
cells were exposed to 0.5 uM AF in the presence of a partially cytotoxic (0.5 mM) concentration
of H,O,, HOX-1 expression was increased 10 fold compared to H,O, stimulated cells treated

with DMSO vehicle solution only (Fig. 29).
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Fig. 29: AF upregulates heme oxygenase (HOX-1) mRNA expression in stimulated SH-SY5Y
cells. Neuronal cells were treated with either AF or DMSO vehicle solutions. They were either
left unstimulated or were treated with H,O, (0.5 mM). Total RNA was extracted 24 h later and
the HOX-1 mRNA expression was analyzed by using specific primers and RT-qPCR. Data were
normalized to a reference gene B-actin and are presented as a fold increase compared to the
HOX-1 mRNA level in control unstimulated cells not exposed to AF (expression level = 1). Data
from 3-4 independent experiments are presented; the observed differences in expression levels
were assessed by two-way ANOVA, followed by Fishers LSD post-hoc test. * p<0.05,
significantly different from samples treated with the vehicle solution only.
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3.3.3.2. Effects of the calmodulin inhibitor TFP on the neuroprotective activity of AF

The effect of inhibiting calmodulin signalling on the direct neuroprotective activity of AF
in neuronal cells was investigated. SH-SY5Y cells were pre-treated with 2 uM TFP prior to
treatment with 0.1 - 5 uM AF and exposure to 0.5 mM H20,. 2 uM TFP was used as this
concentration was non-toxic to neuronal cells and was within the 1Csq (1 - 10 uM) values
reported by Fisher Scientific. Following 24 h incubation, SH-SY5Y cell viability was assessed
using MTT cell viability (Fig. 30A) and LDH cell death (Fig. 30B) assays. Similar to previous
experiments, treatment with AF increased the viability of SH-SY5Y cells exposed to H,O; (Fig.
30A). Pre-treating the cells with TFP (indicated by white bars) did not abolish the

neuroprotective effects of AF as shown in Fig. 30A and Fig. 30B.
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Fig. 30: Effects of calmodulin inhibitor, TFP, on the neuroprotective activity of AF. SH-SY5Y
cells were incubated with 2uM TFP and various concentrations of AF (white bars) or various
concentrations of AF alone (grey bars). After 15 min incubation, the SH-SY5Y cells were treated
with 0.5 mM H,0,. Following additional 24 h incubation, SH-SY5Y viability was assessed by
the MTT (A) and LDH (B) assays. Data from 4 independent experiments are presented. The
effects of TFP were analyzed using two way ANOVA, no significant difference between
viability of cells treated and not treated with TFP was found.

3.4. In vivo Distribution of AF after Oral Administration in Mice

The distribution of AF to the brain, liver, kidneys, lungs, gut, and spleen of mice that had
been administered oral AF was quantified using LA-ICP-MS. Mice were monitored for
morbidity throughout the 7 day AF treatment and none of the AF-treated mice showed any

93



symptoms different from control mice. Mice were weighed immediately prior to treatment each
day throughout the 7 day treatment course and no differences in weight gain were observed in
mice receiving the experimental treatment compared to control mice. Macroscopic examination
of the gastrointestinal tract and liver post-treatment revealed no ulcers or any other visible
pathology. Table 3 shows data obtained by LA-ICP-MS tissue analysis of tissues from three
mice exposed to AF and three control mice, Table 3 compares gold concentrations measured
using this technique in six different tissues with data obtained by Walz et al . (1983), who used
radioactively labelled AF for studies with rats. The highest gold concentration was measured in

kidneys (248 uM) while the lowest concentration was measure in the brain (4.8 pM).

Table 3: Concentrations of gold in various organs of mice and rats after oral gavage of
auranofin

Tissue LA-ICP-MS? Radioactively Labelled *"Au®
(UM, mean + SD) (UM, mean + SD)
Kidney 248.67 +58.02 104.81 +1.99
Liver 149.82 + 39.34 2.82+0.21
Lungs 83.81 + 51.39 429+1.11
Gut 7.12 +1.19 1.30 +0.10
Spleen 6.79 + 3.58 5.33 +0.60
Brain 479 +1.07 0.16 + 0.01

% Mice administered AF 2 mg kg™ per day for 7 days (n=3)

® Rats administered AF 1 mg kg™ per day for 5 days (n=9): data from Walz et al . (1983)
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4.0. Discussion
4.1. Anti-Neurotoxic Activity of Gold Compounds
4.1.1. Effect of Gold Compounds on Microglial Toxicity

The gold compounds AF, ATM, ATG, and ATS were investigated for their potential to
reduce neuroinflammation using an in vitro model relevant to the inflammatory processes that
occur in degenerative conditions. | hypothesized that due to the potent anti-inflammatory activity
of these compounds in the periphery, they could also be effective at inhibiting the inflammation
in the CNS 223%%°_|n answer to my first hypothesis, | found that at non-toxic, low micromolar
concentrations (0.1 - 3 uM) AF reduced the toxicity of both stimulated human THP-1
promonocytic cells and primary human microglia towards neurons, indicating a potential

protective effect of AF. This effect was not observed with ATM, ATG or ATS.

The anti-neurotoxic effect of AF was observed at non-toxic concentrations: 0.1 uM in
primary human microglial cultures and between 0.5 - 3 uM in human microglial-like THP-1 cell
cultures. Previous research using a similar assay has shown that primary human cells could be
more sensitive to anti-inflammatory drug treatment than cell lines, therefore the lower effective
concentration in primary cells was not unexpected ®>%. AF caused a significant decrease in THP-
1 cell viability between 3 - 5 uM, this is consistent with the previously reported anti-neoplastic
activity of AF towards leukemia cell lines at 0.2 - 2 uM concentrations °®’2. Because of the
toxicity of high concentration of AF towards glial cells used, only the non-toxic concentrations

were considered to be anti-neurotoxic.

4.1.2. Activity of Gold Compounds on Astrocyte Toxicity
The gold compounds AF, ATM, ATG, and ATS were next investigated for their potential

to reduce astrocyte-mediated toxicity towards SH-SY5Y neuroblastoma cells. In answer to my
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first hypothesis, | found that at non-toxic, low micromolar concentrations AF reduced the
toxicity of astrocytes towards neurons. The anti-neurotoxic effect of AF was observed at non-
toxic concentrations: 0.1 uM in primary human astrocyte cultures and between 1 - 3 uM in
human U-373 MG and U-118 astrocytoma cell cultures. This effect was not observed with ATM,
ATG or ATS. Similar to THP-1 experiments, AF was significantly toxic towards U-118 MG
cells at 3 - 5 uM. This toxic activity was not seen towards the primary human cells and AF
caused a significant increase in primary human astrocyte viability at 5 uM. This is not surprising
as AF has been taken by some human patients for years for RA and is considered by medical

practitioners to have an acceptable safety profile in the management of some disease states **

The observation that AF, but not ATM, ATG nor ATS, inhibited toxic secretions by glial
cells is similar to previous studies indicating AF has several biological activities distinct from the
other gold compounds. Walz et al . (1983) demonstrated that AF and ATM, but not ATG, were
able to reduce the secretion of lysosomal enzymes from polymorphonuclear cells. Furthermore,
AF inhibited antibody-dependent cellular cytotoxicity of polymorphonuclear cells and release of
reactive oxygen species from neutrophils, while ATM, ATG, and the ligands of auranofin
showed no effect *. It has been previously demonstrated that AF has immunosuppressive
activity, such as the ability to inhibit lymphoblastogenesis, an effect not observed with other gold

compounds *.

Several anti-neurotoxic compounds affecting microglial toxicity have been identified
over the past decade including: 9-methyl-p-carboline, cannabinoid type 2 (CB2) receptor ligands,
5-LOX inhibitors and NSAIDs #%%°_ All of these anti-neurotoxic molecules inhibit
inflammatory cascades through several different mechanisms. 9-methyl-B-carboline is a

monoamine oxidase inhibitor and has been shown to decrease the toxicity of B-carbolines in PD
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models by inhibiting the proliferation of microglia and decreasing microglial production of pro-
inflammatory chemotactic cytokines *’. The concentration of 9-methyl-p-carboline required to
induce protective effects (50 - 90 uM), however, is much higher than pharmacologically relevant
100 Endocannabinoids are known for their anti-inflammatory and hypothermic effects in the CNS
8 CB2 receptor ligands have been shown to inhibit microglial toxicity towards neurons at
concentrations between 5 — 10 pM . Other anti-neurotoxic molecules include 5-lipoxegenase
(LOX) and COX inhibitors ®®. Leukotrienes are products of arachidonic acid metabolism; they
are synthesized by LOX enzymes and contribute to inflammation, including the activation of
microglia *. It has been shown previously that inhibition of 5-LOX activating protein (FLAP)
reduces microglial toxicity towards neuronal cells at concentrations between 2 — 5 uM; this range
is similar to the effective concentrations of AF in our model *. In addition to 9-methyl-p-
carboline and FLAP inhibitor, NSAIDs have also shown anti-neurotoxic activity by inhibiting
the pro-inflammatory COX enzymes *°. The anti-neurotoxic activity of the NSAIDs is most
likely mediated through inhibition of COX-1 as opposed to COX-2, as COX-1 is more
predominant in the CNS and is the main isoform expressed by microglia **. Various COX
inhibitors including indomethacin, aspirin and diclofenac have all been shown to have anti-
neurotoxic activity, though at higher concentrations (10 — 100 uM) than either FLAP inhibitor or

AF 96,98

More recently the contribution of activated astrocytes to inflammation in the CNS has
become recognized by researchers *2. Because astrocytes comprise the most abundant glial cell
type in the brain and are important in maintaining neuronal viability, compounds that inhibit
astrocyte mediated neurotoxicity are now being investigated. Anti-neurotoxic compounds that

target astrocytes include proton-pump inhibitors and STAT-3 inhibitors ®®3, Investigations by
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Hashioka et al . (2011) found that STAT-3 and JAK-1 inhibitors decrease the toxicity of IFN-y
stimulated astrocytic cells towards neurons. It was later found that proton pump inhibitors
attenuated astrocyte mediated neurotoxicity at concentrations between 1 — 10 uM through the
inhibition of the STAT-3 signalling pathway 2. AF has been shown to decrease both JAK-1 and
STAT-3 activation in macrophages by decreasing IL-6 production and expression *’. Therefore,
the anti-neurotoxic properties of AF in astrocytic cells could be due to inhibition of STAT-3
activity, but this hypothesis requires experimental confirmation. Due to the potent anti-
neurotoxic activity of AF, subsequent experiments were performed to elucidate the mechanism

of the protective activity of AF.

4.2. Neuroprotective Activity of AF

To determine whether the anti-neurotoxic effects observed were due to the activity of AF
on glial cells directly, or whether the effects could be due to transfer of some of the compound
with the supernatants and their direct action on neuronal cells, experiments were performed
where AF was applied directly to neuronal cells, which were subsequently exposed to toxins. In
answer to my second hypothesis, | found that only AF, and not the other three gold compounds
tested, exhibited neuroprotective activity. Interestingly, treating SH-SY5Y neuronal cells with
0.5 -1 uM AF protected them from H,O,-induced toxicity as well as toxicity induced by
supernatants from stimulated U-373 MG cells and toxicity induced by supernatants from
stimulated THP-1 cells. A direct protective effect of AF on neurons or neuronal cells has not
been reported previously and our observations may indicate that AF confers neuroprotection in
addition to its better-known and accepted anti-inflammatory effects. The direct protective
activity of AF could be partially responsible for its anti-neurotoxic effects on astrocytic cells

when this drug is added before stimulation since some AF may be transferred onto neuronal cells
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along with the supernatants. However, this was unlikely the sole reason for the anti-neurotoxic
activity of AF since this drug effectively inhibited primary microglial and astrocyte toxicity at
0.1 uM, a concentration that was ineffective at rescuing neuronal cells from the toxicity of

microglial and astrocytic cell supernatants.

One of the proposed strategies for the treatment of neurodegenerative diseases is to
modify neuronal viability, increasing tolerance of neurons to oxidative damage and inflammatory
mediators released by activated glial cells. There are many endogenous neuroprotective
molecules that are released by glial cells in the CNS, including insulin and pro-insulin, and these
have received attention as potential therapeutic agents for preventing the neuronal death in AD
and PD *°2, In addition to endogenous molecules, several drugs have been developed in an
attempt to increase neuronal viability. Flavonoids such as quercetin have been recognized as
neuroprotective molecules; Dajas et al . (2003) found that 25 uM quercetin protected neuronal
cells against hydrogen peroxide toxicity. This protective effect was thought to be due to the anti-
oxidant activity of the flavonoids '°. Alternatively, caffeoylquinic acid derivatives (10 — 50 uM),
have been shown to protect neurons against damage from both hydrogen peroxide and Ap
toxicity ®*1%. A potential mechanism of action of these compounds is the suppression of
caspase-3 activation and maintaining high intracellular concentration of the anti-oxidant
glutathione molecule . AF has been shown to activate caspase-3 and disrupt redox balance
within cells, so the protective mechanisms of the flavonoids and caffeoylquinic acid derivatives
are likely different from those of AF 478103105106 'Njgye] mechanisms responsible for the

neuroprotective activity of AF were investigated.

99



4.3. Mechanisms of AF action
4.3.1. Mechanisms of Action of AF on Microglia

Due to the protective and anti-neuroinflammatory activity of AF, several potential
mechanisms of action of this drug were investigated in microglia-like THP-1 cells including
effects on MCP-1 secretion. MCP-1 is a chemotactic agent and indicator of inflammation %7,
therefore the secretion of MCP-1 by THP-1 cells treated with AF was investigated, and no effect
was found. Production of ROS was also investigated using the promyelocytic HL-60 cell line.
HL-60 cells were used as a model possessing enzymatically active NADPH oxidase complexes
to measure the effects of the gold compounds on the respiratory burst. The effect of treating HL-
60 cells with the gold compounds for 30 minutes was investigated. Previous studies have shown
that AF inhibits the neutrophil respiratory burst directly and does not scavenge free radicals *°.
In our experiments, 5 uM AF inhibited production of ROS; however, this concentration was
significantly toxic towards HL-60 cells, therefore the inhibitory effect at this concentration was
most likely due to direct toxicity. It could be that previous reports of AF inhibiting the
respiratory burst have just been measuring the toxicity of AF. These studies performed the LDH
assay as a measure of cell viability, which in our studies was ineffective in measuring AF-

induced toxicity *>%.

Inhibition of NADPH-oxidase priming is a good target for pharmacological intervention
because it would interfere with a pathological increase in ROS production while maintaining the
normal physiological NADPH-oxidase immune response *. HL-60 cells were primed with LPS,
a known priming agent, or Tfam, a mitochondrial DAMP, and were either treated with AF at
time of priming or acutely for 30 minutes prior to stimulation with fMLP. 24 h treatment with

AF inhibited LPS and Tfam priming of the respiratory burst at the non-toxic 0.1 - 0.5 uM range.
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Treating HL-60 cells with AF for 30 min did not inhibit the increase in ROS production resulting
from priming the cells with either LPS or Tfam. The long incubation time needed for the
inhibitory effect of AF suggests that AF is regulating gene expression or slow acting cellular
pathways as opposed to regulating the NADPH-oxidase enzyme directly. Previous research
indicates that the majority of AF is taken up by cells within 20 min; therefore a 30 min treatment
would give enough time for AF to enter cells and interact with NADPH-oxidase subunits if this
was the mechanism of action . Agents that inhibit the priming of NADPH-oxidase, but not
the functioning of this enzymatic complex, are not common. IL-4 and lipid A analogues have
both been shown to inhibit the priming response of neutrophils *°***, IL-4 inhibits NADPH-
oxidase assembly by decreasing the expression of the gp91-phox subunit of NADPH-oxidase,
effectively reducing the number of active enzyme complexes ***2, Lipid A analogues are
structurally similar to LPS and it is thought that they inhibit NADPH-oxidase priming by
antagonizing the LPS-binding regions on cell surfaces ***. It is possible that AF inhibits priming
of the respiratory burst through either of these mechanisms. Future investigations into the exact
mechanism by which AF inhibits priming in response to LPS and Tfam should focus on

expression of NADPH-oxidase subunits and potential antagonism of priming receptors.

4.3.2. Mechanisms of Action of AF on Astrocytes

Previous research has highlighted several molecular mechanisms potentially responsible
for the protective effects of AF, including protecting against cocaine-induced hepatic injury both
in mice and in cultured hepatocytes by up-regulating the protective enzyme HOX-1 8. HOX-1
induction was investigated as a potential mechanism for the protective activity of AF observed in
our experiments. As stimulated astrocytes undergo oxidative stress, up-regulation of HOX-1

would protect them against associated damage. Additionally, HOX-1 has been reported to have
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anti-inflammatory effects which could also contribute to the decreased toxicity of astrocytes
towards neurons **"*2_ Our study demonstrated that AF, but not ATG, induced HOX-1
expression in both stimulated and unstimulated primary human astrocytes and U-373 MG cells.
Therefore, up-regulation of HOX-1 could be at least partially responsible for the biological

activity of AF observed in our study.

Several other potential anti-inflammatory mechanisms of action have been reported for
AF, including modulation of the expression and release of pro-inflammatory cytokines such as
IL-6 and IL-8 by human THP-1 monocytic cells and murine RAW 264.5 macrophages "%,
Inhibiting excessive IL-6, IL-8 and MCP-1 secretion could be beneficial in neuroinflammation as
these cytokines perpetuate the chronic inflammatory state. However, treatment of U-373 MG and
U-118 MG astrocytic cells with AF did not affect the expression or secretion of IL-6, IL-8 or
MCP-1 as measured by gPCR and ELISA respectively. These observations indicate that the

effects of AF on glial cell-mediated neuroinflammation are different from its effects on

peripheral immune cells.

Two novel hypotheses on the mechanism of action of AF were also investigated.
Previous studies have shown that AF has several Ca?* dependent activities including induction of
the release of Ca®* from the intracellular stores while decreasing the influx of extracellular Ca?*
which leads to modified Ca®* dependent activity such as neutrophil chemotaxis *****. Calmodulin
is a Ca** binding protein that regulates numerous intracellular processes including the release of
Ca’* from intracellular stores and also the microtubule assembly necessary for cell motility **°.
Because previous studies have shown that many of the effects of AF in neutrophils are Ca**

dependent, it was hypothesized that activity of AF observed in our experiments could be

mediated through calmodulin *****, To test this hypothesis a calmodulin inhibitor, TFP, was
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added to astrocytic cells to determine whether it would abolish the anti-neuroinflammatory
activity of AF. It was found that inhibiting the activity of calmodulin in U-118 MG astrocytic
cells by using TFP did not abolish the anti-neurotoxic activity of AF. Next it was hypothesized
that the anti-neurotoxic activity of AF could be due to increased IL-4 stability. Curbo et al .
(2009) found that AF was able to decrease the reduction of the disulphide bonds of IL-4 which
increased its ability to bind to the IL-4Ra receptor. IL-4 is recognized in the periphery for its
ability to promote class switching of macrophages into a more anti-inflammatory M2 phenotype,
and previous studies have shown that it reduces microglial and astrocyte activation %/ |t is
unlikely that AF would affect the expression of IL-4 mMRNA as AF has only been reported to
stabilize the disulphide bonds within 1L-4 molecules, thus stabilizing this cytokine and
decreasing IL-4 degradation by cells **®. AF may decrease the levels of IL-4 in cell culture
supernatants as only intact IL-4 is taken up by cells when it interacts with the IL-4Ra receptor
118 Astrocytic IL-4 expression and secretion in response to treatment with AF were investigated.
The expression of IL-4 was unchanged in AF-treated U-373 MG cells and the secretion of IL-4
by primary human astrocytes was below the detection limit of the assay. Therefore further

studies will be needed to determine whether the anti-neurotoxic activity of AF is partially due to

stabilization of IL-4.

4.3.3. Mechanisms of Action of AF on Neurons

The direct neuroprotective activity of AF has not been previously reported therefore,
further experiments were performed to elucidate the mechanisms of this activity. Up-regulation
of HOX-1 could be protective in neurons. Yamamoto et al . (2010) demonstrated that HOX-1
induction protected dopaminergic neurons in an in vitro model of Parkinson’s disease *. We

showed that AF was able to induce HOX-1 expression in SH-SY5Y neuronal cells exposed to a
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toxic concentration of hydrogen peroxide. By up-regulating protective enzymes like HOX-1 AF
could directly increase the ability of neurons to withstand toxic insults. As mentioned previously,
some of the effects of AF are dependent on Ca** signalling. AF could affect glia, neurons, or
both in a Ca®* dependent manner, therefore the effect of the calmodulin inhibitor TFP was also
investigated in experiments where neuronal cells were treated with TFP along with the gold
compounds directly and then exposed to toxic mediators. Similar to results with astrocytic cells,
inhibiting calmodulin signalling did not abolish the protective effects of AF in neurons exposed

to hydrogen peroxide.

In answer to my third hypothesis | found that the anti-neurotoxic activity of AF was most
likely mediated through inhibition of the priming response of the respiratory burst in microglia-
like cells and through induction of the protective enzyme HOX-1 in astrocytes. Additionally, the
neuroprotective activity of AF was most likely mediated through the induction of HOX-1 in

neuronal cells.
4.4. In vivo Distribution of AF after Oral Administration in Mice

Lastly, the distribution of gold atoms (Au) in mice treated with AF was investigated to
determine whether AF was able to penetrate the BBB. In answer to my fourth hypothesis, Au
molecules from AF were detectable by LA-ICP-MS in the CNS of mice after oral administration
of this gold compound for seven days. A study by Walz et al . (1983) demonstrated that in rats
administered 1 mg/kg AF for 5 days, the level of Au was highest in the kidneys (104.81 uM, see
Table 3) while only a very small amount of Au entered the brain, reaching a concentration of
0.16 pM *. These values were calculated from the pg Au/g of tissue values reported by Walz et

al . (1983) using the assumption that 1 g of tissue was equivalent to 1 ml of solution and then
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using the molecular weight of Au to calculate the molar concentration of gold in each sample.
We performed experiments similar to those described by Walz et al . (1983) using mice instead
of rats. AF was administered at 2 mg/kg to mice for 7 days. We were able to detect Au in all
tissues studied (see Table 3) using LA-ICP-MS-based measurements which are similar to the
previously described methods used by Zoriy et al . (2007) to measure cisplatin in mice. Similar
to Walz et al . (1983), we found Au to be most concentrated in the kidneys, but our
measurements indicated almost 1.5 times greater concentration (249 vs. 104 uM). Compared to
the values reported by Walz et al . (1983), who used the radioactively labelled Au method, the
concentrations of Au detected by LA-ICP-MS in our studies were greater for all tissues studied.
This difference was especially pronounced in the brain, with our measurements indicating 5 uM
Au concentration while only 0.16 uM Au was detected by Walz et al . (1983). In addition to
concentration differences, the relative order of distribution of Au according to its concentration
in the liver, lungs, gut, and spleen did not match that reported by Walz et al . (1983). These
discrepancies could be due to the use of different animal species (rats vs. mice) and/or
differences in the duration and the dose of AF treatment. AF has been reported to have a long

half-life of approximately 17 days in humans **°; therefore, there could be significant differences

in tissue accumulation of AF between 5 and 7 day treatment regimens ****°,

Differences in the techniques used to detect Au could also have contributed to the
discrepancies. LA-ICP-MS directly measures the total number of unlabeled Au atoms in a tissue
sample by comparing the signals obtained from the experimental samples with those obtained
from samples with known Au concentrations. On the other hand, the radioactively-labelled Au
technique used by Walz et al . (1983) involves administration of a mixture of labelled and

unlabeled AF and several steps of sample preparation before measurements can be performed;
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thus, it is a less direct measurement of Au atoms compared to LA-ICP-MS. Both these
techniques measure Au concentration as opposed to the concentration of intact AF molecules as
neither of the techniques is able to distinguish between AF and its metabolites, including Au as a
breakdown product of AF 2“°, Therefore, further studies are required to establish whether intact
AF crosses the BBB and enters brain tissue. Similar radioactively labelled atom techniques have
been used to establish that the available circulating levels of Au in patients being treated with AF
can reach approximately 0.4 uM **, which exceeds the 0.1 pM AF concentration required to

reduce microglial and astrocyte toxicity in our model.

Since AF is known to accumulate in tissue over time and our study indicates that Au
passes through the BBB, it is feasible that levels of AF in the brain could reach concentrations
effective at reducing glial-mediated neurotoxicity. The relatively low ICso of AF as well as the
possibility that it is able to cross the BBB makes it a new candidate for treating inflammation in

the CNS.
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5.0. Conclusions and Future Work
5.1. Limitations of Research

There are several limitations of this thesis research including the use of cell lines, which
are actually tumor cells derived from different cell types (e.g., astrocytoma U-373 MG cells in
lieu of astrocytes). It is possible that these cell lines behave differently than their primary cell
counterparts. To overcome this limitation all major experiments were repeated by using primary

human microglia and astrocytes to confirm the obtained results.

Another potential limitation to this research is the cytotoxic properties of AF. At
concentrations above 4 UM AF is significantly toxic to THP-1 and HL-60 cells. At >5 puM it is
toxic to SH-SY5Y and U-118 astrocytoma cells. The death of the glial cells could confound the
results obtained by measuring neuronal viability; instead of inhibiting secretion of toxins by glial
cells, AF could be killing these cells thus reducing the number of cells producing toxic
secretions. To overcome this limitation I only considered to be positive those data that showed
decreases in neurotoxicity at concentrations of AF that did not affect glial viability. In addition, I

used primary human glial cells which were less susceptible to the cytotoxic action of AF.

Lastly, measuring the concentration of Au atoms instead of intact AF molecules in the
AF in vivo distribution studies does not provide information on whether the active moiety of AF
is entering the CNS. The gold-triethylphosphine ligand of AF is responsible for its activity
against thiol redox enzymes and would be a good target to assess for its CNS penetration, but our
technique was not able to differentiate AF from its other potential metabolites *2°. However, we
can conclude that Au from AF accumulates in tissues over time. Furthermore, because we
measured a relatively high (5 uM) concentration of Au in the brain, it is likely that the active AF

moiety is also accumulating in the CNS.
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5.2. Future Work

This thesis work provides substantial evidence that AF could be beneficial as an inhibitor
of neuroinflammation. Specifically, because of its dual anti-neurotoxic and neuroprotective
properties, AF could be more effective than previous anti-inflammatory interventions that have
been investigated for neuroinflammatory diseases #. Future research looking at the effects of AF
in disease-specific animal models of multiple sclerosis, PD, and AD would be a natural extension
of this study. Research into the outcomes of patients with RA who are taking AF with regard to
the risk of developing different neurodegenerative diseases would be interesting additional
studies. My literature searches failed to identify any epidemiological studies that investigated AF

and neurodegenerative disorders.

Following up on the in vivo distribution studies with more specialized spectroscopy
techniques to determine the exact molecules entering the CNS would also enhance my data.
Determining the nature of AF metabolites entering the CNS, and then testing them in our assays
would add robustness to our suggestion that active AF, or its bioactive metabolites, is entering
the brain. Even though previous studies suggest that the gold containing ligand is important for
the biological activity of AF, we cannot rule out the possibility that other metabolites are active

in our model.

5.3. Significance of Findings

This thesis demonstrates that the gold compound AF is able to reduce human glia-
mediated toxicity and that it has neuroprotective properties. These novel in vitro properties of
AF, as well as the in vivo data confirming earlier studies suggesting that AF is able to cross the
BBB, warrant further testing of AF in animal models of neuroinflammation. Low micromolar

concentrations of AF were effective at inhibiting both astrocyte and microglia mediated
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neurotoxicity. In addition, AF was able to protect neurons against toxicity caused by hydrogen
peroxide and toxic supernatants from stimulated glial cells. My data indicate that one of the
potential mechanisms for this AF activity could be upregulation of the anti-inflammatory and

protective enzyme HOX-1.

Anti-inflammatory intervention has the potential to slow neuronal loss in disorders such
as PD and AD where neuroinflammation contributes to pathogenesis %!, As AF has already
been approved for use in humans in several countries and is considered by medical practitioners
to have an acceptable safety profile in the management of some disease states %, it would be an
excellent compound to investigate for the treatment of neuroinflammatory conditions as an
alternative to steroidal and non-steroidal anti-inflammatory drugs which have been declared to be

ineffective for treatment of AD 2310,
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Appendices
Appendix A: ELISA Assay Reagents

A. Phosphate Stock (200mM) —3.7g monobasic sodium phosphate, and 40.3g dibasic
sodium phosphate were dissolved in 500mL dH,O and stored at room temperature in
airtight bottle.

B. PBS-Tween — Dissolved 9g NaCl in 950mL dH,O (9g NaCl in 1L.=0.09%); added
50ml Phosphate Buffer and 0.5ml Tween-20 --- please check which tween.... Final
concentration of Tween 0.05% v/v. Stored at room temperature in airtight bottle.

C. Blocking Solution — Dissolve 1% (w/v) skim milk powder and 1% (w/v) bovine serum
albumin (BSA) in PBS.. Cover with adhesive tape and store at 4°C for up to 1 week.

D. Coating Buffer (0.1 M sodium bicarbonate (NaHCO3) buffer) —Dissolved
0.159¢/100mL Na;HCO3 and 0.293g NaHCOs in sterile water (pH corrected to 9.6).
Stored at room temperature in airtight bottle.

E. Substrate Buffer — Dissolved 101mg MgCl,x5H,0 (50mM) or 111mg of MgCl,x6H,0
in 800mL dH,0. When dissolved added 97mL diethanolamine and mixed thoroughly.
Adjusted pH to 9.8 with concentrated HCI. Added H,O to 1L, and stored in the dark at
4°C.
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Short Title: Novel Clinical Applications of Auranofin

Abstract

More than 30 years ago, auranofin was developed for the treatment of rheumatoid
arthritis as a substitution for the injectable gold compounds aurothiomalate and aurothioglucose.
Both the ease of oral administration over intramuscular injections and more potent anti-
inflammatory effects in vitro made auranofin seem like an excellent substitute for the traditional
injectable gold compounds. Despite efficacy in the treatment of both rheumatoid arthritis and

psoriasis, currently, auranofin is seldom used as a treatment for patients with rheumatoid arthritis
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as more novel anti-rheumatic medications have become available. Despite the decline in its
clinical applications, research on auranofin has continued as it shows promise in the treatment of
several different diseases. In recent years, advances in technology have allowed researchers to
use molecular techniques to identify novel mechanisms of action of auranofin. Additionally,
researchers are discovering potential new applications of auranofin. Dual inhibition of
inflammatory pathways and thiol redox enzymes by auranofin makes it a new candidate for
cancer therapy and treating microbial infections. This review will summarize recently obtained
data on the mechanisms of action of auranofin, and potential new applications of auranofin in the
treatment of various diseases, including several types of leukemia, carcinomas, and parasitic,

bacterial, and viral infections.
Keywords: Auranofin, anti-inflammatory, anti-tumor, anti-parasitic, anti-microbial
1. Introduction

Gold compounds have been used for medicinal purposes for centuries and records
indicate their use in China as early as 2500 B.C.E. *. More recently, in the early 20" century,
gold compounds were used to treat human and bovine tuberculosis after in vitro anti-tubercle

activity of gold cyanide was observed by bacteriologist Dr. Koch *#

. While gold compounds
were used to treat tuberculosis for several years, they were eventually discontinued as doctors
found that the gold compounds did not stop either bacterial growth or disease progression in
tuberculosis patients, but that instead they were effective at slowing the progression of
rheumatoid arthritis (RA) 3!, This observation led to the development of the current gold

treatments used in RA, including intramuscular injections of aurothiomalate and aurothioglucose.

The oral gold compound 2,3,4,6-tetra-0-acetyl-1-thio-R-D-glucopyrano-sato-S-(triethyl-
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phosphine) gold manufactured as auranofin (AF) was developed in the 1980s and quickly gained
popularity among researchers 232 Though AF initially showed promise as a treatment for
RA, it was eventually concluded that the intramuscular injections of gold drugs aurothiomalate

and aurothioglucose were more effective at treating RA symptoms %.

While the biological activity, especially the anti-inflammatory effect, of AF has been
studied in great detail, its in vivo metabolism and the potential role of active metabolites of this
gold drug still remain poorly understood. Figure 1A shows the structures of AF, which is used in
most in vivo and in vitro studies, however two of its metabolites could be responsible for at least
some of the in vivo effects of AF. Triethylphosphine gold (TP-gold) (Fig. 1B) is the metabolite
responsible for several of the reduction-oxidation (redox)-dependent effects of AF (Caroli et al .,
2012). Deacetylated AF (Fig. 1C) is another metabolite formed in the gastro-intestinal tract *24*%

and many in vitro studies do not take into account this first-pass metabolite, which is more

lipophilic than AF and could have biological activity that is different from the parent compound

126

Experimental evidence also indicates that the Au-S and Au-P bonds could break when
AF passes through the intestine during the absorption. However, this has not been established
conclusively since contrary to observations made by Walz et al . (1983), which showed a
complete dissociation of Au-S and Au-P in the intestine, Tepperman et al . (1984) suggested that
intact deacetylated AF passes through the intestine. Even though the metabolic fate of AF has not
been established conclusively, it is clear that the gold atom is necessary for the biological activity
of AF (McKeage et al ., 2000; Walz et al ., 1983). Establishing the exact nature of the bioactive
metabolite(s) of AF is important for designing in vitro assay systems that are representative of in

vivo conditions.
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While the precise mechanism of AF’s anti-inflammatory activity has not been
established, a range of effects of AF on peripheral inflammatory pathways have been well
documented "' AF affects the secretion of several cytokines, and there have been reports of
AF modulating the secretion of interleukin (IL)-8 and IL-6 from lipopolysaccharide (LPS)-
stimulated monocytes and macrophages “¢*°.  AF also modulates intracellular signaling
pathways, including activating mitogen activated protein kinases (MAPK), preventing nuclear
factor kappa-light-chain-enhancer of activated-B-cells (NF-xB) activation, and preventing the

53,57,58

induction of pro-inflammatory cytokines Several excellent reviews summarizing

mechanisms of action of AF in RA are available 2212,

More recently, AF has been investigated for treatment of disorders other than RA
73121128 AR s toxic towards parasites, leukemia cells, and carcinoma cells by inhibiting thiol-
redox enzymes such as thioredoxin reductase (TrxR) and glutathione thioredoxin reductase
(TGR) "*'?8_ The inhibition of redox enzymes by AF has also been implicated in disrupting
selenium (Se) synthesis in bacteria, accounting for the bactericidal activity of AF **’. Recently,
AF has shown promise in the treatment of human immunodeficiency virus (HIV) infection by
reducing viral load in infected memory T-cells **°. In addition to these effects, and perhaps more
interestingly, cytoprotective activities of AF have been observed including induction of heme-
oxygenase (HOX)-1 in cocaine-induced hepatic injury "®. This review will summarize current

research on the gold drug AF and its mechanisms of action in diseases other than RA.
2. Anti-Neoplastic Properties

2.1 Inflammation-associated anti-neoplastic activity
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AF inhibits several pro-inflammatory pathways and is therefore a potential candidate for
the treatment of cancer, or neoplasms *"***’. The balance between the anti-inflammatory and
cytotoxic activities of a compound can involve identical molecular pathways but with varying
degrees of induction ®. AF inhibits several distinct inflammatory pathways which could make it
an effective drug for cancer therapy. For example, AF inhibits NF-«xB activation, decreases
tumor necrosis factor (TNF)-a production and secretion, reduces signal transducer and activator
of transcription (STAT)-3 activation, supresses toll like receptor (TLR) signalling, and inhibits
angiogenesis *"°%°**" The aforementioned pathways have been implicated in tumor growth and

development as well as in the cytotoxicity of AF >,

TNF-a-induced activation of NF-kB and subsequent activation of NF-xB-dependent
pathways have been linked to neoplasm growth and development, or clonal evolution, via their
induction of several anti-apoptotic factors °*®. Cyclosporin A and tacrolimus, drugs currently
used in cancer therapy, block NF-«B activation by preventing NF-kB inhibitor (IxB)-a
degradation and blocking the translocation of c-Rel from the cytoplasm to the nucleus .
Similarly, AF inhibits activation of NF-kB by preventing the breakdown of IkB-a and IkB-f in
macrophages stimulated with LPS *’. Additionally, AF prevents nuclear translocation of NF-«xB
in macrophages by inhibiting IxB kinase (IKK) activation ***’. This inhibitory activity may be
through the suppression of TNF-o. . However, it appears that the activity of AF may be specific
to cell type, particularly with respect to TNF-a induction. Han et al . (2008) found that treating
LPS-stimulated RAW 264.7 macrophages with AF decreased expression and production of TNF-
a whereas Stern et al . (2005) found that treating LPS-stimulated human THP-1 promonocytic
cells with AF had no effect on TNF-a production **3. Because NF-kB activates oncogenes,

suppressing NF-kB activation is one strategy for the suppression of neoplasm clonal evolution *°,
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While the inhibition of TNF-a-dependent NF-«B activation by AF may be cell and stimulus
specific, AF blocks other pathways that activate NF-«B, including inhibiting IL-1p and IL-6

release and expression.

In cultured human monocytes and synoviocytes, AF inhibits release of IL-1p and
prevents NF-kB nuclear translocation ®*. AF has been shown to reduce IL-6 release and inhibit
IL-6-dependent activation of janus kinase (JAK)-1 and -2 *"*. Inhibiting JAK-1 and -2 prevents
phosphorylation of STAT-3 in multiple myeloma cell lines and AF-induced reduction in STAT-3
activity leads to decreased NF-«B activation *"*°. The combination of inhibition of STAT-3
signalling and inhibition of cellular release of TNF-a and IL-1 may contribute to the molecular
mechanisms responsible for the cytotoxicity of AF towards neoplasms *°. As NF-kB activation
occurs through many different pathways; including intrinsic activation via cytokines and
extrinsic activation through TLRs, targeting more than one pathway may yield more effective

inhibition of the development and clonal evolution of neoplasms ****°,

Not only do cancer and inflammation involve similar cytokines and pathways, they are
also linked in causation **. Several types of carcinomas; including ovarian, bladder and
colorectal, are associated with an inflammatory response, usually caused by an infection **°. For
example, bacteria and viruses can activate tumorigenic pathways in carcinomas >***°. One such
pathway involves TLRs which detect various pathogens. Specifically, TLR-4 signalling through
myeloid differentiation primary response gene 88 (MyD88) has been shown to increase the
growth of primary human ovarian carcinoma cells in vitro **'. AF has been shown to inhibit both
MyD88 and Toll/interleukin-1 receptor (TIR)-domain-containing adapter-inducing interferon-

B (TRIF) pathways of TLR-4 activation "®"*. The thiol moiety on AF binds the MD-2 region of

TLR-4, preventing its activation "*. By blocking both the TRIF and MyD88 pathways that lead to
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activation of NF-xB, AF could prevent the clonal evolution of neoplasms caused by TLR-4
activation. Recently, the activation of TLRs has been implicated in not only NF-xB driven clonal

evolution, but also in the angiogenesis associated with solid tumors °°.

Angiogenesis is a key factor in the clonal evolution of solid tumors as proliferating
neoplastic cells typically require a direct blood supply ®°. AF has been shown to directly inhibit
neovascularization, which would result in decreased blood supply to neoplasms ’. A molecular
basis for this activity could be inhibition of TLR-3 activation and signalling ®. Viral TLR-3
signalling through a TRIF-dependent pathway has been linked with the angiogenesis induced by
neoplastic cells ®. AF inhibits the phosphorylation and transcription of interferon regulatory
factor (IRF)-3 and prevents TRIF activation which would inhibit angiogenesis °®°. Therefore, by
inhibiting TLR-3 signalling and preventing angiogenesis, AF may be able to decrease the clonal

evolution of neoplasms.

The development and potentiation of neoplasms are linked with a number of
inflammatory pathways *°. By blocking several independent inflammatory pathways implicated
in neoplasm clonal evolution, AF shows promise as a candidate for cancer therapy including the
treatment of leukemia and ovarian carcinomas *"**!. In addition to its anti-inflammatory activity,

AF affects the redox status of cells which is another potential target in cancer therapy .
2.2. Anti-neoplastic activity and oxidative stress

Reactive oxygen species (ROS) have dual effects in cells: at low levels they act as
messengers turning signalling cascades on and off whereas at high levels they can induce
damage and apoptosis *2. ROS are known to induce changes and damage to DNA, such as strand

breaks and increased susceptibility to radiation, both of which can lead to the development of
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neoplastic cells *32*33. While low levels of ROS can lead to damage without inducing apoptosis,
thereby increasing the risk of developing neoplasms, high levels of ROS can lead to apoptosis of
aberrant cells and neoplastic cells in particular, as many types of neoplasms are susceptible to
oxidative damage "*. AF has been shown to induce apoptosis in several neoplastic cell lines

through oxidative damage and modifications of cellular redox status *®"*"*.

AF increases the production of ROS in both neoplastic cell lines and cultured human
carcinomas; AF-induced production of ROS has been linked to its cytotoxic effects as several
types of leukemia and carcinoma are more susceptible to oxidative damage than normal cells
°8.72.78.134-136 5 acute promyelocytic leukemia (APL) NB4 cells, low concentrations of AF have
been shown to induce caspase-3-dependent apoptosis, which can be reversed by the addition of
an antioxidant "2. In another APL model, HL-60 cells, AF causes the activation of caspase-3,
caspase-8 and caspase-9, and causes the release of cytochrome c, leading to apoptosis *°. The
same study found that p38 MAPK was activated in HL-60 cells treated with AF and that
treatment with an antioxidant rescued these cells from AF-induced apoptosis *%. While these
results initially seemed promising, conflicting data obtained by Omata et al . (2006)
demonstrated that the cytotoxic activity of AF was not dependent upon ROS. AF-induced
production of ROS in THP-1 leukemia cells did not correlate with the timing of cell death and it
was concluded that the inhibition of mitochondrial enzymes was responsible for the pro-

apoptotic activity of AF =",

One effect shared by several of the gold compounds used in the treatment of RA is the
inhibition of the thioredoxin reductase (TrxR) enzyme in mitochondria and in the cytosol ”.
Gold-induced inhibition of TrxR in Jurkat T lymphoma and U937 leukemia cells causes

oxidative stress including peroxiredoxin (Per) 3 oxidation ">"*. Per3 oxidation prevents the
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breakdown of H,O, in the mitochondria, resulting in oxidative damage as H,O, accumulates in
cells **. The inhibition of TrxR and Per3 oxidation is followed by Bax/Bak-dependent apoptosis
in both Jurkat T lymphoma and U937 leukemia cells “*. An additional effect of TrxR inhibition is
disruption of selenoprotein synthesis, as TrxR is essential for Se metabolism "®.  AF inhibits both
Se metabolism and selenoprotein synthesis, and this effect is thought to be responsible for some
of the cytotoxic properties of AF as neoplastic cells are susceptible to oxidative stress and
disruption of DNA synthesis “°. The downstream effects of the inhibition of TrxR by AF are
outlined in Figure 2. In addition to the inhibition of TrxR, AF reduces the expression of
glutathione peroxidase (Gtx)-3, another selenoenzyme. This dual inhibition of TrxR and Gtx3
could significantly reduce the ability of malignant cells to withstand oxidative stress and

replicate their genetic material **.

In summary, AF inhibits many pathways that are critical to the development and
progression of neoplasms, and these molecular effects are summarized in Table 1. By targeting
several independent pathways; including NF-kB activation, ROS induction of apoptosis, and Se-
dependent DNA synthesis, AF could be effective in inhibiting the clonal evolution of a broad
range of neoplasms including ovarian carcinomas and several types of leukemia °”®. It has been
shown that AF is cytotoxic towards several different types of neoplastic cells in vitro, including
ovarian, multiple myeloma, and promyelocytic leukemia cells ***®*%*, The cytotoxic activity of
AF along with its relatively safe profile in patients * warrant further investigations into AF as a
drug that could potentially be used in cancer therapy. To date, a phase 2 clinical trial
investigating AF for the treatment of chronic lymphocytic leukemia is recruiting patients

(clinicaltrials.gov).

3. Anti-Parasitic Activity of AF
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Anti-parasitic activity of AF has been demonstrated and much of the current research on
AF is investigating the potential mechanisms of this activity ***°. This research is important as
many parasitic infections have limited treatment options and the treatments that are available are
often expensive and have unpleasant side effects **'™*%. Parasitic infections are rampant in
developing countries, and despite having serious adverse effects on human populations they
remain poorly understood and under-researched **2. Therefore, the development of therapeutics

such as AF which are both affordable and safe is necessary.

Several human parasites spend a portion of their lives in the blood stream and are
therefore exposed to high levels of ROS %%, As such, parasites have evolved specific
enzymes that enable them to maintain redox balance; these enzymes are good targets for the
treatment of parasitic infections as they are necessary for parasite survival and are often
organism specific *°**#, Additionally, parasites usually have either TrxR or thioredoxin
glutathione reductase (TGR) alone to maintain thiol redox balance whereas mammals have two
independent pathways involving TrxR or glutathione reductase (GR) '°. As mentioned
previously, AF inhibits thiol redox enzymes and increases intracellular H,O, (as shown in Figure

2); this activity could potentially make AF an effective treatment for parasitic infections.

Infection with Plasmodium falciparum causes a severe form of malaria often resulting in
neurological damage or death in infected children **3. Sannella et al . (2008) investigated AF for
its toxicity towards P. falciparum in vitro and found that 1-10 uM AF killed adult and larval
parasites. This toxicity was attributed to inhibition of the TrxR enzyme, although this was not
confirmed experimentally ‘2. A recent study by Caroli et al . (2012) demonstrated that a ligand
of AF, TP-gold, bound to and inhibited the TrxR enzyme of P. falciparum, and it was this action

that was likely responsible for the toxicity of AF towards these parasites. The inhibition of TrxR
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is also thought to be the mechanism responsible for the toxicity of AF towards Entamoeba
histolytica *°. E. histolytica causes amoebiasis and is a leading cause of death worldwide ***. AF
has been shown to kill E. histolytica in vitro. In fact, in comparison to metronidazole, the drug
currently used to treat amoebiasis, AF was found to be ten times more effective at killing the
parasites *°. AF decreased not only the host parasite load, but also the damaging host
inflammatory response, and the liver injury caused by E. histolytica infection. This activity was
confirmed in vivo using a mouse model of amoebic colitis and a hamster model of amoebic liver
abscess *°. Similarly, AF has shown promise in the treatment of Schistosoma mansoni, the
platyhelminthe responsible for schistosomiasis. Kuntz et al . (2007) demonstrated that 5 uM AF
kills 100% of S. mansoni parasites in vitro and that treating mice with AF Kills 60% of adult
schistosomes. Angelucci et al . (2008) confirmed that the TP-gold ligand of AF inhibits TGR, the
sole enzyme responsible for thiol redox balance in S. mansoni. Additionally, other
platyhelminthes possessing the TGR enzyme are susceptible to AF. In vitro studies investigating
Echinococcus granulosus *?° and Taenia crassiceps *** found that treating larvae with 5 and 10

uM AF, respectively, results in 100% mortality of parasites.

Developing novel drugs is an expensive and lengthy process; therefore, utilizing
medications that are currently clinically available, such as AF, and which have their patents
released, is an effective way to keep the cost of treatments low. This has been seen with the food
and drug administration recently giving AF orphan-drug status; the low cost of manufacturing
and the potential of treating amoebiasis with AF makes it a priority for research despite minimal
financial gains for pharmaceutical companies **. In the future, AF may become a mainstream
defense against human parasites and could help alleviate some of the economic burden of these

diseases in developing countries.
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4. Anti-bacterial activity of AF

Gold complexes became popular in western medicine in the early 1900’s due to
observations by bacteriologist Dr. Robert Koch that gold cyanide was bactericidal against the
tubercle bacilli in vitro. These observations led scientists to study various gold compounds as
agents for the treatment of tuberculosis *. The anti-tuberculoid activity of the injectable gold
compounds was eventually ruled out as patients with tuberculosis receiving gold therapy did not
respond to treatment; however, current research indicates that AF may be active against other

bacteria such as Clostridium difficile and Treponema denticola 414,

C. difficile is a human pathogen and is recognized as the leading cause of diarrhea in
health care settings **”. Virulent strains of C. difficile are becoming more common and leading to
more severe symptoms such as toxic mega colon, septic shock, higher fatality rates, and poor
responses to metronidazole **’. As C. difficile is becoming more common, less treatable, and
more virulent, novel therapeutic approaches are needed **>**’. C. difficile utilizes selenoproteins
for energy; therefore AF, which is known to inhibit Se processing, completely inhibits the
growth of C. difficile in vitro **°. Similarly, AF inhibits the growth of T. denticola, the bacteria
responsible for periodontitis, in a Se-dependent manner **°**8. By inhibiting selenoprotein
synthesis in certain strains of pathological bacteria, AF shows promise as a novel antibacterial
agent.

In addition to the bactericidal activity of AF, it has also been shown to have anti-toxin
activity '2’. AF decreases the toxicity of the anthrax lethal-toxin produced by Bacillus anthracis
which is responsible for the anthrax disease **"**°. Newman et al . (2011) demonstrated that
treatment with AF prevented the toxicity of anthrax lethal-toxin in murine macrophages and rats

by inhibiting caspase-1 enzymatic activity. In addition to this anti-toxic effect, AF inhibited the
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nucleotide-binding oligomerization domain containing proteins (NOD)-like receptor protein
(NLRP) 1B and NLRP3 inflammasomes which contribute to the negative host inflammatory
response to anthrax lethal-toxin *2". This suggests that AF may be anti-toxic through modulating
inflammasomes. Due to its bactericidal and anti-toxic effects AF may be effective across a wide
range of organisms and diseases separate from RA.
5. Anti-Viral activity of AF

AF has been shown to decrease the viral load in HIV-infected cells and increase the
memory T cell count in patients infected with human immunodeficiency virus (HIV)-1. Due to
these activities, AF is being studied as a novel therapeutic approach for the treatment of acquired
immune deficiency syndrome (AIDS) *2°**° 1n 2009, 33.3 million people worldwide were
infected with HIV and 1.8 million people died from AIDS ***. HIV infects both immune cells
and lymphoid organs, ultimately leading to deterioration of the host immune system **%. The
current treatment for HIV involves anti-retroviral therapy which prevents replication of the virus
and has led to a significant decline in HIV-associated mortality **. Unfortunately, anti-retroviral
therapy often has severe side effects and does nothing to eliminate the viral reservoir in patients.
Thus, the key to curing HIV would need to include eradicating the virus from the body **. The
persistence of HIV in treated patients is partially due to the infection of short-term memory
CD4" T cells with pro-viruses capable of replication ***. AF has been shown to reduce the viral
reservoir in HIV- infected human CD4" T cells ex vivo and to decrease the viral load in simian
immunodeficiency virus (SIV)-infected rhesus monkeys *?°. This study also demonstrated that, in
combination with anti-retroviral therapy, AF significantly decreased the amount of viral DNA by
promoting differentiation and death of CD4" T cells. This effect was not due to general immune

suppression as CD8" T cell count actually increased during AF therapy *#. In HIV-infected
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human CD4" T cells, treatment with AF resulted in cell differentiation from long-lived to short-
lived phenotype and eventual apoptosis which would help in the eradication of HIV proviruses

129

from the body

In untreated patients, HIV causes a decrease in the number of CD4" T cells by inhibiting
lymphoblastogenesis, and this low CD4" T cell count is often an indication of the severity of the
disease and is correlated with poor survival outcomes *°*>*. The first report indicating that AF
may be useful in the treatment of HIV was by Shapiro and Masci (1996), who reported that in an
HIV- infected patient treated with AF for psoriatic arthritis, the psoriatic arthritis symptoms
improved but remarkably the patient’s CD4" T cell count increased as well. As the natural
progression of HIV results in decreased CD4" T cells, it was assumed that AF had caused the
HIV virus to go into remission **°. These data indicate that AF may be helpful in the treatment of
HIV in combination with current anti-retroviral agents by reducing the HIV reservoir in infected

patients and possibly by causing the virus to go into remission.

6. Cytoprotective effects of AF

It has been well documented that AF is toxic towards a wide variety of cell types and
organisms, but its other effects of interest include the cytoprotective mechanism of action of AF
observed in a number of different cells and model systems. Under inflammatory conditions, such
as RA, an ideal treatment would involve stopping or slowing deleterious pro-inflammatory
responses while stimulating innate protective mechanisms *. Inflammation can be beneficial,
and treatments designed to decrease all inflammatory responses without stimulating protective

mechanisms have yielded suboptimal results. For example, negative outcomes were observed
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when multiple sclerosis patients were treated with TNF-a inhibitors as some inflammatory
mechanisms are involved in the healing process **’”. Along with inhibiting pro-inflammatory
pathways, AF induces several protective molecules, which may make AF a good candidate for

the treatment of inflammatory conditions "®".

Matrix metalloproteinase (MMP)-1 is an enzyme that helps in wound repair by degrading
collagen 2°. MMP-1 has been shown to contribute to inflammation by augmenting monocyte
chemotactic protein (MCP)-1signalling, inducing the processing of stromal cell derived factor
(SDF)-1 into a potentially neurotoxic form, and enhancing the processing of pro-TNF-a into
active TNF-a 2. Due to its activity on collagen, MMP-1 has been implicated in the tissue
destruction common in RA . Tissue inhibitor of matrix metalloproteinase (TIMP)-1 is
responsible for controlling MMP-1 enzymatic activity; TIMP-1 binds to and inactivates MMP-1
" Upregulation or stabilization of TIMP-1 could be protective in MMP-1-associated destructive
inflammation. TIMP-1 is susceptible to oxidative inactivation by hypochlorous acid (HOCI), a
by-product of the neutrophil respiratory burst; therefore, during chronic inflammation the
protective activity of TIMP-1 may be lost 8. Shabani et al . (1998) demonstrated that AF,
aurothiomalate, and aurothioglucose prevented the oxidative inactivation of TIMP-1. In this way,
by preserving the protective activity of TIMP-1, AF may prevent tissue destruction by MMP-1

without impairing inflammatory processes.

Another cytoprotective molecule induced by AF is HOX-1 "®. HOX-1 catabolizes the
heme molecule into carbon monoxide (CO), biliverdin, and free iron 2. Additionally, HOX-1 has
anti-inflammatory activity, as evidenced by observations that transgenic mice without HOX-1
develop chronic inflammation and the only human known to be born without HOX-1 enzymatic

activity died of inflammation-related processes %*. Induction of HOX-1 has been implicated in
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the protective activities of several molecules including IL-10, rapamycin, and heat shock
proteins, and in the anti-inflammatory activity of alcohol ®. AF induces HOX-1 expression by
increasing levels of nuclear factor erythroid 2-related factor 2 (Nrf2) through the activation of
Ras-related C3 botulinum toxin substrate 1 (Rac1) *. The induction of HOX-1 has been linked
with the beneficial effects of AF, including its ability to protect against cocaine-induced hepatic
injury in vivo and to protect neurons from damage caused by toxic glial supernatants and

hydrogen peroxide (Ashino et al ., 2011; Madeira et al ., unpublished observations).

Ashino et al . (2011) found that AF was able to induce HOX-1 expression in mouse and
human hepatocytes in vitro. Additionally, treating mice with AF before exposure to cocaine
significantly upregulated HOX-1 in the liver and protected mice from liver damage ®. Research
in our laboratory showed that AF induced HOX-1 expression in the human SH-SY5Y
neuroblastoma cells and that treating these cells with AF protected them from the otherwise
detrimental effects of exposure to toxic supernatants from stimulated glial cells as well as
hydrogen peroxide (unpublished data). The effects of AF on the central nervous system cells
have not been explored in detail yet, but our data suggest that AF may have potential in treating

degenerative diseases associated with neuroinflammation and neuronal loss.

The balance between anti-inflammatory and protective activities of AF makes it a good
candidate for the treatment of several diseases associated with inflammation and tissue damage
87 The potential cytoprotective effects of AF are particularly exciting as many of the currently
available anti-inflammatory treatments stop inflammation without inducing protective
mechanisms that enhance recovery *°. By inducing several protective pathways, AF has the
potential to be part of a new therapeutic approach aimed at achieving a balanced inflammatory

response >°.
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7. Conclusion

Though it has been studied for over 30 years, researchers continue to find novel
applications for, and mechanisms of action of, AF. Studies on the anti-tumor, anti-parasitic and
anti-microbial activities of AF have led to a phase Il clinical trial for AF in the treatment of
chronic lymphocytic leukemia and reclassification of AF as an ‘orphan drug’ to promote its use
as a treatment for parasitic infections (clinicaltrials.gov; Debnath et al ., 2012). Recent
identification of novel mechanisms of action combined with an acceptable clinical safety profile
of AF, may lead to renaissance of this gold compound in the treatment of inflammatory arthritis
1% AF is an interesting compound with many complex activities and a variety of known and as-
of-yet unknown applications. AF and its ligands’ selective biological actions demonstrate that
this gold complex is an excellent tool in the broad spectrum of inflammation and tumour
research. As described, AF may have a variety of potentially very useful clinical applications in

disease states which to date have been extremely difficult to manage.
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Fig. 2. The molecular pathways affected by AF through inhibition of thioredoxin reductase. AF
prevents the conversion of oxidized thioredoxin to reduced thioredoxin by inhibiting the enzyme
that catalyzes this reaction, thioredoxin reductase. Reduced thioredoxin affects several cellular
pathways including: acting as a substrate for redox enzymes such as peroxidases and
ribonucleases, and acting as a regulatory factor for DNA transcription and gene activation. The

thioredoxin-dependent effects implicated in the cytotoxicity of AF are outlined in the text.
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Abstract

Degenerative diseases of the central nervous system are characterized by chronic inflammation;
reducing neuroinflammation may diminish the observed neuronal loss. Gold thiol compounds,
including aurothiomalate, aurothioglucose and auranofin reduce peripheral inflammation in
rheumatoid arthritis patients, but their effects on neuroinflammation are unknown. We
demonstrate that auranofin (0.1 — 5 puM) unlike other gold compounds inhibits human astrocytic
cell toxicity towards neuronal cells. In addition, it directly protects neuronal cells from toxicity
induced by hydrogen peroxide or toxic astrocyte supernatants through the upregulation of heme-
oxygenase (HOX)-1. Mass spectrometry indicates that auranofin may reach low micromolar

concentrations in mouse brain following oral administration.

Key Words

Brain, anti-inflammatory, neuroinflammation, heme oxygenase, neurotoxicity,

neurodegenerative diseases
Introduction

Accumulating data indicate that inflammation in the central nervous system (CNS)
contributes to several neurological impairments including Alzheimer’s and Parkinson’s diseases
85 As there are currently no effective treatments directed at preventing or stopping this
inflammation, research into novel therapeutics is warranted. Neuroinflammation is driven by two
glial cell types: microglia and astrocytes ***°°; therefore, these cells could be targets in the
treatment of neuroinflammation *. In an inflammatory state, the increased secretion of toxins and
inflammatory mediators as well as the deficiency in neurotrophic factors could harm neurons
surrounding glial cells **. By decreasing the release of neurotoxins from glia or increasing their
release of neurotrophic factors, some of the neuronal loss caused by neuroinflammation could

potentially be reduced.

For hundreds of years, humans have used gold compounds for medicinal purposes *°. In the
early 20" century, gold compounds including gold sodium thiomalate and gold cyanide were
used in the treatment of tuberculosis due to their anti-tuberculoid activity in vitro **. It was later
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noted that gold compounds effectively slowed rheumatoid arthritis (RA) in some patients. This
led to the development of the current gold treatments used in RA, including intramuscular
injections of aurothiomalate (ATM) and aurothioglucose (ATG) as well as the oral gold
compound 2,3,4,6-tetra-o0-acetyl-I-thio-3-D-glucopyrano-sato-S-(triethyl-phosphine) gold

manufactured as auranofin (AF) 23123,

While the exact mechanisms of AF’s anti-inflammatory activity have not been
established conclusively, a range of different effects of AF on peripheral immune cell functions
has been documented *"*. AF affects the secretion of several cytokines including increasing the
secretion of interleukin (IL)-8 from lipopolysaccharide (LPS) stimulated human promonocytic
THP-1 cells while selectively reducing IL-6 secretion. AF also reduces IL-6 dependent
activation of janus kinase (JAK1 and JAK2) and subsequent phosphorylation of signal transducer
and activator of transcription 3 (STAT-3) *"***°, The anti-inflammatory activity of AF has been
partially attributed to its effects on cyclooxygenase (COX) dependent prostaglandin (PGEy)
production **. AF has been shown to differentially affect PGE; production by stimulating COX-1
dependent PGE, production while reducing COX-2 dependent PGE, production **. AF has also
been shown to induce the anti-inflammatory enzyme heme-oxygenase (HOX)-1 in THP-1 cells
“8_Several other inflammatory pathways are modulated by AF and could contribute to its anti-
inflammatory activity, including activation of mitogen activated protein kinases (MAPK),
prevention of nuclear factor NFkB activation, and prevention of the induction of IL-1p >*°"°%,
Although their anti-inflammatory effects in the periphery are well known, the effects of gold
compounds on neuroinflammation and in the CNS in general have yet to be determined. The lack
of research in this area may be due to previous studies showing that gold compounds do not
distribute well into the brain *.

Our current study investigated the effects of the gold compounds as inhibitors of human
astrocyte-mediated neuroinflammation 2. We investigated three of the clinically available gold
compounds: ATM, ATG and AF, along with aurothiosulphate (ATS), a monovalent gold thiol

d 7 and shown to be ineffective as an anti-

compound similar to the other gold compounds teste
inflammatory drug. All compounds were tested for their direct toxicity and for their ability to
reduce the cytotoxic secretions produced by activated human astrocytic cells. We also

investigated the ability of the gold compounds to protect neurons from the toxicity induced by
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supernatants from stimulated astrocytic cells as well as from the oxidative damage induced by
hydrogen peroxide. Of the four gold compounds tested, only AF exhibited neuroprotective and
also anti-neurotoxic activity by inhibiting secretion of toxins by astrocytic cells. Effects of AF on
the secretion and expression of several cytokines including IL-6, IL-8, and monocyte
chemotactic protein (MCP)-1 along with the expression of heme-oxygenase (HOX)-1 were also
studied. The in vivo distribution of AF after its oral administration in mice was investigated using
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) to assess the gold
concentration achieved in the brain and several other tissues. This technique has previously been

used to detect platinum-containing drugs in animal tissues “°.

Materials and methods
2.1. Reagents

AF was obtained from Cedarlane Canada (Burlington, ON, Canada) and the control salt
ATS was obtained from VWR International (Mississauga, ON, Canada). The following
substances were used in the various assays and were obtained from Sigma-Aldrich (Oakville,
ON, Canada): ATM, ATG, dimethyl sulfoxide (DMSO), sulforhodamine B (SRB), Triton X-100,
and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide). Human recombinant
interferon (IFN)-[1, human recombinant IL-1f3, and anti-human IL-6 and IL-8 antibodies and
recombinant protein standards used in the IL-6 and IL-8 enzyme linked immunoabsorbent assays
(ELISA) were purchased from Peprotech (Rocky Hill, NJ, USA).

2.2. Cell culture

The human astrocytic U-118 MG and U-373 MG cells were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). The human neuroblastoma SH-SY5Y
cell line was a gift from Dr. R. Ross, Fordham University, NY. Human primary astrocytes were
obtained from epileptic patients undergoing temporal lobe surgery. The specimens were from
normal tissue overlying the epileptic foci. The use of human brain materials was approved by the
Clinical Screening Committee for Human Subjects of the University of British Columbia (UBC).
Astrocytes were isolated following protocols described by Hashioka et al . %2. All cells were
grown in Dulbecco’s modified Eagle’s medium-nutrient mixture F12 ham (DMEM-F12)
supplemented with 10% fetal bovine serum (FBS) and an antibiotic solution (100 U/ml
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penicillin, 100 pg/ml streptomycin) supplied by Thermo Scientific HyClone (Logan, UT, USA).
The cell lines were used without differentiation.

2.3. Effects of gold compounds on U-118 MG, U-373 MG cell and human astrocyte viability and
on IL-6 and IL-8 secretion by U-118 MG astrocytoma cells.

Human astrocytic U-118 MG and U-373 MG cells were seeded onto 24-well plates at a
concentration of 2 x 10° cells/ml in 0.9 ml of DMEM-F12 containing 5% FBS and were
incubated for 24 h before use in experiments to allow the cells to adhere. Human astrocytes were
plated onto 6-well plates at 2.5 x 10° cells/ml in 2 ml DMEM-F12 containing 5% FBS. The
media was replaced following 24 h incubation. Cells were incubated in the presence or absence
of various compounds or their vehicle solution (DMSO) for 15 min prior to addition of the
activating stimulus (150 U/ml IFN-y for U-373 MG cells and human astrocytes or 150 U/ml
IFN- v plus 100 U/ml IL-1f for U-118 MG cells). The final concentration of DMSO in cell
culture medium did not exceed 0.13%; at this concentration DMSO did not affect cell viability or
function. Evaluation of the surviving cells after 48 h incubation was performed using the MTT
assay. The concentrations of IL-6 and IL-8 (ng/ml) in 0.1 ml of U-118 MG cell supernatants
were measured by ELISA according to the protocol provided by the supplier of the antibodies
(Peprotech).

2.4. Cytotoxicity of supernatants from U-118 MG, U-373 MG cells and human astrocytes toward
SH-SY5Y neuronal cells

The experiments were performed as previously described ** . Briefly, U-118 MG, U-
373 MG and human astrocytes were seeded into 24- or 6-well plates and stimulated in the
presence or absence of various compounds as described above. After 24 h or 48 h incubation,
0.4 ml of cell-free supernatant was transferred to each well containing SH-SY5Y cells that had
been plated 24 h earlier at a concentration of 2 x 10° cells/ml in 0.4 ml of DMEM-F12 medium
containing 5% FBS. After 72 h incubation, neuronal cell viability was assessed by the MTT and
SRB assays. SH-SY5Y cells in culture were also observed with an inverted phase contrast
microscope (Motic, Richmond, BC, Canada) and photographed using Motic 3000 digital camera.
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2.5. Protective activity of gold compounds on SH-SY5Y neuronal cells

SH-SY5Y cells were plated at 2 x 10° cells/ml in 0.4 ml of DMEM-F12 medium
containing 5% FBS. Following 24 h incubation, media was removed and replaced with fresh.
Cells were treated with AF or its vehicle solution (DMSO) for 15 min prior to addition of 0.5
mM hydrogen peroxide. After additional 24 h incubation, the survival of neuronal cells was
evaluated by the MTT assay.

In another series of experiments, supernatants from stimulated U-373 MG cells were used
to induce neuronal cell death. U-373 MG cells were first plated at 2 x 10° cells/ml in 15 ml of
DMEM-F12 containing 5% FBS. Following 24 h incubation, media was removed and replaced
with fresh media prior to the addition of the activating stimulus (150 U/ml IFN- y). Following an
additional 48 h incubation, 0.2 ml of cell-free supernatant and 0.2 ml of fresh media was
transferred to each well containing SH-SY5Y cells. Immediately after transfer of supernatants,
SH-SY5Y cells were treated with the various gold compounds or their vehicle solution (DMSO).
Following 72 h incubation, the survival of neuronal cells was measured by the MTT assay.
Direct effects of AF on neuronal cell viability were assessed by treating SH-SY5Y cells with AF
or its vehicle solution (DMSO) for 72 h and evaluating survival of neuronal cells by the MTT

assay.
2.6. Cell viability assay: Reduction of formazan dye (MTT)

The MTT assay was performed as previously described *°3*°. This assay is based on the
ability of viable, but not dead, cells to convert the tetrazolium salt MTT to coloured formazan.
The viability of cell cultures was determined by adding MTT to reach a final concentration of 0.5
mg/ml. Following a 1-2 h incubation at 37°C, the dark crystals which had formed were dissolved
by adding an equal volume of SDS/DMF (20% sodium dodecyl sulphate, 50% N,N-dimethyl
formamide, pH 4.7) to each well. The plates were then incubated at 37°C for 3 h. Optical
densities were measured at 570 nm using a microplate reader after transferring 0.1 ml aliquots to
96-well plates. The viable cell value was calculated as a percent of the value obtained from cells
incubated with fresh medium only.
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2.7. Cell viability assay: Sulforhodamine B (SRB) Colorimetric Assay

The SRB assay was performed as previously described by Skehan et al . **°. This assay
is based on measuring total cellular protein. Briefly, supernatants from cell cultures were
aspirated and 0.25 ml of 10% trichloroacetic acid: phosphate buffered saline (PBS) solution was
added to each well followed by 1 h incubation at 4'C. Wells were aspirated and washed 4 times
with H20. 0.2 ml of 0.4% (w/v) SRB in 1% acetic acid was added to each well and plates were
incubated for 10 min at room temperature. Plates were aspirated and washed 4 times with 1%
acetic acid followed by addition of 0.2 ml of 10 mM Tris base solution (pH 10.5) to each well
and plates were incubated for 30 min at room temperature. Optical densities were measured at
492 nm and 620nm using a microplate reader after transferring 0.1 ml aliquots to 96-well plates.
The cell viability was calculated as a percent of the value obtained from cells incubated with

fresh medium only.
2.8. RT-gPCR

U-373 MG cells were plated at 2 x10° cells/ml in 2 ml in 6-well plates and were either
left unstimulated (DMSO vehicle control), treated with 1 uM AF, stimulated with 150 U/ml IFN-
vy in the presence of DMSO vehicle control, or treated with 1 pM AF before stimulation with
IFN-y. Primary human astrocytes were plated at 2.5 x10° cells/ml and were treated as described
for U-373 MG cells above with the exception that AF was added at 0.1 uM. SH-SY5Y cells were
plated at 2 x10° cells/ml in 2 ml in 6-well plates and were either left unstimulated (DMSO
vehicle control), treated with 0.5 uM AF, stimulated with 0.5 mM H,O; in the presence of
DMSO vehicle control, or treated with 0.5 uM AF before stimulation with 0.5 mM H,0,. mMRNA
was isolated from cells following 24 h incubation using the Aurum RNA extraction kit according
to the manufacturer’s instructions (Bio-Rad laboratories, Ltd., Mississauga, ON, Canada). The
RNA was quantified by spectrophotometric analysis at 260/280nm using a NanoDrop 1000
(Thermo Scientific, Wilmington, DE) and converted to template cDNA using the gScript cDNA
synthesis Kit according to the manufacturer’s protocols (Quanta Biosciences, Gaithersburg, MD).
Primers with previously published sequences for IL-6, IL-8, MCP-1, HOX-1 and B-actin ‘662
were obtained from Integrated DNA Technologies (Vancouver, BC, Canada). The primers were
checked for specificity using National Center for Biotechnology Information (NCBI) primer
Basic Local Alignment Search Tool (BLAST) and were tested for optimal annealing
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temperatures, primer dimer formation, and efficiency before being used in experiments as per
minimum information for publication of quantitative real-time PCR experiments (MIQE)
guidelines %. Quantitative PCR reactions were performed as previously described *°%. Expression
of IL-6, IL-8, MCP-1 and HOX-1 in stimulated and AF-treated cells was normalized to the
reference gene beta-actin and then compared to the mRNA found in unstimulated, DMSO
vehicle-treated control cells, which were set to a value of one. Relative expression values were
calculated using GeneExMacro OM 3.0 software (Bio-Rad) and the results shown as means +
standard error of the mean (SEM).

2.9. Treatment of mice with AF and tissue preparation for LA-ICP-MS

Eight-week-old female C57BL/6 mice obtained from Jackson Laboratories (Bar Harbor,
ME) were maintained at the UBC Center for Disease Modelling, VVancouver in sterilized, filter-
topped cages in a temperature-controlled (22 + 2 °C) facility with a 12 h light-dark cycle. Mice
were maintained under pathogen-free conditions and fed a standard sterile chow (Laboratory
Rodent Diet 5001, Purina Mills, St. Louis, MO) with access to tap water ad libitum throughout
the experiments. All procedures involving the care and handling of mice were approved by the
UBC Committee on Animal Care Ethics under the guidelines of the Canadian Council on the
Use of Laboratory Animals. Three mice were administered 0.1 ml of 2 mg/kg AF dissolved in
10% ethanol once daily for 7 days by oral gavage while control mice were administered 10%
ethanol solution only. Mice were euthanized at day 7 and the liver, spleen, kidneys, duodenum,
lungs, and brain of each mouse were harvested, rinsed in PBS and stored frozen at -20°C. Small
sections of frozen tissue were placed on a glass slide then homogenized by cutting repeatedly
with a razor blade. The mass of the homogenized tissue was measured and 5 ppm platinum in 5%
HNO; in PBS was added 1:1 (w/v). Each tissue/platinum sample was then vortexed and
sonicated for 30 s. One pl of fully homogenized tissue/platinum suspension was pipetted on a
glass slide with three replicate spots per tissue per experimental animal. Standards with known
AF concentrations were also prepared by adding aliquots of serial dilutions of AF solutions to
homogenized control tissues. The spots were allowed to dry for 24 h before being analyzed via
LA-ICP-MS. The calibration curves for gold measured with the standards yielded correlation
factors R? between 0.9662 - 0.9995.

157



2.10. LA-ICP-MS

A procedure similar to the previously described method used to measure distribution of
platinum drug cisplatin in kidneys “® was developed for use with AF. Murine tissues were ablated
using an Analyte 193 argon-fluoride laser (Photon Machines Inc., Redmond, WA). Aerosols
generated were transported by 600 ml/min He flow to an Element XR sector field ICP-MS
(Thermo Scientific) for gold analysis. The wavelength of the laser was 193 nm (deep UV) and it
was fired at 10 pulses/s focused to 148 um spot diameter, 50% power equivalent to 3.63 joules
cm™ and scanned across samples at a speed of 370 pm/s. Counts for isotopes ***Pt, **°Pt
and **"Au were acquired for 18 s in low mass resolution, 1 sample per peak, 0.01 s dwell time, in
speed mode. Blank data were acquired before sampling each standard or sample in the manner
described above, except that the laser was not fired. Signal counts for **’ Au were normalized to
the ***Pt counts before blank subtraction.

2.11. Statistical analysis

Due to considerable variability in the absolute values obtained from independent experiments
performed on different days, randomized block design Analysis of Variance (ANOVA) was
used, followed by Fisher’s least significant difference (LSD) post hoc test. For RT-qPCR
experiments, a one-way ANOVA was performed on Ct values with Fisher’s LSD as a post hoc
test. Data are presented as means + SEM or standard deviation (SD). A P value less than 0.05
was considered statistically significant.

Results

3.1. Effects of gold compounds on U-373 MG and U-118 MG astrocytic cell viability,
cytotoxicity and cytokine secretion

Four gold compounds were tested for their ability to inhibit human astrocytic cell toxicity
towards human neuronal SH-SY5Y cells. Compounds were tested at concentrations ranging from
0.5-5 uM and results were compared to those obtained from samples treated with DMSO vehicle
solution only. At the concentrations used (<0.13%, v/v), DMSO alone had no detectable effects
in the assays used (data not shown). The compounds were added to U-373 MG cells 15 min
before stimulation with IFN-y. Following 48 h incubation, viability of U-373 cells was assessed
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by the MTT assay (Fig.1A). ATS was moderately toxic to U-373 MG cells at 0.5 uM. AF, ATM,
and ATG were not toxic to stimulated U-373 MG cells at the concentrations tested.

Cell-free supernatants from the U-373 MG astrocytic cell cultures were transferred to
SH-SY5Y neuroblastoma cells to assess their cytotoxicity. Following a 72 h incubation period,
the viability of neuronal cells was measured using the MTT assay (Fig. 1B). Supernatants from
unstimulated U-373 MG cells did not significantly affect the viability of SH-SY5Y cells (see
dashed line on Fig. 1B). As reported previously *, transfer of cell-free supernatants from
stimulated U-373 MG cells to SH-SY5Y cells resulted in significantly reduced neuronal cell
viability (Fig. 1B). IFN-y was used to achieve maximal stimulation of cells %. Fig. 1B illustrates
that ATM, ATG, and ATS did not have any anti-neurotoxic activity while AF inhibited the
toxicity of stimulated U-373 MG supernatants at the 1 — 5 puM range (ICso = 1 uM). The anti-
neurotoxic activity of AF was not due to its toxicity towards astrocytic cells but was most likely
due to specific inhibition of the U-373MG cytotoxic secretions. SRB assay was used to confirm
SH-SY5Y and U-373 MG cell viability data obtained by the MTT assay and it yielded similar
results (data not shown).

Phase contrast microscopy images were also taken of SH-SY5Y cells after incubation
with U-373 MG cell supernatants. Fig. 2B illustrates the density and morphology of SH-SY5Y
cells incubated with unstimulated supernatant, Fig. 2C illustrates SH-SY5Y cells after incubation
with stimulated supernatant and DMSO vehicle control, and Fig. 2D illustrates SH-SY5Y cells
after incubation with stimulated supernatant and 2 pM AF. The morphology and density of SH-
SYS5Y cells treated with AF and stimulated supernatant appears more similar to unstimulated
SH-SY5Y cells than to those exposed to stimulated U-373 MG cell supernatants. The anti-
neurotoxic effect of AF was confirmed using a different human astrocytoma cell line (U-118
MG) stimulated with a combination of IFN-y and IL-1p. Similar to its effects on U-373 MG
cells, AF was able to reduce the toxicity of U-118 MG cells towards the SH-SY5Y cells at non-
toxic concentrations of 1 - 2 uM (ICsp = 0.5 - 1 uM , data not shown).

ELISA was used to measure concentrations of IL-6 and IL-8 in supernatants of U-373
MG and U-118 MG cells after 48 h stimulation with IFN-y or IFN-y plus IL-1p respectively. AF
did not significantly affect the secretions of either of these cytokines by stimulated U-118 MG
and U-373 MG cells (data not shown).
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3.2. AF reduces cytotoxic secretions of primary human astrocytes

The anti-neurotoxic effect of AF was confirmed using primary human astrocytes
prepared from surgical brain tissue samples. AF was applied at 0.1 uM since our previous studies
have shown that primary glial cells are more sensitive to lower drug concentrations than human
cell lines used as their surrogates ®#%2. Furthermore, previous pharmacokinetic studies have
shown low AF concentrations in the brain following oral administration (see Table 1 and Walz et
al .1983 *). The MTT assay was used to confirm that at 0.1 pM AF did not reduce viability of
human astrocytes (data not shown), but it significantly reduced the toxicity of supernatants from
stimulated human astrocytes towards SH-SY5Y cells (Fig. 2A).

3.3. AF protects SH-SY5Y neuronal cells against toxicity induced by hydrogen peroxide and
supernatants from stimulated U-373 MG cells

The direct neuroprotective effect of AF on cultured SH-SY5Y cells was assessed by
exposing neuronal cells to hydrogen peroxide in the presence of 0.1 — 1 uM AF (Fig. 3A) and by
adding AF to supernatants from stimulated U-373 MG cells at the time of their transfer to SH-
SYS5Y cells (Fig. 3B). In both cases, AF at 0.5 and 1 puM significantly increased viability of SH-
SYS5Y cells. Figure 3C demonstrates that at the concentrations studied AF had no direct effect on
SH-SY5Y cell viability in the absence of hydrogen peroxide or astrocyte-derived toxins.

3.4. AF upregulates HOX-1 mRNA expression in U-373 MG cells, human astrocytes and SH-
SY5Y neuronal cells

Figure 4 illustrates that 24 h incubation of U-373 MG cells and human astrocytes in the
presence of AF significantly upregulated HOX-1 mRNA expression. RT-gPCR analysis
indicated that 1 uM AF upregulated HOX-1 expression in unstimulated U-373 MG cells more
than 75 fold, compared to DMSO solvent-treated cells (Fig. 4A). Similarly, treatment of human
astrocytes with 0.1 puM AF resulted in more than 2 fold upregulation of HOX-1 in human
astrocytes (Fig. 4B). Stimulation of U-373 MG cells or human astrocytes with IFN-y alone did
not induce a significant increase in HOX-1 expression. However, combining AF and IFN-y
treatments resulted in further doubling of HOX-1 mRNA levels compared to treatment with AF
alone, which resulted in nearly 150 fold increase in HOX-1 expression in U-373 MG cells and a
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more than 7 fold increase in HOX-1 expression in human astrocytes compared to unstimulated
cells (Fig. 4A,B).

Exposure of human neuronal SH-SY5Y cells to 0.5 uM AF did not cause increase in
HOX-1 expression. However, when neuronal cells were exposed to 0.5 UM AF in the presence
of partially toxic (0.5 mM) concentration of H,0,, HOX-1 expression was increased 10 fold
compared to H,O, stimulated cells treated with DMSO vehicle solution only (Fig. 4C). RT-
gPCR analysis showed that there were no significant changes in the expression of MCP-1, IL-6,
or IL-8 in U-373 MG cells following 24 h treatment with 1 uM AF (data not shown).

3.5. In vivo distribution of AF after its oral administration in mice

Mice were monitored for morbidity throughout the 7 day treatment with AF and none
showed any symptoms compared to control mice. Mice were weighed immediately prior to
treatment each day throughout the 7 day treatment and none showed any differences in weight
gain compared to control mice. Macroscopic examination of gastrointestinal tract and liver at the
end of the treatment revealed no ulcers or any other visible pathology. Table 1 shows data
obtained by LA-ICP-MS from three mice and compares concentrations measured by this
technique in six different tissues with data obtained by Walz et al . who used radioactively
labelled AF for their studies with rats *°. The highest gold concentration was measured in

kidneys (248 uM) and the lowest concentration (4.8 uM) in the brain.

Discussion

Several gold compounds used in the treatment of RA were investigated for their potential
to reduce neuroinflammation using an in vitro model relevant to the inflammatory processes that
occur in degenerative conditions. We found that at non-toxic, low micromolar concentrations (1-
5 uM) AF reduced the toxicity of both stimulated U-373 MG and U-118 MG astrocytic cells
towards neurons, indicating a potential protective effect of AF. This effect was not observed with
ATM, ATG or ATS. At alower concentration of 0.1 pM, AF effectively inhibited the toxicity of

stimulated primary human astrocytes towards neuronal cells.
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The anti-inflammatory activities of AF and other gold compounds have been well studied
using several different assays relevant to the peripheral immune response and are summarized in
several excellent reviews 23°“°. Here we demonstrate for the first time that due to its ability to
selectively inhibit the release of toxins from stimulated human astrocytic cells and primary
astrocytes, AF has the potential to reduce the neurotoxicity associated with neuroinflammatory
responses observed in degenerative disorders of the CNS.

Our observation that of the gold compounds studied, only AF inhibited toxic secretions
agrees with the previous research showing that AF may have biological activities different from
other clinically used gold compounds. For example, Walz et al . demonstrated that AF and
ATM, but not ATG, were able to reduce the secretion of lysosomal enzymes from
polymorphonuclear cells *°. Furthermore, AF inhibited antibody-dependent cellular cytotoxicity
of polymorphonuclear cells and release of reactive oxygen species from neutrophils while ATM,
ATG, and the ligands of auranofin showed no effect *. It has been previously demonstrated that
AF has immunosuppressive activity, such as the ability to inhibit lymphoblastogenesis, an effect
not observed with other gold compounds . Thus the difference in activities between the gold
compounds was not unexpected, and subsequent experiments were performed to elucidate the

mechanism of the protective activity of AF.

The anti-neurotoxic effect of AF was observed at 0.1 uM in primary human astrocytes
and at 1-5 uM in human astrocytic cells. Our previous research using a similar assay has shown
that primary astrocytes could be more sensitive to anti-inflammatory drug treatment than cell
lines ®%2, The effect of AF at low micromolar concentrations has been demonstrated in several
different assays. For example, Kim et al . showed that 0.2 uM AF effectively blocked STAT-3
signalling in rat astrocytes *. Stern et al . showed that at 0.1 uM, AF was able to increase the
secretion of IL-6 in lipopolysaccharide stimulated THP-1 cells, while a higher concentration
range (5 - 25 pM) was required to achieve similar effects using ATM *°.

Interestingly, treating SH-SY5Y neuronal cells with 0.5 - 1 uM AF protected them from
hydrogen peroxide-induced toxicity with similar doses of AF being protective against toxicity
induced by supernatants from stimulated U-373 MG cells. Such direct protective effect of AF on
neurons or neuronal cells has not been reported previously and our observations may indicate

that AF confers neuroprotective activity in addition to its better-known and accepted anti-
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inflammatory effects. The direct protective activity of AF could be partially responsible for its
anti-neurotoxic effects on astrocytic cells since some AF may be transferred onto neuronal cells
along with the supernatants. However, this is unlikely the sole reason for the anti-neurotoxic
activity of AF since this drug effectively inhibited primary astrocyte toxicity at 0.1 uM, a
concentration that was ineffective at rescuing neuronal cells from the toxicity of astrocytic cell

supernatants.

Previous research has highlighted several molecular mechanisms responsible for the
protective effects of AF, including preventing the oxidative inactivation of tissue inhibitor of
metalloproteinase 1 (TIMP-1). By maintaining TIMP-1 integrity, AF could prevent the damage
induced by matrix metalloproteinases (MMP) such as the neurotoxic MMP-1 released by
stimulated astrocytes "**®*. In addition, Ashino et al . demonstrated that AF was able to protect
against cocaine-induced hepatic injury both in mice and in cultured hepatocytes by upregulating
the protective enzyme HOX-1 "®. We therefore investigated HOX-1 induction as a potential
mechanism for the protective activity of AF observed in our experiments. As stimulated
astrocytes undergo oxidative stress, upregulation of HOX-1 would protect them against
associated damage. In addition, HOX-1 has been reported to have anti-inflammatory effects
which could also contribute to the decreased toxicity of astrocytes towards neurons *>8%3 |n
addition to decreasing the toxicity of astrocytes, upregulation of HOX-1 could be protective in
neurons. Yamamoto et al . demonstrated that HOX-1 induction protected dopaminergic neurons
in an in vitro model of Parkinson’s disease *. Our study demonstrated that AF induced HOX-1
expression in both stimulated and unstimulated primary human astrocytes and U-373 MG cells.
We also showed that AF was able to induce HOX-1 expression above a vehicle control in SH-
SY5Y neuronal cells exposed to a toxic concentration of hydrogen peroxide. Therefore,
upregulation of HOX-1 could be at least partially responsible for the biological activity of AF
observed in our study.

Apart from HOX-1 induction, several other cellular mechanisms of action have been
reported for AF, including modulation of the expression and release of inflammatory cytokines
such as IL-6 and IL-8 by human THP-1 monocytic cells and murine RAW 264.5 macrophages
4715078 However, treatment of U-373 MG astrocytic cells with AF did not affect the expression or
secretion of several pro-inflammatory cytokines, including MCP-1, IL-6 and IL-8 (data not
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shown). This indicates that the anti-neurotoxic effects of AF on astrocytes were selective and
also rules out direct toxicity of AF as the cause for this effect. Furthermore, these observations
may suggest that the effects of AF on glial cells and neuroinflammation are different from its

effects on peripheral immune cells.

Finally, we studied the distribution of gold (Au) in mice treated with AF to determine
whether AF is able to penetrate the blood brain barrier. Previous studies by Walz et al .
indicated that following daily oral administration of 1 mg/kg AF in rats for 5 days, the level of
Au was highest in the kidneys (30 uM, see Table 1) while only a very small amount of Au
entered the brain, reaching a concentration of 0.05 pM *°. We performed similar experiments
administering AF at 2 mg/kg to mice for 7 days and were able to detect Au in all tissues studied
(Table 1) using LA-ICP-MS-based measurements “°. Similar to Walz et al ., we found Au to be
the most concentrated in the kidneys, but we measured a concentration almost 10 times greater
(249 vs. 30 pM) *°. Compared to the values reported by Walz et al ., the concentrations of Au
detected by LA-ICP-MS in our studies were greater for all tissues studied **. This difference was
especially pronounced in the brain, with our measurements indicating Au levels at 5 uM while
0.05 uM Au was detected by Walz et al . . In addition to concentration differences, the relative
order of distribution of Au according to concentration in the liver, lungs, gut, and spleen did not
match that reported by Walz et al . *°. These discrepancies could be due to the use of different
animal species (rats vs. mice) and/or differences in the duration and dose of AF treatment. AF
has been reported to have a long half-life of approximately 17 days in humans *°; therefore,
there could be significant differences in tissue accumulation of AF between 5 and 7 day

treatment regimens *4**°,

Differences in the techniques used to detect Au could also have contributed to the
discrepancies. LA-ICP-MS directly measures the total number of unlabeled Au atoms in a tissue
sample by comparing the signals obtained from experimental tissue samples with those obtained
from preparations with known Au concentrations. On the other hand, the radioactively-labeled
AF technique used by Walz et al . involves administration of a mixture of labeled and unlabeled
AF and several steps of sample preparation before measurements can be performed, thus it is a
less direct measurement of Au than LA-ICP-MS *. Both techniques measure Au concentration
as opposed to concentration of intact AF molecules as neither of the techniques is able to
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distinguish between AF and its metabolites, including Au as a breakdown product of AF 24,

Therefore, further studies are required to establish whether intact AF can enter brain tissue.
Similar techniques have been used to establish that the available circulating levels of Au in
patients being treated with AF can reach approximately 0.4 pM **, which exceeds the 0.1 uM AF
concentration required to reduce astrocyte toxicity in our model.

As AF is known to accumulate in tissue over time and our study indicates that Au passes
through the blood brain barrier, it is feasible that levels of AF in the brain could reach
concentrations effective at reducing astrocyte-mediated toxicity. The relatively low 1Csy of AF as
well as the possibility that it is able to cross the blood brain barrier makes it a good candidate for
treating inflammation in the CNS.

The present study demonstrates that the gold compound AF is able to reduce human
astrocyte-mediated toxicity and that it has neuroprotective properties in vitro. These novel in
vitro properties of AF, as well as the in vivo data confirming earlier studies suggesting that AF is
able to cross the blood brain barrier, warrant further testing of AF in an animal model of
neuroinflammation. Anti-inflammatory intervention has the potential to slow neuronal loss in
disorders such as Parkinson’s and Alzheimer’s diseases where neuroinflammation contributes to
pathogenesis %, As AF has already been approved for use in humans in several countries and
is considered by medical practitioners to have an acceptable safety profile in the management of
some disease states %, it would be an excellent compound to investigate for the treatment of
neuroinflammatory conditions as an alternative to steroidal and non-steroidal anti-inflammatory

drugs.
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Madeira et al. Figure 1
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Fig. 1. AF is non-toxic to human U-373 MG astrocytoma cells and reduces toxicity of secretions
from U-373 MG cells towards SH-SY5Y neuronal cells. Adherent astrocytoma cells were pre-
treated with various concentrations of the gold compounds or their vehicle solution (DMSO) for
15 min before stimulation with IFN-y (150 U/ml). After 48 h incubation, the U-373 MG cell
viability was assessed by the MTT assay (A) and 0.4 ml of cell-free supernatants was applied to
SH-SY5Y cells. Survival of neuronal cells was assessed 72 h later by the MTT assay (B). Data
from 4 independent experiments are presented. The horizontal dashed line indicates viability of
SH-SYS5Y cells exposed to supernatants from unstimulated U-373 MG cells (B). The
concentration-dependent effects of the compound were assessed by the randomized block design
ANOVA, followed by Fisher’s LSD post hoc test. * P<0.05, significantly different from samples

treated with the vehicle solution only.
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Fig. 2. AF reduces cytotoxic secretions of primary human astrocytes and restores SH-SY5Y
morphology after treatment with stimulated U-373 MG cell supernatants. The effects of AF on
the viability of SH-SY5Y neuronal cells exposed to supernatants from primary human astrocytes
stimulated with IFN-y in the presence or absence of 0.1 uM AF was examined (A). Data from 5
independent experiments with cells obtained from two different surgical cases are presented. The
effects of AF were assessed by the randomized block design ANOVA, followed by Fishers LSD
post-hoc test * P<0.05, significantly different from stimulated samples treated with the vehicle
solution only. Phase contrast microscopy of SH-SY5Y cell cultures after incubation with
unstimulated U-373 MG supernatant (B) IFN-y stimulated U-373 MG supernatant (C) and IFN-y
stimulated with 2 uM AF U-373 MG supernatant (D). Experiments were performed as described
in Fig. 1. Photos are representative of 3 independent experiments. Magnification bars in B-D =
100 pm.

167



A Hydrogen Peroxide

100
80
60
40
20

0

% Viable Cells

*
I *
0 0.1 0.5 1

AF (uM)

c Untreated SH-SY5Y Cells

120
100
80
60
40
20
0

% Viable Cells

0 0.1 0.5 1

AF (uM)

% Viable Cells

80

60

40

20

Madeira et al. Figure 3
B Supernatant from Stimulated U-373 MG

I

* 3k
* [
0.1 0.5 1

AF (uM)

168



Fig. 3. AF protects SH-SY5Y neuronal cells against toxicity induced by hydrogen peroxide and
supernatants from stimulated U-373 MG cells. The effects of gold compounds on viability of
SH-SY5Y neuronal cells exposed to hydrogen peroxide, stimulated U-373 MG astrocytoma
supernatants, or untreated neuronal cells were examined. A — AF (0.1 - 1 uM), or its vehicle
solution (DMSO), was added 15 min prior to the addition of 0.5 mM hydrogen peroxide. B - AF
(0.1 - 1 uM) or its vehicle solution (DMSQO) were added to supernatants from stimulated U-373
MG cells at the time of their transfer to SH-SY5Y cell cultures. C - AF (0.1 - 1 uM), or its
vehicle solution (DMSQO), was added to unstimulated SH-SY5Y cells. Viability of neuronal cells
was assessed by the MTT assay 24 h (A) or 72 h (B, C) later. Data from 3-5 independent
experiments are presented; the concentration-dependent effects of the compounds were assessed
by the randomized block design ANOVA, followed by Fishers LSD post-hoc test. * P<0.05,
**P<(.01 significantly different from samples treated with the vehicle solution only.

Madeira et al. Figure 4

A HOX-1 in U-373 MG Cells B HOX-1 in Human Astrocytes c HOX-1 in SH-SY5Y Neuronal Cells

%k %k
- ) —_ _ —_ _ *
g o 5 ° —
= — - =
< £5 - Z
5 200 - T * = 16 -
= 2 < 1
r < 4 - ] |
2 L =
@w 150 - A w12 -
= % % o o
g g3 2 10 -
V8] — L L
<
< 100 - = S 8-
o € 5 . o
£ £ £ 6 -
™ o -
x x >
(®] 50 - (@] 1 (] 4 4
I I 1 o
2 -

0 = - 0 - 0 -
AF (1 uM) + 2 + AF{0.1uM) - + - + AF(0.5uM) - + - +
IFN-y - - + + IFN-y - - + + H,0, - - +

169



Fig. 4. AF upregulates heme oxygenase (HOX-1) mRNA expression in unstimulated and
stimulated U-373 MG astrocytic cells and primary human astrocytes as well as in hydrogen
peroxide stimulated SH-SY5Y neuronal cells. U-373 MG cells (A), human astrocytes (B), and
SH-SY5Y neuronal cells (C) were treated with either AF or DMSO vehicle solutions. Astrocytic
cells were either left unstimulated or were stimulated with IFN-y (150 U ml™). Neuronal cells
were treated with 0.5 mM hydrogen peroxide. Total RNA was extracted 24 h later and the HOX-
1 mRNA expression was analyzed by using specific primers and RT-qPCR. Results were
normalized to a reference gene p-actin and are presented as a fold increase compared to the
HOX-1 mRNA level in control unstimulated cells not exposed to AF (expression level = 1). Data
from 3-5 independent experiments are presented; the observed differences in expression levels
were assessed by the randomized block design ANOVA, followed by Fishers LSD post-hoc test
* P<0.05; ** P<0.01, significantly different from samples treated with the vehicle solution only.
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Abstract

Obesity is linked to increased risk of Alzheimer’s disease and cognitive impairment. Microglia-
mediated neuroinflammation is implicated in neuronal loss. Elevated levels of fatty acids seen in
obesity induce inflammation in peripheral tissues. Whether fatty acids promote
neuroinflammation is unknown. Using an established neuroinflammation model involving
human microglia-like THP-1 cells and SH-SY5Y neuroblastoma cells we show that the saturated
fatty acid palmitate, but not the unsaturated fatty acids oleate or linoleate, induces THP-1 cell
pro-inflammatory cytokine secretion and neurotoxicity. Inhibition of c-Jun NH2-terminal kinase
(JNK) reduces this neurotoxicity. Therefore, elevated saturated fatty acids may induce

neuroinflammation through pathways involving JNK activation.

Keywords: Neurodegeneration, palmitic acid, metabolic syndrome X, Alzheimer’s disease,

microglia
Introduction

Metabolic syndrome, a constellation of vascular and metabolic disorders of which
visceral obesity is a principal feature, is a risk factor for cognitive impairment and
neurodegeneration, including Alzheimer’s disease (AD) '°>®®, The mechanisms linking

adiposity to neurodegeneration have not been elucidated.

Neuroinflammation mediated by activated microglia is present in several

neurodegenerative diseases, including AD %%, Microglia belong to the mononuclear phagocyte
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system and orchestrate brain innate immune responses. Sustained or uncontrolled microglia

activation results in chronic inflammation that can lead to collateral neuronal damage %°7°,

Elevated levels of the saturated fatty acid palmitate contribute to several pathological
features in obesity *"**"%, In monocytes, palmitate activates inflammatory signaling and induces
the secretion of pro-inflammatory cytokines ***’®. Recent in vivo data indicate that brain
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palmitate uptake is increased in obese patients with metabolic syndrome =", Whether palmitate

activates microglia and promotes brain inflammation is unknown.

The purpose of this study was to determine if palmitate activated neuroinflammation. We
used an established cell culture system involving transfer of conditioned media from stimulated
human microglia-like THP-1 monocytic cells to SH-SY5Y neuroblastoma cells to explore
whether palmitate promoted neurotoxicity. THP-1 monocytic cells were used to model microglia
because human microglia have limited availability and previous research demonstrates these cell

types behave similarly in neurotoxicity experiments 8778183,

Materials and Methods
Preparation of fatty acids

Analytical reagents used were from Sigma-Aldrich (Oakville, ON, Canada) unless stated
otherwise. Fatty acid stock solutions (100 mM) were made by dissolving their sodium salts in
70% ethanol with gradual heating to 55°C. 8% fatty acid-free low-endotoxin bovine serum
albumin (BSA) dissolved in serum-free DMEM-F12 was prepared fresh and sterile-filtered (0.2
um) before each experiment. Fatty acids were complexed to BSA for 1 h at 37°C to achieve a

fatty acid:albumin molar ratio of ~2:1 and the solution sterile-filtered before being added to cells
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182 1t is unlikely that endotoxin contamination of reagents influenced our results because up to

500 ng/ml of bacterial lipopolysaccharide does not induce THP-1 cell neurotoxicity *'.

Cell Culture

THP-1 cells were obtained from ATCC (Manassas, VA, USA) and SH-SY5Y cells were a gift
from Dr. R. Ross (Fordham University, NY, USA). Cells were grown in DMEM-F12
supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin/100 pg/mL
streptomycin (all from Fisher Scientific, Ottawa, ON, Canada) in a humidified 5% CO incubator
at 37°C. Neurotoxicity experiments were performed using previously described procedures &2,
THP-1 cells were seeded into 24-well plates (5 x 10° cells per mL in 0.9 mL) and serum-starved
for 24 h prior to addition of fatty acid-BSA complexes. Palmitate was added at a final
concentration of 125 uM and 250 uM, which represent moderate and high physiological levels of
circulating palmitate, respectively "*"2, DMEM-F12 containing BSA and ethanol equivalent to
250 uM palmitate served as a control. To determine whether the response was specific to
palmitate, the monounsaturated fatty acid, oleate, and the polyunsaturated fatty acid, linoleate,
were tested at equal concentrations. After 48 h incubation, MCP-1 and IL-8 concentrations were
measured in cell-free culture media by enzyme-linked immunosorbent assay (ELISA)
(Peprotech, Rocky Hill, NJ, USA). 0.4 mL of conditioned media was mixed at a 2:1 ratio with
fresh DMEM-F12 5% FBS for transfer to SH-SY5Y cells which had been plated 24 h earlier (2 x
10° cells per mL in DMEM-F12 5% FBS). After 72 h, lactate dehydrogenase (LDH) activity was
measured in cell-free supernatants to determine cell death as previously described *°*%°. LDH
release was expressed as a fraction of the value obtained in comparative wells where cells were

completely lysed with 1% Triton X-100. For c-Jun NH2-terminal kinase (JNK) inhibition

179



experiments, the specific inhibitor SP600125 *#° (0.5-10 uM) or an equivalent volume of DMSO

solvent was added 1 h prior to stimulation of THP-1 cells with palmitate.
Statistics

Due to variability in experimental values obtained on different days, a randomized-block
design Analysis of Variance (ANOVA) was used, followed by Dunnett’s post-hoc test. Data are
presented as means * standard error of the mean (SEM) and are based on 3-5 independent

experiments. Significance was established at p<0.05.
Results
THP-1 cytokine secretion

Palmitate at both 125 and 250 uM (p<0.001, Fig. 1) induced MCP-1 and IL-8 secretion
from THP-1 cells. BSA alone was ineffective, indicating that cytokine secretion was induced by
palmitate. LDH assay confirmed that palmitate was not toxic to THP-1 cells (<10% cell lysis,

p>0.05, data not shown).
THP-1 cell neurotoxicity

Transfer of conditioned media from THP-1 cells stimulated with palmitate caused a
significant increase in SH-SY5Y neuroblastoma cell death assessed by the LDH assay (p<0.001,
Fig. 2A). Conditioned media from THP-1 cells incubated with BSA alone, oleate, or linoleate
had no effect on SH-SY5Y cell viability. To exclude direct neurotoxicity, SH-SY5Y cells were
treated directly with palmitate for 72 h and cell lysis was measured by the LDH assay. Cell lysis
was not different in palmitate treated (125 uM=14+1%, 250 uM=15+2%) compared to untreated

control cell cultures (14+2%, p>0.05). Treatment of THP-1 cells with the JNK inhibitor
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SP600125 at 5 and 10 uM abolished the neurotoxicity of palmitate-stimulated THP-1 cells
(p=0.004, Fig. 2B), while 1 and 0.5 uM had no effects (p>0.05). SP600125 did not affect THP-1

cell viability at any concentration (LDH assay, <10% lysis, p>0.05, data not shown).
Discussion

The saturated fatty acid palmitate, which is implicated as a mediator of inflammation in

Obesity 173,176,187

, iIncreased pro-inflammatory cytokine secretion by THP-1 monocytes and
promoted THP-1 toxicity towards SH-SY5Y neuroblastoma cells. Our findings may provide
mechanistic insight in the wide pathological scenario linking obesity to neurodegeneration;

elevated levels of palmitate may induce neuronal death through inflammatory processes

mediated by monocytes and/or microglia.

Previous research has shown that saturated fatty acids play an important role in obesity-
related inflammation in several cell types *”3. Our results indicate that physiologically relevant
concentrations of palmitate are not directly toxic towards SH-SY5Y neuronal cells. In contrast,
palmitate significantly induced THP-1 cell-mediated neurotoxicity, suggesting that the metabolic
environment present in obesity could indirectly promote neuronal death, possibly through
activation of microglia or infiltrating monocytes. Treatment of THP-1 cells with the
monounsaturated fatty acid, oleate, or polyunsaturated fatty acid, linoleate, did not induce a
neurotoxic response, which is in agreement with several previous studies demonstrating that pro-

inflammatory reactions are limited to saturated fatty acids *"4*7%,

Palmitate is thought to promote inflammation through increased ceramide accumulation
175187 This effect of palmitate may be mediated by increased expression of dihydroceramide

desaturase, which regulates ceramide synthesis **%°. In agreement with a role for ceramides, the
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synthetic analog C2 ceramide (10-50 uM) induced THP-1 neurotoxicity in a similar manner to
palmitate (data not shown). Interestingly, longitudinal studies in humans report that elevated
saturated fatty acid intake is associated with greater cognitive decline ** and increased risk of
AD '**. Conversely, higher intake of anti-inflammatory n-3 polyunsaturated fatty acids may
reduce the risk of AD 2. Future research is needed to examine how specific fatty acid

combinations influence neuroinflammation.

Activation of INK may mediate inflammation in obesity '**. Deletion of JINK1 in cells of
myeloid lineage, which includes macrophages, reduces inflammation and prevents insulin
resistance in mice fed a high-fat diet ***. Since palmitate has been shown to activate JNK in
THP-1 cells "% we assessed whether the JNK inhibitor SP600125 reduces palmitate-induced
THP-1 neurotoxicity. SP600125 prevented neurotoxicity, suggesting that this pathway is
involved. Whether JNK contributes to obesity-related cognitive decline remains to be determined
and further research is required to decipher whether JNK inhibition can reduce

neuroinflammation in vivo.

Accumulating evidence indicates that palmitate promotes inflammation in peripheral
immune cells 1>1761871% pajmitate has been shown to activate inflammatory pathways and
induce cytokine secretion in THP-1 monocytes **4">!8": our findings indicate that palmitate can
also induce THP-1 neurotoxicity. The pro-inflammatory effects of palmitate in monocytes are
mediated by ceramide synthesis *">*%’  activation of JINK °, and/or activation of NFkB *"*. We
demonstrate that palmitate may also promote neuroinflammation in the central nervous system,
which is of relevance to obesity-related cognitive impairment given that brain palmitate uptake is

increased in humans with metabolic syndrome *’. In vivo confirmation of our observations that

palmitate causes neurotoxicity through activation of glial cells is needed, although two recent
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reports highlight involvement of microglia in obesity-related neuronal damage. Bilbo and Tsang
1% demonstrated that rat pups born to dams fed high saturated fatty acid diets during pregnancy
and lactation had increased markers of hippocampal microglia activation accompanied by
impaired learning and memory. Similarly, neonatal overnutrition induced symptoms of metabolic
syndrome and increased microglia activation in young rats '*’. Together with our current study,
these findings provide evidence that saturated fatty acids may activate microglia to promote
neuroinflammation in obesity. This could perpetuate and/or enhance microglia activation in
response to other triggers, such as amyloid B peptide in AD, to exacerbate neurodegeneration.
Further studies are warranted to examine the influence of palmitate and other obesity-related

metabolic abnormalities on microglia activation and neuroinflammation.
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Figure Legends

Fig. 1. Palmitate induces MCP-1 and IL-8 secretion from THP-1 monocytes. Cytokine
concentrations were measured by ELISA after 48 h incubation with BSA alone or BSA
complexed with 125 uM and 250 uM palmitate. Data from 4 independent experiments are

presented; *p<0.001 vs. unstimulated THP-1 cell cultures.

Fig. 2. Palmitate induces human THP-1 monocytic cell toxicity towards SH-SY5Y neuronal cells
that is ameliorated by inhibition of c-Jun NH2-terminal kinase (JNK). (A) SH-SY5Y cell
viability was assessed by the LDH assay after 72 h treatment with conditioned media from THP-
1 cells, which had been incubated for 48 h with BSA alone or BSA complexed with palmitate,
oleate, or linoleate at the indicated concentrations. (B) Treatment of THP-1 cells with 10 uM of
the JNK inhibitor SP600125 significantly reduced palmitate-induced THP-1 neurotoxicity. Data
from 3-5 independent experiments are presented; *p<0.001 vs. treatment with unstimulated

THP-1 cell conditioned media.
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Figure 1
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Figure 2

A SH-SYSY Cell Death: LDH Assay
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