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Abstract

Neuroinflammation and microglial activation are pathological markers of a number of central
nervous system (CNS) diseases. Chronic activation of microglia induces the release of excessive
amounts of reactive oxygen species (ROS) and pro-inflammatory cytokines. Additionally, chronic
microglial activation has been implicated in several neurodegenerative diseases, including
Alzheimer's disease and Parkinson's disease. Thymoquinone (TQ) has been identified as one of the
major active components of the natural product Nigella sativa seed oil. TQ has been shown to
exhibit anti-inflammatory, anti-oxidative, and neuroprotective effects. In this study,
lipopolysaccharide (LPS) and interferon gamma (IFNvy) activated BV-2 microglial cells were
treated with TQ (12.5 uM for 24 h). We performed quantitative proteomic analysis using
Orbitrap/Q-Exactive Proteomic LC-MS/ MS (Liquid chromatography-mass spectrometry) to
globally assess changes in protein expression between the treatment groups. Furthermore, we
evaluated the ability of TQ to suppress the inflammatory response using ELISArray™ for
Inflammatory Cytokines. We also assessed TQ's effect on the gene expression of NFxB signaling
targets by profiling 84 key genes via real-time reverse transcription (RT2) PCR array. Our results
indicated that TQ treatment of LPS/IFNy-activated microglial cells significantly increased the
expression of 4 antioxidant, neuroprotective proteins: glutaredoxin-3 (21 fold; p < 0.001),
biliverdin reductase A (15 fold; p < 0.0001), 3-mercaptopyruvate sulfurtransferase (11 fold; p <
0.01), and mitochondrial lon protease (> 8 fold; p < 0.001) compared to the untreated, activated
cells. Furthermore, TQ treatment significantly (P < 0.0001) reduced the expression of
inflammatory cytokines, IL-2 = 38%, IL-4 = 19%, IL-6 = 83%, IL-10 = 237%, and IL-17a = 29%,
in the activated microglia compared to the untreated, activated which expression levels were
significantly elevated compared to the control microglia: IL-2 = 127%, IL-4 = 151%, IL-6 =
670%, IL-10 = 133%, IL-17a = 127%. Upon assessing the gene expression of NFxB signaling
targets, this study also demonstrated that TQ treatment of activated microglia resulted in > 7 fold
down-regulation of several NFxB signaling targets genes, including interleukin 6 (1L6),
complement factor B (CFB), chemokine (C-C motif) ligand 3 (CXCL3), chemokine (C-C) motif
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ligand 5 (CCL5) compared to the untreated, activated microglia. This modulation in gene
expression counteracts the > 10-fold upregulation of these same genes observed in the activated
microglia compared to the controls. Our results show that TQ treatment of LPS/IFNy-activated
BV-2 microglial cells induce a significant increase in expression of neuroprotective proteins, a
significant decrease in expression inflammatory cytokines, and a decrease in the expression of
signaling target genes of the NFxB pathway. Our findings are the first to show that TQ treatment
increased the expression of these neuroprotective proteins (biliverdin reductase-A, 3-
mercaptopyruvate sulfurtransferase, glutaredoxin-3, and mitochondrial lon protease) in the
activated BV-2 microglial cells. Additionally, our results indicate that TQ treatment decreased the
activation of the NFxB signaling pathway, which plays a key role in neuroinflammation. In
conclusion, our results demonstrate that TQ treatment reduces the inflammatory response and
modulates the expression of specific proteins and genes and hence potentially reduce
neuroinflammation and neurodegeneration driven by microglial activation.
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1. Introduction

Microglia serve as the brain's resident macrophages providing innate immunity for the CNS
(Gonzélez-Scarano and Baltuch, 1999; Schwab and Schluesener, 2004; Kim and de Vellis,
2005; Block et al., 2007). In a normal, healthy brain they remain in the “resting” state as
sentinels of the CNS, constantly surveilling their microenvironment to remain ready for
immediate activation (Kreutzberg, 1996; Davalos et al., 2005; Nimmerjahn et al., 2005).
When triggered by an immunological challenge such as local injury or invading pathogens,
activated microglia produces a phagocytic response in addition to increased expression of
inflammatory cytokines as a central part of the brain's defense mechanism to ensure healthy
neuronal function (Lynch, 2009; Solito and Sastre, 2012). This innate immune response
helps to restore CNS homeostasis during pathological conditions via removal of unwanted
cellular debris and pathogens and secreting neurotrophic agents in support of surrounding
neurons (Lefkowitz and Lefkowitz, 2008; Ransohoff and Perry, 2009). However, excessive,
or prolonged microglial activation results in chronic inflammatory response can lead to the
overproduction of pro-inflammatory cytokines and reactive oxygen/nitrogen species (ROS/
RNS). Chronic neuroinflammation and excessive oxidative stress have more recently been
recognized as important pathological events in neurodegenerative disease (Akiyama et al.,
2000; Bamberger et al., 2003; Sheng et al., 2003; Streit et al., 2004; Rojo et al., 2008).

Over the last few decades, there has been rapidly growing interest in naturally occurring
phytochemical compounds with antioxidant, anti-inflammatory, as well as a neuroprotective
potential. TQ, an abundant bioactive component in the oil extracted from the seeds of the
Nigella sativa plant (Padhye et al., 2008; Ahmad et al., 2013; Khazdair, 2015) may be
amongst the most promising recently studied phytochemical compounds. The oil and TQ
have also shown potent anti-inflammatory effects on several inflammation-based models
including experimental encephalomyelitis, peritonitis, asthma, and arthritis through
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suppression of pro-inflammatory mediators (Mahgoub, 2003; Salem, 2005; Umar et al.,
2012; Fahmy et al., 2014; Keyhanmanesh et al., 2014). Additionally, studies show that TQ
possess anti-oxidant (Ismail et al., 2010), neuroprotective (Kanter, 2008; Radad et al., 2009;
Radad et al., 2009), anticancer (Vi et al., 2008; Banerjee et al., 2010; Al-Malki and Sayed,
2014) and beneficial immunomodulatory properties (Salem, 2005; Gholamnezhad et al.,
2015).

Given what is now known about the common role of neuroinflammation in the development
and progression of an array of neurodegenerative diseases and because TQ has shown to
possess anti-inflammatory and neuroprotective pharmacological properties, we examined the
TQ's anti-inflammatory effects as well as its effect on the NFxB signaling targets in the
BV-2 microglia activated by the presence of LPS/IFNy. Moreover, we performed
quantitative proteomic analysis using Orbitrap/Q-Exactive Proteomic LC-MS/MS (Liquid
chromatography-mass spectrometry) to globally assess changes in protein expression
between the treatment groups.

2. Materials & methods

2.1. Materials

High glucose Dulbecco's Madified Eagle's Medium (DMEM) supplemented with 4 mM
GlutaMAX™ penicillin-streptomycin (10,000 U/ ml), interferon gamma recombinant
mouse protein (IFN-y), and trypsin/ EDTA (0.25%) with phenol red were purchased from
Thermo Fisher Scientific. Heat-inactivated fetal bovine serum (FBS) was purchased from
Atlanta Biologicals. TQ (99% purity), lipopolysaccharides from Escherichia coli (LPS), and
the reagents and Microcon-30 kDa centrifugal filter units used in the sample preparation for
the LC/MS/MS proteome analyses were purchased from Sigma-Aldrich. The Mouse
Inflammatory Cytokines Multi-Analyte ELISArray™ Kit (MEM-004A) as well as the
supplies and reagents for the NFxB PCR Array assay, including RT?2 Profiler PCR Array
(PAMM 2257), RNeasy Mini Kit, RNase-Free DNase Set, QlAshredders, RT2 First Strand
Kit, and RT2 SYBR Green Mastermix were purchased from Qiagen.

2.2. Cell culture

The BV-2 cell line is an immortalized murine microglial cell line supplied by the lab of
Elisabeth Blasi at the University of Perugia (Blasi et al., 1990). The BV-2 cells were cultured
in high glucose DMEM-GlutaMAX™ media containing phenol red, 10% heat-inactivated
FBS, 100 U/ml penicillin and 100 pg/ml streptomycin. The cells were maintained at 37 °C
in a 5% CO, humidified atmosphere with the media changed every 2-3 days. For
experiments, BV-2 cells were seeded at 5 x 10° cells/ml overnight. Next day, LPS/IFNy was
added to the culture media at a working concentration of 500 ng/ml LPS + 0.5 ng/ml IFN'y,
respectively. The TQ stock was freshly prepared by initially dissolving in DMSO then
diluting further with experimental media to the appropriate concentration so that the
concentration of DMSO did not exceed 0.025%, which was used for the control (0 pM TQ).
The concentration of TQ used in all the experiments was 12.5 pM, which was established by
cell viability in our previous study (Cobourne-Duval, Taka, et al. 2016).
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2.3. Quantitative proteomic analysis

The BV-2 cells were cultured and treated as previously described in T-75 flasks with or
without TQ and LPS/IFN~y. The cells were then harvested after 24hs cells using 0.25%
trypsin-EDTA and washed twice with cold PBS. Lysis buffer was added to the cell pellet,
and the sample preparation protocol was followed. Thirty microliters of cell lysate were
mixed with 200 ul of 8 M urea in 0.1 M Tris/HCI, pH 8.5 (UA) in the filter unit and
centrifuged at 14,000 xg for 15 min. Another 200 pl UA was added to the filter unit, the
centrifugation was repeated, and the flow-through from the collection tube was discarded.
One hundred microliters (100 pl) of 0.05 M iodoacetamide in UA (IAA) solution was added
followed by centrifugation at 14,000 xg for 10 min. 100 pl of UA was added to the filter
unit, and the previous centrifugation was repeated. 100 pul of 0.05 M NH4HCO3 in water
(ABC) was added to the filter unit and centrifuged at 14,000 xg for 10 min. The addition of
ABC to the filter unit followed by centrifugation was repeated twice. Next, 40 ul ABC with
trypsin (enzyme to protein ratio 1:100) was added. The filter units were incubated at 37 °C
for 18 h and transferred to new collection tubes. Fifty microliters (50 ul) 0.5 M NaCl was
added to the filter units and centrifuged at 14,000 xg for 10 min. The filtrate was acidified
with CF3COOH and desalted. The samples were then sent to the Translational Science
Laboratory at Florida State University for Orbitrap/Q-Exactive Proteomic LC-MS/MS
(Liquid chromatography-mass spectrometry) for complex mixture analysis. The results were
further analyzed by the ‘Scaffold version 4.6” software.

2.4. ELISArray™ for inflammatory cytokines

Cells were cultured and treated as previously described in T-75 flasks. Approximately 650
UL the supernatant was transferred to labeled microcentrifuge tubes and centrifuged at 1000
x g for 10 min to remove any particulate material, and the samples were prepared for
analysis. The ELISA kit reagents including the wash buffer, assay buffer, and sample
dilution buffer were prepared according to the kit's directions. Fifty microliters of assay
buffer followed by 50 uL of each sample, Antigen Standard Cocktail (for the positive
control), or assay buffer (for the negative control) were added to their corresponding wells of
the ELISArray™ plate. The plate was then set for a 2-hr incubation at room temperature and
processed according to the Kit's instructions using the provided detection antibodies, kit
reagents, and buffers. Within 30 min after adding Stop Solution to the ELISArray™ plate,
absorbance at 450 nm and 570 nm (for wavelength correction) was measured.

2.5. RT2 profiler PCR array — NFxB signaling targets

Profiling the expression of 84 key genes responsive to NFxB signal transduction was
performed using the NFxB Signaling Targets RT2 Profiler PCR Array to yield results that
allow analysis of activation/ inhibition of NFxB signaling. The functional grouping of the
genes involved in NFxB-related cellular processes in this array includes a selection of genes
for cytokines & chemokines, inflammation, apoptosis, anti-apoptosis, immune response,
type | interferon-responsive genes, development & differentiation, stress response, NFxB
pathway, and transcription factors. Briefly, the BV-2 cells were seeded (5 x 10° cells/ ml) in
T-75 flasks (20 mL/flask), treated as previously described, harvested using cell scrapers then
collected via centrifugation in RNase-free polypropylene tubes. The supernatant was
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completely removed from the cell pellet via aspiration, and the RNA was extracted and
purified according to the manufacturer's instructions using Qiagen's RNeasy Mini Kit with
the assistance of QlAshredders to homogenize the cell pellets and the RNase-Free DNase
Set to ensure a complete DNA removal. RNA quantity and purity were determined
spectrophotometrically (Nanodrop) before converting the purified extracted RNA into first-
strand cDNA using the Qiagen RT? First Strand Kit according to the manufacturer's
instructions. The prepared cDNA was then mixed with an appropriate amount RT2 SYBR
Green Mastermix and RNase-free water in a 5 ml tube as directed and this mixture was
aliquoted into the wells of the RT2 Profiler PCR Array. The RTZ Profiler PCR Array was
tightly sealed, centrifuged for 1 min at 1000 xg at room temperature (15-25 °C), and run on
the PCR cycling program.

2.6. Statistical analysis

All data were expressed as a mean + standard error from at least 3 independent experiments.
Statistical significance of the difference between values for compared groups is considered
at *P<.05, **P<.01, ***P<.001, and ****P<.0001.

The quantitative proteomic mass spectrometry data was analyzed using ‘Scaffold version
4.6’ software to identify, validate, organize, and perform quantitative analysis. Only those
proteins with identities validated on the X! Tandem and SEQUEST search engines and
identification confidence > 95% were evaluated. Quantitative analysis assessing the
differential abundance between the experimental groups was performed using the #test. Data
generated from ELISArray™ for Inammatory Cytokines was statistically analyzed using
GraphPad Prism 6 (version 6.07; Graph Pad Software Inc. San Diego, CA, USA by one-way
ANOVA with Tukey's post hoc multiple comparisons test). The RT2 Profiler PCR Array data
was analyzed via Qiagen's PCR Array Data Analysis Web Portal at
www.SABIosciences.com/pcrarraydataanalysis.php, which calculates fold change/regulation
using AAC (threshold cycle) method using the 2” (-AACy) formula. The p-values are
calculated based on a Student's £test of the replicate 2” (- ACy) values for each gene in the
control group and experimental groups.

3. Results

Comparative quantitative proteomic analysis of LPS/IFN+y-activated BV-2 cells with and
without TQ treatment revealed 35 differentially expressed proteins (> 95% identification
confidence). Amongst these differentially expressed proteins, TQ treatment (12.5 uM for 24
h) of the LPS/IFNy-activated microglia compared to the untreated, activated microglia
resulted in the increased expression of 4 neuroprotective proteins: glutaredoxin-3 (21 fold),
biliverdin reductase A (15 fold), 3-mercaptopyruvate sulfotransferase (11 fold), and
mitochondrial lon protease (> 8 fold) (Table 1).

The LPS/IFN-y-activated BV-2 cells showed significantly higher protein expression of
several inflammatory cytokines compared to the controls: IL-2 = 127%, I1L-4 = 151%, IL-6 =
670%, IL-10 = 133%, and IL-17a = 127%. The protein expression of the same inflammatory
cytokines in the TQ treated, LPS/IFNy-activated cells were reduced significantly (P<.
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0001) compared to the protein expression levels activated cells without TQ treatment: IL-2 =
38%, IL-4 = 19%, IL-6 = 83%, IL-10 = 23%, and IL-17a = 29% (Fig. 1).

TQ treatment alone significantly upregulated in NAD(P)H: quinone oxidoreductase 1
(NQO1) gene expression 10.62-fold (p < .05). Activation of BV-2 microglial cells with LPS/
IFNy lead to significant upregulation of several key genes related to the NFxB signaling
targets compared to the control group. Interleukin 6 (IL6), complement factor B (CFB),
complement component 3 (C3), chemokine (C-C motif) ligand 3 (CXCL3), and chemokine
(C-C) motif ligand 5 (CCL5), are amongst the genes upregulated > 10-fold in the activated
microglia compared to the controls. TQ treatment of the LPS/IFN-y-activated microglia
caused a significant down-regulation of these same genes > 7 fold, excluding C3 which was
a 3-fold down-regulation (Fig. 2 and Table 2).

4. Discussion

Neuroinflammation has been increasingly implicated in the onset and progression of
multiple neurodegenerative diseases, such as Alzheimer's disease (AD), Parkinson's disease
(PD) and Multiple Sclerosis (MS), despite their differing pathologies (Liu and Hong, 2003;
Block and Hong, 2005; Gao and Hong, 2008; Chen et al., 2016; Kempuraj et al., 2016).
Neuroinflammation is an innate, and initially, protective response mechanism in the brain,
facilitated mostly by microglia and astrocytes producing a broad spectrum of inflammatory
mediators (Azizi et al., 2015; Von Bernhardi et al., 2015). In neurodegenerative diseases, the
role and consequences of inflammation may change dynamically over time (Gao and Hong,
2008). During acute neuroinflammation, the inflammatory mediators work together to
restore the damaged glial cells and neuronal cells in the CNS (Kempuraj et al., 2016).
However, chronic neuroinflammation commonly results in damaging and detrimental
consequences for the CNS, rendering it more vulnerable to neurodegeneration (Kempuraj et
al., 2016; Leszek et al., 2016).

The common thread between many neurodegenerative diseases is the fact that microglia, the
CNS's resident macrophages, largely mediate the inflammatory immune responses (Amor et
al., 2014; Von Bernhardi et al., 2015). Microglial activation is a key feature of
neuroinflammation observed in nearly all CNS diseases (Kreutzberg, 1996; Hanisch and
Kettenmann, 2007; Neumann et al., 2009). Activated microglia rapidly alter their
transcriptional profile, leading to the secretion of a spectrum of inflammatory mediators (i.e.,
cytokines and chemokines) (Norden et al., 2015; Leszek et al., 2016). Activated microglia
also contribute to the elevation of the levels reactive oxygen species (ROS). Excessive levels
of inflammatory mediators and oxidative stress are both commonly observed in several
neurodegenerative disorders (Block and Hong, 2005; Von Bernhardi et al., 2015; Kempuraj
et al., 2016; Leszek et al., 2016). Furthermore, the inflammatory mediators released from
microglia lead to the production of additional inflammatory mediators (Leszek et al., 2016).
Therefore, exaggerated microglial activation can lead to prolonged neuroinflammation,
triggering neurotoxic pathways and thereby lead to progressive neurodegeneration (Amor et
al., 2014; Norden et al., 2015). It is hypothesized that damaged neurons signal microglia and
induce reactive microgliosis; which further exacerbates neuronal damage via causing the
release of excessive inflammatory and neurotoxic factors (Gao and Hong, 2008).
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Inflammation and oxidative stress are distinctive biological processes that are closely
intertwined and parallel in function in the brain, especially in neurodegenerative disorders.
Oxidative stress can be generated from inflammatory responses as well as ROS released
from activated microglia as defense agents against pathogens or their markers (Biswas,
2016). If the cell's antioxidant capacity is overwhelmed by excessive ROS, then the
oxidative stress causes consequent damage to essential molecules and tissues. Moreover,
inflammation can be enhanced by oxidative stress through the activation of NFxB, which is
very sensitive to oxidative stress (Salzano et al., 2014). NFxB, commonly designated as a
master regulator of inflammation, is a transcription factor that controls the expression of
many genes involved in the inflammatory response (Leszek et al., 2016) including pro-
inflammatory cytokines, chemokines, adhesion molecules, and inducible nitric oxide
synthase (iNOS) (Tak and Firestein, 2001). NFxB is highly activated at sites of
inflammation in an array of diseases and has been reported to be associated with chronic
inflammation (Okamoto, 2006). Even moderate levels of ROS lead to the degradation of
IxB, thereby releasing NFxB dimers from the cytoplasmic NFxB—-IxB complex. This series
of events allows them to translocate to the nucleus where they are free to bind to xB
enhancer elements of target genes, inducing transcription of pro-inflammatory genes (Tak
and Firestein, 2001, Von Bernhardi et al., 2015). This activation of NFxB pathway is evident
in environments of elevated oxidative stress (Chen et al., 2009, Chongthammakun et al.,
2009).

It has been hypothesized that in the diseased CNS the interactions between damaged neurons
and dysregulated, over-activated microglia create a vicious self-propagating cycle causing
uncontrolled, prolonged inflammation that drives the chronic progression of
neurodegenerative diseases (Gao and Hong, 2008). Based on the current literature, we can
extend that hypothesis to account for the fact that chronic inflammation also increases the
levels of oxidative stress and thus increased activation of the NFxB pathway. This increased
activation of the NFxB pathway leads to an upsurge in the release of additional pro-
inflammatory cytokines, and thereby further drive and amplify neuroinflammation. This
would support the chronic and progressive nature observed in neurodegenerative diseases.
Modulation of the prolonged inflammatory response via disrupting this vicious cycle may be
a disease-modifying therapeutic strategy for neurodegenerative diseases (Gao and Hong,
2008). An intervention that can interrupt this destructive cycle, when the inflammatory
response is no longer beneflcial, should be effective in either halting or slowing down the
progression of neurodegenerative diseases (Gao and Hong, 2008). Because the contributors
to this vicious cycle can feed one another, a therapeutic with multiple actions to address
these components may represent the most promising strategy to treat neurodegenerative
diseases.

Numerous recent studies on thymoquinone (TQ) have revealed the array of therapeutic
properties it possesses. Specifically, TQ has been shown to have anti-inflammatory and
antioxidant effects in different disease states/models in vivo and in vitro. Studies have shown
that TQ is a ROS scavenger (Mansour et al., 2002; Badary et al., 2003) capable of reducing
the levels of several ROS and lipid/protein oxidation markers in liver and kidney tissue,
microglia and macrophages (EI-Mahmoudy et al., 2002; Attia et al., 2010; Mahmoud et al.,
2014; Cobourne-Duval et al., 2016). Likewise, the anti-inflammatory properties of TQ
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treatment have been demonstrated in mast cells, microglia, kidney, and liver (El Gazzar et
al., 2007; Al-Malki and Sayed, 2014; Mahmoud et al., 2014; Taka et al., 2015). Furthermore,
studies have also indicated that TQ treatment provides neuroprotection against amyloid -
induced and a-synuclein-induced neurotoxicity (Khan et al., 2012, Alhebshi et al., 2013,
Alhebshi et al., 2014), traumatic brain injury (Gllsen et al., 2016), environmental
neurotoxins (Kanter, 2008; Radad et al., 2009; Radad et al., 2014), and transient forebrain
ischemia (Al-Majed et al., 2006). Many studies have also indicated that TQ's protective
effects involve the modulation of the NFxB pathway (Mohamed et al., 2005, El Gazzar et
al., 2007, Sayed and Morcos, 2007, Sethi et al., 2008, Al-Malki and Sayed, 2014). In this
study, we investigated whether the anti-inflammatory effects and modulation of the NFxB
pathway were observed in the TQ-treated, LPS/IFN-y-activated BV-2 microglial cells.

4.1. Thymoquinone increased the expression of key proteins with neuroprotective effects
identified and quantified by Orbitrap/Q Exactive LC-MS/MS proteomics

Investigations on the effects of TQ treatment on LPS/IFN+y-activated BV-2 microglial cells
were performed using an Orbitrap/Q Exactive LC-MS/MS proteomics. Four proteins were
upregulated in the TQ treated, LPS/IFN+y-activated microglia compared to the untreated,
activated microglia: biliverdin reductase A (BVR-A), glutaredoxin- 3 (Grx-3), 3-
mercaptopyruvate sulfotransferase (3-MST), and mitochondrial lon protease (LONM). All
four proteins possess antioxidant and neuroprotective properties as demonstrated in several
recent studies (Panahian et al., 1999; Liu et al., 2006; Shibuya et al., 2009; Kimura et al.,
2010; Kim et al., 2011; Zhang et al., 2013; Pham et al., 2015; Zhang et al., 2017). Prolonged
oxidative stress and chronic neuroinflammation play significant roles in the pathogenesis
and progression of neurodegenerative disorders (Emerit et al., 2004; Frank-Cannon et al.,
2009). In response to such conditions, the brain responds via the expression of antioxidant
and anti-inflammatory proteins as well as the upregulation of genes involved in the cell
stress response (Calabrese et al., 2009). The induction of intrinsic antioxidant/anti-
inflammatory pathways to decrease pro-oxidant/pro-inflammatory agents at the site of
prolonged oxidative stress and chronic inflammation may be effective in slowing/halting the
progression of neurodegenerative disorders such as AD and PD.

In this study, TQ treatment of LPS/IFN-y-activated microglial cells induced an increased
expression of biliverdin reductase A (BVR-A) 15-fold compared to the untreated stimulated
cells. Biliverdin reductase A is a pleiotropic enzyme that plays a pivotal role in the
antioxidant defense against free radicals and cell homeostasis (Barone et al., 2011). BVR-A
reduces its substrate biliverdin alpha (BV-a) into the powerful antioxidant and anti-
nitrosative molecule, bilirubin (BR)-1X-ay(Baranano et al., 2002, Barone et al., 2014).
Studies have shown that bilirubin (BR) has strong antioxidant potential, specifically against
peroxyl radicals (Stocker et al., 1987), and acts as a physiologic anti-oxidant
neuroprotectant, protecting brain cultures from H,0, neurotoxicity (Doré et al., 1999).
Bilirubin (BR) is yielded as the final product of heme catabolism, which starts with heme
oxygenase (HO) cleaving the heme ring to form biliverdin (BV), which is then reduced to
BR (Maines and Panahian, 2001). HO is co-expressed with BVR-A in rat brain cells under
normal conditions (Mancuso, 2004) but also pronounced and localized at neurofibrillary
tangles, senile plaque neurites in AD brain (Smith et al., 1994). The upregulation of HO/
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BVR-A system is observed as a neuroprotective, antioxidant response that reduces
intracellular levels of pro-oxidant heme and increases levels of the ROS and NO scavenger,
bilirubin, to counteract the increased oxidative stress associated with the onset and
progression of neurodegenerative disorders like AD (Butterfield et al., 2001; Butterfield and
Lauderback, 2002; Mancuso, 2004; Poon et al., 2004; Calabrese et al., 2006; Barone et al.,
2014).

TQ treatment of LPS/IFN-y-activated microglial cells also increased the protein expression
of glutaredoxin-3 (Grx-3) 25-fold compared to the untreated, activated microglial cells.
Grx-3 is a small redox enzyme that utilizes the reducing power of glutathione (GSH) as a
cofactor to decrease oxidative stress via catalyzing disulfide reductions in the presence of
NADPH and glutathione reductase (GR) in the glutathione system (Fernandes and
Holmgren, 2004). Glutaredoxin efficiently reduces glutathionylated proteins to protein thiols
and helps maintain redox status of proteins during oxidative stress (Pujol-Carrion and de la
Torre-Ruiz, 2010; Sabens Liedhegner et al., 2012; Pham et al., 2015). Decreased levels of
Grx-3 render cells susceptible to cellular oxidative stress (Zhang et al., 2017), whereas
overexpression of nuclear-targeted Grx-3 is sufficient to suppress cells' sensitivity to oxidant
treatments and reduce reactive oxygen species production (Kenchappa et al., 2004; Pham et
al., 2015). Mitochondrial dysfunction, in addition to excessive oxidative stress, plays a
significant role in an array of neurodegenerative diseases (Chen, 2011; Cozzolino and Carri,
2012; Federico et al., 2012; Ferreira et al., 2013; Smeyne and Smeyne, 2013; Yan et al.,
2013; Camilleri and Vassallo, 2014; Saharan and Mandal, 2014; Wang et al., 2014; Gu et al.,
2015). Grx, likewise, helps maintain mitochondrial integrity by preventing the loss of
mitochondrial membrane potential (MMP) caused by oxidative insult (Saeed et al., 2008).

3-mercaptopyruvate sulfotransferase (3-MST) is another neuroprotective protein that was
upregulated in the TQ treated versus untreated LPS/IFNvy-activated BV-2 microglial cells. 3-
MST protein expression was 11-fold higher in the TQ treated compared to the untreated
activated cells. 3-MST acts as an antioxidant and, in combination with cysteine
aminotransferase, are important producers of hydrogen sulfide (H,S) in the brain, retina, and
vascular endothelial cells (Shibuya et al., 2009; The consortium, U, 2017). NeuroZ2a cells
(mouse brain neuroblastoma) expressing 3MST and CAT showed significant resistance to
oxidative stress (Kimura et al., 2010). H,S is peroxynitrite (ONOQO™) scavenger and acts as a
neuroprotectant, as well as an importOant synaptic modulator, a signaling molecule, and
smooth muscle contractor (Whiteman et al., 2004; The consortium, U, 2017). H,S-releasing
compounds have been demonstrated in several studies to possess considerable anti-
inflammatory, neuroprotective effects and may be candidates for treating neurodegenerative
disorders that have a prominent neuroinflammatory component such as Alzheimer disease
and Parkinson's disease (Kimura and Kimura, 2004; Hu et al., 2010; Liu and Bian, 2010;
Kida et al., 2011). Studies have also demonstrated that treating BV-2 microglial cells with
sodium hydrosulfide (NaHS; an H,S donor compound) attenuates Ap-induced cell toxicity
and suppressed the release of nitric oxide and the upregulation of inducible nitric oxide
synthase (Liu and Bian, 2010). Moreover, systemic administration of NaHS, as well as
inhaled H5,S has been demonstrated to be highly effective protecting neurons in the SN and
striatum in the 6-OHDA and MPTP-induced PD models, respectively (Hu et al., 2010; Kida
et al., 2011). Furthermore, H,S-releasing compounds reduce the LPS-induced release of the
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pro-inflammatory mediators such as IL-6, IL-1p, TNFa., and NO from activated microglia
and macrophages through NFxB-dependent pathways (Hu et al., 2010, Lee et al., 2010,
Whiteman et al., 2010).

TQ treatment of activated microglial cells also increased the protein expression of
mitochondrial lon protease (LONM), which is an ATP-dependent serine protease that
selectively degrades misfolded, un-assembled or oxidatively damaged polypeptides of the
mitochondrial matrix (The consortium, U, 2017). LONM serves in a key role concerning
neurodegenerative disorders that involve misfolded proteins in their pathologies, such as AD
and PD. Mitochondrial polypeptides are constantly exposed to reactive oxygen species
(ROS) generated by “electron leakage” from the respiratory chain (Ngo et al., 2013). In
healthy conditions, oxidized mitochondrial proteins are quickly removed via proteolytic
degradation to prevent them from aggregating or cross-linking and resulting in cellular
toxicity. LONM is a key enzyme involved in the elimination of oxidized proteins within the
mitochondrial matrix which is crucial to maintaining cellular homeostasis (Ngo et al., 2013;
Bota and Davies, 2016). It is also a key cytoprotective enzyme involved in aging and cellular
response to oxidative stress/ hypoxia and the regulation of mitochondrial gene expression
under such stress conditions (Ngo and Davies, 2009; Ngo et al., 2013; Bota and Davies,
2016; The consortium, U, 2017). The loss of LONM responsiveness may contribute to the
increased levels of protein damage, and mitochondrial dysfunction observed in aging and
age-related diseases (Ngo and Davies, 2009; Ngo et al., 2013). TQ treatment increased
LONM expression > 8 fold compared to the untreated, activated BV-2 microglial cells.

4.2. Thymoquinone attenuated the expression of inflammatory cytokines in activated

microglia

Increasingly more studies have shown that neuroinflammation and the flux of inflammatory
mediators play significant roles in cognitive impairment via cytokine-mediated interactions
between glial cells and neurons (Azizi et al., 2015). The over-expression of inflammatory
cytokines in the brain may increase its susceptibility to the onset of neurodegenerative
disease. Furthermore, it has been demonstrated that the early stages of the AD are associated
with the upregulation of pro-inflammatory cytokines, which can initiate plaque production
and enhance nerve cell degeneration (Azizi and Mirshafiey, 2012).

We evaluated the effects of TQ treatment in LPS/IFN-y-activated microglia on the
inflammatory cytokine proflle using ELISArray™. Previously our lab has demonstrated the
anti-inflammatory properties of TQ in BV-2 microglia solely activated with LPS (Taka et al.,
2015). However, in this study we co-activated the BV-2 microglial cells with LPS and INFy
because the two pro-inflammatory agents work synergistically to induce maximal
transcriptional responses, enhancing the release of NO in microglia upon activation
(Paludan, 2000, Pawate et al., 2004, Yoo et al., 2008). LPS induces NO production through
the stimulation of NFxB activation involving the MAP kinase pathway (Bhat et al., 2002,
Pawate et al., 2004, Shen et al., 2005) while IFN+y induces NO production involves
extracellular signal-regulated kinases cascade, mediated through phosphate kinase C (Shen
et al., 2005). Excessive NO can react with superoxide and yield the highly cytotoxic RNS,
peroxynitrite (ONOO™) which has been implicated in several CNS disorders, including AD
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(Heales et al., 1999; Torreilles et al., 1999). Inducible nitric oxide synthase (iNOS) and
NADPH oxidase are the major sources of NO and superoxide ion production, respectively,
in the activated microglia (Wilkinson and Landreth, 2006; Yoo et al., 2008). Moreover,
superoxide ion plays a critical role in the cytokine-mediated inflammatory response in
microglia (Choi et al., 2005). Stimulating the BV-2 cells with both LPS and IFN-y allowed
us to take all these factors into account, given the fact that increased levels of both
inflammation and oxidative stress are observed in several neurodegenerative disorders.

The LPS/IFN-y-activated BV-2 microglial cells showed significantly increased expression of
inflammatory cytokines, IL-2, -4, -6, =10, and 17a compared to the controls. TQ treatment
markedly decreased the expression of these inflammatory cytokines in the activated
microglial cells. Amongst these inflammatory cytokines, the protein expression of IL-6 was
most drastically affected by LPS/IFNy activation and TQ treatment. There was > 6-fold
increased protein expression of IL-6 in the activated microglia compared to the control. TQ
treatment of the activated microglia resulted in a > 5-fold decrease in IL-6 expression in the
treated versus untreated, activated microglial cells.

IL-6 is one of the most potent pleiotropic pro-inflammatory cytokines vastly produced in the
brain by activated microglia (e and Johnson, 1999, McGeer and McGeer, 2001). IL-6 is
involved in mediating cellular communication in physiological as well as pathological states.
It can induce an acute phase response triggered during the early course of an infection (Ye
and Johnson, 1999). During inflammation, the IL-6 released by the activated microglia can
stimulate other microglia to release a cascade of pro-inflammatory cytokines (Wang et al.,
2015). The IL-6 produced in the brain plays a significant role in neuroinflammation. Studies
indicate that if IL-6 is chronically over-expressed in the CNS, it creates a state that
predisposes the development and contributes to the progression of several neurodegenerative
disorders, including AD (Ye and Johnson, 1999; Azizi and Mirshafiey, 2012). Moreover, AD
patients and animal models are found to have significantly higher levels of IL-6 in the
plasma, cerebrospinal fluid, and brains, especially locally around amyloid plaques (Wang et
al., 2015). A study by Hull and colleagues has demonstrated that although IL-6 levels
around amyloid plaques were found to be elevated, neuritic pathology had not yet
developed, suggesting IL-6 may be a cause, and not just a consequence, of neuritic
degeneration (Hull et al., 1996a). Hence, IL-6 is implicated in the early pathology of AD
with acute or chronic inflammatory components (Hill et al., 1996b).

4.3. Thymoquinone downregulated several key NFxB signaling target genes

Several studies have indicated that TQ imparts its therapeutic effects partly via modulating
the NFxB activation pathway (Mohamed et al., 2005, El Gazzar et al., 2007, Sayed and
Morcos, 2007, Sethi et al., 2008, Al-Malki and Sayed, 2014). In this study, we investigated
whether TQ treatment would modulate the gene expression of NFxB signaling targets in
LPS/IFNvy-activated microglia. TQ treatment alone caused upregulation of the NQO1 gene
which encodes for the anti-oxidant and detoxifying enzyme NAD(P)H: quinone
oxidoreductase 1 (Brown et al., 2015). NQO1 enzyme performs two-electron reduction of
quinones to hydroquinones while preventing one electron reduction (Brown et al., 2015).
This two-electron reduction ensures complete oxidation of the quinone substrate without the
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formation of semiquinones and species with reactive oxygen radicals that are damaging to
cells. NQOL has a preference for short-chain acceptor quinones (Sparla et al., 1996) and
plays a role in ubiquinone and vitamin E quinone metabolism, which protect cellular
membranes from peroxidative injury in their reduced state. Furthermore, reduced forms of
ubiquinone and vitamin E quinone have been shown to possess anti-oxidant properties that
are superior to their non-reduced forms (Kohar et al., 1995). Similarly, TQ antioxidant
activity and radical-scavenging capacity have been found to be attributed to it reduced form
(thymohydroquinone) (Staniek and Gille, 2010). Therefore, the enzymatic activity of NQO1
is crucial for the protective effects of TQ. A recent study by Velagapudi and colleagues have
confirmed the involvement of NQO1 in TQ's ability to inhibit neuroinflammation
(Velagapudi et al., 2017). Additionally, in the LPS/IFN-y-activated microglial cells,
thymogquinone treatment caused the downregulation of specific NFxB signaling target genes
that were upregulated compared to the controls. Each of these genes encodes for proteins
that are involved in inflammation and the immune response regulated by NFxB. Our study
demonstrated that 1L-6 gene expression was elevated in the activated microglial cells
compared to the controls and the elevated expression was decreased > 14 fold when the cells
were treated with TQ.

Nuclear factor kappa B (NFxB) is the main transcription factor that regulates the encoding
of the IL-6 gene and plays a significant role in the age-related increase in IL-6 gene
expression observed in the brain (Libermann and Baltimore, 1990). It has been demonstrated
that NFxB binding to the IL-6 gene promoter is increased in glia and brain of aged mice
compared to juvenile and adult (Ye and Johnson, 2001). Furthermore, NFxB's DNA-binding
activity is higher in the forebrain and hippocampus of the aged rat as well as in the
hippocampal and cerebral cortical neurons of Alzheimer's patients (Godbout and Johnson,
2004). Both circumstances lead to increased expression of the inflammatory cytokine 1L-6.
The ability to effectively and efficiently defend against oxidative stress declines with age (Ye
and Johnson, 2001) allowing for more reactive oxygen species (ROS) to be available to react
with surrounding molecules in the cellular environment. The increased levels of ROS
precipitate the phosphorylation and ubiquitination of IxBa, which liberates NFxB, and
thereby allows the transcription factor to translocate from the cell cytoplasm to the nucleus,
resulting in the activation of the NFxB pathway (Schreck et al., 1992). This series of
connections suggest that oxidative stress in the aged brain initiates a cascade that yields
increased NFxB DNA-binding activity and enhanced expression of cytokines, specifically
IL-6 (Ye and Johnson, 2001). Hence, the age-associated increase in brain I1L-6 is due to
increased binding of NFxB to the IL-6 promoter, which is related to the increasing ROS
levels in an aged system (Ye and Johnson, 2001, Godbout and Johnson, 2004). TQ's ability
to significantly reduce IL-6 gene expression further confirms our ELISArray assay results
which illustrated that TQ treatment of activated microglia reduced the levels of the IL-6 pro-
inflammatory cytokine.

Increasing evidence suggests that inflammation and neurodegeneration in AD brains are also
partially mediated by complement activation which is correlated with cognitive impairment
(Shen et al., 2013). The levels of complement mRNAs and their protein products have been
found to be significantly higher in the livers of AD patients compared to those in the livers
of healthy individuals (Tuppo and Arias, 2005). The complement system consists of a tightly
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regulated network of proteins that make up an integral part of the innate immune system
(Dunkelberger and Song, 2010). The C3 and CFB genes encode for complement component
3 and complement factor B proteins, respectively, of the complement cascade. Complement
Component 3 (C3) is an abundant plasma protein that plays a central role in the activation of
the complement system in all three pathways (classic, alternative, and lectin) and hence,
contributes considerably to innate immunity and the modulation of the inflammatory
response (Sarma and Ward, 2011). Likewise, complement factor B (CFB) is a critical
component protein of the complement system involved in the activation of the alternative
complement pathway. Complement factor B binds to C3b, a product of the spontaneous
hydrolysis of C3 in the alternative activation cascade, to form C3bB which precipitates the
formation of C3 convertase and, through a series of steps, ultimately leads to the killing and
clearing of invading pathogens and damaged cells (Janeway et al., 2001; Sarma and Ward,
2011). The complement system mediates immune responses to inflammatory triggers to
attract additional phagocytes, enhances the ability of phagocytic cells to clear microbes and
damaged cells, and precipitates lysis of foreign microbes via the membrane attack complex
(MAC) (Janeway, Travers et al. 2001, Sarma and Ward, 2011). However, inappropriate
complement activation can also cause cell injury or death and has been recognized as an
important pathogenic factor in many diseases including neurodegenerative diseases such as
AD (Crehan et al., 2012; Orsini et al., 2014). The gene expression of CFB and C3 were
upregulated 266 and 12-fold, respectively, in the LPS/ IFN-y-activated microglial cells
compared to the controls. TQ treatment of the activated microglia decreased the expression
of CFB and C3 genes 37 and 3-fold, respectfully, indicating that TQ treatment decreases
activation of the alternative pathway of the complement cascade in activated microglia.

Alongside the complement cascade, chemokines also play active roles in the in the innate
immune response. In this study, the gene expression of CCL5, which encodes for chemokine
(C-C motif) ligand 5, and CXCL3 which encodes for and chemokine (C-X-C motif) ligand
3, were elevated 402 and 11-fold, respectively, in the activated microglial cells compared to
the controls. TQ treatment of the activated microglia decreased gene expression 7 and 8-fold
compared to the untreated, activated cells. The CCL5 and CXCL3 chemokines are involved
in acute inflammation and immunoregulation of the inflammatory process. Both CCL5 and
CXCL3 chemokines emulated act as a chemoattractant and play an active role in recruiting
leukocytes into inflammatory sites. CCL5 as a prominent chemokine that mediates the
chemotaxis of microglia toward beta-amyloid (AB) aggregates observed in Alzheimer's
disease (Huang et al., 2009), and it is commonly observed in the microcirculatory system of
AD-affected brains, upregulated as a response to a cytokine-mediated increase of ROS
(Tripathy et al., 2010). The microglial clustering around neuritic plaques contribute the
neuroinflammation, and progressive neurodegeneration and CCL5 down-regulation reduce
chemotaxis of microglia toward Ap-yaggregates (Huang et al., 2010). Furthermore, it has
also been demonstrated that CCL5 is up-regulated in the substantia nigra of PD mouse
models and the neutralization of CCL5 protects against nigrostriatal degeneration (Chandra
etal., 2016). CXCL3 has also been found to be upregulated other disease states (Martin-
Fuentes et al., 2009; See et al., 2014; Gui et al., 2016).

TQ treatment in control microglial cells significantly upregulated the expression of
antioxidant enzyme NAD(P)H dehydrogenase quinone 1. Additionally, TQ treatment in the
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activated microglial cells significantly downregulated the same genes that were upregulated
by LPS/ IFNy activation thereby reducing NFxB pathway activation/signaling and
attenuating the pro-inflammatory response.

5. Conclusion

Our findings are the first to show that TQ treatment in the activated BV-2 microglial cells
increased the expression of antioxidant and neuroprotective proteins, biliverdin reductase-A,
3-mercaptopyruvate sulfurtransferase, glutaredoxin-3, and mitochondrial lon protease. TQ
also reduced the expression of several inflammatory cytokines in the LPS/ IFNvy activated
BV-2 microglial cells. Furthermore, our studies showed TQ modulated the expression of
genes involved in the NFxB signaling pathway, which play a key role in neuroinflammation.
By modulating the expression of NFxB pathway genes, TQ may regulate the production of
pro-inflammatory cytokines, and therefore, it could explain the mechanism by which TQ
exhibited an inhibitory effect on the expression IL-2, IL-4, IL-6, IL-10, and IL-17a. Thus,
our findings demonstrate TQ's potential in reducing neuroinflammation and
neurodegeneration driven by microglial activation.
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Fig. 1.
Multi-Analyte ELISArray™ for Inflammatory Cytokines & Chemokines protein expression

fold change amongst the control, LPS/INF+y, TQ, and TQ + LPS/IFN~y groups. Data
represent protein expression as the mean = S.E.M (n = 3). Statistical significance of LPS/
INFy vs. TQ + LPS/IFN+y was evaluated by one-way ANOVA followed by Tukey's post hoc
multiple comparisons test, p**** <0.0001.
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Fig. 2.
Scatter Plot of the Normalized Expression of NFxB Signaling Targets PCR Array in the

Control, TQ, LPS/IFN-y, and TQ + LPS/IFN-y Experimental Groups. (A) TQ vs. Control,
(B) LPS/IFNy vs. Control, (C) TQ + LPS/IFNy vs. LPS/IFNy.
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