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Abstract

Both neuroinflammation and microglial activation are pathological markers of a number of central
nervous system (CNS) diseases. During chronic activation of the microglial cells, the induced
release of excessive amounts of reactive oxygen species (ROS) and pro-inflammatory cytokines
have been implicated in several neurodegenerative diseases such as Alzheimer’s disease.
Thymoquinone (TQ), a major bioactive compound of the natural product Nigella sativa seed, has
been shown to be effective against numerous oxidative stress-induced and inflammatory disorders
as well as possess neuroprotective properties. In this study, we investigated the antioxidant effects
of TQ on LPS/IFN-y or H,0-activated BV-2 microglia by assessing the levels of specific
oxidative stress markers, the activities of selected antioxidant enzymes, as well as profiling 84 key
genes related to oxidative stress via real-time reverse transcription (RT2) PCR array. Our results
showed that in the LPS/IFN-y-activated microglia TQ significantly decreased the cellular
production of both superoxide and nitric oxide 4-fold (p<0.0001) and 6 fold (p<0.0001),
respectfully. In the H,O,-activated microglia, TQ also significantly decreased the cellular
production of superoxide 3-fold (p<0.0001) and significantly decreased hydrogen peroxide levels
~20% (p<0.05). Moreover, TQ treatment significantly decreased the levels oxidative stress in the
activated BV-2 as evidenced by the assessed levels of lipid hydroperoxides and glutathione. TQ
significantly decreased the levels of lipid hydroperoxides 2-fold (p<0.0001) and significantly
increased the levels of antioxidant glutathione 2.5-fold (p<0.0001) in the LPS/IFN-y-activated
BV-2 cells. In the HyO»-activated microglia, TQ significantly decreased lipid hydroperoxides 8-
fold (p<0.0001) and significantly increased glutathione 15% (p<0.05). Activities of antioxidant
enzymes, superoxide dismutase (SOD) and catalase (CAT), in the TQ-treated microglial cells also
reflected a reduced oxidative stress status in the cellular environment. SOD and CAT activities
were 6 fold (p<0.0001) and 5 fold (p<0.0001) lower, respectfully, for the LPS/INF-y-activated
microglia treated with TQ in comparison to those that were not. For the H,O»-activated microglia
treated with TQ, SOD and CAT activities were 5 fold (p<0.0001) and 3 fold (p<0.01) lower,
respectfully, compared to the untreated. Furthermore, RT2 PCR array profiling of the selected 84
genes related to oxidative stress confirmed that TQ treatment in the LPS/IFN~y-activated microglia
downregulates specific pro-oxidant genes, upregulates specific anti-oxidant genes, and enhances
the up- or downregulation of specific genes related to the cells’ natural antioxidant defense against
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LPS/IFNvy activation. These findings suggest that TQ may be utilized as an effective therapeutic
agent for delaying the onset and/or slowing/preventing the progression of microglia-derived
neurodegeneration propagated by excessive oxidative stress in the CNS.
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Introduction

Microglia are the specialized immune cells that serve as the brain’s resident macrophages
providing its innate immune function [1-6]. They exhibit either a quiescent/resting or
activated phenotype according to local cellular conditions [7]. In a normal, healthy brain a
majority of the microglia are in a usually in the resting state, during which they constantly
surveil their microenvironment to remain ready for immediate activation i.e. reaction to an
immunological challenge such as local injury or invading pathogens [1, 2, 8, 9]. Activation
of microglia and its phagocytic response are a central part of the brain’s defense mechanism
to ensure healthy neuronal function [10]. It 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 [11-14]. However, overactivated
microglia exhibit chronic inflammatory response and can lead to the overproduction of pro-
inflammatory cytokines and reactive oxygen/nitrogen species (ROS/RNS), specifically
superoxide and nitric oxide (NO). This combination produces the powerful pro-oxidant
peroxynitrite (ONOO™) which can cause neurotoxic injury to surrounding neurons and
thereby contribute to the progressive damage observed in neurodegenerative diseases (ND)
[11, 12, 15-24]. Microglia-derived excessive oxidative stress and chronic neuroinflammation
have more recently been recognized as important pathological events in Alzheimer’s disease
(AD), especially in the onset and development of the disease [25-30].

Over the last few decades, there has been rapidly growing interest in naturally occurring
phytochemical compounds with antioxidant, anti-inflammatory, as well as neuroprotective
potential, not only because of the concerns about the side effects of conventional medicine,
but also because natural products are comparatively inexpensive and typically readily
available in an ingestible form [31]. Additionally, given that medicinal plants serving as
effective therapeutics for a multitude of conditions and disorders date back numerous
generations and thousands of years [32, 33], they are viewed as relatively nontoxic, and
therefore, are preferred over conventional medicine [34].

Amongst the promising medicinal plants is Nigella sativa, a dicotyledon of the
Ranunculaceae family, an annual herbaceous plant that grows wildly in countries bordering
the Mediterranean and is widely cultivated and distributed in the Middle East, the Indian
subcontinent, Middle Europe, and western Asia [31, 35-40]. It produces capsule-like fruit
full of numerous white trigonal seeds which turn black upon exposure to air after the fruit
capsule matures and opens [41]. The black seeds also called black cumin, or black caraway
seed are the richest source of its bioactive compounds including thymoquinone (TQ; 2-
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isopropyl- 5-methyl-1, 4-benzoquinone) [31, 36, 42]. Thymoquinone (TQ) is the most
abundant bioactive component in the volatile oil from Nigella sativablack seeds [43, 44];
ranging from 18.4-24.0% [44-47] to as high as 27.8 - 57% TQ [31, 36, 37, 42, 48, 49]
depending on where the plant is cultivated and how the oil is extracted [39, 50]. Scientific
research shows that TQ possesses reproducible antioxidant effects. TQ acts as a potent
scavenger of various ROS including superoxide radical anion and hydroxy! radicals [51-53],
enhances the oxidant scavenger system via preserving the activity of various antioxidant
enzymes such as catalase and glutathione peroxidase [34, 37, 47, 50, 54], and mediates an
inhibitory effect on NO production [55]. TQ also inhibits non-enzymatic lipid peroxidation
via inhibiting the generation eicosanoids, namely thromboxane B2 and leukotriene B4 [31,
48, 51-53, 56, 57]. The oil and TQ have also shown potent anti-inflammatory effects on
several inflammation-based models including experimental encephalomyelitis, colitis,
peritonitis, asthma, and arthritis through suppression of pro-inflammatory mediators [31, 37,
46, 50, 54, 58, 59]. Additionally, studies show that TQ possess neuroprotective [46, 47, 60—
62], antimicrobial [42, 50], antidiabetic [42, 50, 63], anticancer [34] and beneficial
immunomodulatory properties [36, 44, 54].

Given what is now known about the early pathophysiology of ND, the goal in the
pharmacological research evolves into the development of therapies that target the
underlying mechanisms of ND. Furthermore, recent studies have shown that the
pathophysiological changes related to ND occur decades before the clinical symptoms [64].
Therefore, it is ideal to halt or delay ND development and progression in the critical pre-
clinical phase. Targeting the minimization the oxidative damage and neuroinflammation
precipitated from activated microglia observed in ND’s early pathophysiology may prove to
be a viable therapeutic approach [12, 65-71]. Because TQ has anti-oxidant, anti-
inflammatory, and neuroprotective properties, it may be an agent which not only prevents
the direct injurious effects of oxidants but also may fundamentally alter the underlying
inflammatory processes that play an important role in the pathology of ND such as AD [31].
Here we examined the antioxidant effects of TQ on the microglia activated by the presence
of LPS/IFN-y or H,05.

Methods and Materials

High glucose Dulbecco’s Modified 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%), phenol red were purchased from Thermo
Fisher Scientific (formerly Life Technologies). The heat-inactivated fetal bovine serum
(FBS) was purchased from Atlanta Biologicals. Thymoquinone (99% purity; Cat # 274666),
lipopolysaccharides from Escherichia coli (LPS) and the reagents for the nitric oxide and
superoxide anion assays were purchased from Sigma-Aldrich. The Superoxide Dismutase
(SOD), Catalase (CAT), Glutathione (GSH), and Hydrogen Peroxide (H,05) Cell-Based
Assay Kits were purchased from Cayman Chemical. The supplies and reagents for the
Oxidative Stress PCR Array assay, including the RT2 Profiler PCR Array (Cat #: 330231-
PAMM 065Z), the RNeasy Mini Kit (Cat #: 74104/74106), the RNase-Free DNase Set (Cat
#: 79254), QlAshredders (Cat #: 79656), the RT2 First Strand Kit (Cat #: 330401), and the
RT2 SYBR Green Mastermix (Cat #: 330500) were purchased from Qiagen.
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The BV-2 cell line is an immortalized murine microglial cell line supplied by the lab of
Elisabeth Blasi at the University of Perugia [72]. The BV-2 cells were cultured in high
glucose DMEM-GlutaMAX™ media containing phenol red, 10% heat-inactivated FBS,
100U/mL penicillin, and 100pg/mL streptomycin. The cells were maintained at 37°C in a
5% CO» humidified atmosphere with the media changed every 2-3 days.

The BV-2 cells were seeded (5x10° cells/mL) in 96-well plates (100 uL/well) and treated
with thymoquinone (TQ) at concentrations ranging 0 — 40 UM in experimental cell culture
media (high glucose DMEM-GlutaMAX™, 2.5% heat-inactivated FBS) for 24 h. The TQ
stock was freshly prepared by initially dissolving in DMSO then diluting further with
experimental media to the appropriate concentration for each treatment so that the
concentration of DMSO did not exceed 0.025% which was used for the control (0 uM TQ).
Cell viability was assessed using resazurin dye (7-hydroxy-3H-phenoxazin-3-one 10-oxide),
a cell permeable redox indicator that is used as a measure of the viable cell count.

Briefly, a working solution of resazurin was prepared in HBSS (pH 7.4) at 0.5 mg/mL and
passed through a 0.2-um filter into a sterile, light-protected container. The dye solution was
added to the samples (20 pL of reagent to the 100 pL of the medium in the 96-well format)
and returned to the incubator (37°C) for 4 hrs to allow the viable cells to convert the dark
blue resazurin dye to the bright pink fluorescent resorufin product via redox reactions. The
conversion of resazurin to the fluorescent resorufin is proportional to the number of
metabolically active, viable cells presented in a population and was quantitatively measured
on a microplate fluorometer using 550 nm excitation/580 nm emission filter settings.

For the assay experiments thereafter, BV-2 cells (5x10° cells/mL) were seeded overnight to
attach, then activated with either 500 ng/mL LPS + 0.5 ng/mL IFNy (LPS/IFNy) or 75 uM
H»0, in the presence or absence of TQ for 24 h.

Superoxide Assay

Intracellular superoxide radical anion (*O,7) content was measured using a more sensitive
nitro-blue tetrazolium (NBT) assay method developed by Choi, HS and colleagues [73]
based on the reduction of yellow colored-NBT to NBT blue formazan by "O5™.

Briefly, BV-2 cells were seeded (5%10° cells/mL) overnight in 24-well culture plates then
treated as previously described in triplicate for 24 h in phenol-red —free and serum-free
medium. The cultures were incubated with 100 pL of yellow-colored nitro-blue tetrazolium
(Y-NBT) solution containing 600 ng/mL PMA (phorbol 12-myristate 13-acetate) for 45-60
min. As negative controls, some cells were incubated in Y-NBT solution containing PMA
with 30 pg/mL SOD. After incubation, cells were washed twice with warm PBS, then once
with methanol, and air-dried. The NBT blue formazan deposited inside the cells were
dissolved in DMSO (140 uL) after solubilizing the cell membranes with the addition of 120
pL of 2M KOH to each well. The plate was incubated for 10 min at room temperature with
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gentle shaking. The dissolved NBT solution was transferred to a 96-well plate, and the
absorbance was read at 620 nm.

Nitric Oxide (Griess) Assay

The BV-2 cells’ nitric oxide (NO) production by was determined by measuring the amount
of nitrite (NO,"), a relatively stable oxidation product, released in the cell cultures’
supernatants with a colorimetric assay using Griess reagent (1% sulfanilamide and 0.1% N-
(1-naphthyl) - ethylenediamine hydrochloride in 5% phosphoric acid (H3POy)).

Briefly, BV-2 cells (5x104 cells/well, in a 96-well plate) were seeded overnight to attach,
then treated as previously described for 24 h. Equal volumes (50 UL each) of Griess reagent
was combined with cell culture supernatant and incubated for 10 min at room temperature,
protected from light. The absorbance at 530-550 nm was measured with a microplate
spectrophotometer. Concentrations of NO present in the samples are calculated using a
standard curve generated from known concentrations (0 — 160 uM) of sodium nitrite
(NaNO,) freshly prepared in the culture medium, subtracting for background nitrite.

Hydrogen Peroxide Cell-Based Assay

Quantitation of the extracellular H,O, produced by the BV-2 cells is detected using the
highly sensitive and stable H,O, probe, ADHP (10-acetyl-3,7-dihydroxyphenoxzine) in
which it reacts with H,0O, to produce the highly fluorescent resorufin using horseradish
peroxidase (HRP) as a catalyst.

Briefly, cells were seeded in a 96-well plate (5x10* cells/well) overnight in 100 pL/well of
serum-free culture medium, then treated as previously described for 24 h. Extra wells
containing medium and experimental compounds without cells were included for treatment-
controls and catalase controls as directed in the kit’s manual. The samples were assayed
according to the kit’s protocol. The fluorescence intensity (excitation = 530 nm; emission =
590 nm) of each well was measured using microplate reader.

Lipid Hydroperoxide Assay

Lipid hydroperoxides were directly measured utilizing reduction/oxidation reactions with
ferrous ions yielding ferric ions that are readily detected via the thiocyanate ion chromagen.

Brief; ly, BV-2 cells were seeded (5x10° cells/mL) overnight in T-75 flasks, treated as
previously described for 24 h then harvested using a cell scraper and collected by
centrifugation at 1,000-2,000x g for 10 minutes at 4°C. The pellet was homogenized via
sonication in 1 — 2 mL of HPLC-grade water and the lipid hydroperoxides were extracted
from the samples into freshly deoxygenated chloroform just before performing the assay
according to the kit’s instructions. At the completion of the assay reaction, the assay
mixtures for each sample were transferred into the designated wells of the kit provided 96-
well solid glass plate, and the absorbance was measured at 500 nm using a plate reader.
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Glutathione Assay

The total GSH content was measured utilizing a carefully optimized enzymatic DTNB (5,
5’ -dithio- bis-2-(nitrobenzoic acid), Ellman’s reagent) - GSSG reductase recycling method
forming a yellow product (5-thio-2nitrobenzoic acid) at a rate directly proportional to the

concentration of total GSH in the sample.

Briefly, cells cultured and treated in T-75 flasks, as previously described, were harvested
using a cell scraper and collected by centrifugation at 1,000-2,000x g for 10 minutes at 4°C.
The pellet was homogenized via sonication in 1 — 2 mL of cold 50 mM MES buffer, pH 6-7,
containing 1 mM EDTA and centrifuged at 10,000x g at 4°C for 15 minutes. The
supernatants were retained on ice for deproteinization with equal volume freshly prepared
10% metaphosphoric acid (MPA) reagent. The samples were prepared for measurement with
the addition of freshly prepared 4 M TEAM reagent. The assay was carried out according to
the Kkit’s instructions, and the absorbance was measured at 405 — 414 nm.

Superoxide Dismutase (SOD) and Catalase (CAT) Enzyme Activity Assays

The antioxidant enzymes, SOD, and CAT are crucial in the cellular antioxidant defense
mechanism, catalyzing the dismutation of superoxide anion and detoxification of H,O,,
respectfully. Total SOD activity was assayed utilizing a tetrazolium salt for detection of
superoxide radicals generated by xanthine oxidase and hypoxanthine. Catalase (CAT)
activity was measured utilizing the peroxidation function of the enzyme reacting with
methanol in the presence of an optimal concentration of H,O» to produce formaldehyde that
reacts with a chromagen to produce a colorimetric product.

Briefly, cells cultured and treated in T-75 flasks, as previously described, were harvested
using a cell scraper and collected via centrifugation at 1,000 — 2,000 g for 10 minutes at
4°C. The cell pellets were sonicated in the appropriate ice-cold buffer indicated in the kit’s
instructions, then centrifuged at the designated speed and time at 4 °C, and the supernatants
were retained for assay as directed in the kit’s instructions. The absorbance at the designated
wavelengths was measured using a plate reader.

RT2 Profiler PCR Array — Oxidative Stress

Profiling the expression of 84 key genes related to oxidative stress was performed using the
Oxidative Stress RT2 Profiler PCR Array. The functional grouping of the genes of interest in
this array includes a selection of genes for peroxidases, genes involved in ROS metabolism,
and relevant oxygen transporter genes.

Briefly, the BV-2 cells were seeded (5x10° 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 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
QIlAshredders to homogenize the cell pellets and the RNase-Free DNase Set to ensure a
complete DNA removal. RNA quantity and purity was determined spectrophotometrically
(Nanodrop) before converting the purified extracted RNA into first-strand cDNA using the
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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 RT2 Profiler PCR Array was tightly sealed, centrifuged for
1 minute at 1000x g at room temperature (15 — 25 °C), and run on the PCR cycling program.

Data Analysis

Results

Results are expressed as mean values + SEM. Statistical analysis was performed using
GraphPad Prism 6 (version 6.07; Graph Pad Software Inc. San Diego, CA, USA) Data were
analyzed using One-Way ANOVA with Tukey’s post hoc multiple comparisons test. Values
of p < 0.05 were considered statistically significant. Data generated from the RTZ Profiler
PCR Array was analyzed via Qiagen’s PCR Array Data Analysis Web Portal at
www.SABIosciences.com/pcrarraydataanalysis.php.

Cell Viability

The effect of TQ BV-2 cells was determined using resazurin dye (7-hydroxy-3H-
phenoxazin-3-one 10-oxide) after 24 hr. treatment. TQ did not decrease BV-2 microglial cell
viability at concentrations <12.5 uM. However, there was a significant (**** P < 0.0001)
dose-dependent decrease in cell viability for TQ concentrations =15 pM. Therefore to
observe the maximum effect of TQ without reducing cell viability, 12.5 uM TQ from freshly
prepared stock was used for experiments.

Thymoquinone Decreases Superoxide and Nitric Oxide Production and Hydrogen Peroxide
Levels in activated microglia

Superoxide—The superoxide levels in the LPS/IFN-y- and H,O,-activated cells were
200% and 150%, respectfully, higher than the control. TQ treatment significantly reduced
superoxide levels in the LPS/IFN-y- and H,O,-activated BV-2 microglial cells as well as the
control BV-2 microglial cells (p<0.0001). There was no significant difference amongst all
the TQ-treated cells. TQ treatment decreased superoxide levels for all groups to 40-50% of
the superoxide level of the control.

Nitric Oxide—There was no statistical difference in the cellular NO production amongst
the Control, TQ-treated, H,O,-activated, and the TQ-treated + H,O»-activated experimental
groups. However, there was a significant (**** P < 0.0001) decrease in NO production in
the TQ-treated + LPS/IFN-y-activated cells compared the LPS/IFNvy-activated cells. Nitric
oxide production was decreased >5-fold in the LPS/IFN-y-activated microglial cells treated
with TQ versus those without treatment, bringing NO levels in the similar range of the
control cells.

Hydrogen Peroxide—TQ treatment significantly (p<0.05) reduced the levels of hydrogen
peroxide for the H,O,-activated microglial cells. However, there was no significant
difference amongst the other experimental groups: control, TQ, LPS/IFN-y, and TQ+LPS/
IFNy. The LPS/IFNvy-activated microglial cells did not have elevated hydrogen peroxide
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levels compared to the controls, and there was no significant difference in hydrogen
peroxide levels between the TQ treated and control microglial cells.

Thymoquinone Decreases Lipid Hydroperoxides and Increases Antioxidant Glutathione in
Activated Microglia

Lipid Hydroperoxides—The lipid hydroperoxide levels in the LPS/IFN+y- and H,O05-
activated BV-2 cells were elevated significantly higher (p<0.0001) than the control cells. TQ
treatment of the LPS/IFN+y- and H,O,- activated cells very significantly lowered (p<0.0001)
the levels of lipid hydroperoxides. There was no significant difference between the control
and TQ only treated groups.

Glutathione—The glutathione (GSH) content in the LPS/IFN-y- and the H,0,-activated
cells are significantly lower (p<0.0001 and p<0.05, respectfully) than the control group. TQ
treatment restored the GSH to levels similar to the control. Additionally, there was no
significant difference between the control and TQ only treated groups.

Thymoquinone-treated BV-2 Microglial Cells Have Decreased Superoxide Dismutase (SOD)
and Catalase (CAT) Enzyme Activities

Superoxide Dismutase—The SOD activity levels in the LPS/IFN-y-stimulated cells were
statistically significantly (P<0.0001) higher (250%) compared to the control cells. Likewise,
the HoO»-stimulated cells showed statistically significantly higher SOD activity (200%)
compared to the control cells. There was no significant difference amongst the control and
all of the TQ-treated cells.

Catalase—Treating the LPS/IFN-y- and H,O»-activated cells with TQ significantly reduced
CAT activity (p<0.0001, p<0.01). TQ treatment also significantly reduced CAT activity in
the control cells (p<0.0001). However, there was no significant difference amongst all the
cells that were treated with TQ.

Thymoquinone Modulates the Expression of Specific Key Genes Related to Oxidative
Stress in LPS-IFN+y-activated BV-2 Microglial Cells

Activation of BV-2 microglial cells with LPS/IFN+y lead to significant upregulation of
several key genes related to the observed oxidative stress. Chemokine (C-C) motif ligand 5
(Cclb5), nitric oxide synthase 2, inducible (Nos2), and Prostaglandin-endoperoxide synthase
2 (Ptgs2) are amongst the genes significantly upregulated at least 7-fold. These genes are
directly related to increased inflammation and the resulting increase in oxidative stress in the
cellular environment. TQ treatment the LPS/IFN-y-activated cells caused a significant down-
regulation of those same genes, counteracting their pro-oxidant effects that result from LPS/
IFNy-activation of the microglial cells. There is also statistically significant upregulation of
genes for Peroxiredoxin 1 (Prdx 1) and Sulfiredoxin 1 homolog (S. cerevisiae) (Sxrnl),
which both are related to combating oxidative stress. TQ treatment also enhanced the
upregulation of these genes related to antioxidant defense. Moreover, the downregulation the
gene for the pro-oxidant Thioredoxin-interacting protein (Txnip) observed with LPS/IFNy
stimulation is further enhanced with TQ treatment.
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Discussion

ND such as AD, involve the chronic progressive loss of number, structure, and function of
neuronal cells, leading to generalized brain atrophy and profound cognitive deficit. They
share many common characteristics in addition to the progressive neuronal loss, including
changes in the number and morphology of microglia, elevated levels of pro-inflammatory
cytokines, and oxidative stress [74]. Oxidative stress is a key hallmark AD that can be
related to microglial activation [74, 75]. Microglial activation is an early sign that often
precedes neuronal death [76, 77] and increasing evidence reports that sustained microglia
activation is implicated in the chronic nature ND [78, 79]. TQ has been shown to have
antioxidant properties [51, 80-82] and therefore we evaluated those properties on the BV-2
microglial cells.

In this study, we showed that TQ was effective in reducing the production of key ROS,
superoxide (O2°) and nitric oxide (NO), and the levels of the hydrogen peroxide (H,05) in
the activated BV-2 microglial cells. Exposing the BV-2 microglial cells to the combination
of LPS (0.5 pg/mL) and IFNy (0.5 ng/mL) for 24 h activated the cells and precipitated the
pro-inflammatory response with increased ROS production. The LPS/IFN-y-activated
microglial cells produced significantly higher levels of superoxide (2 fold) and nitric oxide
(6 fold) compared to the control. However, TQ treatment of the LPS/IFN~y-activated cells
significantly (P<0.0001) reduced the production of superoxide and nitric oxide by 4 fold and
6 fold, respectively. Likewise, the BV-2 microglial cells were also activated by direct
oxidation via exposure to hydrogen peroxide (75 uM) for 24h. TQ treatment also
significantly (P<0.0001) reduced the levels of superoxide production 3 fold and the
hydrogen peroxide levels by 20% in the H,0,-activated BV-2 microglial cells. Excessive
production of ROS from infiltrating immune cells is very toxic and damaging to cells,
because ROS cause production of peroxynitrite (from the combination of superoxide and
nitric oxide) and hydroxyl radical (from hydrogen peroxide), which are powerful mediators
of brain injury in brain inflammation and can lead to lipid peroxidation [83-85]. Oxidative
damage to the CNS predominantly manifests as lipid peroxidation (LPO) because of the
high content of polyunsaturated fatty acids that are particularly susceptible to oxidation [86].
Furthermore, research suggests that lipid peroxidation is an important mechanism of
neurodegeneration in AD brain [87, 88]. Research has also shown that such high levels of
NO induce neuronal death by causing inhibition of mitochondrial cytochrome oxidase in
neurons [89, 90]. Studies have shown that TQ functions as a superoxide radical anion and
hydroxyl scavenger [51, 52, 91-94]. This is significant because superoxide and hydroxyl
radical are particularly potent in producing destruction of the cell membrane via lipid
peroxidation induction and causing oxidative damage to cell membranes [85, 95]. This study
shows that TQ is also effective in reducing superoxide in the BV-2 microglia activated with
LPS/INFy and H,0,. TQ’s ability to reduce the levels of these specific ROS despite LPS/
IFNy or H,0, microglial activation demonstrates that its antioxidant properties are effective
also in the BV-2 microglia.

Levels of oxidative stress were assessed from the measuring the levels of lipid
hydroperoxides and GSH present in the cell. Lipid peroxidation results in the formation of
highly reactive and unstable hydroperoxides of both saturated and unsaturated lipids.
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Quantification of lipid peroxidation is essential to assess the cytotoxic oxidative damage to
neurons particularly in neurodegeneration resulting from excess oxidative stress [88, 96-98].
In this study we showed that TQ treatment significantly reduced the levels of lipid
hydroperoxides by 2-fold for the LPS/IFN-y-activated microglial cells and by 8 fold for the
H,0,-activated microglial cells. This implies that TQ not only is effective in reducing the
levels of ROS in the cellular environment but also reducing or preventing the damage caused
by elevated oxidative stress. This is confirmed when the GSH levels are taken into account.
Exposing the cells to LPS/IFN+y and H,0, lowered the cellular concentration of GSH.
Glutathione is the most abundant non-protein thiol tripeptide present in the central nervous
system that acts as a major cellular antioxidant in neuronal and non-neuronal cells [99, 100].
GSH acts alone as well as in concert with enzymes within cells to reduce superoxide
radicals, hydroxyl radicals, and peroxynitrites. formed during normal cellular metabolism
and the preferred substrate for several enzymes in xenobiotic metabolism and antioxidant
defense [99, 101-103]. GSH deficiency has been observed in aging and in a wide range of
pathologies including ND. Additionally, studies show that intracellular GSH concentrations
appear to play an important factor in regulating the susceptibility of the cell to NO and its
derivatives [104]. GSH reacts with NO to form hydroxylamine and GSSG. If GSH levels are
compromised due to oxidative stress conditions, neurons become particularly sensitive to
NO and ONOO™ [105]. TQ treatment increased the GSH levels in the activated microglia to
help maintain lower levels of oxidative stress in the cells. There was no significant difference
in GSH levels amongst the control and all the TQ treated cells, which reflect the lower NO,
and superoxide levels in the TQ treated cells.

Further assessment of the effect of TQ on the LPS/IFNy and H,O,-activated BV-2 cells
showed that superoxide dismutase (SOD) and catalase (CAT) activities were reduced in
comparison to the untreated. SOD catalyzes the dismutation of superoxide anion radical into
molecular oxygen or hydrogen peroxide. Catalase catalyzes the decomposition of hydrogen
peroxide into water and oxygen. The two enzymes work together to help reduce the levels of
ROS and keep the cell at healthy levels of oxidative stress when superoxide and hydrogen
peroxide are present at excessive levels. The SOD and CAT activities in the LPS/IFNy-
activated cells treated with TQ were 6 fold and 5 fold lower, respectively. And the SOD and
CAT activities in the H,O,-activated cells treated with TQ were 5 fold and 3 fold lower,
respectively. Although the TQ treated cells had lower antioxidant enzyme activities, the
concentrations of reduced GSH are similar to controls indicating the oxidative stress levels
are also similar. Therefore the lower antioxidant enzyme activities of the TQ-treated cells
may be attributed to the ROS scavenging properties of TQ and not a detrimental decrease in
the antioxidant enzyme activities. In this study, our results suggest that TQ imparts its
antioxidant protection in the microglia cells as an ROS scavenger rather than the
enhancement of antioxidant enzyme activity.

TQ’s antioxidant protection of the BV-2 microglia cells is further confirmed via RT2 PCR
Profiling Array for genes related to oxidative stress. The LPS/IFNy-activated microglial
cells showed upregulation > 7 fold of specific pro-oxidant genes: Chemokine (C-C) motif
ligand 5 (Ccl5), nitric oxide synthase 2, inducible (Nos2), and Prostaglandin-endoperoxide
synthase 2 (Ptgs2). These pro-oxidant genes code for proteins that are typically elevated
during the inflammation. These proteins are also linked to oxidative stress through the
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inflammatory response. TQ treatment in the LPS/IFN-y-activated microglial cells
significantly downregulated those same genes. Furthermore, the upregulation of antioxidant
genes, Peroxiredoxin 1 (Prdx 1) and Sulfiredoxin 1 homolog (S. cerevisiae) (Sxrnl), in
response to LPS/IFNy activation as part of the cells’ antioxidant defense was enhanced with
TQ treatment. These genes code for proteins that reduce alkyl hydroperoxides and over-
oxidized cysteine residues under conditions of severe oxidative stress. Hence, the fact that
TQ enhances that defense further demonstrates its powerful antioxidant properties.

Conclusions

In this study, TQ proves to be effective in reducing superoxide, nitric oxide, and hydrogen
peroxide levels. TQ reduced oxidative damage via lowered lipid hydroperoxides as well as
increase antioxidant GSH. Furthermore, the reduction in ROS and oxidative stress is evident
by the lowered SOD and CAT activities and confirmed from the PCR Array profiling. Our
studies indicate that TQ reduces microglia-derived oxidative stress and may prove to be
useful in delaying the onset or attenuating the progression of microglia-derived
neurodegeneration related to excessive oxidative stress in the CNS and heightened
neuroinflammation. Because we know that excessive oxidative stress and neuroinflammation
have shown to be key players in the development and progression of ND like AD, this study
warrants further investigation of the efficacy of TQ in specialized AD models as a possible
therapeutic agent.
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FIGURE 1. Effect of thymoquinone on the viability of BV-2 cells

Cell viability was evaluated using resazurin dye (7-hydroxy-3H-phenoxazin-3-one 10-
oxide), 24 h after treatment. Values expressed as mean = SEM. **** P < 0.0001.
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FIGURE 2.
FIGURE 2A | Effect of thymoquinone on the levels of superoxide, nitric oxide, and

hydrogen peroxide in BV-2 cells stimulated with the combination of LPS (500 ng/mL)
and IFNy (0.5 ng/mL) (LPS/IFNy) or HyO, (75 uM) for 24 h. (A) The intracellular
concentration of superoxide was measured using nitroblue tetrazolium (NBT) 24 h after
treatment. Values expressed as mean + SEM. ****pP<(.0001.

FIGURE 2B | Effect of thymoquinone on the levels of superoxide, nitric oxide, and
hydrogen peroxide in BV-2 cells stimulated with the combination of LPS (500 ng/mL)
and IFNy (0.5 ng/mL) (LPS/IFNvy) or H,0, (75 pM) for 24 h. (B) Nitric oxide
production was measured using Griess reagent (1% sulfanilamide, 0.1% N - (1-naphthyl) -
ethylenediamine hydrochloride in 5% phosphoric acid (H3POg)) 24 h after treatment. Values
expressed as mean £ SEM. ****P<(0.0001.

FIGURE 2C | Effect of thymoquinone on the levels of superoxide, nitric oxide, and
hydrogen peroxide in BV-2 cells stimulated with the combination of LPS (500 ng/mL)
and IFNvy (0.5 ng/mL) (LPS/IFNy) or H,O, (75 uM) for 24 h. (C) Hydrogen peroxide
was measured using the highly sensitive and stable H,O, probe ADHP (10-acetyl-3,7-
dihydroxyphenoxazine) 24 h after treatment. Values expressed as mean + SEM. *P<0.05.
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FIGURE 3A | Effect of thymoquinone on lipid hydroperoxides and glutathione in
stimulated BV-2 microglial cells. (A) Lipid hydroperoxides were measured in BV-2
microglial cells 24 h after treatment. Values expressed as mean £ SEM. ****P<(.0001.
FIGURE 3B | Effect of thymoquinone on lipid hydroperoxides and glutathione in
stimulated BV-2 microglial cells. (B) Glutathione was measured in BV-2 microglial cells
24 h after treatment. Values expressed as mean + SEM. ****P<0.0001; *P<0.05.
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FIGURE 4A | Effect of thymoquinone on superoxide dismutase and catalase enzyme
activities in stimulated BV-2 microglial cells. (A) SOD enzyme activity was measured in
BV-2 microglial cells 24 h after treatment. Values expressed as mean £ SEM.
**%*P<0.0001.

FIGURE 4B | Effect of thymoquinone on superoxide dismutase and catalase enzyme
activities in stimulated BV-2 microglial cells. (B) Catalase enzyme activity was measured
in BV-2 microglial cells 24 h after treatment. Values expressed as mean + SEM.
****%P<(.0001; **P<0.01.
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A Control vs. LPS/IFNy (BV2 cells) LPS/IFNy vs. TQ+LPS/IFNy (BV2 cells)
c Fold c Fold
o . o
= [Regulat =1 i
Symbol|Well| © egufation p-value JSymbol|Well| § Regulation p-value
2| LPS-IFNY/ £ | TQ+LPS-IFNY/
2| control e LPS-IFNy
Ccl5 |A08 426.17| <0.0001 Ccl5 |A08 6.53 0.012
Pro- Nos2 |D12 221.79 <0.05Q Nos2 |D12 100.76 <0.01
Oxidant | Ptgs2 | FO4 14.90| <0.005§ Ptgs2 | FO4 1.78 0.001
Txnip | GO5 2.90 <0.05f Txnip |G04 4.18| 0.0005
Anti- Prdx1 | EO7 5.52 0.013f Prdx1 | EO7 3.02 <0.05
Oxidant | Srxnl | GO2 9.04 <0.01f Srxnl |GO2 2.33| 0.0022
B
Symbol Gene
Ccl5 Chemokine (C-C motif) ligand 5
Nos2 Nitric oxide synthase 2, inducible
Ptgs2 Prostaglandin-endoperoxide synthase 2
Txnip Thioredoxin interacting protein
Prdx1 Peroxiredoxin 1
Srxn1 Sulfiredoxin 1 homolog (S. cerevisiae)

FIGURE 5. Effect of thymoquinone on the expression of key genes related to oxidative stress in
stimulated BV-2 microglial cells

(A) The fold regulation change of Control vs LPS/IFNy and LPS/IFNy vs TQ+LPS/IFN-y.
Values expressed as fold regulation. P values listed in the table. (B) Gene name for the
symbol listed in the table.
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