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Abstract

Activated microglial cells produce the pro-inflammatory mediators such as nitric oxide (NO) and
cytokines. The excessive release of these mediators can lead to neurodegenerative diseases, such
as Alzheimer’s disease (AD) and Parkinson’s disease (PD). Inhibition of the release of these pro-
inflammatory molecules may prevent or halt the progression of these diseases. Plumbagin (PL), a
naphthoquinone compound in the roots of the traditional medicinal plant Plumbago zeylanicalL.,
showed anti-inflammatory effects on macrophages. However, PL effects on activated microglia
remain unknown. In the present study, PL has been examined for its anti-inflammatory effect on
LPS — activated microglial BV-2 cells. In this study, NO and iNOS expression were investigated in
BV-2 microglial cells in the presence of PL or the selective iNOS inhibitor L-N6-(1-iminoethyl)
lysine (L-NIL). The results obtained indicate that PL was > 30-fold potent than L-NIL in
inhibiting NO production with an ICgq of 0.39 pM. Our immunofluorescence study confirmed the
ability of PL to significantly inhibit iNOS expression in the activated microglia. Furthermore, the
extracellular microglial pro-inflammatory cytokine expression in the presence of 2 UM of PL was
detected, quantified, and validated using cytokine antibody protein arrays and quantitative ELISA.
The results obtained showed that PL significantly downregulated the expression of many cytokines
including IL-1a, G-CSF, 1L-12 p40/p70, MCP-5, MCP-1, and IL-6. In conclusion, PL potency in
attenuating multiple pro-inflammatory agents indicates its potential to be used for
neurodegenerative diseases.
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1. Introduction

In the central nervous system, the immune system plays a critical role in sustaining tissues
homeostasis in response to external influences such as infection and injury (Glass et al.,
2010). Microglial cells are the major resident immune cells in the CNS, with a resting
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phenotype under normal conditions (Streit, 2002). However, upon infection or neuronal
injury, microglial cells become active, proliferate, and move to the injured area (Kettenmann
et al., 2011). The activated microglia produce cytotoxic pro-inflammatory molecules such as
nitric oxide (NO) and cytokines/chemokines. These events are common in many chronic
inflammatory neurodegenerative diseases. The most common of these diseases include
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS),
and Huntington’s disease (HD) (Block and Hong, 2007; Lull and Block, 2010).

Cellular expression of several pro-inflammatory molecules is stimulated by nuclear factor
xB (NF-xB) (Kielian, 2006). Hence, the inhibition of active NF-xB is considered to be a
significant target for anti-inflammatory drugs (Tak and Firestein, 2001). Moreover,
numerous studies examined the anti-inflammatory and neuroprotective effects of the bicyclic
naphthoquinone plumbagin (PL) (5-hydroxy-2-methyl-1, 4-naphthoquinone). Several
investigations showed that PL inhibits NF-xB (Checker et al., 2009; Luo et al., 2010; T.
Wang et al., 2014; Zhang et al., 2015) and the pro-inflammatory cytokines stimulated by
NF-xB activation in the in vivo models of osteoporosis (Zheng et al., 2017). Furthermore,
the protective effects of PL through inhibition of LPS-induced NO, cytokines and NF-xB
release in mice and RAW 264.7 macrophage cells were reported (Checker et al., 2014; T.
Wang et al., 2014).

The natural compound PL is the main active constituent of the medicinal plant Plumbago
zeylanica that showed anti-inflammatory effects (Sheeja et al., 2010). Plumbago zeylanica
roots had been used in India for many centuries in treating skin diseases, diarrhea,
dyspepsia, piles, anasarca, plague, leprosy, urinary tract infections, scabies and ulcers (Jetty
et al., 2010). The plant extract was found to have neuroprotective, hepatoprotective
antiatherogenic, and cardiotonic properties (Tilak et al., 2004). PL is found in other
medicinal plants belonging to the Plumbaginaceae, Droseraceae, and Ebenaceae families
(Khaw et al., 2015). Recently, many studies evaluated the medicinal significance of PL and
indicated its possible use in treating depression (Dhingra and Bansal, 2015), rheumatoid
arthritis (Poosarla et al., 2011), and diabetes (Sunil et al., 2012). Moreover, PL was found to
have anticancer properties against breast cancer (Ahmad et al., 2008; Kuo et al., 2006),
prostate cancer (Aziz et al., 2008; Nair et al., 2015; F. Wang et al., 2015), ovarian (Thasni et
al., 2008), pancreatic (Chen et al., 2009; Hafeez et al., 2012), lung cancer (Gomathinayagam
et al., 2008), cervical cancer (Appadurai and Rathinasamy, 2015; Srinivas et al., 2004), brain
cancer (Khaw et al., 2015), in addition to melanoma and myeloma (Sandur et al., 2010;
Wang et al., 2008).

Based on previous reports and our research for natural compounds with anti-inflammatory
effects, we hypothesized that PL would have an anti-inflammatory effect in LPS-activated
microglial cells. Therefore, the present study is designed to examine the ability of PL to
reduce microglial pro-inflammatory molecules such as nitric oxide (NO), iNOS, and
corresponding cytokine expressions in the LPS-activated microglial BV-2 cell line.
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2. Experimental sections

2.1. Materials and reagents

Chemicals purchased from Sigma-Aldrich (St. Louis, MO, USA) include plumbagin (PL)
(purity 99%), L-N6 — (1-Iminoethyl) lysine (L-NIL), dimethyl sulfoxide (DMSO), Trypsin—
EDTA solution, Lipopolysaccharides from Escherichia coli O111: B4 (LPS), and propidium
iodide. Cell culture flasks and plates, Dulbecco’s Modified Eagle Medium (DMEM) and
fetal bovine serum (FBS) were purchased from VWR International (Radnor, PA, USA).
Penicillin/streptomycin and DPBS were obtained from Atlanta Biologicals (Atlanta, GA,
USA). Mouse Cytokine Antibody Array Kit (Cat # AAM-CYT-1000) and ELISA kits were
purchased from RayBiotech (Norcross GA, USA). Anti-iNOS antibody (Ab 49999) and goat
anti-mouse Alexa Fluor® 488 (ab 150117) were obtained from Abcam (Cambridge, MA,
USA).

2.2. Cell culture

BV-2 microglial cells were generously provided by Dr. Elisabetta Blasi (Blasi et al., 1990)
and were cultured at 37 °C in humidified 5% CO, incubator and were subcultured as needed
with trypsin/EDTA. The DMEM growing medium was supplemented with 5% heat-
inactivated FBS (v/v), 4 mM L-glutamine, and 1% penicillin/streptomycin (100 U/mL
penicillin G sodium and 0.1 mg/mL streptomycin sulfate). DMEM experimental medium
was phenol free and supplemented with 2.5% heat-inactivated FBS.

2.3. Cell viability assay

In this experiment, cells were incubated overnight in the experimental media at density 5 x
10 cells/well in 96-well plates. The redox dye resazurin was used for determining the
viability of BV-2 cells after 24 h treatment with PL (0-5 M) or L-NIL (0-100 uM) in
experimental media. The tested compound plumbagin was dissolved in DMSO before
dilution in the media, and the final concentration of DMSO in all experiments did not exceed
0.1% in the control wells (Elsisi et al., 2005). Also, wells without cells were used as a blank.
In this assay, resazurin solution of 0.5 mg/mL in a sterile phenol red free HBSS was used at
a concentration level of 10% v/v. The reduced resazurin was measured at an excitation/
emission of 530/590 nm using Synergy HTX Multi-Reader (BioTek, USA). The percentage
of BV-2 cells survival compared to the control was calculated.

2.4. Nitric oxide assay

In this study, the effect of PL on nitric oxide (NO) production in LPS-activated BV-2
microglia cells was examined. Based on a previously conducted optimization study in our
lab, 1 ug/mL of LPS was found to be the optimum concentration for BV-2 microglial cells
activation. (Taka et al., 2015). Others also indicated similar LPS dose (Pinho et al., 2011). In
the current study, cells were incubated overnight in experimental media at density 5 x 10*
cells/well in 96-well plates. Next day, cells were first stimulated for 1 h with 1 pg/mL LPS,
then treated with concentrations range of 0-2.0 uM of PL or 0-100.00 uM of L-NIL.
Control wells were treated with DMSO alone at the highest used concentration (0.1%), and
equivalent wells without cells were used as blanks. After a 24 h exposure period, NO
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concentrations were measured using Griess reagent. 50 uL each of both the cell-free
supernatant and 2x Griess reagent were mixed for a Griess reagent final concentration of
2.5% phosphoric acid, 0.1% naphthyl ethylenediamine dihydrochloride, and 1%
sulfanilamide. The mixture was incubated for 10 min. at room temperature, and the
absorbance was measured at 550 nm using Synergy HTX Multi-Reader (BioTek, USA).

2.5. Immunofluorescence assay

Briefly, four sets of cells were treated as follows: LPS-treated (1 pg/mL), PL-treated (2 pM),
co-treated cells (1 yg/mL LPS + 2 uM PL), and DMSO-treated resting cells. After 24 h
exposure period, cells were washed twice with DPBS and were fixed for 10 min with freshly
prepared 4% paraformaldehyde. After that, cells were washed again with DPBS and
premetallized for 2 min with 0.2% Tween followed by another wash. Cells were then placed
on a shaker for 2 h. at RT with anti-iNOS antibody-diluted TBST (1:150), washed again
with DPBS and re-incubated in the dark at RT for another 2 h. with goat anti-mouse Alexa
Fluor® 488 (1:500). Finally, cells were counterstained for 15 min with 5.0 ug/mL propidium
iodide and washed with DPBS. Images were taken using fluorescence microscope Olympus
IX71 (Hunt Optics and Imaging Inc. Pittsburgh, PA, USA).

2.6. Mouse cytokine/chemokine protein microarray

For cytokines microarray analysis, four flasks of BV-2 cells were grown to confluence in 75-
cm? TC flasks, using the same cell culture media. On the day of the experiment, the media
were discarded, and cells were washed with phenol-free experimental media. Immediately,
cells were treated with 1 pg/mL LPS, 2 uM PL, and 1 pg/mL LPS + 2 uM PL, and control
samples were exposed to only DMSO. After a 24 h exposure period, the cell-free
supernatant of each sample was collected, aliquoted, and stored at —80 °C for later use. The
experiment was repeated three times. A semiquantitative method was established to evaluate
chemokines/cytokines expression in BV-2 cell culture supernatants using antibody-coated
array membranes. The assay was conducted following the protocol of the used kits from Ray
Biotech. Briefly, membranes were placed carefully in the incubation tray and blocked with
the provided buffer on a shaker for 30 min. at RT. Thereafter, the blocking buffer was
decanted, and the membranes were treated with 1.0 mL cell-free supernatant from resting
cells, PL-treated, LPS-stimulated or co-treated cells and placed overnight on a low-speed
shaker at 4 °C. Next day, the media were decanted from each chamber and the membranes
were washed with wash buffers indicated in the kit. Next, 1 mL of freshly constituted
biotinylated antibody cocktail was pipetted to each membrane and again incubated at RT for
2 h. followed by the same previously applied buffer washing. The membranes were
incubated again for another 2 h with 2 mL of diluted horseradish peroxidase — conjugated
streptavidin (HRP-Streptavidin) followed by the final washes. Spots intensity on the blots
were detected using chemiluminescence detection. Blots images were captured using a
Flour-S Max Multiimager (Bio-Rad Laboratories, Hercules, CA) and analyzed to obtain the
spots density with Quantity — One Software (Bio-Rad Laboratories, Hercules, CA), followed
by Excel-based data analysis software specific for Mouse Cytokine Array C1000 (CODE:
S02-AAM-CYT-1000) to subtract the background and normalize the density of the cytokines
on the blot relative to the positive control.
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2.7. Cytokine ELISA studies

Enzyme-Linked Immunosorbent Assay (ELISA) kits were used to confirm the effect of PL
on cytokines/chemokines expressions detected by the microarray investigation. The assays
used were antibody specific for mouse as follows; MCP-1 (Cat # ELM-MCP1); MCP-5 (Cat
# ELM —MCP5); IL-6 (Cat # ELM — IL-6); IL-1a (Cat # ELM-1L1a); IL-12p40/p70 (Cat #
ELM-1L12p40/p70); and G-CSF (Cat # ELM — GCSF). Briefly, standard curve, samples,
and reagents were prepared at RT following the protocol instructions. Standards and samples
of 100 L were incubated in the antibody pre-coated 96-well plates provided for 2.5 h. The
supernatant was replaced by 100 uL of freshly constituted biotinylated antibody for another
hour and then decanted. Streptavidin solution (100 pL) was added for 45 min followed by
addition of 100 pL of the substrate reagent for 30 min incubation. The reaction was
terminated by the addition of 50 uL of a stop solution, and the intensity was measured at 450
nm using Synergy HTX Multi-Reader (BioTek, USA).

2.8. Statistical analysis

3. Results

Data were analyzed using the Graph Pad Prism 6.2 Software (San Diego, CA, USA). All
data points were obtained from the average of at least two independent studies and expressed
as mean + SEM. Inhibitory concentrations (1Csqs) for NO studies were determined by
nonlinear regression with lowest 95% confidence interval and R2 best fit. The significance of
the difference between control and treated groups was determined using one-way ANOVA
followed by Bonferroni’s multiple comparison’s tests. Significance of the difference
between the control and treated groups is considered at * P < 0.05, ** P < 0.01, *** P <
0.001, and ™" P < 0.0001. For blots and ELISA studies, student £test was used to verify the
significance of the difference between control and LPS groups, and between LPS and LPS +
PL groups.

In this study, the optimum concentration of PL that used with BV-2 cells for its anti-
inflammatory effects without interfering with cell viability was evaluated. The obtained data
are presented in Fig. 1A and show the non-significant effect on cells treated with different
PL concentrations up to 2 uM. A significant linear effect of PL was found at concentrations
higher than 2 pM. Using the iNOS inhibitor (Fig. 1B), the relationship obtained was not
significant when BV-2 cells were treated with different L-NIL concentrations (0-100 puM).

The obtained data presented in Fig. 2A showed a significant negative relationship between
PL concentrations and NO inhibition. At the highest tested PL concentration of 2 uM, 90%
inhibition of NO production was obtained with an 1Cgy of 386.1 £ 16.17 nM. On the other
hand, the selective iNOS inhibitor L-NIL showed an ICsq of 11.77 £+ 0.56 pM (Fig. 2B).
Noticeably, PL was 30-fold more potent in NO inhibition than L-NIL.

Using the immunocytochemical assay, iINOS expression changes were visualized in resting
cells, in the presence of LPS and LPS + PL-treated cells (Fig. 3). PL-treated cells (Fig. 3B)
have no expression of iINOS when compared to the control cells (Fig. 3A). The images show
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LPS ability to induce iNOS as indicated by the intense green fluorescence (Fig. 3C) as well
as the ability of PL to attenuate iNOS expression (Fig. 3D).

To study the anti-inflammatory effects of PL in activated BV-2 cells, we examined 96
cytokines expression changes in the presence and absence of LPS and PL (Fig. 4A and B).
Cytokines tested were divided into two different sets of AAM-CYT; AAM-CYT-3 (Fig. 4A)
and AAM-CYT-4 blots. The cytokine/chemokine arrays were presented in four sets of blots;
resting cells, LPS — activated cells, PL — treated cells, and LPS + PL treated cells (Fig. 4B).
Data obtained from the AAM-CYT-3 blots imaging (Fig. 5) where supernatant of cells pre-
exposed to 1 pg/mL of LPS showed a significant increase in some cytokine expression (™
p < 0.0001-* p < 0.05). Six cytokines/chemokines were highly expressed with granulocyte-
colony stimulating factor (G-CSF) > Interleukin 12 (IL-12 p40/p70) > Interleukin 1 alpha
(IL-1a) > monocyte chemoattractant protein 5 (MCP-5) > Interleukin 6 (IL-6) > monocyte
chemoattractant protein 1 (MCP-1), giving the highest increase of 12.19-fold and the lowest
of 2.33-fold. PL treatment of activated BV-2 cells resulted in significant cytokine inhibition
of G-CSF (**# p < 0.0001), IL-1a. (** p <0.001), IL-12 (¥ p < 0.01), MCP-5 (###p < 0.001)
while there were no significant changes in 1L-6 or MCP-1. Meanwhile, there were no
significant differences between cytokines produced by resting cells vs. PL-treated cells.

To further validate the obtained array results, six independent ELISA studies were conducted
to quantify the six cytokines inhibited by PL (Fig. 6). Overall, the data showed consistency
with that of the array observation, and a significant relationship was obtained between
resting vs. LPS-treated as well as between LPS vs. LPS + PL treated cells. Among all
studied cytokines/chemokines, IL-1a. was highly increased in the supernatant of LPS —
activated cells followed by 80% inhibition in LPS-PL co-treated cells supernatant. The other
cytokines were inhibited as following; G-CSF (58%) > IL-12 p40/p70 (55%) > MCP-5
(48%) > MCP-1 (34%) > IL-6 (23%).

4. Discussion

Inflammation associated with neurodegeneration can occur in many progressive brain
diseases, such as AD, PD, HD, ALS, and multiple sclerosis (MS) (Jellinger and Stadelmann,
2001). In AD, for example, activated microglia and inflammatory cytokines are critical
contributors to the pathogenesis of this disease. Similarly, in animal models of PD, the
exposure to the toxic agent in the brain may lead to chronic microglial cell activation that
continuously releases cytokines even after the exposure is stopped, leading to progressive
dopaminergic (DA) neurons loss (Block and Hong, 2007).

Microglial cell activation is a hallmark of inflammation and pathology in the brain (Dheen et
al., 2007). The microglial cells are encompassing 12% of the brain cells, and their unique
morphology makes them different from other glia and neurons (Ginhoux et al., 2013).
Microglial cells can act both as neuroprotective and neurotoxic (Block and Hong, 2005). It
performs pivotal functions in response to immunological stimuli and brain injury, which also
contribute to inflammation-mediated neurodegeneration. When microglial cells are
activated, they release cytotoxic pro-inflammatory factors such as nitric oxide (NO),
cytokines/chemokines, and reactive oxygen species (ROS) (Kreutzberg, 1996). The BV-2
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microglial model is well established one for neurodegeneration research (Henn et al., 2009).
The BV-2 cells can be activated by lipopolysaccharides, LPS, and the enzyme iNOS, in
particular, is a microglial activation indicator (Jellinger and Stadelmann, 2001). Activated
microglia cells induce iINOS synthesis that generates NO, which is essential for host
defenses in response to external foreign bodies or tissue damage (Asiimwe et al., 2016;
Moncada et al., 1991). The increasing levels of NO production lead to neuronal respiration
inhibition and glutamate release, which might lead to the excitotoxic death of neurons and
tissue damage (Bal-Price and Brown, 2001). Also, excessive cytokines production results in
collateral damage to proteins, lipids/membranes and DNA of the host tissue (Sandur et al.,
2010). Thus, inhibiting the INOS, NO, and consequential pro-inflammatory cytokines is
essential for neuroprotection and halting the neurodegeneration progression.

The obtained data showed the ability of PL to inhibit iNOS synthesis as well as its NO
product in a dose-dependent manner. PL did not affect the viability of the microglial cells up
to 2 uM concentration. Although we did not examine the mechanism of the toxic effect of
plumbagin, we have previously reported that most of natural compounds in higher
concentrations can lead to cell death through apoptosis (Elsisi et al., 2005). Meanwhile, the
current investigation indicates that L-NIL has no toxic effect using concentrations up to 100
UM since L-NIL is a very specific inhibitor for iNOS with minimum cytotoxicity.
Consistently, previous studies on lymphocytes indicated that PL was safe up to 5 pM
(Checker et al., 2009). On the other hand, the inhibitory potency of the natural compound PL
was higher than the selective iNOS inhibitor, L-NIL. Our findings are consistent with a
recent study on PL as an inhibitor of NO and iNOS expression in human osteoarthritis
chondrocytes (Zheng et al., 2017). The inhibition of NO production by suppressing iNOS is
one of the major pathways for anti-inflammatory effect of many drugs (Luo et al., 2010).

Many studies reported that cytokines are associated with increased cognitive decline and
dementia (van Exel et al., 2003; J. D. Weaver et al., 2002). In AD, the most potent
inflammatory cytokines, IL-1a, IL-1p and IL-6 produced by activated microglia and
astrocytes are up-regulated (McGeer et al., 2002) and play a significant role in the disease
progression via AB accumulation (Reale et al., 2009). Likewise, IL-1pB, IL-6, and TNF-a are
found to be high in the basal ganglia and cerebrospinal fluid (CSF) in PD. Aggravated
concentrations of these cytokines can be the leading cause of neurodegeneration. Therefore,
downregulating these pro-inflammatory mediators are crucial in managing these diseases.
As an indicator of inflammation, elevated levels of IL-1a, G-CSF, I1L-12 p40/p70, MCP-5,
MCP-1, and IL-6 were detected in LPS-activated BV-2 cells (Figs. 4-6). Strikingly, PL
attenuated the expression of these cytokines with IL-1a being the most inhibited in both
array and ELISA. Previous in-vivo and in-vitro studies have shown the effectiveness of PL
to significantly inhibit cytokines release (Checker et al., 2009) and presumably inhibiting
inflammation and collagen production (H. Wang et al., 2016) Therefore, down-regulating
these pro-inflammatory mediators by PL could be a promising approach in managing
neurodegenerative diseases.

Meanwhile, the pro-inflammatory cytokine IL-1a is critical in regulating the immune
response, and it plays a major role in elderly neurodegenerative diseases (Wu et al., 2007). In
our investigation, the natural compound PL could attenuate IL-1a expression by at least
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80% (Fig. 6). Both IL-1a and IL-1p are IL-1 isoforms that cause both neurotoxic and
neuroprotective effects (Wu et al., 2007), stimulating the expression of genes associated with
inflammation and autoimmune diseases (Di Paolo and Shayakhmetov, 2016; Dinarello,
2002, 2009). Moreover, IL-1a can trigger early onset of AD, the most prevalent
neurodegenerative disease (Combarros et al., 2007; T. Wang et al., 2014) and initiate
inflammation. Nevertheless, inflammation can be sustained by both IL-1a and IL-1f
isoforms (Rider et al., 2011). Furthermore, extensive studies on AD emphasized the role of
cytokine genes and DNA polymorphism (Grimaldi et al., 2000; Sheng et al., 1996; Yildiz et
al., 2015). Therefore, individuals with 1L-1a TT-889 genotypes and a second polymorphism
in IL-1B — 511 genes were at high risk of developing AD ten times compared with those
who did not have either of these polymorphisms (Grimaldi et al., 2000). Likewise in PD,
IL-1a with IL-1 acted synergistically in the disease susceptibility (Wu et al., 2007; Zhou et
al., 2008).

Also, cytokines IL-6, MCP-1, and MCP-5 are highly expressed in many neurodegenerative
disorders (Bose and Cho, 2013; J. D. Weaver et al., 2002). A previous in-vivo study showed
elevated levels of MCP-1 and MCP-5 mRNA in focal brain damage (Sun et al., 2000). In the
current study, PL significantly inhibited both cytokines (Figs. 5 and 6). MCP-5 was found to
have an indirect role in AD tauopathies (Garwood et al., 2010). Elevated MCP-1 levels were
identified in the senile plaques of AD patients (Conductier et al., 2010; Sokolova et al.,
2009), PD patients, and in severe depression (Reale et al., 2009). On the other hand, IL-6
cytokine, a glycoprotein produced by TH17 cells triggered inflammatory cellular responses,
neurogenesis, and gliogenesis in the CNS (Spooren et al., 2011; C. T. Weaver and Murphy,
2007). Our data showed that PL significantly attenuated IL-6 (Figs. 5 and 6). Consistently, a
previous in-vivo study proved the significant anti-in-flammatory effect of PL through IL-6
inhibition (Checker et al., 2009). Accordingly, the findings supported our hypothesis by
confirming PL anti-inflammatory role through inhibiting multiple cytokines expressions.

Evidence was provided to indicate that IL-12 is involved in the pathogenesis of AD (Zhu et
al., 2014) and MS (Nicoletti et al., 1996). Parallel to our finding (Figs. 5 and 6), LPS
strongly induced primary microglial production of interleukin-12 (1L-12) (Xu et al., 2007;
Zhu et al., 2014). In the brain, microglia produced IL-12 that can initiate Th1-type cytokines
and further aggravate pro-inflammatory response in the Th1l cells (Sonobe et al., 2005).
Although it is controversy, iINOS inhibitor was found to decrease the production of IL-12
(Hogaboam et al., 1997), the finding that might explain the effect of PL on IL-12 p40/p70
inhibition in the current investigation. Likewise, PL significantly inhibited G-CSF
expression (Figs. 5 and 6). High level of the cytokine was found to play a role in the
pathogenesis of inflammatory arthritis through elevating neutrophil levels (Eyles et al.,
2008), where it was correlated with disease activity and severity (Nakamura et al., 2000).
Interestingly, mice deficient in G-CSF are highly resistant to collagen—induced arthritis,
whereas the administration of G-CSF antibodies to mice after the onset of the disease
prevents its progression. (Lawlor et al., 2004).

Selective NO biosynthesis inhibitors and synthetic arginine analogs are used for the
treatment of NO-induced inflammation (Sharma et al., 2007). However, the currently
available therapy does not prevent the progression of neurodegenerative disease. PL is a
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natural compound that was investigated for its neuroprotective and anti-inflammatory
effects. The neuroprotective effect of PL has been explained by its potential to activate Nrf2
(Chu et al., 2016; Son et al., 2010). Up-regulated Nrf2 protects the brain against blood-brain
barrier breakdown (Alfieri et al., 2011), spinal cord injury (Zhang et al., 2015) and cerebral
ischemia (Son et al., 2010). Therefore, Nrf2 may have a protective role in neurodegenerative
diseases, including PD (Choi et al., 2012; Cuadrado et al., 2009), AD (Kanninen et al.,
2008), and HD (Stack et al., 2010) as well as traumatic brain injury (Yan et al., 2008). Also,
in-vivo and in-vitro studies indicated the potent anti-inflammatory and protective effects of
PL by inhibiting nitric oxide production, iNOS expression, prostaglandin-E2 production,
TNF-a, IL-1B, IL-6, as well as an NF-xB release in mice and RAW 264.7 macrophage cells
(Checker et al., 2014; Luo et al., 2010; T. Wang et al., 2014),

In conclusion, the results of this study indicate that PL proves to be effective in reducing,
nitric oxide, MCP-1, IL-6, MCP-5, G-CSF, IL-12 p40/p70; and IL-1a levels. These results
indicate that PL reduces microglia — pro-inflammatory agents and may be useful in delaying
the onset or attenuating the progression of microglia-derived neurodegeneration such as AD.
The current study points out to the need for further investigation of the efficacy of PL in AD
animal models as a possible therapeutic agent.
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Fig. 1.
The effect of plumbagin or L-NIL on LPS — activated BV-2 microglial cells viability.

Microglial cells (5 x 104 cells/well) were treated for 24 h with PL (0-5 uM) (A) vs. L-NIL
(0-100 uM) (B). Control wells were treated with DMSO at the highest used concentration.
The viability of BV-2 cells was determined using the redox dye resazurin and the percentage
of BV-2 cells survival compared to the control was calculated. Data points were expressed as
the mean + SEM, n = 4. The significance of the difference between control and treatments
was determined using one-way ANOVA followed by Bonferroni’s multiple comparisons.
*** < 0.001, ™ p < 0.0001, and non-significant (ns).
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Fig. 2.
The effect of plumbagin or L-NIL on nitric oxide production in LPS-activated BV-2

microglial cells. Microglial cells (5 x 10 cells/well) were first stimulated for 1 h with LPS
(1 pg/mL), then treated with concentrations range 0-2 uM of PL (A) or 0-100 uM of L-NIL
(B) and control wells were treated with DMSO. After 24 h exposure period, NO
concentrations were measured using Griess reagent, and the absorbance was measured at
550 nm. Data points were expressed as the mean + SEM, n = 4. ICgq + SEM is the average
of at least two data sets. The significance of the difference between control and treatments
was determined using one-way ANOVA followed by Bonferroni’s multiple comparisons.
*** < 0,001, and " p < 0.0001.
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The effect of plumbagin on iINOS expression in LPS-activated BV-2 microglial cells. Four
sets of cells were treated as follows: LPS-treated (1 ug/mL), PL-treated (2 uM), co-treated
cells (1 pg/mL of LPS + 2 uM of PL), and resting DMSO-treated cells. After 24 h
experimental period the cells were fixed and premetallized. Next, the treated cells were
incubated with Anti-iNOS antibody, followed by another incubation period with goat anti-
mouse Alexa Fluor® 488 and counterstained with propidium iodide. Samples were
photographed at 20x magnification using fluorescence microscope. The images showed that
in the absence of LPS, iNOS expression was not visually observed in resting cells (A) and
PL-treated cells (B). In the presence of LPS in (C), iNOS expression was indicated by the
intense green fluorescence color observed. The effect was attenuated in co-treated cells (D).
(For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Control

LPS

LPS+PL
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Fig. 4.

Plumbagin effect on different cytokine expression in LPS-activated BV-2 microglial cells.

(A). Microarray layout AAM-CYT-3 was used to assess chemokines/cytokines expression in
cell-free supernatant. (B). Microarray chemiluminescence detection. Four blots represented
the supernatants of the following: control resting cells treated with DMSO, cells treated with
2 UM of PL, cell treated with LPS (1 ug/mL) and finally supernatant of LPS-activated cells

after exposure to PL. The most affected cytokines are designated as follows: 1, MCP-1; 2,

IL-6; 3, MCP-5; 4, G-CSF; 5, IL-12 p40/p70; 6, IL-1a.
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Fig. 5.
The effect of plumbagin on cytokines release in LPS-activated microglial cells. The

normalized data showed cytokines expression in four sets of experimental cells supernatants;
DMSO-treated control cell, PL-treated cells (2 uM), LPS-stimulated cells (1 pg/mL), and
LPS + PL-treated cells (1 ug/mL + 2 pM, respectively). Three independent studies were
performed with n = 6, and the intensities were expressed as % control. The significance of
the difference was determined by unpaired £test between resting vs. LPS-activated cells (*),
as well as LPS-treated vs. LPS + PL-treated cells (#). Significance is considered at * p <
0.05, ** p < 0.01, ™™ p < 0.0001, # p < 0.05, # p < 0.01 ** p < 0.001.
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Fig. 6.

The effect of plumbagin on cytokine release levels in LPS-activated BV-2 microglial cells.

Cytokines quantification was determined (pg/mL) in the supernatant of DMSO treated

control cell, PL—treated cells (2 uM), LPS—stimulated cells (1 pg/mL), and LPS-PL co-
treated cells. Two independent studies were performed with n = 6, and the significance of the
difference was determined by unpaired t-test between resting vs. LPS-activated cells (*), as

well as LPS-treated vs. LPS + PL-treated cells (#). Significance is considered at
0.0001, ### p < 0.001, and #### p < 0.0001.
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