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Background: Excessive production of pro-inflammatory mediators by microglia may
lead to neuroinflammation and neuronal death. Glycogen synthase kinase-3 (GSK-3)
is a regulatory enzyme that involves in the mechanism of pro- and anti-inflammatory
responses. Inhibition of GSK-3 potentially attenuates the aggravation of
neuroinflammation. Objective: We aimed to investigate the effects of GSK-3
inhibition on the immune responses through assessment of the expressions of CD11b
and production of immune mediators in lipopolysaccharide (LPS)-stimulated BV2
microglial activation. Methods: The activation status of BV2 stimulated with LPS
was determined by the expression of CD11b through flow cytometry analysis. The
production and expression of nitric oxide (NO) and pro-inflammatory cytokines
including tumor necrosis factor-alpha (TNF-a), interleukin 6 (IL-6), and monocyte
chemoattractant protein 1 (MCP-1) in the absence or presence of GSK-3 inhibitors
namely Tideglusib (TG) and lithium chloride (LiCl) in LPS-stimulated BV2 cells
were determined by using Griess assay, BD cytometric beads array mouse
inflammatory kit, and quantitative RT-PCR (qPCR), respectively. Results: Activation
of microglia through stimulation with LPS significantly increased the expression of
CDI11b and the production and expression of NO and pro-inflammatory cytokines.
The expression of CD11b reduced approximately 17% and 23% (p<0.001) when
treated with TG and LiCl, respectively. Analysis of NO production in response to
GSK-3 inhibitor showed a significantly decreased by approximately 50% (p<0.001)
indicated by changes in nitrite levels. Additionally, inhibition of GSK-3 significantly
decreased the production of TNF-a, IL-6, and MCP-1 as observed in the presence of
10 mM and 15 mM of LiCl (p<0.05) or 5 uM and 10 uM of TG (p<0.001). The
reduction of these pro-inflammatory cytokine levels is corroborated by a significant
decline in inducible nitric oxide synthase (iNOS), CDI11b, TNF-a, and IL-6 gene
expression. Conclusion: Inhibition of GSK-3 signaling molecule potentially
downregulate the neuroinflammation through attenuation of the production and
expression of NO, pro-inflammatory cytokines, and CDI11b elicited by LPS in
microglia.

INTRODUCTION

substances. Activation of microglia is the hallmark of the
neuroinflammatory initiation response primarily in its quest

Microglia is a brain macrophage that regulates the central to protect the CNS [1]. Activated microglia (M1 through
nervous system (CNS) innate immunity. It provides the classical pathway or M2 through alternative pathway)
immune surveillance and protection from harmful foreign has dual effector functions; to induce immune response and
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neuroinflammation, or to promote CNS tissue recovery and
repair [2]. Induced microglial activation in vitro by
lipopolysaccharides (LPS) or interferon-gamma (IFN-y)
which promote M1 phenotype, produces various immune
mediators such as nitric oxide (NO), tumor necrosis factor-
alpha (TNF-0), and interleukin-6 (IL-6) [3-5]. These
mediators play a major role in the elimination of pathogens.
However, uncontrolled M1 microglial activation and
constant exposure to the inflammatory mediators could be
detrimental to the CNS tissue and environment. Excessive
production of pro-inflammatory molecules potentially
causes CNS tissue damage and exacerbates CNS injury [6].
This, in turn, will cause degeneration of neurons which
contribute to the development of neuroinflammation and
neurodegenerative diseases such as Alzheimer’s disease
(AD), Parkinson’s disease (PD), and multiple sclerosis
MS) [7].

Glycogen synthase kinase-3 (GSK-3) is a
serine/threonine kinase that plays an important role in
regulating cellular immune functions [8,9]. This enzyme is
constitutively active and highly expressed in the CNS.
GSK-3 also plays a significant role in the regulation of
microglial phenotypic functions including microglial
migration, the release of inflammatory molecules, and
inflammation-induced neurotoxicity [10]. A previous study
had shown that GSK-3 inhibitor reduced the expression of
CD11b, a macrophage activation marker, in a macrophage
cell line, RAW264.7 [11]. This finding also suggests that
inhibition of GSK-3 potentially downregulates the immune
response in macrophages induced by LPS [11]. It has also
been reported that inhibition of the GSK-3 signaling
molecule could potentially alleviate neuroinflammation and
promote disease recovery. In AD, inhibition of GSK-3 by
LiCl prevents tau hyperphosphorylation, the disturbance of
cytoskeleton, and the degeneration of neurofibrillary [12].
Besides, a significant improvement in patients’ cognitive
performance is seen in AD patients with Tideglusib (TG)
treatment [13]. Here, we evaluated the activation of
microglia and GSK-3 immunoregulatory activities through
the expression of CDI11b, pro-inflammatory cytokine
production, and the expression of its related genes in the
LPS-stimulated BV2 cells.

MATERIALS AND METHODS
Antibodies and Reagents

LPS extracted from Escherichia coli 0111: B4 and GSK-3
inhibitors, namely lithium chloride (LiCl) and Tideglusib
(TG) (Sigma; St Louis, MO, USA), high glucose Dulbecco
Modified Eagle Medium (DMEM) (Gibco; Grand Island,
NY, USA), Cytometric Bead Array (CBA) mouse
inflammatory kit (BD Biosciences, San Jose, CA, USA;
Cat. No: 552364) and Fluorescein isothiocyanate (FITC)-
conjugated anti-mouse CD11b (BD Biosciences; San Jose,
CA, USA) and fixable viability dye eFluor 780
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(eBioscience; Cat. No: 65-0865-14), RNA extraction Kkit,
cDNA transcription kit and gqPCR (Thermo Fisher
Scientific; Waltham, MA, USA) were used in this study.

Cell Culture, LPS Stimulation, and GSK-3 Inhibition

Mouse-derived BV2 cell line (from ATCC) was cultured in
24-well plates at a density of 1x10° cells/well and
maintained in a high glucose DMEM supplemented with
5% heat-inactivated foetal bovine serum, 100 U/mL
penicillin, 100 pg/mL streptomycin, 1 ml/L gentamycin,
250 pg/mL fungizone, 1X non-essential amino acids, 6.25
w/mL insulin and 1.5 g/L sodium bicarbonate. This cell line
was cultured in a 95% humidified atmosphere containing
5% CO; at 37°C. Cells were harvested using a cell scraper.
Following overnight incubation or when the BV2 cells have
reached approximately 70% confluency, the cells were then
stimulated with or without 1 pg/mL LPS for 24 hours prior
to treatment with LiCl (10 mM and 15 mM) or TG (5 pg
and 10 pg) for 24 hours at 37°C in 5% CO; incubator.

Griess Assay

Equal amount (50 pL each) of BV2 cell culture supernatant
and Griess reagent (1% sulphanilamide and 0.1%
naphthylethylenediamine dihydrochloride in 2.5% H3POy)
was combined in a 96-well plate for 10 minutes at room
temperature (RT) in dark. The nitrite level was measured at
540 nm using a microplate reader (Dynex Technologies;
USA). The concentration of nitrite was quantitated based
on the nitrite standard curve constructed using sodium
nitrite [14].

Expression of CD11b by Flow Cytometry

The surface expression of CDI11b in BV2 cells was
quantified using a flow cytometer. Briefly, about 5x10°
cells were harvested and washed with FACS buffer and
spun down at 1500 rpm for 5 min. The cells were then
added with 3 pg/mL Purified Rat Anti-Mouse CD16/CD32
(FC block) (BD Bioscience, USA) and stained with a
fluorescent dye Zombie NIRTM Fixable Viability Kit
(1:1000; Biolegend, San Diego, CA) for 5 min followed by
FITC-conjugated anti-mouse CD11b antibody (1:100; BD
Biosciences, USA) or FITC Rat IgG2a,x Isotype control
antibody (1:100; BioLegend, San Diego, CA) staining for
30 minutes at 4°C in dark. The cells were acquired using a
FACS Canto flow cytometer (BD Biosciences, USA)
attached with FACS Diva software. Data were analyzed
using FlowJo V10 (Flowjo, LLC, USA).

Cytokine Profile Assay
The secretion of pro-inflammatory cytokines by BV2 cells

was determined by using a CBA mouse inflammation kit
according to the manufacturer’s protocol. Briefly, 50 uL of
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BV2 cell culture supernatant was incubated with capture
beads conjugated with a specific antibody for IL-6, MCP-1,
and TNF-a in dark at RT for 2 hours. Detection reagent
which contains phycoerythrin (PE) was then added into
each tube and acquired using the FACSCanto flow
cytometer attached to FACSDiva software. Data were
analyzed using FCAP Array software (BD Bioscience,
USA).

Table 1: List of gene primers used for quantitative RT-PCR.

Quantitative Real Time-Polymerase Chain Reaction
(qPCR)

Total RNA from the culture of LPS-stimulated BV2 cells
with or without the inhibitor was extracted with the GeneJet
RNA purification kit (ThermoFisher Scientific Inc.; NYSE,
TMO) according to the manufacture’s instruction.
Concentration and quality of RNA were assessed by using

Gene Direction Sequence 5° — 3’ NCBI accession number
INOS Forward CGAAACGCTTCACTTCCAA M87039.1
Reverse TGAGCCTATATTGCTGTGGCT M87039.1
CD11b Forward AAGGATTCAGCAAGCCAGAA NM_008401.2
Reverse GGAGGGATGAGAGTCCACAT NM_008401.2
TNF-a Forward TGTAGCCCACGTCGTAGCAA NM 013693.3
Reverse AGGTACAACCCATCGGCTGG NM 013693.3
1L-6 Forward TAGTCCTTCCTACCCCAATTTCC NM 031168.2
Reverse TTGGTCCTTAGCCACTCCTTC NM 031168.2
GAPDH Forward TGCGACTTCAACAGCAACTC BC023196.2
Reverse CTTGCTCAGTGTCCTTGCTG BC023196.2
B2M Forward GCTATCCAGAAAACCCCTCAA NM_009735.3
Reverse CGGGTGGAACTGTGTTACG NM_009735.3

Agilent 2100 Bioanalyzer with RNA 600 Nano Chip
(Agilent Technologies Inc.; Santa Clara, CA, USA). Total
RNA (1 ng) was subjected to reverse transcription using the
Maxima First Strand cDNA synthesis kit according to the
manufacturer’s protocol. The qPCR was performed in
triplicate using Maxima SYBR Green qPCR Master Mix
according to the manufacturer’s protocol. Primers of the
gene of interest are listed in Table 1.

Statistical Analysis

Data in triplicate from three independent experiments are
displayed as mean =+ standard deviation (SD) and assessed
by one-way analysis of variance (ANOVA) followed by
Dunnet test for multiple comparisons. The significant
differences of the data were considered statistically
significant at p<0.05(* or #), p<0.01(** or ##), and
p<0.001(*** or ###). Statistical analysis was conducted
using GraphPad Prism version 8 (GraphPad Software Inc.,
USA).
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RESULTS

GSK-3 Inhibitor Reduced the Production of NO in LPS-
Stimulated BV2 cells

The effects of GSK-3 inhibition on NO levels in the LPS-
stimulated BV2 cells were determined by Griess assay
through quantification of the production of nitrite.
Production of NO in BV2 cells was increased in a
concentration-dependent  manner  (Fig. 1A). The
unstimulated microglia produced a very low amount
(1.41£0.61 pM) of NO. Stimulation of the cells with 1
ug/mL of LPS is sufficient to increase a significant amount
of NO (29.01+1.07 uM; p<0.001). Treatment of LPS-
stimulated BV2 cells with various concentrations of LiCl
and TG significantly reduced the production of NO in a
concentration-dependent manner (Fig. 1B). In figure 1C,
two concentrations of each GSK-3 inhibitor that showed a
significant decrease (p<0.001) in the production of NO
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Figure 1: Effects of LiCl and TG on NO production in LPS-stimulated BV2 cells. A) BV2 cells were cultured in 24-well plates at a
density of 1x103 cells/well and stimulated with various concentrations of LPS for 24 hours. The amount of NO was determined by the
quantification of nitrite production in BV2 cells. B) BV2 cells were cultured in 24-well plates at a density of 1x10° cells/well in the
presence or absence of 1 pg/mL LPS. Following 24 hours incubation, the cells were treated with different concentrations of LiCl or TG for
24 hours. C) The mRNA level of iINOS was analyzed by quantitative gPCR. Values are mean +SD of three independent experiments.
#p<0.05, ##p<0.01, and ###p<0.001 indicate statistically significant in comparison with the unstimulated control. *p<0.05, **p<0.01, and
***p<0.001 indicate statistically significant in comparison with the LPS alone.
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were selected and further evaluated on the expression of TG and LiCl Inhibit the Surface and mRNA Expression
iNOS mRNA. The result showed that the mRNA expression of CD11b in Activated Microglia
of INOS greatly increased after stimulation with LPS. On

the other hand, iNOS expression showed a significant CD11b is ubiquitously expressed in microglia. During a
decrease (p<0.001) in the presence of GSK-3 inhibitors. resting state (unstimulated), the BV2 cells expressed
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Figure 2: Effect of GSK-3 inhibition on the surface expression of CD11b in LPS-stimulated BV2 cells. BV2 cells were cultured in 24-
well plates at a density of 1x10° cells/well in the presence or absence of 1 ug/mL LPS. Following 24 hours incubation, the cells were
treated with different concentrations of LiCl or TG for 24 hours. A) The surface staining of BV2 cells with FITC-conjugated CD11b or
FITC-conjugated 1gG2a,x isotype control was carried out followed by acquisition on the flow cytometry. The histogram depicts the
representative of CD11b expression from three independent experiments that normalized with isotype control. Cumulative cell expressing
CD11b (%) is shown in the bar graph with values are mean £SD of three independent experiments. B) The mRNA level of CD11b was
analyzed by quantitative qPCR. Values are mean £SD of three independent experiments. #p<0.05 indicates statistically significant in
comparison with the unstimulated control. *p<0.05, **p<0.01 and ***p<0.001 compared to the LPS group.
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moderate (47.2%) levels of CD11b on the cell surface
(Figure 2A). Stimulation of the cells with LPS increased by
approximately 20% of the CD11b expression. However,
inhibition of GSK-3 by 10 mM and 15 mM LiCl reduced
the surface expression of CDI11b by approximately 9%
(»<0.01) to 23% (p<0.001), respectively. Similarly,
inhibition of GSK-3 by both 5 uM and 10 pM TG is
reduced approximately 23% (p<0.001) of CDI1b
expression in BV2 cells.

To validate the result, mRNA expression of CD11b was
evaluated by quantitative gPCR. The mRNA expression of
CD11b is detected at a very low level in the unstimulated
BV2 cells (Figure 2B). A significant increase (#p<0.05) in
the CDI11b mRNA expression was highly exhibited after
stimulation with LPS. Inhibition of GSK-3 by LiCl and TG

significantly (p<0.01 and p<0.001) abolished the mRNA
expression of CD/1b in LPS-stimulated BV2 cells.

GSK-3 Inhibitors Limit the Production and mRNA
Expression of TNF-a, IL-6, and MCP-1 in LPS-
stimulated BV2 Cells

To investigate the effects of GSK-3 inhibitors on the
production of pro-inflammatory cytokines, the cell culture
supernatant of the LPS-stimulated BV2 cells in the
presence or absence of GSK-3 inhibitor was collected and
the pro-inflammatory cytokine levels were determined by
CBA acquisition on the flow cytometry. Figure 3A
demonstrates the changes in pro-inflammatory cytokine
secretion upon LPS stimulation and GSK-3 inhibition in
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Figure 3: Inhibition of GSK-3 by LiCl and TG reduces the

secretion and expression of pro-inflammatory cytokines in LPS-

stimulated BV2 cells. BV2 cells were cultured in 24-well plates at a density of 1x10° cells/well in the presence or absence of 1 pg/mL
LPS. Following 24 hours incubation, the cells were treated with different concentrations of LiCl or TG for 24 hours. A) The changes in the
pro-inflammatory cytokine production in the cell supernatant of GSK-treated LPS-stimulated BV2 cells were evaluated by using a BD
CBA mouse inflammatory kit on flow cytometry. B) The mRNA of the cells was extracted and the level of TNF-a and IL-6 genes was
analyzed by quantitative qPCR. Values are mean £SD of three independent experiments. #p<0.05 indicates statistically significant in
comparison with the unstimulated control. *p<0.05, **p<0.01 and ***p<0.001 compared to the LPS group.
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BV2 cells. The levels of pro-inflammatory cytokines in the
unstimulated cells were quantified at 48.93+5.32 pg/mL
(TNF-a), 739.27+21.19 pg/mL (MCP-1), and 5.25+2.22
pg/mL (IL-6). The production of these pro-inflammatory
cytokines increased to 558.44+6.79 pg/mL (TNF-a),
2145.76+189.21 pg/mL (MCP-1), and 19.46+2.31 pg/mL
(IL-6) in the post-24 hours exposure to LPS. This data also
indicated that the inhibition of GSK-3 by both LiCl and TG
significantly reduced the production of pro-inflammatory
cytokines. However, compared to LiCl, TG exhibited more
potent and significant (p<0.001) inhibitory activity of GSK-
3 in LPS-stimulated BV2 cells.

The inhibitory effects of GSK-3 inhibitors on 7NF-a
and /L-6 genes in LPS-stimulated BV2 cells were evaluated
at the mRNA expression levels. Figure 3B showed that the
mRNA expression of these genes was at a very low level in
the unstimulated condition. A significant (p<0.05)
increased was detected in both TNF-o and IL-6 genes after
stimulation with LPS. On the other hand, the expression of
TNF-o. and [L-6 mRNA was decreased significantly
(»<0.01 and p<0.001) in the presence of GSK-3 inhibitors.

DISCUSSION

Microglia plays important role in the immune surveillance
and neuroinflammatory process of the CNS. Chronic
activation of microglia has been associated with excessive
production of inflammatory mediators and the pathogenesis
of many neurodegenerative diseases [15]. Neurotoxic
mediators that are produced during microglial activation
which could induce neuroinflammation are including NO,
pro-inflammatory cytokines, and reactive oxygen species
(ROS) [16,17]. Therefore, immunomodulation of the CNS
immune response via suppression of pro-inflammatory
mediators secreted from microglial activation may
contribute to the neurodegenerative disease therapy, which
possibly through inhibition of GSK-3 signaling.

The present study showed that inhibition of GSK-3
signaling reduced the inflammatory responses that were
previously induced by LPS in the BV2 cell line, which in
line with a previous finding [18]. Microglial responses to
extracellular stimuli are mediated by kinase and phosphate
cascades [8,9]. Stimulation of microglia with LPS initiates
inflammatory responses through the activation of nuclear
factor-kappa light chain enhancer of activated B cells (NF-
kB) and GSK-3 signaling. On the other hand, the presence
of a GSK-3 inhibitor modulates the inflammation state of
microglia by inhibiting the transcriptional activity of NF-xB
[9,19]. The mechanism by which GSK-3 inhibitor blocks
activation of NF-xB is through inhibition of the toll-like
receptor (TLR) that subsequently reduced the production of
pro-inflammatory cytokines and other immune mediators
such as NO [20]. In this study, selective GSK-3 inhibitors
such as LiCl and TG are chosen due to their efficacy in
reducing NO, glutamate, and pro-inflammatory cytokines in
microglia [14]. Thus, our study is aimed to further
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investigate the effects of GSK-3 inhibition by TG and LiCl
on the production of NO, pro-inflammatory cytokines, and
also the expression of CD11b and their related genes.

Nitric oxide is an important molecule that plays a major
role in many neurobiological processes such as supporting
cell communication in the brain [21]. However,
overproduction of NO is detrimental to the CNS as it may
cause neuronal cell death [21]. Production of NO in
activated microglia is dependent on the increase of iNOS
expression [10]. In the present study, the production of NO
that was previously increased by LPS stimulation was
significantly reduced in the presence of GSK-3 inhibitor
(Figure 1A). This finding is associated with the decline in
the mRNA expression of iNOS in LPS-stimulated BV2
cells (Figure 1B).

Macrophage activation marker, CD11b, is ubiquitously
expressed on the surface of many leukocytes including
microglia [10,22]. Although CD11b is not a highly specific
marker, immunocytochemical reactions for this protein are
often used as the supplementary method of detecting
activated microglia [23]. Elevation of CD11b expression is
associated with the activation of microglia during
neuroinflammation [24]. In many neuroinflammatory
diseases, the severity of microglial activation is associated
with an increase in the expression of CD11b [25]. In the
context of the morphology, vigorous ramification, and
cytoskeletal rearrangement of the cells, changes in the
shape and motility are also much related to CDI11b
expression [25]. Our flow cytometry analysis data showed
that CD11b is ubiquitously expressed in the unstimulated
BV2 cells (Figure 2A). A marginal increase of CDI11b-
expressing microglia during LPS stimulation was inhibited
in the presence of GSK-3 inhibitors. The mRNA expression
of CDI11b on the other hand was detected at a very low
level in the unstimulated condition of BV2 cells (Figure
2B). This result showed that the CDI11b constitutively
expressed on the cell surface but not in the nucleus.
However, like CD11b surface expression, a similar trend
was observed in the expression of CD/1h mRNA in the
presence of LPS which shown a mark increased. A previous
finding has revealed that increased production of NO was
associated with the maintenance of CD11b expression in
LPS-stimulated microglia [24], which in line with our
findings. The effects of GSK-3 inhibition on iNOS
expression are accompanied by the decline in CD11b levels
[10]. Our results showed that treatment of BV2 cells with
GSK-3 inhibitor significantly decreased the expression
level of CD11b mRNA in LPS-stimulated BV2 cells. Thus,
these data suggest that the expression of CDI1lb is
associated with microglial activation and NO production, in
which, the inhibition of GSK-3 induces negative feedback
to CD11b expression.

Overexpression of pro-inflammatory cytokines can be
the main factor that exacerbates the neuroinflammatory
condition. The pro-inflammatory cytokines such as TNF-a
acts predominantly on their acute effects on cell activation
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and inflammation, whereas MCP-1 activates macrophage
and endothelial cells [26,27]. IL-6, on the other hand, plays
an important role in mediating innate and adaptive immune
responses [28]. Thus, inhibition of these pro-inflammatory
cytokines may alleviate some inflammatory conditions.
One of the important roles of the GSK-3 inhibitor such as
LiCl and TG is its ability to suppress the pro-inflammatory
cytokines while inducing the production of anti-
inflammatory cytokines such as IL-10 [11,14]. Thus, the
reduction of pro-inflammatory cytokine levels by GSK-3
inhibitor could due to the production of IL-10 [29].
Excessive production of pro-inflammatory cytokines can be
a major contributor to  neuroinflammation in
neurodegenerative diseases [30]. In this study, the effect of
GSK-3 inhibition on the expression TNF-a, IL-6, and
MCP-1 was investigated in LPS-activated microglia. Upon
inhibition of GSK-3, the production of secreted TNF-a, IL-
6, and/or MCP-1 (Figure 3A) and their mRNA gene
expression (Figure 3B) were abrogated which were
correlated with other studies [11,14,18,31]. These data
suggest that blocking microglial activation by inhibition of
GSK-3 signaling potentially lessens the effects of
inflammation.

CONCLUSION

In conclusion, activation of microglia by LPS stimulation
increased CD11b expression and subsequently promoted
the pro-inflammatory responses through the production of
NO, TNF-a, IL-6, and MCP-1. Reduction of CD11b, NO,
and pro-inflammatory cytokine expression through GSK-
3 inhibition potentially alleviate the neuroinflammatory
responses in activated microglia.
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