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Microglial activation is closely associated with neuroinflamma-
tory pathologies. The nucleotide-binding and oligomerization
domain-like receptor containing a pyrin domain 3 (NLRP3) in-
flammasomes are highly organized intracellular sensors of neuro-
nal alarm signaling. NLRP3 inflammasomes activate nuclear
factor kappa-B (NF-xB) and reactive oxygen species (ROS), which
induce inflammatory responses. Moreover, NLRP3 dysfunction
is a common feature of chronic inflammatory diseases. The pre-
sent study investigated the effect of a novel thiazol derivative,
N-cyclooctyl-5-methylthiazol-2-amine hydrobromide (KHG26700),
on inflammatory responses in lipopolysaccharide (LPS)-treated
BV-2 microglial cells. KHG26700 significantly attenuated the
expression of several pro-inflammatory cytokines, including tumor
necrosis factor-,, inteleukin-1, and interleukin-6, in these cells,
as well as the LPS-induced increases in NLRP3, NF-xB, and
phospho-IkBa levels. KHG26700 also suppressed the LPS-induced
increases in protein levels of autophagy protein 5 (ATG5), micro-
tubule-associated protein 1 light chain 3 (LC3), and beclin-1,
as well as downregulating the LPS-enhanced levels of ROS,
lipid peroxidation, and nitric oxide. These results suggest that
the anti-inflammatory effects of KHG26700 may be due, at least
in part, to the regulation of the NLRP3-mediated signaling pathway
during microglial activation. [BMB Reports 2021; 54(11): 557-562]

*Corresponding authors. Seung-Ju Yang, Tel: +82-42-600-8432; Fax:
+82-42-600-8408; E-mail: sjyang@konyang.ac.kr; Sung-Woo Cho,
Tel: +82-2-3010-4278; Fax: +82-2-3010-4278; E-mail: swcho@amc.
seoul.kr

“These authors contributed equally to this work.

https://doi.org/10.5483/BMBRep.2021.54.11.082

Received 28 June 2021, Revised 12 July 2021,
Accepted 22 July 2021

Keywords: Inflammasome, Microglia, N-cyclooctyl-5-methylthiazol-
2-amine hydrobromide, NLRP3, Pro-inflammatory cytokines

ISSN: 1976-670X (electronic edition)

Copyright © 2021 by the The Korean Society for Biochemistry and Molecular Biology

INTRODUCTION

Microglial cells are involved in the first line of defense in the
nervous system, initiating immune regulation and neuronal
homeostasis (1). Microglial activation induces the production
of various neurotoxic factors and pro-inflammatory cytokines,
which are subsequently involved in the progression of neuro-
inflammatory responses, such as the microglial phagocytosis of
neurons and the generation of inflammatory lesions (2, 3).
Anti-inflammatory agents suppress the expression/release of
pro-inflammatory mediators following traumatic injury to the
brain (4). Regulation of microglial activation may therefore in-
hibit detrimental immune responses in the compromised central
nervous system. Lipopolysaccharide (LPS) induces the production
of pro-inflammatory cytokines and activates several intracellular
signaling pathways associated with NF-xB (5). Although pharma-
cological agents that interfere with NF-kB activation may miti-
gate neuroinflammatory diseases, drugs that are effective against
neuroinflammation are rarely developed.

The NLRP3 inflammasome complex is one of the well exa-
mined inflammasomes among NLR family members. ASC adaptor,
caspase-1 enzyme, and an NLRP3 sensor are main components
of this inflammasome (1, 6). The NLRP3 inflammasome complex
participates in defenses against invading pathogens. In microglia,
most of these NLRP3 inflammasomes regulate inflammatory re-
sponses (7). Activated NLRP3 inflammasomes may contribute
significantly to the progression of neuroinflammatory diseases
(8). Little is known, however, about the signaling mechanism
responsible for NLRP3 inflammasome activation. Although thera-
peutic agents that suppress NLRP3 inflammasome activation
may be effective in reducing neuroinflammation associated
with neurodegenerative diseases, no such agents have been
developed to date (9).

We have recently assessed the anti-neuroinflammatory activity
of several newly synthesized thiazole derivatives (10-12). Several
of these thiazole derivatives have shown neuroprotective effects,
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including the ability to scavenge reactive oxygen species (ROS),
suggesting that these compounds may have therapeutic pro-
perty as anti-inflammatory and anti-oxidative agents in the treat-
ment of brain diseases (13, 14). For example, thiazol-2-amine
derivatives were highly stable in liver microsomes, had high
oral bioavailability, and were present in high concentrations in
mouse brains, all desirable properties in the treatment of brain
diseases (15, 16). To date, however, the detailed mechanisms
of action of thiazoles in brain diseases remain incompletely
understood.

This study investigated the anti-inflammatory function of a
novel thiazol derivative, N-cyclooctyl-5-methylthiazol-2-amine
hydrobromide (KHG26700), including its property to control
inflammatory responses via the attenuation of inflammasome-
mediated signaling pathways, in LPS-induced microglial cells.
These findings showed that KHG26700 suppressed inflamma-
tory reactions by regulating NLRP3-regulated signaling pathways
for microglial activation.

RESULTS AND DISCUSSION

KHG26700 attenuated cytokine levels in LPS-treated BV-2
cells

The progression of neurodegenerative diseases frequently involves
the activation of microglia. For example, microglia in neuron-
glia cultures secrete pro-inflammatory cytokines and cytotoxic
factors when treated with N-methyl-D-aspartate, glutamate, [3-
amyloid, and LPS (11). Abnormally activated microglia were
found to produce a variety of pro-inflammatory cytokines and
other mediators, including TNF-o, IL-1B, and IL-6. To examine
the effects of KHG26700 on proinflammatory cytokine level,
cells were treated with KHG26700 (0, 1, 5, 10, or 20 uM) and
LPS (1 ug/ml) for 24 h in culture media. The concentrations of
cytokines (IL-6, IL-1B, and TNF-a) were determined by ELISA.
Although LPS treatment increased the concentrations of all cyto-
kines determined in culture media, these concentrations were
markedly decreased when BV-2 cells were treated with KHG26700
(Fig. 1). KHG26700 itself did not show any cytotoxicity at
concentrations used in this study. These results suggested that
KHG26700 effectively attenuates the production of pro-inflam-
matory cytokines in LPS-induced BV-2 cells.

KHG26700 inhibits the activation of NF-xB, NLRP3
inflammasomes, and p-IxB-¢. in LPS-treated BV-2 cells
NLRP3 inflammasomes are highly organized intracellular sensors
of neuronal alarm signals, with activation of NLRP3 inflammasome
complexes being involved in regulating cytokine production in
microglia (12). We previously reported that NLRP3 inflammasomes
expressed in LPS-induced BV-2 cells was regulated by anti-in-
flammatory agents (13). In addition, NLRP3 inflammasomes were
reported to activate the pro-inflammatory mediators NF-xB and
ROS (14, 15), with NLRP3 inflammasome activation mediated
through NF-xB translocation into the nucleus (14). We therefore
investigated the effects of KHG26700 on the relationship between
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Fig. 1. Effects of KHG26700 on the production of IL-18 (A), IL-6 (B),
and TNF-o. (C) in LPS-treated BV-2 cells. BV-2 cells were treated
with KHG26700 for 30 min followed by treatment with LPS (1 pg/ml)
for 24 h. Data are presented as means + S.D. (n = 3). *P < 0.01
for comparisons between cells treated with LPS and LPS plus
KHG26700.

NF-kB activation and the NLRP3 inflammasome pathway. Wes-
tern blotting and immunofluorescence study showed that the
levels of NF-xB protein and NLRP3 inflammasomes were simil-
arly upregulated in LPS-treated BV-2 cells, with LPS stimulation
inducing NF-xB translocation into the nucleus (Fig. 2A) and
increasing the levels of expression of NLRP3 inflammasomes
(Fig. 2B). By contrast, KHG26700 treatment blocked these
processes, indicating that KHG26700 suppresses inflammatory
reactions by blocking the NF-xB and NLRP3 inflammasome
signaling pathways. KHG26700 reduces both immune responses
associated with NF-xB signaling and NLRP3 inflammasome acti-
vation.

LPS stimulation of BV-2 microglial cells was also found to
increase the phosphorylation of IxBa, an increase suppressed
by treatment with KHG26700 (Fig. 2C). In the resting state,
NF-kB is present in the cytoplasm as a complex with IkxBo
complex, whereas phosphorylation of IkBa. leads to its ubiquiti-
nation and subsequent degradation (16). The inhibitory protein
IkBa has been found to control inflammatory processes and
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Fig. 2. Effects of KHG26700 on NF-xB (A), NLRP3 (B), and Ixb-a
(O) in LPS-treated BV-2 cells, as determined by immunofluorescence
assays and western blot analysis. BV-2 cells were treated with
KHG26700 for 30 min followed by treatment with LPS (1 ug/ml)
for 24 h. Images presented are from a single experiment and are re-
presentative of three independent experiments. B-Actin was used as
a loading control. Scale bars were 10 um in (A) and 50 um in (B).

immune responses by regulating NF-xB activity (17). Our results
suggested that KHG26700 may suppress NF-xB signaling by
downregulating LPS-induced IxBo phosphorylation, and so
decreasing IkBa. degradation and retaining NF-xB in the cyto-
plasm (Fig. 2C). The results in the present study suggest that
NLRP3 inflammasomes could be regulated via the activation of
NF-«B in BV-2 cells.

Effects of KHG26700 on protein levels of ATG5, beclin-1, and
LC3 in LPS-treated BV-2 cells

Although initial responses in microglia-mediated inflammation
can be protective, excessive pro-inflammatory responses may
contribute to the pathogenesis of neurodiseases in microglial
cells. Autophagy is known to be related with inflammatory
responses, and the dysregulation of autophagy may result in
the induction of autophagic cell death (13, 14). Autophagy is
modulated cooperatively by several marker proteins, such as
ATGS5, LC3, and beclin 1 (15), and has been reported to regu-
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Fig. 3. Western blot analysis of the effects of KHG26700 on protein
levels of ATG5, beclin-1, and LC3 in LPS-treated BV-2 cells. (A)
Western blot analysis was performed using antibodies against ATG5,
beclin-1, and LC3, with B-actin used as a loading control. (B-D) Rela-
tive protein levels were quantified by densitometry and normal-
ized relative to the expression of B-actin. Data are presented as
means + S.D. (n = 3). *P < 0.01 for comparisons between cells
treated with LPS and LPS plus KHG26700.

late inflammatory responses by downregulating NF-xB and pro-
inflammatory cytokines (16, 17). Glutamate-induced cortical
neuronal cell injury was reported related to the expression of
LC3, ATG5, and beclin-1 proteins (18, 19). Nevertheless, the role
and mechanism of action of autophagy in microglia remain
unclear and the cross-regulation of LPS-induced inflammation
in microglia and autophagy has not been intensively investigated.
The involvement of neuronal autophagy in LPS-treated BV-2
cells was assessed by measuring the expression levels of LC3,
ATGS5, and beclin-1 proteins 24 h after LPS (1 pg/ml) treatment
in the presence or absence of KHG26700. Compared with
control, untreated cells, LPS treatment dramatically enhanced
the levels of ATG5, LC3, and beclin-1 proteins (Fig. 3A-C),
suggesting that LPS treatment enhanced the activation of auto-
phagy. However, KHG26700 effectively attenuated the LPS-in-
duced autophagic activation almost to the level observed in
control cells (Fig. 3A-C). These findings suggested that the
suppression of autophagy activity coincided with the neuro-
protective function of KHG26700, and that KHG26700 may
play an important role in protecting microglial cells from LPS-
induced neuronal damage through inhibition of autophagy.

Effects of KHG26700 on the formation of ROS and NO as well
as on lipid peroxidation in LPS-treated BV-2 cells

LPS can promote oxidative damage to neighboring neurons by
stimulating the level of ROS and nitric oxide (NO) through
intracellular signaling pathways in microglia (20). Moreover,
suppression of iNOS has been reported to regulate LPS-induced
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microglial activation (20). Regulating oxidative stress can there-
fore be a promising strategy to regulate LPS-induced inflamma-
tion in microglial cells. To further determine the relation between
antioxidant activities of KHG26700 and its anti-inflammatory
property in LPS-induced microglial activation, the concentrations
of indicators of oxidative stress, such as ROS, NO, and lipid
peroxidation, were measured. Nitric oxide is one of the most
reactive nitrogen intermediates, which is regarded as an active
messenger that mediates various cellular signaling pathways,
and as a mediator in the immune systems (21). The induction
of NO in activated microglia results in NO-associated stress
and direct injury to neuronal cells (22, 23).

Protective activity of KHG26700 on ROS production in LPS-
treated BV-2 cells was also examined. Immunofluorescence
analysis demonstrated that the levels of expression of ROS
were ~5-fold higher in LPS-treated than in untreated BV-2
microglial cells, an increase that was dramatically suppressed
by treatment with KHG26700 (Fig. 4A). To investigated the
anti-inflammatory property of KHG26700 on BV-2 cells, the
concentration of nitric oxide was measured in cell culture
supernatants. Treatment with LPS markedly enhanced the forma-
tion of nitric oxide, whereas KHG26700 treatment efficiently
protected its production (Fig. 4B). LPS can increase lipid pero-
xidation and attack polyunsaturated fatty acids, resulting in mem-
brane damage (24). Increased malondialdehyde (MDA) levels
are thought to be markers of lipid peroxidation (24, 25). Cells
exposed to LPS had higher levels of MDA than control cells,
whereas KHG26700 treatment efficiently suppressed the LPS-
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Fig. 4. Effects of KHG26700 on ROS (A), NO (B), and MDA (C)
production in LPS-treated BV-2 cells. BV-2 cells were treated with
KHG26700 for 30 min followed by treatment with LPS (1 ug/ml)
for 24 h. In (A), images presented are from a single experiment
and are representative of three independent experiments. Data are
presented as means + S.D. (n = 3). *P < 0.01 for comparisons
between cells treated with LPS and LPS plus KHG26700.
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associated increase in MDA (Fig. 4C). Our results suggested
that KHG26700 might attenuate LPS-induced oxidative stress
by reducing ROS generation and lipid peroxidation.

Taken together, the results in the present study may indicate
that the anti-inflammatory property of KHG26700 in microglial
activation is due to its activity for controlling the NLRP3-me-
diated signaling pathway at least in part. Further in vivo studies
may be necessary to understand the mechanism by which
KHG26700 protects microglial cells from LPS-induced inflam-
matory responses.

MATERIALS AND METHODS

Materials

LPS, fetal bovine serum (FBS), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and dimethyl sulfoxide
(DMSO) were obtained from Sigma-Aldrich (St. Louis, MO).
Dulbecco’s modified Eagle’s medium (DMEM) was purchased
from Gibco (Grand Island, NY). Antibodies against NF-kB, NLRP3,
Ixb-o,, ATG5, beclin-1, LC3, and B-actin were purchased from
Cell Signaling Technology (Beverly, MA). N-cyclooctyl-5-methyl-
thiazol-2-amine hydrobromide (KHG26700) was kindly provided
by Dr. Hyo-Kyu Hahn (KIST, Seoul, Korea). All other commercial
reagents were of the highest available purity.

Culture and drug treatment of microglial BV2 cells

BV-2 microglial cells were maintained in DMEM containing
10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin at 37°C in a humidified incubator in an atmosphere
containing 5% CO,. The medium was changed every day, and
plated cells were grown at an appropriate density on an expe-
riment-by-experiment basis. KHG26700 was freshly prepared
in DMSO and diluted to the desired final concentrations in
culture medium. For all experiments, equivalent amounts of
DMSO were added to control and LPS-treated cells. Cell viabi-
lity was determined by MTT reduction assay as described else-
where (26) and expressed as a percentage of the control.

Measurement of IL-6, IL-1B, and TNF-ou

IL-6, IL-1B, and TNF-a, levels in the extracellular medium
were determined using ELISA kits (R&D Systems, Minneapolis,
MN) according to the manufacturer’s instructions, as described
(27, 28). Optical density was measured using a microplate
reader. The concentration of each sample was calculated from
the linear equation derived from a standard curve of known
concentrations of each cytokine.

Immunofluorescent staining

BV-2 cells were fixed with 3.7% paraformaldehyde in phosphate
buffered saline (PBS), permeabilized in 0.2% Triton X-100 in
PBS, and blocked by incubation in 2% bovine serum albumin
in PBS. The samples were subsequently incubated with rabbit
polyclonal anti-NF-xB p65 primary antibodies, rabbit monoclonal
NLRP3 primary antibodies, and Alexa Fluor 488-conjugated
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goat anti-rabbit 1gG. The cells were counterstained with 4’,6-
diamidino-2-phenylindole (DAPI). Images were captured under
a laser scanning confocal microscope (Carl Zeiss AG, Oberkochen,
Germany).

Western blotting

Total protein extracts were subjected to 10% SDS-polyacrylamide
gel electrophoresis, transferred to nitrocellulose membranes,
and probed with antibodies to NF-xB, NLRP3, Ikb-c, ATG5,
beclin-1, LC3, and B-actin. Proteins were detected by enhanced
chemiluminescence according to the manufacturer’s instructions
(Amersham Bioscience, Piscataway, NJ, USA) and analyzed
using a Molecular Imager ChemiDoc XRS system (Bio-Rad,
Hercules, CA, USA) as described (29). Detected protein bands
were normalized against those of B-actin in the same samples
to confirm equal protein loading.

Measurement of ROS

The intracellular formation of ROS was measured using DCF-
DA (2',7"-dichlorofluorescin diacetate), as described (30). Briefly,
BV-2 cells were plated at a density of 1 x 10° cells/well in a
96-well plate and treated with various concentrations of
KHG26700 for 30 min, followed by treatment with LPS (1
ug/ml) for an additional 24 h. The culture medium was removed
and the cells were washed with PBS three times. DCFH-DA,
diluted to a final concentration of 10 uM with DMEM/F12,
was added to the culture medium and incubated at 37°C for
20 min in the dark. After washing the cells with serum-free
medium, the cells were observed using an inverted fluore-
scence microscope at an excitation wavelength of 352 nm and
an emission wavelength of 461 nm (Olympus Opticals, Tokyo,
Japan). Four continual fields in each group were used for
quantitative analysis. To determine the production of ROS, the
fluorescence intensity in each group was analyzed with the
Image-Pro Plus 6.0 analysis system.

Measurement of NO and MDA
The concentration of NO in the culture supernatants was
determined by measuring the amount of nitrite generated by
the Griess reagent (1% sulfanilamide/0.1% N-(1-naphthyl)-ethy-
lenediamine dihydrochloride/2.5% H3PO.), as previously de-
scribed (Ha et al., 2013; Lee et al., 2013). NO concentrations
were measured in crude extracts containing equal amounts of
protein. Optical density at 540 nm was measured using a
microplate reader (Molecular Devices Corp., Sunnyvale, CA)
and NO concentrations were calculated relative to a standard
curve of sodium nitrite with known concentrations of NO (31).
MDA concentrations were measured in BV-2 cell homoge-
nates as described (32). Briefly, cells were treated with a re-
action mixture containing trichloroacetic acid (15%, 400 pl)
and 2-thiobarbituric acid (TBA) 0.67%/butylated hydroxytoluene
0.01% (800 pl). MDA reacts with TBA to form a fluorescent
adduct. Samples were then boiled for 1 h at 95°C and centri-
fuged at 4000 g for 10 min. Fluorescence intensity was mea-
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sured at excitation and emission wavelengths of 430 and 550
nm, respectively.

Statistical analysis

Statistical comparisons were performed using single-factor ANOVA
followed by Tukey’s post hoc tests. Data from three independent
experiments were analyzed and are represented as means +
standard deviations. Statistical significance was defined as a
P-value < 0.01.
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