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Abstract

Neuroinflammation has been implicated as an important factor in the neurodegenerative diseases, and multiple candidates with
anti-inflammatory effects have been shown to be beneficial for the treatment of neurodegenerative diseases. Our previous study
demonstrated that a novel synthetic phloroglucinol derivative from Lysidice rhodostegia roots (code name: Compound 21)
exerted neuroprotective effect through suppressing neuroinflammation. The aim of this study was to reveal the underlying
molecular mechanism. The results indicated that the anti-inflammatory effects of Compound 21 were mediated through sup-
pression of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation and the production of reactive oxygen
species (ROS). Further study showed that this suppression on NADPH oxidase was mediated by inhibiting the translocation and
activity of its subunit Racl. It is well established that Rac1 activation is regulated by a variety of guanine nucleotide exchange
factors (GEFs), so we tried to find out whether GEFs were involved in the anti-inflammatory effects of Compound 21. The results
showed that Compound 21 treatment down-regulated the expression and activity of GEF Kalirin, thus modulating the activity of
Racl GTPase. Altogether, our data suggested that Compound 21 exerted the anti-neuroinflammatory effect through suppressing
Kalirin signaling pathways, decreasing Racl-NADPH oxidase activation and the subsequent pro-inflammatory cytokine pro-
duction. The present study provided solid evidence to support Compound 21 as a potential candidate of neuroinflammatory
inhibitor. Moreover, our findings have shed new light on the role of Racl and GEF Kalirin in neuroinflammation, which provides
potential targets for neuroinflammation-related diseases, such as neurodegenerative diseases.
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Introduction eventually result in neuronal death. Accumulating evidence
indicate that chronic neuroinflammation could remain unno-
ticed in the brain for years, inflicting continuous damage that

could culminate later in life as Alzheimer’s disease (AD) and

Neuroinflammation is extensively found in many central neu-
ral system diseases and usually reported to be the phenomena

that preceding neuronal death [1, 2]. Neuroinflammation is
characterized by activated glial cells and the production of
pro-inflammatory mediators, such as reactive oxygen species
(ROS), tumor necrosis factor-oc (TNF-«), and prostaglandin
E, (PGE,) [3, 4], which damage surrounding neurons and
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Parkinson’s disease (PD) [5, 6]. Thus, neuroinflammation has
been considered to be one of the key points for the treatment
of neurodegenerative diseases. Among all the cytokines that
mediate neuroinflammation, ROS is considered to participate
in inflammatory signaling pathways and exert direct neurotox-
icity [7]. Nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase is considered to be an important source
of ROS and a major contributor to neuroinflammation [8§].
Therefore, regulation of NADPH oxidase activity and ROS
release is of great importance to neuroinflammation. NADPH
oxidase has both membrane subunits (gp91phox and
p22phox) and cytosolic components (p47phox, p67phox,
and Racl). Translocations of cytosolic components to the
membrane are essential for NADPH oxidase activation [9].
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Given the participation of neuroinflammation in the pro-
gression of neuronal death, candidates with potential anti-
inflammatory effects are highly appreciated for the treatment
of neurodegenerative diseases. In our previous studies, a novel
synthetic phloroglucinol derivative from Lysidice rhodostegia
roots was found with strong anti-inflammatory effect. This
compound is formulated as: (S)-3 hydroxy-2-((2,4,6-
trimethoxybenzyl) amino) propanoic acid and the code name
is Compound 21. We have reported that Compound 21 had
protective effects in a PD mouse model and its anti-
inflammatory effects contributed to its neuroprotective effect
[10]. However, the exact mechanism of Compound 21 was
still not elucidated. The purpose of this study was to explore
the mechanism of the anti-neuroinflammatory effects of
Compound 21.

Materials and Methods
Chemicals and Reagents

Compound 21 was synthesized by the Department of
Pharmaceutical Chemistry, Institute of Materia Medica,
Chinese Academy of Medical Science. It is a white powder
with 99.9% purity.

Cell Cultures

BV2 cells (microglial cell) were grown in 90% DMEM sup-
plemented with 10% fetal bovine serum and antibiotics. Cells
were kept in a 5% CO, incubator in an atmosphere of 5% CO,
at 37 °C.

Cell Viability Assay

BV2 cells were seeded at a density of 1 x 10° cells/mL in 96-
well plates and incubated with LPS (1 pg/mL) and various
concentrations of Compound 21 (0.1, 1, and 10 uM) for 24 h.
BV2 cells were incubated with MTT solution (0.5 mg/mL) for
4 h at 37 °C, and cells were lysed with DMSO (150 uL) and
shaken for 5 min. The absorbance at 595 nm was measured by
a microplate reader.

Measurement of Inflammatory Cytokine Production

The production of inflammatory cytokines TNF-« and
PGE, was measured by ELISA kits. BV2-enriched cultures
were seeded at a density of 4 x 10* cells/well in a 24-plates.
BV2 cells were pre-treated with Compound 21 (0.1, 1, and
10 uM) for 1 h, then incubated with LPS (1.0 ng/mL) for
6 h. After harvesting the supernatants of cells, the concen-
trations of TNF-« and PGE, were analyzed by TNF-« and
PGE, ELISA Kits.

Determination of Reactive Oxygen Species
Production

The level of ROS was assayed by flow cytometry with fluo-
rescent probe 2'7'-dichlorofluorescein diacetate (DCFH-DA).
Cells of 2 x 10° were seeded 6-plates and pretreated with
Compound 21 (0.1, 1, and 10 uM) for 30 min and exposed
to LPS (1.0 pg/mL) with DMEM containing DCFH-DA
(20 uM) for 3 h at 37 °C avoiding the light. After incubation,
the BV2 cells were washed with PBS four times, and the
DCFH-DA-loaded cells were examined by flow cytometry
with excitation and emission wavelengths of 495 and
525 nm, respectively. It is known that the production intracel-
lular ROS was proportional to the fluorescence intensity.

Rac1 Activity Assay

Cells were seeded in DMEM at a density of 3 x 10° cells in a
10-cm dish. After 24 h, cells were incubated with LPS (1.0 pg/
mL) for 30 min, followed by treatment with Compound 21
(10 uM) for 30 min. Assay of Racl GTPase activity was
determined using G-LISA Racl colorimetric-based kit
(Cytoskeleton, Denver, CO, USA). In brief, cells were lysed
and centrifuged to gain the soluble cell extract, and then, the
total protein concentration was corrected. According to the
manufacture’s instruction, 50 puL of the extract volume was
added to the assay plates and incubated on ice for 30 min.
Active GTPase was detected by specific antibodies using a
microplate reader (Bio-Tek mQuant).

Western Blot Analysis

BV2 cells were lysed using the RIPA buffer containing prote-
ase inhibitor and phosphatase inhibitor. Cytomembrane and
cytoplasmic fractions were isolated by the membrane and cy-
tosol protein extraction kit (Applygen Technologies, Beijing,
China). Extracts were separated by SDS-PAGE and trans-
ferred onto PVDF membranes. Membranes were incubated
with primary antibodies (COX-2, iNOS, Tiaml, Trio,
ARHGEF, Racl, and DOCK2, 1:1000, Abcam, MA, USA;
p-IKK«a, IKK«, p-IkB, and IkB, 1:1000, Santa Cruz
Biotechnology, CA, USA; Kalirin and 3-Tublin, 1:1000,
Cell Signaling Technology, USA; f-actin 1:10,000,
ABclonal Technology, Beijing, China) overnight at 4 °C and
secondary antibody for 1 h. The blots were developed using
ECL + Plus reagents (Yeasen, Shanghai, China) and band den-
sities were analyzed by Gel-pro analyzer 3.

Co-immunoprecipitation
Cells were harvested and lysed in nondenaturing lysis buffer.

In brief, 10-uL. GEF antibodies (Tiaml, Kalirin, ARHGEEF,
DOCK?2) and 10-pL agarose beads were added to 500 uL of
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the corrected extract volume, and then were incubated over-
night with end-over-end mixing gently at 4 °C.
Immunoprecipitates were boiled for 5 min and then assayed
by Western blot using anti-Racl antibody.

Rac1 Pull-Down Assay

BV2 cells were cultured in DMEM medium for 24 h and then
incubated with 1 pg/mL LPS for 30 min prior to cell lysis. The
Racl activation assay was carried out by Cell Biolabs’s Racl
Activation Assay Kit. In brief, the cell extracts were incubated
with GST-PAK1 protein binding domain (GST-PBD) for 1 h
at 4 °C with gentle end-over-end mixing. The GTP-Racl was
detected by Western blot with an anti-Racl monoclonal
antibody.

Immunofluorescent Staining

The BV2 cells were plated on cover slips in 24-well plates and
fixed in 4% paraformaldehyde for 15 min at room temperature
and then cells were permeabilized with 0.1% Triton X-100 in
PBS for 5 min. After being washed three times, 3% normal
goat serum was used to block the cells for 2 h. The BV2 cells
were incubated with primary antibodies (Racl 1:100; Abcam,
MA, USA; Kalirin 1:100, Cell Signaling Technology, USA)
overnight at 4 °C, subsequently incubated with secondary
antibodies (1:200; ABclonal Technology, Beijing, China) for
2 h avoiding the light. The cells were further stained with
DAPI (2 pug/mL) and were observed and imaged using a
Carl Zeiss microscope (Jena, Germany).

RNA Interference

Kalirin expression was knocked down in BV2 cells by
Lipofectamine RNA iMAX Reagent. Specific siRNA for
Kalirin (sense: GGCAGCUCCAAAUUCAUCUTT,; anti-
sense: AGAUGAAUUUGGAGCUGCCTT) and negative
control siRNA and RNA iMAX Reagent were purchased
from Invitrogen. The expression of Kalirin was analyzed by
Western blot.

Rho GEF Exchange Assay

BV2 cells were seeded in 90% DMEM with 10% FBS at a
density of 3 x 10° cells in a 10-cm dish. Cells were pretreated
with Compound 21 (10 uM) for 30 min, following incubated
with LPS (1.0 pug/mL) for 30 min. According to the
manufactural instructions of Rho GEF exchange assay
biochem kit (Cytoskeleton, Denver, CO, USA), the purified
Kalirin was mixed with exchange reaction buffer and Racl
GTPase for the kinetic readings (A., = 360 nm, A.,, = 440 nm)
on a fluorescence plate reader.
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Results

Compound 21 Suppressed LPS-Induced Inflammatory
Responses in BV2 Cells

Microglial cell line BV2 cells were used to determine the
inhibitory effect of Compound 21 on inflammation. MTT as-
say results excluded non-specific cytotoxicity of Compound
21 during the study (Figs. 1 and 2a). ELISA assay was first
applied to measure the production of two major cytokines,
TNF-« and PGE,. ELISA results indicated that LPS trigged
the production of TNF-ox and PGE, in BV2 cells whereas the
production was suppressed by Compound 21 (Fig. 2b, ¢). AS
and COX-2 are major pro-inflammatory enzymes that pro-
duce the inflammatory cytokines. The expression of iNOS
and COX-2 was increased after LPS stimulation, and
Compound 21 treatment suppressed the elevated levels (Fig.
2d, e). It is well-known that NF-«B is a key regulator in the
activation of chronic inflammatory response [11]. As shown
in Fig. 2f-h, LPS treatment resulted in the upregulation of
inhibitory kB kinase o (IKKx) phosphorylation and IkB
phosphorylation and P65 translocation from cytoplasm into
nucleus. Pretreatment with Compound 21 showed a beneficial
effect on inhibiting IKK o and IkB phosphorylation, suggest-
ing that Compound 21 is effective in suppressing the activa-
tion of NF-kB signaling pathway. All the results in Fig. 2
indicated the anti-inflammatory effect of Compound 21.

Compound 21 Treatment Inhibited ROS Release
and Rac1-NADPH Oxidase Activation Stimulated
by LPS

Flow cytometry was applied to examine the effect of
Compound 21 on ROS release in LPS-treated BV2 cells.
Different time points after LPS treatment (1, 2, 3, and 6 h)
were selected to find the optimum time and 3 h was finally
chosen for the further study (Fig. 3a). Compound 21 treatment
suppressed ROS production in a concentration-dependent
manner (Fig. 3b). NADPH oxidase is an important source
for microglial ROS production (Gao et al. 2012). It has been
reported that the translocation of its cytosolic components into
the membrane is required for NADPH oxidase activation
(Freeman et al. 1996; Mizrahi et al. 2006). Therefore, we
sought to determine whether Compound 21 inhibited
NADPH oxidase activation by measuring the translocation
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Fig. 1 The chemical structure of Compound 21
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Fig. 2 Compound 21 suppressed LPS-induced neuroinflammation in
BV2 cells. a Cell viability assayed by MTT. BV2 cells were stimulated
with 1.0 pg/mL of LPS and different concentrations of Compound 21
(0.1, 1, and 10 uM) for 12 h. b, ¢ The PGE, and TNF-« production in
BV2 cells. BV2 cells were stimulated with LPS (1.0 pg/mL) for 6 h. d, e
Expression of COX-2 and iNOS assayed by Western blot. BV2 cells were

of its cytosolic subunit Racl. Western blot and immunofluo-
rescence staining results showed an increase of Racl in the
membrane 30 min after LPS treatment (Fig. 3c, d), and this
increase was significantly blocked by treatment of Compound
21. These results indicated the inhibitory effect of Compound
21 on the activation of NADPH oxidase. Racl is a small
GTPase with an inactive guanosine diphosphate (GDP)-
bound state and an active guanosine triphosphate (GTP)-
bound state. Racl-GTP pull-down and Racl-GTP enzyme-
linked immunosorbent assays were used to evaluate Racl ac-
tivity, and the results (Fig. 3e, f) showed that Compound 21
suppressed the Racl GTPase activity induced by LPS, thereby
inhibiting neuroinflammation. Collectively, our data sug-
gested that Compound 21 suppressed Rac1-NADPH oxidase
activation and subsequent ROS release in BV2 cells.

Inhibition of Rac1 Caused a Decrease
in Neuroinflammation

We then investigated the role of Racl in the regulation of
neuroinflammation using Racl inhibitor NSC23766.
NSC23766 targets the domain of Racl-specific GEF Trio or
Tiaml to inhibit Racl activation (Gao et al. 2004). Rac1-GTP
enzyme-linked immunosorbent assay and confocal results
confirmed that NSC23766 (10 uM) treatment inhibited Racl
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stimulated with 1.0 pg/mL of LPS and different concentration of
Compound 21 for 12 h. f, g Phosphorylation of IKK« and IkBe level.
h Nuclear translocation of p65. Data from three independent experiments
are expressed as mean + SD. *p < 0.05, **p <0.01, ***p < 0.001 vs. LPS
group; *p < 0.05, #p <0.01, #*p < 0.001 vs. control group

activity (Fig. 4a, b). Moreover, NSC23766 significantly re-
duced inflammatory cytokine (TNF-« and PGE,) production
and inflammatory proteins (COX-2 and iNOS) expression in-
duced by LPS (Fig. 4c—f). All the results revealed that Racl
played a vital role in neuroinflammation and Racl inhibition
could decrease the inflammatory reaction. Meanwhile,
Compound 21 exerted comparable anti-inflammatory effect
to NSC23766. Collectively, those data indicated that Racl
GTPase is involved in inflammation and the effect of
Compound 21 on Racl activity was similar to NSC23766.

Compound 21 Treatment Attenuated the Interaction
Between Rac1 and Its Regulator GEF Kalirin

It is well established that the activity of Racl GTPase is regu-
lated by GEFs. We then studied whether Compound 21 took
part in the interaction between Rac1 and GEFs. We used Co-IP
to authenticate the interaction between Racl and GEFs when
LPS was added to BV2 cells, and then immunoprecipitated by
different GEF antibodies. The results in Fig. 5a—d revealed that
LPS stimulation led to the increased interaction between Racl
and GEFs including Kalirin, Tiaml, and DOCK2 but not
ARHGEF. The data (Fig. 5a) showed that Compound 21 sig-
nificantly decreased the interaction between Racl and Kalirin.
Confocal imaging results (Fig. 5e) also authenticated that the
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Fig. 3 Compound 21 treatment inhibited ROS production and Racl-
NADPH oxidase activation stimulated by LPS. a, b The production of
ROS from BV2 cells. The BV2 cells were pretreated with Compound 21
(0.1, 1, and 10 pM) for 2 h, and then stimulated with 1.0 pg/mL LPS for
3 h, followed by incubation with 10 uM DCFH-DA for 30 min avoiding
the light. The amount of ROS production was assayed by flow cytometry.
¢ Translocation of Racl from cytoplasm to cytomembrane. Fractionated
proteins were analyzed by Western blot assay. d Immunofluorescence

interaction between Racl and Kalirin was attenuated by
Compound 21 treatment. All the data suggested that
Compound 21 decreased the interaction between Racl and
Kalirin, thereby attenuating neuroinflammation.

Kalirin Is the Key Factor in Neuroinflammation
and Might Be the Target of Compound 21
on Microglia

We then investigated the role of Kalirin in neuroinflammation
by knocking down endogenous Kalirin in BV2 cells with
siRNA. The Kalirin expression was obviously decreased by
Kalirin siRNA. Neuroinflammation reaction was also inter-
fered by Kalirin siRNA as shown by the decreased production
of inflammatory cytokines (TNF-« and PGE,) and the de-
creased expression of COX-2 (Fig. 6a—c). The pull-down
experiment showed that Kalirin interference led to de-
creased Racl activation stimulated by LPS (Fig. 6d), con-
firmed that Racl is regulated by Kalirin. Those data
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staining with Racl (green) and DAPI (blue) in BV2 cells. Scale bar
represents 20 um. e Racl activity measured by Racl pull-down assay.
The BV2 cells were treated with LPS for various time length (5, 15, and
30 min), and the 30 min was chosen. Pretreatment with Compound 21 for
2 h, and then stimulated by LPS for 30 min to measure Racl activation. f
Racl activity measured by G-LISA assay. Data from three independent
experiments are expressed as mean + SD. *p <0.05, **p <0.01 vs. LPS
group, *p < 0.05, #p <0.01, #*p < 0.001 vs. control group

indicated that Kalirin is the key factor in neuroinflamma-
tion by regulating NADPH oxidase activation. In addition
to the result that Compound 21 influenced the interaction
between Racl and Kalirin, we further investigated whether
Compound 21 had impact on Kalirin activity. We purified
Kalirin protein with antibody by immunoprecipitation as-
say, and then defined the real-time exchange reaction of
Racl by Rho GEF exchange assay biochem kit. The en-
hancement of fluorescent emission intensity in the pres-
ence of Racl GTPase and Kalirin reflected the respective
Kalirin activity. Pretreatment with Compound 21 for 2 h
significantly reduced the activity of Kalirin (Fig. 7a).
Western blot and confocal imaging results revealed that
Compound 21 treatment inhibited the overexpression of
Kalirin (Fig. 7b, ¢). In conclusion, we speculated Kalirin
as the important GEF involved in neuroinflammation, and
Compound 21 suppressed the activity and expression of
Kalirin to regulate the Racl activation and alleviated the
neuroinflammation.
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Fig. 4 Inhibition of Racl caused a decrease in neuroinflammation. a
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Discussion

Previous studies revealed that Compound 21 showed anti-
inflammatory effects in an in vivo PD animal model [10],
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while the exact mechanism is still unknown. The findings in
the study demonstrated that Compound 21 suppressed the
Racl-NADPH oxidase activation, the subsequent ROS and
other inflammatory cytokines release, eventually inhibiting
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Fig. 6 Kalirin is involved in
neuroinflammation in BV2 cells.
a, b The PGE, and TNF-« pro-
duction in BV2 cells. ¢
Expression of COX-2 assayed by
Western blot. d Racl activation
by pull-down assay. The BV2
cells were pretreatment with
Compound 21 (10 uM) for 2 h,
and then stimulated by LPS for
30 min to measure Racl activa-
tion. Data from three independent T T
experiments are expressed as NC  siKalirin = NC
mean + SD. *p <0.05 vs. LPS
group, ™p<0.01, " p <0.01 vs.
control group
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the neuroinflammation. Further mechanistic study indicated
that one GEF, Kalirin, mediated the anti-inflammatory effect
of Compound 21. Our study revealed that Kalirin might be the
target of Compound 21 on BV2 microglia.

Considering that neuroinflammation plays a vital role in
neurodegenerative diseases [12, 13], neuroinflammation sup-
pression might become an effective disease-modifying thera-
py and thereby open up a new strategy for the treatment of
neurodegenerative diseases. It is important to highlight that
there are plenty of natural compounds with anti-
inflammatory activity, such as curcumin, punicalagin, and
salvianolic acid B, which all showed nice neuroprotective ef-
fect in neurodegenerative disease models [14—16]. Based on
this idea, we sought to find new treatment candidates for neu-
rodegenerative diseases. Compound 21, a novel synthetic
phloroglucinol derivative from Lysidice rhodostegia roots,
was found from anti-inflammatory screening. In the in vivo
study, Compound 21 has found to be a potential PD treatment
candidate [10]. The purpose of our study was to explore the
mechanism of the anti-neuroinflammatory effect of
Compound 21. In the present study, we have found that
Compound 21 reduced the expression of inflammatory pro-
teins (COX-2 and iNOS) and the production of inflammatory
cytokines (PGE, and TNF-«) in LPS-stimulated BV2
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microglia. Moreover, Compound 21 treatment inhibited
NF-kB signaling pathway. All the data confirmed the anti-
inflammatory effect of Compound 21 in microglia.

ROS production is suggested to be upstream of many
neuroinflammatory-related signal pathways [7]. NADPH ox-
idase, a prominent source of ROS, plays a vital role in the
inflammatory response and neurotoxicity mediated by mi-
croglia cells. NADPH oxidase consists of membrane subunits
(gp91phox and p22phox) and cytosolic subunits (p40phox,
p47phox, p67phox, and Racl), which translocate to cytomem-
branes when exposed to stimulation [17, 18]. There is over-
whelming evidence that Racl1 is an important participant in the
assembly and consequent activation of the NADPH oxidase
[19, 20]. Racl induces a conformational change in p67phox,
promoting interaction with gp91phox after Rac1-GTP binding
to p67phox [21]. Of all subunits, Racl plays a coordinating
role in the activation of NADPH oxidase [22]. The findings in
the study revealed that Compound 21 treatment suppressed
the NADPH oxidase activation by both reducing Racl trans-
location from cytosol to cytomembrane and attenuating Racl
activity. The results suggested that Compound 21 modulated
neuroinflammation by inhibiting Rac1-NADPH oxidase acti-
vation. To confirm the role of Racl in neuroinflammation,
NSC23766, an inhibitor of Racl activation, was used. We
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Fig. 7 Compound 21 inhibited the activity and expression of Kalirin. a
The effect of Compound 21 on the activity of Kalirin by Rho GEF
exchange assay. The BV2 cells were pretreated with Compound 21
(0.1, 1, and 10 uM) for 2 h, and then stimulated with 1.0 pg/mL LPS
for 30 min. b, ¢ The expression of Kalirin was shown by Western blot

found that NSC23766 treatment inhibited the inflammatory
response induced by LPS, and Compound 21 exerted compa-
rable effect to NSC23766. The data suggested that Rac1 plays
an important role in neuroinflammation and regulating Racl
contributes to the anti-inflammatory effect of Compound 21.

It is well established that Racl activation is regulated by a
variety of GEFs, and the extensively studied GEFs are Tiaml,
Kalirin, Farp family (ARHGEF), and DOCK2. Co-IP assay was
applied in the present study to evaluate the interactions between
Racl and different GEFs when LPS was added, and results sug-
gested that the interaction between Racl and Tiam1, Kalirin, and
DOK2 was enhanced. Among all the GEFs tested, pretreatment

@ Springer

assay and immunofluorescence staining. BV2 cells were stimulated with
1.0 pg/mL of LPS and Compound 21 treatment for 12 h. Scale bar
represents 20 um. Data from three independent experiments are
expressed as mean+SD. *p <0.05 vs. LPS group, *p <0.01 vs.
control group

with Compound 21 attenuated the interaction between Racl and
Kalirin. We then further tested the role of Kalirin in neuroinflam-
mation and the anti-inflammatory effect of Compound 21. We
knocked down endogenous Kalirin in BV2 cells with sequence-
specific siRNA and found that both the inflammatory level and
Racl activation were decreased. The results indicated that Kalirin
is involved in the activation of NADPH oxidase and the subse-
quent neuroinflammation. Further results revealed that
Compound 21 treatment decreased the over-activation and
over-expression of Kalirin induced by LPS. Collectively, the
findings revealed that GEF family Kalirin might be the target
of Compound 21 for its anti-inflammatory effects.
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Fig. 8 Proposed mechanism for
Compound 21 inhibits
neuroinflammation in BV2
microglia. The GEF Kalirin
regulates Racl-NADPH oxidase
activation, subsequent ROS pro-
duction, and downstream signal-
ing pathway. Compound 21 in-
hibits the Kalirin-mediated
neuroinflammatory signaling
pathway

Our study provided evidence supporting Compound 21 as
a potential candidate of neuroinflammatory inhibitor and un-
derlying molecular mechanism revealed that Compound 21
suppressed Kalirin signaling pathway and Racl-NADPH ox-
idase activation (Fig. 8). The present study also suggested that
targeting the specific enzymes involved in NADPH oxidase
activation, such as Kalirin and Racl GTPase, may be benefi-
cial for the treatment of inflammation-related neurodegenera-
tive diseases.
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