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Abstract

Microglial cells coordinate immune responses in the central nervous system. Carvedilol (CVL) is a non-selective p-blocker
with anti-inflammatory and anti-oxidant effects. This study aims to investigate the anti-inflammatory effects and the under-
lying mechanisms of CVL on lipopolysaccharide (LPS)-induced inflammation in microglial BV2 cells. BV2 cells were
stimulated with LPS, and the protective effects of CVL were investigated via measurement of cell viability, reactive oxygen
species (ROS), and interleukin (IL)-1p liberation. The protein levels of some inflammatory cascade, Notch, and peroxisome
proliferator-activated receptor (PPAR)-y pathways and relative markers of M1/M2 microglial phenotypes were assessed.
Neuroblastoma SH-SYSY cells were cultured with a BV2-conditioned medium (CM), and the capacity of CVL to protect cell
viability was evaluated. CVL displayed a protective effect against LPS stress through reducing ROS and down-regulating of
nuclear factor kappa B (NF-xB) p65, NLR family pyrin domain containing-3 (NLRP3), and IL-1p proteins. LPS treatment
significantly increased the levels of the M1 microglial marker inducible nitric oxide synthase (iNOS) and M1-associated
cleaved-NOTCHI1 and hairy and enhancer of split-1 (HES1) proteins. Conversely, LPS treatment reduced the levels of the M2
marker arginase-1 (Arg-1) and PPAR-y proteins. CVL pre-treatment reduced the protein levels of iNOS, cleaved-NOTCHI1,
and HES1, while increased Arg-1 and PPAR-y. CM of CVL-primed BV2 cells significantly improved SH-SYS5Y cell viability
as compared with the LPS-induced cells. CVL suppressed ROS production and alleviated the expression of inflammatory
markers in LPS-stimulated BV2 cells. Our results demonstrated that targeting Notch and PPAR-y pathways as well as directing
BV2 cell polarization toward the M2 phenotype may provide a therapeutic strategy to suppress neuroinflammation by CVL.
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Introduction

Neuroinflammation is a complex innate immune reaction in
the central nervous system (CNS) that occurs in response to
ischemic stroke, neurodegenerative diseases, and mechanical
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trauma such as spinal cord injury (Roe 2021). The pathologi-
cal hallmark of neuroinflammation is mediated by a vari-
ety of cytokines, chemokines, and reactive oxygen species
(ROS) produced by resident CNS glia (microglia and astro-
cytes) or infiltrated immune cells (DiSabato et al. 2016).
Previous studies revealed that the production of pro-
inflammatory cytokines by activated immune cells plays a
major role in upregulating the expression of inflammatory
mediators. In particular, tumor necrosis factor-alpha (TNF-
a) is tightly connected with the initial induction of inflam-
matory responses and oxidative stress (Becher et al. 2017,
Ludwig et al. 2017). Downstream of the TNF-a signaling
is the nuclear factor kappa B (NF-kB), which is a well-
known transcription factor of the inflammatory process
(Becher et al. 2017). NF-xB promotes the transcription of
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cyclooxygenase-2 (COX-2), inducible nitric oxide synthase
(iNOS), interleukin (IL)-1p, IL-6, and IL-18. There is a
strong association between the expression of inflammatory
mediators and oxidative stress-mediated neurotoxicity.

The release of pathogen-associated molecular pat-
terns (PAMPs) and damage-associated molecular patterns
(DAMPs) from damaged tissues leads to the induction of
inflammation. These signals may activate downstream sign-
aling receptors called pattern recognition receptors (PRRs),
which increase the secretion of inflammatory cytokines.
ROS plays a critical role in the pathogenesis of neuroin-
flammation by stimulating the nucleotide oligomerization
domain (NOD)-like receptors (NLRs) and activation of
inflammasome complexes such as NLR family pyrin domain
containing-3 (NLRP3) (Mortezaee et al. 2018). The inflam-
masome is a multi-protein complex that finely regulates the
activation of caspase-1 and mediates the secretion of pro-
inflammatory cytokines (Luo et al. 2014; He et al. 2016).
NLRP3 inflammasome is highly expressed in the resident
innate immune cells of CNS, i.e., microglia. After dam-
age to the CNS, microglial cells are activated and undergo
morphological and phenotypic alterations. Various studies
have reported that during neural damage, activated microglia
polarize toward the pro-inflammatory (M1) or anti-inflam-
matory (M2) phenotypes in response to different micro-
environmental disturbances. Both M1 and M2 microglia are
involved in the pathogenesis of neurodegeneration. M1 pro-
motes inflammation and subsequent neurotoxicity, and M2
leads to neuroprotection by reducing or inhibiting inflam-
mation (Kwon and Koh 2020). NF-kB and Notch signaling
pathways are involved in regulating M1 microglia polariza-
tion (Fazio and Ricciardiello 2016). Peroxisome prolifera-
tor-activated receptor (PPAR)-y is a nuclear receptor that is
highly expressed in microglia. Several studies showed that
the PPAR-y acts as a crucial regulator in M2 polarization
by inactivating NF-kB during inflammatory reactions and
up-regulating of M2 marker Arg-1 (Korbecki et al. 2019).

Various drugs influence microglia polarization through
modulation of signaling pathways (Guo et al. 2022). Carve-
dilol (CVL) is a non-selective f-blocker that has been widely
used as a therapeutic drug in hypertension and ischemic car-
diac disease. It has been demonstrated that microglia express
high levels of p2-receptors (Lechtenberg et al. 2019; Damo
et al. 2023). Tozaki-Saitoh and colleagues have shown
that pharmacological inhibition of al, p1, and especially
B2 receptors decreases lipopolysaccharide (LPS)-induced
inflammation in murine microglial BV2 cells. They found
that exchange protein directly activated by cyclic adenosine
monophosphate (EPAC) and tumor progression locus-2
(TPL?2) are involved in p2-receptor-mediated IL.-1f produc-
tion in microglial cells (Tozaki-Saitoh et al. 2020). Further-
more, CVL exhibits potent antioxidant activity that is not
related to its ability to block adrenergic receptors. It has
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been demonstrated that CVL is a strong inhibitor of toll-like
receptor-4 (TLR4) signaling (Xu et al. 2018). The TLR4/
NF-kB/NLPR3 axis plays a crucial role in innate immunity
induction and IL-1p release (Yang et al. 2019). The anti-
inflammatory and antioxidant effects of CVL have been
reported in many studies (Xu et al. 2022). CVL can reduce
the release of pro-inflammatory cytokines and oxidative
stress, and alleviate the neuroinflammation in Alzheimer’s
disease and brain ischemia (Lysko et al. 1992; Wang et al.
2011). CVL could play a protective role in spinal cord injury
by decreasing the levels of ROS and inflammatory cytokines
(Karatas et al. 2015; Liu et al. 2015). CVL treatment sig-
nificantly decreases TNF-a, IL-1p, IL-6, and NF-kB p65
levels in hypoxia-induced inflammation in BV2 microglia
cells (Gao et al. 2017). Furthermore, it has been shown that
CVL alleviates NF-kB, TNF-a, IL-6, nitric oxide (NO), and
NLRP3 expression in LPS-induced J774A.1 murine mac-
rophage cells (Wong et al. 2018). The present study aimed
to investigate the protective effect of CVL against the LPS-
induced activation and inflammatory responses of BV2
microglial cells in vitro.

Materials and methods
Cell culture

Murine BV2 and human neuroblastoma SH-SYSY cell
lines were obtained from the National Cell Bank of Iran
(Pasteur Institute of Tehran, Iran) and were used as in vitro
models of microglial and neuronal cells, respectively. Cells
were cultured in high-glucose Dulbecco’s Modified Eagle
Medium (DMEM; Capricorn: DMEM-HPA-P10) contain-
ing 10% fetal bovine serum (FBS; Panbioteh: P30-3033),
2 mM L-glutamine (Gibco: 25,030), 100 mg/mL strepto-
mycin, 10,000 U/mL penicillin (Panbiotech: P06-07100),
and non-essential amino acid (NEAA; Gibco: 11,140,050)
at 37 °C in a humidified atmosphere of 5% CO,. Cells were
passaged every 2-3 days to maintain growth.

Cytotoxicity assay

The toxicity of LPS and CVL on BV2 cells was estimated
using 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazo-
lium bromide (MTT) assay. Briefly, BV2 cells were seeded
into each well of 96-well plates at a density of 5x 10
cells per well in 200 uL. The cells were then treated with
increasing concentrations of LPS (1 to 500 pg/mL) and
CVL (0.01 to 25 uM) for 48 h. After the completion of
treatment, 20 uL of MTT (MTT; Sigma: M2128) solution
(5 mg/mL in PBS) was added to 180 pL. medium in each
culture well and incubated for 4 h at 37 °C. The formazan
crystals were then dissolved in dimethyl sulfoxide (DMSO;
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Sigma: D4540). The absorbance was measured at 570 nm
using an ELISA reader (Synergy HT, BioTek) (Niapour
etal. 2015, 2016). The viability of cells in each group was
verified as the percentage of cell viability relative to the
control. The median inhibitory concentrations (IC50) of
each group were estimated by performing the four para-
metric nonlinear regressions in SigmaPlot software V12
(Systat Software, Inc., San Jose, CA, USA) (Niapour et al.
2019). The entire experiment was repeated three times
from three independent samples. Based on our findings
and in agreement with previous research (Dai et al. 2015;
Bao et al. 2019; Peng et al. 2021; Guo et al. 2022), 0.5 uM
of CVL and 10 ug/mL of LPS were chosen as the optimal
concentrations for the rest of this study.

Measurement of intracellular ROS

Intracellular ROS levels were directly measured using
the DCFDA/DCF Cellular ROS Assay Kit (Abcam:
ab113851). Following the manufacturer’s instructions,
BV2 cells were seeded into a 96-well plate at a density of
25x 10° cells per well in 200 pL and incubated overnight.
Cells were pre-treated with 0.5 uM of CVL in 150 pL/
well of 1X supplemented buffer for 6 h. BV2 cells were
then post-treated with LPS at 10 ug/mL in 150 pL/well of
1X supplemented buffer for 18 h. 2X dilution (40 uM) 2/,
7'-dichlorofluorescein diacetate (DCFDA) in 150 pL of
1X supplemented buffer was overlaid on top of the treated
cells 45 min before the end of the experiment. The fluores-
cence intensity of the 2',7'-dichloro-fluorescein (DCF) was
measured by a fluorescence microplate reader (Synergy
HT, Bio-Tek) at Ex/Em =485/535 nm. Tertbutyl hydrogen
peroxide (TBHP) at 150 uM was used as a positive control
(Mahmoudinia and Niapour 2019). The entire experiment
was run in duplicate from three independent samples.

Table 1 Antibodies used in this study

Measurement of IL-1f release

The protein level of IL-1p was measured with a com-
mercially available enzyme-linked immunosorbent assay
(ELISA) kit (R&D: DY401). The optical density was deter-
mined at 450 nm using a microplate reader (Synergy HT,
Bio-Tek). The absolute value of each protein was calculated
based on the standard curve, and data was reported as a
percentage of the control (Saadati et al. 2021). The entire
experiment was run in duplicate from three independent
samples.

Western blotting

BV2 cells were collected and washed twice with PBS. Sub-
sequently, the cells were homogenized in a lysis buffer con-
taining the following components: 0.5% Nonidet P-40, 1%
Triton X-100, 50 mM Tris—HCIl (pH=7.4), 150 mM NaCl,
1 mM dithiothreitol (DTT), I mM ethylenediaminetet-
raacetic acid (EDTA), 0.1% sodium dodecyl-sulfate (SDS),
1 mM ethylene glycol-bis(f-aminoethyl ether)-N,N,N’,N'-
tetraacetic acid (EGTA), 2 mM phenylmethylsulfonyl flu-
oride (PMSF), and 1% protease inhibitor cocktail. After
quantification of proteins, the samples (20 pg proteins)
were separated by 12% sodium dodecyl-sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) gel and transferred to
polyvinylidene difluoride (PVDF) membranes. Nonspecific
binding was blocked with Tris-buffered saline (TBS), and
membranes were then incubated with the primary antibodies
(Table 1) at 4 °C overnight. After further washing with tris-
buffered saline with Tween 20 (TTBS), the membranes were
incubated with appropriate horseradish peroxidase-conju-
gated secondary antibodies (Table 1) at room temperature
for 1.5 h. The bands were visualized using the enhanced
chemiluminescence (ECL) detection kit (Niapour et al.
2023). To serve as an internal control, B-actin profile was

Target phenotypes Primary antibody
NF-kB signaling pathway NF-kB p65 (F-6)
Inflammasome complex NLRP3

M1 marker of microglia iNOS (A-9)

M2 marker of microglia Arginase I (C-2):

Notch signaling pathway Cleaved-Notchl (Vall1744)
Notch signaling pathway HES1 (A-12)
Peroxisome proliferator-activated PPAR-y (E-8):

receptors (PPARs)

Housekeeping B-Actin (C4)

Secondary Abs

Conjugated with Antibody

HRP m-IgGkBP-HRP

HRP Mouse anti-rabbit IgG-HRP

Host Vender Cat. number Dilution
Mouse Santa Cruz sc-8008 1:1000
Rabbit Abcam ab91413 1:1000
Mouse Santa Cruz sc-376751 1:1000
Mouse Santa Cruz sc-166920 1:1000
Rabbit Cell signaling 4147 T 1:1000
Mouse Santa Cruz sc-166378 1:1000
Mouse Santa Cruz sc-7273 1:1000
Mouse Santa Cruz sc-47778 1:1000
Vender Cat. number Isotype Dilution
Santa Cruz sc-516102 IeG 1:5000
Santa Cruz sc-2357 IgG 1:5000
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also detected alongside the target proteins. Band intensities
were determined using the ImageJ software version 1.53,
developed by the (National Institutes of Health (NIH) in
Bethesda, USA). The entire experiment was repeated three
times using independent samples.

Treatment of SH-SY5Y cells with the conditioned
media of BV2 cells

BV2 cells were primed with 0.5 pM of CVL in 200 pL for
6 h and then treated with 10 ug/mL of LPS in 200 pL for
the next 18 h. The culture media were collected either from
co-treated cells or individual treatments of CVL and LPS.
After centrifugation at 1800 revolutions per minute (RPM)
for 10 min and removal of cell debris, the supernatant was
used as BV2 microglia-conditioned medium (CM) (Cacci
et al. 2008).

Each well of 96-well plates was seeded with 5x 103 of
SH-SYS5Y cells in 200 pL and incubated overnight. SH-
SYS5Y cells were then incubated with 200 uL of CM of BV2
cells for 48 h in 5% CO, at 37 °C, and neuronal viability
was determined using MTT assay. The entire experiment
was repeated three times from three independent samples.

Statistical analysis

Values of experiments in this study were presented as
means + standard deviation (SD) and were analyzed using
SPSS software version 20. Comparisons among groups
were conducted by one-way analysis of variance (ANOVA)
followed by Tukey’s test for post hoc analysis. A p value
of <0.05 represented a statistically significant difference.

Results

CVL and LPS affect the viability of BV2 cells
at higher concentrations

MTT assay was carried out to assess the viability of cells
following treatment with various concentrations of CVL
and LPS. BV2 cellular viability was not affected by con-
centrations up to 5 pM of CVL. Exposure to 1-10 pg/mL
of LPS resulted in a minimal reduction in cellular viability.
However, increasing the concentrations of both CVL and
LPS led to a significant reduction in BV2 cellular viability
in a dose-dependent manner (Fig. 1A) (Supplementary file

Fig. 1 Cytotoxicity of CVL and A 120
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1). The estimated IC50 for LPS- and CVL-received cells
was 30.2 +1.83 pg/mL and 6.89 +0.05 pM, respectively.
Furthermore, our results indicated that pre-treatment with
0.5 uM of CVL for 6 h followed by post-treatment with
10 pg/mL of LPS for 18 h does not exert a significant effect
on cellular viability as compared with CVL alone and LPS
alone groups (Fig. 1B) (Supplementary file 1).

CVL suppressed the LPS-induced ROS generation
and IL-1 release in BV2 cells

In our study, CVL treatment reduced ROS and IL-1p com-
pared to the control group. However, stimulation of BV2
cells resulted in a significant increase in the levels of ROS
and IL-1. In the presence of CVL, there was a significant
(p <0.05) reduction in the production of ROS and IL-1p
in LPS-stimulated BV2 cells (Fig. 2A, B) (Supplementary
file 2).

CVL modulates Notch and PPAR-y pathways
and promotes M2 polarization of microglial cells

Western blot results showed that LPS led to a significant
increase in the NF-kB p65 and NLRP3 protein levels as
compared with the control group. However, CVL alone and
pre-treatment with CVL significantly ameliorated NF-xB
p65 and NLRP3 proteins as compared with the control
group and LPS-stimulated BV2 cells, respectively (Fig. 3A,
B) (Supplementary file 3).

To further evaluate the effect of CVL on the phenotypi-
cal switch of BV2 cells, the expression levels of iNOS as
an M1-associated microglial marker and Arg-1 as a marker
of microglial M2 polarization were assessed. CVL alone
significantly altered the levels of iNOS and Arg-1 compared
to the control. The results showed that treatment with LPS
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increases the expression of iNOS and decreases the expres-
sion of Arg-1. Pre-treatment with CVL showed the opposite
effect and led to a decrease in the expression of iNOS and an
increase in the expression of Arg-1 in LPS-stimulated BV2
cells (Fig. 3A, C) (Supplementary file 3).

Our results revealed that LPS induced key elements of
the Notch signaling pathway while CVL alone and pre-treat-
ment with CVL decreased cleaved-NOTCH1 and hairy and
enhancer of split-1 (HES1) protein levels as compared to the
control and LPS-stimulated groups. Furthermore, PPAR-y
as important anti-inflammatory signaling was reduced in
LPS-induced cells. CVL alone and CVL pre-treatment sig-
nificantly increased PPAR-y levels as compared with the
control and LPS-treated BV2 cells, respectively (Fig. 3A,
D) (Supplementary file 3).

CVL protects SH-SY5Y cells against the deleterious
effects of microglial activation by LPS

Incubation of SH-SYSY cells with the CM of LPS-induced
BV2 cells resulted in a significant decrease in cell viability
(»<0.001). However, the viability of SH-SY5Y cells was
significantly improved by the cultivation with the CM of
CVL-primed/LPS-induced BV?2 cells (Fig. 4) (Supplemen-
tary file 4).

Discussion

Activation of microglia is a common pathological feature of
several neurodegenerative diseases and traumatic injuries of
CNS. Several studies showed that the reduction of neuroin-
flammation may require specific treatment with simultane-
ous reduction of the M1 phenotype and promotion of the M2
phenotype (Hu et al. 2015). Therefore, regulation of activated
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Fig.2 Effect of CVL on ROS and IL-1f levels. The levels of intracellular ROS and IL-1p in different groups were plotted (A, B), respectively.
TBHP was used as a positive control in ROS assay. *p <0.05 and ***p <0.001 vs. control group. ##p <0.01 and ###p <0.001 vs. LPS group
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Fig.3 Effect of CVL on inflammatory cascade and microglial polari-
zation. The expression profile of various proteins in individual and
combinational treatments was illustrated (A). The expression levels
of NF-xB p65 and NLRP3 were quantified (B). The quantification

microglia is considered as a therapeutic approach. Numer-
ous studies have emphasized the beneficial effects of CVL
on Alzheimer’s disease and traumatic brain and spinal cord
injury through reducing oxidative stress and proinflamma-
tory cytokines (Wang et al. 2011; Liu et al. 2015; Amirshah-
rokhi and Niapour 2022). The immortalized BV2 cell line is
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HES1
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of iNOS and Arg-1 as microglial M1/M2 dynamics was shown (C).
The cleaved-NOTCH1, HES1, and PPAR-y levels were illustrated as
a columnar graph (D). **p <0.01, and ***p <0.001 vs. control group.
##p <0.01 and ###p <0.001 vs. LPS group

generally used as an in vitro microglial inflammatory model
system. Various experiments have been carried out to deter-
mine the anti-inflammatory effects of drugs on hypoxia and
LPS-activated microglial cell lines (Streit et al. 2004; Peng
et al. 2020; Wu et al. 2021). Gao et al. reported that treating
with 10 uM of CVL for 24 h can reduce ROS, IL-1p, NF-kB,
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Fig.4 Viability of SH-SY5Y following incubation with BV2-condi-
tioned medium. CM of BV2 cells that were acutely stimulated with
LPS and those that were pretreated with CVL and then treated with
LPS were collected and used on SH-SYS5Y cells. The viability of
SH-SYS5Y cells was measured using MTT assay and summarized.
*p<0.05, ***p<0.001 vs. SH-SY5Y group. ##p<0.01 vs. LPS-
induced CM group

and TNF-a in hypoxia-induced BV2 cells (Gao et al. 2017). It
has been shown that CVL at a dose of 5 uM exerts a protective
effect against 6-hydroxydopamine (6-OHDA) toxicity in rat
pheochromocytoma PC12 cells (Wang et al. 2014). Another
research has indicated that 10 ug/mL of LPS activates BV2
cells, triggers inflammation, and reduces PC12 cell viability
(Dai et al. 2015). In the present work, we speculated 0.5 pM of
CVL and 10 pg/mL of LPS as the appropriate concentrations.
The implemented concentration of CVL was selected based on
the physiologic concentrations of CVL (0.5-1 uM) (Peng et al.
2021; Guo et al. 2022) as well as the absence of cytotoxicity up
to 5 uM. Our data indicated that CVL at minimum serum con-
centration could elicit its anti-inflammatory functions. Lower
concentrations of LPS generally act as a cytostatic rather than
cytotoxic agent (Zhuang and Wogan 1997). Concentrations
of LPS in the range of 1 to 10 ug/mL have been widely used
in published research (Dai et al. 2015, 2019; Bao et al. 2019).
The concentration of LPS which can induce an inflammatory
response was important in our study. The results of our pre-
liminary study indicated that a concentration of 10 pg/mL of
LPS was sufficient to induce IL-1p with minimal effects on
cell viability.

Oxidative stress, as a result of an imbalance between free
radical production and effective scavenging, can influence
cell viability and metabolic activity. Inflammation caused
by injury and LPS leads to mitochondrial dysfunction and
the production of ROS and NO (Wong et al. 2018). A previ-
ous study reported that treatment with CVL decreases the
levels of ROS and inflammatory cytokines in LPS-treated
human bronchial epithelial cells (BEAS2B) (Xu et al. 2022).
Although a higher concentration of LPS was applied in our

study, similar results were detected in BV2 cells. These data
support the antioxidant properties of CVL.

We demonstrated that pre-treatment of BV2 cells with
CVL leads to the reduction of NF-kB p65, IL-1p, and
NLRP3 protein levels. LPS functions as a ligand for the
TLR4 receptor and leads to the up-regulation of IL-1f3 gene
expression (Swanson et al. 2019). The inhibitory effect of
CVL on TLR4 signaling has been demonstrated (Xu et al.
2018). Our findings confirm the reduction of NF-xB p65
and IL-1B in CVL pre-treated cells as compared with LPS-
primed BV?2 cells. It has been demonstrated that LPS and
NF-xB p65 activate NLRP3 inflammasome and mediate the
secretion of mature IL-1 (Swanson et al. 2019). Therefore,
we propose the inhibitory effect of CVL on NLRP3 activa-
tion through its impact on TLR4/NF-«xB priming signals and
its ability to reduce ROS production, which serves as the
second signal for NLRP3 assembly and activation. The pre-
sent work is in agreement with prior research demonstrating
the anti-inflammatory effects of CVL by reducing NLRP3
inflammasome expression (Wong et al. 2018).

Microglia polarization and the ratio between M1/M2
phenotypes play essential roles in their cooperation during
tissue repair. It was shown that the M1 microglia release a
large number of harmful substances, such as inflammatory
agents and oxygen-free radicals during the early stages of
inflammation which damage the structure of neurons and
impair their normal functions. However, the M2 phenotype
of microglia secretes neurotrophic substances in the inflam-
matory process, removes necrotic or apoptotic neuron frag-
ments, and subsequently leads to tissue repair (Zendedel
et al. 2016; Dai et al. 2019). We verified that treatment with
0.5 pM of CVL can lead to a decrease in the expression of
iNOS protein as a marker of M1 phenotype and an increase
in the expression of Arg-1 protein as a marker of M2 polari-
zation. Treatment with CVL increased this ratio toward
Arg-1 and promoted the polarization of microglial cells to
the M2 phenotype. To our knowledge, it is the first time
we have demonstrated the impact of CVL on the polariza-
tion of microglia toward the M2 phenotype. Therefore, CVL
reduces tissue damage due to the reduction of inflammatory
factors and oxygen-free radicals.

The Notch signaling pathway is initiated by several fac-
tors including oxidative stress. NOTCH1 regulates IL-6
expression in activated macrophages through the NF-kB
pathway. It was shown that NOTCH1 promotes the polariza-
tion of the M1 phenotype of microglial cells (Wu et al. 2018;
Kong et al. 2022). NOTCHI1 has also been identified as a
stimulator of the NLRP3 inflammasome signaling pathway
(Lee et al. 2020; Guo et al. 2022). It has been demonstrated
that NLRP3 activation can switch microglia states toward
the M1 phenotype (Ibrahim et al. 2023). Hence, the Notch/
NF-kB/NLRP3 axis appears to be crucial in driving micro-
glia toward the M1 phenotype. Our findings indicate that
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the administration of CVL may promote the polarization of
microglia from M1 to M2 by suppressing the Notch/NF-xB/
NLRP3 axis. A previous study reported that the administra-
tion of 30 mg/kg CVL for 1 week can reduce the expression
of NOTCH1, HES1, NF-«B, and TNF-a in an animal model
of ulcerative colitis (Nasser et al. 2022). PPAR-y activa-
tion decreases inflammatory mechanisms by inhibiting the
expression of TNF-a and influencing the activity of NF-kB
(Nasser et al. 2022). The data presented in this report dem-
onstrate, for the first time, that LPS increased the expres-
sion of NOTCH1 and HES1 proteins in BV2 cells while
decreased the expression of PPAR-y. Interestingly, treatment
with 0.5 pM CVL for 6 h mitigated the protein expressions
of NOTCHI1 and HESI and increased the expression of
PPAR-y. It has been shown that PPAR-y agonists attenu-
ate NLRP3 inflammasome activation in macrophages (Yang
et al. 2021).

We showed that the CM of LPS-activated BV2 cells
reduced SH-SYSY cell viability. This finding suggests that
microglial cells spread inflammation to neurons through
cytokines after initial activation. This process occurs natu-
rally after inflammatory and ischemic conditions. Addition-
ally, our findings demonstrated that incubation with the CM
of CVL-primed BV?2 cells significantly improved the viabil-
ity of SH-SYS5Y cells as compared with the LPS-induced
cells. Interestingly, CVL pre-treatment did not compen-
sate for the diminished viability of BV2 cells treated with
LPS (Supplementary file 5). In line with our findings, it
was shown that the exposure of PC12 cells to the CM of
LPS-induced BV2 cells elevates apoptosis mediators and
decreases cell viability. IL-1p released from activated BV2
microglia is responsible for the damage of neurons (Dai
et al. 2015). Another study documented that incubation of
SH-SYS5Y cells with the CM of LPS-stimulated BV2 cells
reduces SH-SYSY cell survival and increases apoptosis. Liu
and colleagues have also shown that butein can attenuate the
toxic effects of LPS-induced BV2 cells on SH-SYSY cells
through the reductions of the activation of NF-kB p65 and
extracellular signal-regulated kinase (ERK) signaling path-
ways (Liu et al. 2020). Cyanidin-3-O-glucoside was able to
reduce the toxic effect of LPS-induced BV2 cells on PC12
cells (Kaewmool et al. 2020). Based on these findings, CVL
may exert its neuroprotective effects by reducing the produc-
tion of inflammatory cytokines in microglial cells. Although
several studies have investigated the impact of microglial
activation on SH-SYS5Y cell viability, some limitations
should be considered. The SH-SYSY cell line is derived
from human neuroblastoma. The cancerous properties of
SH-SYSY cells may influence their differentiation, viabil-
ity, proliferation, and metabolic activity (Peng et al. 2021).
The mice and human microglia express a set of conserved
sensing genes that regulate microglial responses to environ-
mental changes. However, some soluble factors secreted by
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each cell type may not have appropriate receptors on cells
of different animal origins (Abels et al. 2021). This finding
highlights the need for further research to better understand
the differences in microglia response between species.

Conclusion

The present study indicated that CVL reduces ROS lev-
els and key inflammatory machinery such as NF-xB p65,
modulates Notch and PPAR-y signaling pathways, and pro-
motes the polarization of microglial cells toward the M2
phenotype. CVL also exhibits neuroprotective effects on SH-
SYY cells when treated with CM of LPS-induced BV2 cells.
Further evaluations are needed to understand cellular and
molecular mechanisms of CVL against neuro-inflammation.
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