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Abstract

Neurodegenerative diseases (NDs) are common chronic diseases arising from progressive damage to the nervous sys-
tem. Here, in-house natural product database screening revealed that libertellenone C (LC) obtained from the fermen-
tation products of Arthrinium arundinis separated from the gut of a centipede collected in our Tongji campus, showed
a remarkable neuroprotective effect. Further investigation was conducted to clarify the specific mechanism. LC dose-
dependently reversed glutamate-induced decreased viability, accumulated reactive oxygen species, mitochondrial
membrane potential loss, and apoptosis in SH-SY5Y cells. Network pharmacology analysis predicted that the targets
of LC were most likely directly related to oxidative stress and the regulation of inflammatory factor-associated signal-
ing pathways. Further study demonstrated that LC attenuated nitrite, TNF-a, and IL-1(3 production and decreased
inducible nitric oxide synthase and cyclooxygenase expression in lipopolysaccharide-induced BV-2 cells. LC could
directly inhibit NLRP3 inflammasome activation by decreasing the expression levels of NLRP3, ASC, cleaved Caspase-1,
and NF-kB p65. Our results provide a new understanding of how LC inhibits the NLRP3 inflammasome in microglia,
providing neuroprotection. These findings might guide the development of effective LC-based therapeutic strategies
for NDs.
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1 Introduction

Neurodegenerative diseases (NDs) are late-onset dis-
eases characterized by slow progressive damage to neu-
ronal cells and neuronal loss, disrupting patients’ motor
function, cognitive function, and homeostasis [1]. The
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Neuroinflammation could be triggered during ND
pathogenesis by the deposition of abnormal conforma-
tional proteins, signals from damaged neurons, or the
imbalance between pro- and anti-inflammatory pro-
cesses [5]. Microglial activation is the principal compo-
nent of neuroinflammation in the central nervous system
(CNS), and activated microglia usually polarize into two
distinct phenotypes, the classical M1 and alternative M2
[6]. M1 microglia release proinflammatory factors, such
as interleukin 1 beta (IL-1p), tumor necrosis factor-alpha
(TNF-a), and inducible nitric oxide synthase (iNOS). In
contrast, M2 microglia release anti-inflammatory factors,
including CD206 and arginase-1 [7, 8]. Meanwhile, OS is
a state in which reactive oxygen species (ROS) generation
exceeds the capacity of the cellular antioxidant defense
biosystem. Under normal conditions, cells counteract OS
by modifying their homeostatic balance [9-11]. Exces-
sive intracellular ROS production generally occurs during
mitochondrial damage [12]. In general, the level of OS
increases with age, and OS is considered an important
factor that renders neuronal systems more vulnerable to
multiple NDs, including AD and PD [13, 14]. Therefore,
reducing neuroinflammation and OS may be the key to
preventing postoperative neurological complications.

The inflammasome is a large polymeric protein com-
plex and an important machine that triggers the inflam-
matory response [15]. The NF-«B signaling pathway is
activated before inflammasome activation under the
stimulation of LPS, which increases NLRP3 transcrip-
tion and expression levels [16]. Inflammasome activation
is triggered when the cellular NLRP3 level significantly
increases, and a proteolytic cascade is initiated after
NLRP3 inflammasome assembly. Under the action of
Caspase-1, pro-IL-1p and pro-IL-18 are hydrolyzed to
IL-1f and IL-18, which have proinflammatory activity
[17]. This process leads to programmed cell death in the
form of inflammation, namely, pyroptosis [18]. The CNS
is prone to inflammation, and the activation of its inflam-
matory bodies is mainly mediated by microglia. The
accumulation of inflammatory factors and the increase
in damaged or dead cells cause tissue damage, and the
increase in blood-brain barrier permeability seriously
interferes with normal CNS functioning, demonstrat-
ing that the activation of inflammatory body NLRP3 is
closely related to the induction and progression of AD
[19, 20].

Natural products have interesting properties as com-
plex molecules and are widely recognized as excellent
sources for target drug candidate discovery [21]. 46% of
drugs approved by the Food and Drug Administration
from 1981 to 2014 are derived from natural small mol-
ecules. Many natural products, such as phenylpropa-
noids, terpenoids, flavonoids, and alkaloids, have shown
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neuroprotective effects in ND [22]. Therefore, it is critical
to discover medicinal compounds that can remove oxy-
gen-derived free radicals, improve mitochondrial func-
tion, and exert anti-inflammatory effects.

Libertellenone C (LC) was isolated from the fermenta-
tion products of the fungus A. arundinis obtained from
the gut of a centipede collected in our Tongji campus.
Pimarane diterpenes are important tricyclic diterpenes
mainly distributed in higher plants, fungi, and marine
organisms and show multiple biological activities, includ-
ing anti-inflammatory effect [23]. Hence, in this study, we
explored candidates with neuroprotective characteristics
from an in-house compound library to obtain effective
drug candidates for NDs, and our results provide a new
understanding of the neuroprotective role of LC, which
occurs via NLRP3 inflammasome inhibition in microglia.

2 Results and discussion
2.1 Neuroprotective effect of LC in SH-SY5Y cells exposed
to H,0, or glutamate
H,0, or glutamate-induced SH-SY5Y cell damage was
applied to explore the lead compound with potential neu-
roprotective activities from the in-house natural com-
pound library. LC, a pimarane diterpene isolated from
the fungus A. arundinis, showed a remarkable neuropro-
tective effect and safety profile (Fig. 1, Additional file 1:
Figs. S1-S4). LC demonstrated substantial protective
effects against 20 mM glutamate-induced cell damage
with an ECy; value of 4.98 uM and increased the viability
of 500 uM H,O,-treated cells to 76.3—78.2% from 62.5%.
Thus, glutamate-induced SH-SY5Y cell injury was chosen
to explore the protective effects of LC further.

2.2 Effects of LC on SH-SY5Y cell apoptosis after glutamate
exposure
The Annexin V-FITC/PI double-staining method was
used to further confirm the ability of LC to reduce
apoptosis. Glutamate treatment dramatically increased
the proportion of early apoptotic cells from 1.7 to
35.7%, while serial concentrations of LC (10, 5, and 2.5
uM) dose-dependently reduced the large proportion of
early apoptotic cells to 11.3%, 18.1%, and 25.3%, respec-
tively (Fig. 2A). DAPI stains the condensed nucleus of
apoptotic cells bright blue; therefore, DAPI was used to
detect the apoptotic features of glutamate-induced SH-
SY5Y cells. The 20 mM glutamate sodium group con-
tained few cells overall, and the stained apoptotic cells
demonstrated irregular shapes, suggesting chromatin
condensation and a shrunken nucleus, consistent with
the white light observation images (Fig. 2B). Mean-
while, the cells possessed relatively normal morphol-
ogy; the long shuttle type occupied a larger proportion
in the LC-treated groups. These results demonstrate
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Fig. 1 LCimproved cell viability in H,O,- or glutamate-induced SH-SY5Y cell damage. A The chemical structure of LC. B LC showed no cytotoxic
effect at concentrations up to 40 pM. C LC can protect SH-SY5Y cells from H,O, (500 pM)- or glutamate (20 mM)-induced injury. Data are expressed
as the mean +SEM (n=3). Differences were evaluated by one-way ANOVA or Student’s t test. The significance level was set at 0.05. p <0.001 vs.
the control group. ***p <0.001 and ****p <0.0001 vs. the glutamate-exposed group

that LC can protect SH-SY5Y cells from apoptosis
induced by 20 mM glutamate.

2.3 Effects of LC on ROS production and mitochondrial
dysfunction in SH-SY5Y cells exposed to glutamate
Excess intracellular ROS can induce mitochondrial
depolarization and changes in mitochondrial mem-
brane potential (MMP), which can aggravate cell apop-
tosis. JC-1 is a fluorescent probe used extensively in the
detection of MMP and exhibits potential-dependent
accumulation in mitochondria. Glutamate (20 mM)
reduced MMP, as demonstrated by the increased pres-
ence of the green fluorescent JC-1 monomer from 28.4
to 58.9%, while LC (10, 5, and 2.5 uM) reduced green
fluorescence to 28.2%, 28.9%, and 36.95%, respec-
tively (Fig. 3A). Simultaneously, compared to the nor-
mal group, 20 mM glutamate obviously increased the
green fluorescence intensity, while cells treated with LC
showed lower green fluorescence intensity and higher
red fluorescence intensity than those in the Glu group,
suggesting that LC can protect mitochondrial function

(Fig. 3B).

The oxidation-sensitive fluorescent probe DCFH-DA
was used to observe the free radical scavenging capac-
ity to confirm the ability of LC to protect SH-SY5Y cells
from glutamate-induced reactive stress. Glutamate
markedly increased ROS levels from 45.6 to 94.1%,
indicating an intense intracellular OS response. LC (10,
5, and 2.5 pM) reduced intracellular ROS levels from
94.1 to 34.6%, 45.6%, and 54.2%, respectively (Fig. 3C).
These findings indicate that the neuroprotective activ-
ity of LC is partly related to its ability to reduce OS.

2.4 Bioinformatics analysis of potential LC drug targets
associated with NDs

Given the outstanding neuroprotective ability of LC, we
analyzed its drug targets using pharmMapper to elu-
cidate its specific target in NDs. The top 300 potential
targets were predicted by the target confidence score
(Additional file 1: Table S1). We compared 4045 gene
targets related to NDs in the GeneCards and DisGeNET
databases, and 60 co-gene targets were directly related to
NDs (Fig. 4A). This result verified our previous experi-
mental findings. Then, we analyzed the potential func-
tion of co-gene targets using the database for annotation,
visualization, and integrated discovery (DAVID). Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis
showed that 138 signaling pathways were involved, and
the top 20 important pathways were identified (Fig. 4B,
C). The above targets were most likely directly related to
OS and the regulation of inflammatory factor-associated
signaling pathways. Therefore, LPS-induced inflamma-
tory injury in BV-2 cells was evaluated for further activity
assessments and related mechanism verification.

2.5 Effects of LC on LPS-induced production
of pro-inflammatory mediators and cytokines in BV-2
microglia
LC showed no toxicity toward BV-2 from 2.5 to 40 uM
and obviously suppressed NO generation in BV-2 cells
induced by LPS (1 pg/mL) (Fig. 5A-B). The number of
proinflammatory mediators generated by activated
microglia is critically related to neuronal degeneration
and loss. To further verify the anti-neuroinflammatory
effect of LC, we detected the mRNA levels of proin-
flammatory mediators by real-time quantitative PCR.
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Fig. 2 LC decreased apoptosis in SH-SY5Y cells exposed to glutamate. A Flow cytometry was applied to determine the apoptotic ratio

after Annexin V-FITC/PI staining. The percentage of apoptotic cells is shown in the bar chart. B Cellular morphological changes were observed
by phase contrast microscopy and DAPI staining. Data are expressed as the mean + SEM (n=3). Differences were evaluated by one-way ANOVA
or Student’s t test. The significance level was set at 0.05. ##P <0.0001 vs. the control group. ****P <0.0001 vs. the glutamate group

LPS increased the levels of several inflammatory fac-
tors, such as TNF-a, IL-1f, and IL-6, and two inflam-
mation-related enzymes, COX-2 and iNOS, in BV-2
cells; LC treatment inhibited the mRNA expression of
these inflammatory factors (Fig. 5C-G). Meanwhile, LC
increased the mRNA expression of HO-1, a classical
antioxidative enzyme (Fig. 5H).

2.6 Effects of LC on LPS-induced production

of pro-inflammatory proteins in BV-2 microglia
LPS markedly increased the expression levels of COX-2
and iNOS, while LC (10, 5, and 2.5 uM) attenuated this
effect (Fig. 6A—C). Immunofluorescence analysis was per-
formed to further explore the effect of LC on the nuclear



Cao et al. Natural Products and Bioprospecting (2024) 14:17

ADT d1

BOB6 793-10
Gate: P1

C06 799-5
ate: P1

Page 5 of 14

D06 799-2.5

A ‘;; Gate: P1

B2
e i

W W
T
Wf W W2

)

FL2-A
w?

L 1
FL2-A
Pl

PR
L
wl Wl

o _Gate: P1

Red/Green ratio

i B T T,
w w Wl W Wt WS WS W2 w Wl W Wt WS WS W2

IR
ol Wl W Wt WS W T2

0.0

“ Glu@omM) -+ o+ o+ o+

Glu(20mM) LC(10uM) LC(5uM) LC(2.5pM) LCuM) - - 10 5 25
B
o
S
Glu(20mM) - + +
LC(uM) - - 10 5
C :owb 5 et §.Sae'es g.oaees g aees
FL1A FL1LA FL1-A FLILA FLILA GIu(20mM) - + + + +
Control Glu(20mM) LC(10uM) LC(5uM) LC(2.5uM) LCumM) - - 10 5 25

Fig. 3 LC reduced the ROS level and relieved the decrease in MMP in SH-SY5Y cells induced with 20 mM glutamate. A JC-1 staining after LC
treatment using a flow cytometer. B JC-1 staining by inverted fluorescence microscopy. C LC can reduce the ROS level in SH-SY5Y cells. Data are
expressed as the mean + SEM (n=3). Differences were evaluated by one-way ANOVA or Student’s t test. The significance level was set at 0.05.

i

migration of the important inflammation-related pro-
tein NF-kB p65, and LC relieved the increased intensity
of pink fluorescence induced by 1 pg/mL LPS. Thus, the
experimental results demonstrate that LC can decrease
the protein levels of proinflammatory mediators.

2.7 Effects of LC on LPS-induced activation of NLRP3
inflammasome in BV-2 microglia
The NLRP3 inflammasome pathway plays a vital role in
inflammatory signaling pathways. The protein expres-
sion levels of NLRP3, Caspase-1, and ASC in BV-2 cells
were measured by western blotting. LPS significantly
increased the protein expression of NLRP3, ASC, and
Caspase-1 (Fig. 7A-D). LC decreased the protein expres-
sion of NLRP3, ASC, and Caspase-1; however, regard-
ing ASC and Caspase-1 expression, the effect was not
concentration-dependent. Immunofluorescence analysis
demonstrated that the LPS-treated cells were positive
for NLRP3 (pink) in the cytoplasm, whereas control cells
were not (Fig. 7F). NLRP3 expression was considerably
lower in the LC-treated groups than in the LPS group.
These results indicate that LC inhibits the inflammatory
response, partly via the NLRP3-mediated inflammasome.
The inhibitory effect of LC on NLRP3 protein was
most effective in the above experiment. Thus, molecular

p <0.0001 vs. the control group. ****p <0.0001 vs. the 20 mM glutamate group

docking was further performed to investigate the bind-
ing mode of LC to the NLRP3 protein (PDB ID: 1NSI).
LC was found to interact through hydrogen bonding with
arginine at position 578 and glutamic acid at position 629
of NLRP3 (Fig. 7E). A m—m conjugated interaction with
phenylalanine was also observed at position 410. In sum-
mary, LC is highly likely to inhibit NLRP3 assembly and
activation by interacting with NLRP3, thus slowing the
development of neuroinflammation and protecting neu-
ronal cells.

2.8 Effects of LC on the LPS-induced decline in autophagy
and increase in oxidative stress levels in BV-2 microglia
We further measured how LPS-induced autophagy and
OS regulate NLRP3 inflammasome activation in BV-2
cells (Fig. 8). Compared to the LPS group, LC obviously
promoted the conversion of LC3-I into LC3-II (p<0.05),
implying that LC could downregulate the NLRP3 inflam-
masome and activate autophagy. LC also substantially
increases HO-1 expression in BV-2 cells, manifesting as
a significant increase in HO-1 mRNA and protein levels
and the protein expression level of HO-1’s upstream reg-
ulatory protein Nrf2 (Fig. 8C, D). These results indicate
that LC plays an antioxidant role through the Nrf2/HO-1
signaling pathway, further inhibiting the production of
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Fig. 4 Bioinformatics analysis of potential drug targets of LC associated with neurodegenerative diseases. A The number of potential targets of LC
in the treatment of neurodegenerative diseases. B Top 20 KEGG pathways of hub genes. C Gene ontology (GO) analysis of the associated genes

using the WebGestalt tool

cellular oxygen free radicals and protecting neuronal
cells.

3 Discussion and conclusion

Glutamate is the most prevalent, widely distributed, and
effective excitatory neurotransmitter in the CNS [24].
Neuronal toxicity occurs when the glutamate concen-
tration in the intercellular space is too high, resulting in
neuronal degeneration, aging, and death [25]. This exci-
totoxic effect of glutamate is closely related to the occur-
rence and development of various NDs and is one of the
important mechanisms leading to neuronal cell death in
NDs [26]. Human neuroblastoma cells (SH-SY5Y) with
moderate dopamine [-hydroxylase activity are com-
monly used as a cell model of nerve injury [27]. Obvious
increases in the apoptotic ratio, reactive oxygen species,
and mitochondrial dysfunction were observed after cul-
turing SH-SY5Y cells with 20 mM glutamate sodium for
24 h. Meanwhile, LC (10, 5, and 2.5 uM) can attenuate
these insults, indicating that LC can reduce apoptotic
cells, inhibit or scavenge excessive oxygen radicals, and
protect the normal function of mitochondria.

Microglia are CNS immune cells that can protect neu-
rons by phagocytosing pathogens and harmful particles
in the brain tissue and can also activate reactive micro-
glia that secrete inflammatory cytokines in response to
inflammatory factors, resulting in neuronal toxicity [28,
29]. Therefore, reactive microglia are an important tar-
get for treating neuroinflammation and NDs [30]. LPS,
a glycolipid composed of lipids and polysaccharides, is
a constituent of the outer wall of gram-negative bacte-
rial cell walls [31, 32]. LPS-induced microglial activa-
tion results in a series of inflammatory responses, such
as the production of multiple proinflammatory mediators
(ROS, RNS, PGE2, NO, iNOS, and COX-2) and cytokines
(TNF-a, IL-6, and IL-1p), that further deteriorate neu-
rons [33]. Damaged neurons produce many ROS, which
activate microglia, thus forming a vicious cycle [34]. The
NF-«B signal transduction pathway plays an important
role in the inflammatory response [35-37]. Normally,
IkB is confined to the cytoplasm when not activated
and undergoes phosphorylation upon LPS stimulation.
NF-«kB is isolated from the IxB complex and continu-
ously activated, translocating from the cytoplasm to the
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Fig. 5 LC inhibited inflammatory proteins in LPS-induced BV-2 cells. A LC showed no toxicity toward BV-2 cells. B LC can inhibit NO generation
in BV-2 cells as effectively as the positive control medicine dexamethasone (DXM 10 uM). C-H LC inhibited the expression of iNOS, HO-1, TNF-q,
IL-1B, IL-6, and COX-2 in BV-2 cells. Data are expressed as the mean + SEM (n=3). Differences were evaluated by one-way ANOVA or Student's t test.
The significance level was set at 0.05. *#p <0.001, #*p <0.0001 vs. the control group. *p <0.05, **p < 0.01, **p <0.001, ***p < 0.0001 vs. the LPS

group

nucleus and binding to target gene promoters to activate
transcription, leading to the synthesis and secretion of
NO, TNF-q, and IL-6, generating inflammation [38]. LC
can dramatically suppress NO generation as effectively
as the positive medicine dexamethasone in BV-2 cells,
preliminarily demonstrating its anti-neuroinflammatory
function. RT-PCR, immunofluorescence, and western
blotting techniques were applied to further explore LC’s
mechanisms of action. LC was found to play an anti-
inflammatory role by suppressing the NF-kB p65 signal-
ing pathway and inhibiting the expression of cytokines,
such as TNF-«, IL-1B, and IL-6, and several significant
inflammatory factors, such as COX-2 and iNOS (Fig. 6).

The activation of the NF-kB-P65/IkB pathway is often
accompanied by the nuclear entry of NF-xB p65. There-
fore, we performed immunofluorescence analysis to
verify that LC could indeed inhibit the nuclear entry of
NF-«B p65. This result was further confirmed by western
blotting.

The NLRP3 inflammasome plays a significant role in
neuroinflammation. This study demonstrated by immu-
nofluorescence analysis that LC can indeed inhibit the
activation of the NLRP3 inflammasome, and the results
were further confirmed by western blotting. The NPAI
Engine system was used to perform molecular docking
between LC and NLRP3. The docking results also showed
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that LC closely binds to NLRP3 through hydrogen bond-
ing, conjugation, hydrophobic interactions, and other
intermolecular forces. Therefore, the natural product LC
is highly likely to protect neuronal cells by inhibiting the
activation of the NLRP3 inflammasome. Regarding the
antioxidant mechanism of LC, we also found that differ-
ent concentrations of LC could significantly increase the
expression level of HO-1 in BV-2 cells, indicating potent
antioxidant action.

In recent years, many studies have shown that
autophagy plays an important role in regulating the
inflammatory response [39]. Autophagy, an important
way for the body to clear damaged or necrotic cells
and organelles, is closely related to the occurrence
and development of numerous human diseases [40].
Our study showed that 1 pug/mL LPS could decrease
autophagy, while the autophagy level was relatively
high in the LC and blank control groups. Thus, LC
can enhance autophagy in BV-2 cells, contributing to
the inactivation of the NLRP3 inflammasome, inhibit-
ing the excessive inflammatory response, and playing
a protective role. Therefore, LC is highly likely to exert

an anti-neuroinflammatory effect by inhibiting NLRP3
inflammasome activation and enhancing autophagy
levels.

In conclusion, LC plays a role in neuroprotection by
resisting neuroinflammation, excessive OS, and mito-
chondrial dysfunction and reducing apoptotic cells by
inhibiting the activation of the NLRP3 inflammasome.
Therefore, LC is a promising candidate for ND preven-
tion and treatment.

4 Materials and methods

4.1 Reagents

Libertellenone C (LC) was obtained as a white powder
from the fermentation products of A. arundinis, which
was analyzed by HR-MALDI mass spectrometry for
the molecular formula C,yH,sO5 (obsd [M + Na]* at
m/z 371.1829, calcd [M + Na]*t 371.1834). LC was dis-
solved in DMSO (dimethyl sulfoxide, Sigma-Aldrich,
MO, USA), with a stock concentration of 40 mM. H,O,
and sodium glutamate were purchased from RHAWN
reagent (Shanghai, China). Antibodies against p-NF-«xB
p65 (SC-136548) and NF-kB p65 (SC-8008) were
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Fig. 7 LCinhibited the activation of the NLRP3 inflammasome. A Expression levels of NLRP3, ASC, and Caspase-1. B-D NLRP3, ASC,

and Caspase-1 band densities were quantified after normalization to the control band density. E The virtual docking model of LC with NLRP3. F
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obtained from Santa Cruz Biotecnology, USA. Anti-
bodies against NLRP3 (D2P5E, #13158), ASC (D2W8U,
#67824), Caspase-1 (E2Z1C, #24232), iNOS (D6B6S,
#13120), COX-2 (D5H5, #12282), HO-1 (ESB7A,
#26416), and LC3A/B (D3U4C, #12741) were obtained
from CST (Cell Signaling Technology, MA, USA). Anti-
bodies against B-actin (Ab8226) were obtained from
Abcam (Cambridge, UK).

4.2 Cell culture

Human neuroblastoma SH-SY5Y and murine micro-
glia BV-2 cell lines were purchased from Procell Life
Science & Technology Co, Ltd (Wuhan, China). Cells
were maintained in DMEM medium containing 10%
FBS and 1% penicillin/streptomycin (Gibco, CA, USA)
in a humidified incubator supplied with 95% air and 5%
CO, at 37 °C.
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group

4.3 Assays to determine potential neuroprotective activity
The cytotoxicity of the compounds was studied by
the CCK-8 method (Biosharp Life Sciences, China).
SH-SY5Y cells were seeded in 96-well plates (1 x10°
cells/mL) for 24 h, the cells were treated with 40 pM
of compounds. The concentration of DMSO was 0.1%
of the medium culture were selected as control. After
another 24 h treatment, the cell viability was measured
with CCK-8 method. The cytotoxic values of >40 uM
were chosen for further analysis.

The neuroprotective activities of the compounds
without toxicity were measured according to the pub-
lished procedures with some modifications. SH-SY5Y
cells were seeded into 96-well plates at a density of
1x10° cells/mL. After 24 h of being incubated in the
incubator, SH-SY5Y cells were pretreated with the test
compounds for 4 h before incubation in a medium
containing H,0, (500 pM) or glutamate (20 mM).
After another 24 h treatment, the cell viability was
measured with CCK-8 method. Protection ratio % =
(ODtest group ODmodel group)/(ODcontrol group ODmodel
group) X 100%. The cells treated with H,O, (500 uM)
or glutamate (20 mM) were the model group, the cells

treated with only 0.1% DMSO were selected as control
group. The compounds with >50% protection ratio
were tested with series concentrations and the inter-
group difference was compared by GraphPad Prism
V8.0 (GraphPad Software, Inc., San Diego, CA).

4.4 DAPI staining for detection of nuclear condensation

In this study, DAPI (Solarbio Life Sciences, China) was
applied to analyze the apoptotic impact of the com-
pounds on SH-SY5Y cells according to a previously
described protocol. The cells were seeded into 12-well
plates at a density of 5x10° cells/well for 24 h. Then
LC (10, 5, 2.5 uM) was co-incubated for 4 h and 20 mM
glutamate sodium was added for another 24 h. Specifi-
cally, After fixing with 4% paraformaldehyde, the cells
were washed with cold phosphate-buffered saline twice
and incubated with DAPI staining solution at 37 °C for
20 min. After effective staining, next, wash three times
to remove the superfluous DAPI staining solution was
washed to avoid strong background, and an OLYMPUS
IX73 fluorescence microscope (Olympus, Tokyo, Japan)
was used to image the stained cells.
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4.5 Annexin V-FITC/PI staining for detection of apoptosis
Apoptosis was assessed using an Annexin V-FITC and
propidium iodide (PI) detection kit (KGI Biotech, Nan-
jing, China) as described by the manufacturer’s instruc-
tions. A flowmeter (BD Acurri C6, China) was applied to
analyze the apoptosis.

4.6 Detection of intracellular reactive oxygen species
(ROS)

After treatment as described above, the intracellular ROS
production was measured using a non-fluorescent com-
pound 2’,7’-dichlorofluorescein diacetate (DCFH-DA)
(Solarbio Life Sciences, China) following the manufac-
turer’s instructions. Finally, a flowmeter (BD Acurri C6,
China) was applied to analyze ROS production.

4.7 Measurement of mitochondrial membrane potential
(MMP)

The mitochondrial membrane potential (MMP) was
measured with JC-1 mitochondrial membrane potential
assay kit (Solarbio Life Sciences, China) following the
manufacturer’s instructions. The flowmeter (BD Acurri
C6, China) and an OLYMPUS IX73 fluorescence micro-
scope (Olympus, Tokyo, Japan) were applied to analyze
mitochondrial membrane potential.

4.8 Network pharmacology analysis

The target genes of “Neurodegenerative diseases” were
accessed from the GeneCards database (http://www.
genecards.org/) and the DisGeNET database (https://
www.disgenet.org/) [41, 42]. The possible drug targets of
LC were obtained from Pharmapper database [43]. After
removing duplicate targets, the common targets of both
LC and Neurodegenerative diseases were obtained by
using the Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/
venny/). The overlapped genes were the targets of this
article that we researched. To study the biological func-
tion of potential targets in Neurodegenerative diseases,
DAVID database (https://david.ncifcrf.gov/) was used
to analysis Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways [44]. And finally, KEGG data were
uploaded to the Bioinformatics (http://www.bioinforma
tics.com.cn/) platform for visual analysis.

4.9 Determination of nitric oxide content

BV-2 cells were seeded into 96-well plates at a density of
1x10° cells/mL, after incubation of 24 h, cells were given
compound LC (10, 5, 2.5 pM) and positive compound
dexamethasone (10 pM) for 1 h, LPS (1 pg/mL) were
added into corresponding wells. 24 h later, 50 puL super-
natants were transferred into clean 96-well plates, follow-
ing, the NO content in the supernatants was measured
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by Griess reaction according to the instruction of Nitric
Oxide Assay Kit (Pulilai Gene Technology Co. LTD,
Beijing, China). Finally, the absorbance was measured
at 540 nm using a microplate reader (Varioskan LUX,
3020-80560). The concentration of nitrite was calculated
according to the sodium nitrate standard curve.

4.10 Immunofluorescence staining

Immunofluorescence staining was used to display the
nuclear transfer of NF-kB p65 and the content change of
NLRP3. BV-2 cells were seeded into 6-well plates con-
taining cell crawling sheets at a density of 1.5x 10° cells/
mlL, after incubation of 24 h, and cells were given com-
pound LC (10, 5, 2.5 uM), 1 h later, LPS (1 pg/mL) was
added into corresponding groups. 24 h later, superna-
tants were removed, and cells were fixed with 4% para-
formaldehyde for further analysis according to previous
report. After blocking with 5% goat serum, the cells
were incubated with NLRP3 antibody (1:1000, CST) and
NE-kB p65 (1:1000, CST) overnight at 4 °C. Next, cells
were incubated with Alexa Fluor 488-conjugated sec-
ondary goat anti-rabbit IgG antibody (1:5000, Abcam) at
37 °C for 1 h and DAPI (10 pg/mL) for 5 min. A fluores-
cence microscope (80i, Nikon Japan) was used to observe
the results.

4.11 Quantitative real-time PCR

Gene expression of BV-2 cells was analyzed by Quan-
titative RT-PCR (qRT-PCR). Total RNA was extracted
using TRIzol reagent (Invitrogen, USA). The RNAs were
reverse-transcribed into cDNA using a transcription
kit (ABP, USA). qRT-PCR analysis was performed using
SYBR Green qPCR Mix (ABP, USA) with 0.2 uM forward
and reverse primers in a final volume of 10 pL, and detec-
tion was performed using ABI QuantStudio 5 (Thermo
Fisher Scientific, USA). The resulting cDNA was ampli-
fied by incubating at 95 °C for 5 min, 40 cycles of dena-
turation at 95 °C for 10 s, annealing at 55-60 °C for 20 s,
and extension at 72 °C for 30 s. Values were exhibited
relative to B-actin. Each primer’s sequence was displayed
as follows:

HO-1 forward: 5-TGGCATCTTCCCCAACGA
AA-3,
HO-1 reverse: 5'- ATGGCCGTGTCAACAAGG
AT-3';
COX-2 forward: 5 -AGAAGGAAATGGCTGCAG
AA-3,
COX-2 reverse: 5 -GCTCGGCTTCCAGTATTG
AG-3’;
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iNOS forward: 5 -TTGGCTCCAGCATGTACC
CTC-3/,

iNOS reverse: 5 -TGCTTCGGACATCAAAGG
TCT-3%;

TNF-a forward: 5 -CGTCGTAGCAAACCACCA
AGT-3/,

TNF-a reverse: 5 -CCATCGGCTGGCACCACT
A-37;

IL-18  forward: 5 -CTACCTGTGTCTTTCCCG
TG-3/,

IL-1B reverse: 5 -TTTGTTGTTCATCTCGGA
GC-3%;

IL-6 forward: 5"-TAAAATAGTCCTTCCTACCCC-
3/,

IL-6 reverse: 5 - TTGCCGAGTAGATCTCAAA-3';
B-Actin forward: 5-CGTGCGTGACATCAAAGA
GAA-3’,
B-Actin reverse:
AT-3';

5" TGGATGCCACAGGATTCC

4.12 Western blotting analysis

The expression levels of relative proteins were identi-
fied by western blotting. Total proteins from the BV-2
cells were lysed with RIPA lysis buffer mixed with PMSF
protease inhibitor (Beyotime, China) and cocktails pro-
tease inhibitor (Beyotime, China) with a ratio of 100:1:1.
Protein concentration was determined by BCA protein
detection kit. The extracted proteins were separated by
sodium-dodecylsulfate polyacrylamide gel electrophore-
sis (SDS-PAGE). The separated proteins are transferred
from the gel to a nitrocellulose filter membrane (NC,
Millipore, USA). The membranes were blocked in BSA
(Beyotime, China) for 1 h and then incubated overnight
with 1:1000 dilutions of anti-iNOS, anti-COX2, anti-
NLRP3, anti-ASC, anti-Caspasel, anti-HO-1, anti-IkB,
anti-LC3A/B, anti-NF-kB p65, anti-Nrf2, anti-Keapl.
After incubation with the secondary antibody anti-mouse
IgG (H+L) (DyLight™ 800, CST, USA) at 1:15000 dilu-
tions, the membranes were imaged using a LiCor Odys-
sey scanner (LICOR, USA). Protein expressions were
normalized using P-actin as the reference (CST, USA) in
the same sample.

4.13 Statistical analysis

All data are represented as means+ SEM for three inde-
pendent trials performed in triplicate. Statistical analyses
were performed by one-way ANOVA using Dunnett’s
multiple comparison test, or Student’s t-test. p <0.05 was
considered as a statistically significant difference com-
pared to controls.
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