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Abstract

The NLR family, pyrin domain containing 3 (NLRP3) inflammasome drives the progression of Alzheimer’s disease (AD).
Ginkgolide B (GB) is a potential anti-inflammatory compound that controls neuro-inflammation. The aim of this study was
to evaluate the effect of GB on the NLRP3 inflammasome in AD. The effect of GB on the conversion between the M1 and
M2 microglial phenotype was examined using quantitative real-time PCR and immunostaining. Western blotting assays and
ELISA were used to detect changes in neuro-inflammation following GB treatment, including the NLRP3 inflammasome
pathway and autophagy. In order to evaluate the cognitive function of male senescence-accelerated mouse prone 8 (SAMPS)
mice, behavioral tests, including the Morris water maze and novel object recognition tests, were performed. GB significantly
decreased the intracellular pro-inflammatory cytokine levels in lipopolysaccharide-treated BV2 cells and improved cognitive
behavior in SAMPS8 mice. Moreover, GB deactivated the NLRP3 inflammasome, and this effect was dependent on autophagy.
Ubiquitination was associated with GB-induced autophagic NLRP3 degradation. These results were further validated in
the hippocampus of SAMPS8 mice. Thus, GB exerted a neuroprotective effect on the cognitive function of SAMP8 mice by
suppressing the activation of NLRP3 inflammasome via autophagic degradation.
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Introduction

Alzheimer’s disease (AD) is a major medical and social
issue worldwide (Ding et al. 2020). However, effective
therapeutic strategies that can improve the symptoms of AD
remain limited. Several hypotheses, such as the amyloid, the
tau, the neurotrophic factor and the inflammation hypothesis,
have been proposed in order to account for the etiology of

P4 Degin Geng
geng_deqin@163.com

' The First Clinical Medical College, Nanjing AD (Zhang et al. 2020). The inflammation hypothesis posits
Medical University, Nanjing, Jiangsu 210029, that the activation of microglia and astrocytes releases toxic
People’s Republic of China substances and pro-inflammatory cytokines, resulting in the

*  Department of Neurology, The Municipal Hospital Affiliated neuronal dysfunction and apoptosis that lead to the patholog-

to Xuzhou Medical University, Xuzhou, Jiangsu 221116,
People’s Republic of China

3 Xuzhou Medical University, Xuzhou, Jiangsu 221004,
People’s Republic of China

ical process of AD (Wang et al. 2015). The inflammasome
is defined as a cytoplasmic polymeric protein complex that
functions as the platform for Caspase-1 activation and for the
maturation of the pro-inflammatory cytokine interleukin-1

Department of Neurology, Affiliated Hospital of Xuzhou (IL-1p) (Heneka et al. 2013). Mounting evidence suggests
Medical University, 99 Huaihai West Road, Xuzhou, h famil . . L.
Jiangsu 221002, People’s Republic of China that the NLR family, pyrin domain containing 3 (NLRP3)

) . inflammasome is closely associated with the pathogenesis
Department of Neurology, Xuzhou Hospital Affiliated . ..
to Jiangsu University, Xuzhou, Jiangsu 221005, of AD (Feng et al. 2020). As a pivotal player in inflamma-
People’s Republic of China tory progression, the NLRP3 inflammasome may represent

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11011-021-00886-2&domain=pdf

330

Metabolic Brain Disease (2022) 37:329-341

a possible therapeutic target for AD via the suppression of
neuroinflammation. It has been observed that hyperphospho-
rylation of tau protein is inhibited and cognitive impairment
is restrained in tau22/Asc ™'~ and tau22/NIrp3~'~ mice (Ising
et al. 2019).

Several compounds extracted from Chinese herbal medi-
cines, including baicalin, schisandrin, nootkatone and res-
veratrol, may prove beneficial for AD treatment by inhibiting
the NLRP3 inflammasome pathway (Jin et al. 2019; Qi et al.
2019; Yan et al. 2020). For instance, resveratrol, a natural
polyphenolic compound, may represent a potential candi-
date for AD treatment due to its ability to improve cogni-
tive function by inhibiting the inflammation and mitochon-
drial dysfunction caused by amyloid p (Ap), as evidenced
by downregulated expression levels of IL-18, NLRP3 and
NF-xB (Yan et al. 2020). In recent years, molecules target-
ing NLRP?3 for the treatment of AD have attracted increased
attention. Thus, the aim of this study was to evaluate a com-
pound known as ginkgolide B (GB) for its potential effects
on the NLRP3 inflammasome signaling pathway in order to
ameliorate AD.

The senescence-accelerated mouse prone 8 (SAMPS)
strain is a mouse model that was established using pheno-
typic selection from the AKR/J strain (Butterfield and Poon
2005). SAMPS8 mice spontaneously develop age-related
learning and memory deficits, as well as key pathologi-
cal features similar to those observed in patients with AD,
including A deposition, tau hyperphosphorylation, and
increased inflammation and oxidative stress; thus, these mice
have been widely used as an animal model for AD (Diaz-
Perdigon et al. 2020; Jia et al. 2020).

Ginkgo biloba is a medicinal plant, whose extracts have
been used to improve memory in Chinese Traditional Medi-
cine for centuries. Moreover, several studies have been con-
ducted to investigate the efficacy of these extracts and their
effects on neurodegenerative disorders, such as AD (Vellas
et al. 2012; Hashiguchi et al. 2015; Tan et al. 2015). It has
been reported that the spatial memory of amyloid precursor
protein (APP) transgenic mice can be improved following
treatment with Ginkgo (Stackman et al. 2003). The Ginkgo
extracts, EGb and EGb-761, display antioxidant activity
in the treatment of AD (Vellas et al. 2006; Mohamed and
Abd El-Moneim 2017). Several studies have demonstrated
that EGb exerted its anti-inflammatory effect by inhibiting
microglial production of pro-inflammatory mediators, such
as prostaglandin E2, nitric oxide (NO), TNF-a, IL-6 and
IL-1p (Gargouri et al. 2018).

Terpene trilactones, ginkgolides and bilobalide are the
active compounds in Ginkgo biloba. Ginkgolide J inhibits
the detrimental effects of Af, reverses the inhibition of long-
term potentiation in the CA1 hippocampal region and inhib-
its Ap-induced cell death (Vitolo et al. 2009). GB, one of
the active terpene lactones isolated from Ginkgo biloba, has
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been found to exert an anti-inflammatory effect in several
neurological diseases (Birkenhager and van Diermen 2020).
It has been reported that GB alleviates hypoxia-induced neu-
ronal injury in the rat hippocampus by preventing NLRP3
inflammasome activation. In addition, GB reduced the levels
of IL-1f in an ischemic stroke model and displayed a thera-
peutic effect on depression by regulating the STAT3 pathway
(Zhang et al. 2018). It also plays an essential role in myelin
sheath regeneration by upregulating astrocyte-derived neu-
rotrophic factors and reducing microglia-modulated neu-
roinflammation (Yin et al. 2019). However, the effect of
GB on neuroinflammation in AD is not fully understood.
Autophagy is an intracellular reaction driving the clearance
of impaired organelles and misfolded proteins. A number of
studies have suggested that NLRP3 inflammasome activity
is often negatively regulated by autophagy (Salminen et al.
2012). Moreover, the autophagy-lysosomal pathway governs
protein clearance in tau-transgenic mice (Qin et al. 2018).
The role of GB in autophagy and the degradation of NLRP3
in the pathogenesis of AD were investigated in this study.
The current findings may provide experimental evidence for
clinical decisions on GB application, not only in AD but also
in other aging- and inflammation-related disorders.

Materials and methods
Chemicals and reagents

ATP (A9130; Beijing Solarbio Science & Technology Co.,
Ltd.), lipopolysaccharide (LPS; BS904; Biosharp Life Sci-
ences), 3-methyladenine (3-MA; HY-19,312; MedChemEx-
press), nigericin (HY-100,381; MCE), MG-132 (HY-13,259;
MCE) and monosodium urate (MSU; U-2875; Sigma-
Aldrich, Merck KGaA) were obtained from Sigma-Aldrich
(Merck KGaA). Fetal bovine serum (FBS; 10,100,147)
was obtained from Gibco (Thermo Fisher Scientific, Inc.).
Penicillin-streptomycin (V900929) was purchased from
Sigma-Aldrich (Merck KGaA). ELISA kits for IL-1p, IL-6
and TNF-a were purchased from Beijing Solarbio Science
& Technology Co., Ltd.

Experimental design
The LPS-induced in vitro inflammation model and the
SAMPS8 mouse model of AD were used to investigate the
effect of GB on AD-related cognitive impairment and the
underlying mechanism.

In vitro study

The murine microglial cell line BV2 was purchased from
the American Type Culture Collection and cultured in
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Dulbecco’s Modified Eagle’s medium (DMEM; Sigma-
Aldrich) supplemented with 10% FBS, 100 units/ml penicil-
lin G and 100 pg/ml streptomycin. The cells were maintained
at 37°C in a 5% CO, atmosphere. To stimulate an inflamma-
tory response, BV2 cells were treated with ATP (5 mM; Mil-
liporeSigma) for 3 h, then stimulated with LPS (1 pg/mL;
MilliporeSigma) for 24 h. An equal volume of saline was
added in the culture medium of the control group (Dai et al.
2019) (Fig. 1). For treatment, ATP- and LPS-treated BV-2
cells were treated with 10, 20 or 40 uM with GB (94,970;
Sigma-Aldrich, Merck KGaA; 95% purity) for 6 h. MG-132
(10 uM) or 3-MA (5 mM) were added 1 h before GB admin-
istration to block proteasome and autophagy, respectively.

In vivo study

Seven-month-old male SAMP8 mice and senescence-accel-
erated mouse resistant 1 (SAMRI1) mice, obtained from The
Experimental Animal Center of Nanjing University (Nan-
jing, China), were kept in specific-pathogen-free room with
a 12-h day/night cycle. The animals had free access to sterile
feed and autoclaved water ad libitum. After a 1-week adapta-
tion period, the mice were administered with GB by gavage
at a dosage of 25, 50 or 100 mg/kg for 21 days (Fig. 2). The
Morris water maze and novel object recognition tests were
performed to evaluate the cognitive functions of mice. After
behavioral tests, mice were sacrificed by cervical dislocation
for tissue collection. The procedures used in the study were
approved by The Laboratory Animal Ethics Committee of
Xuzhou Medical University (No. 202010W006).

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from brain tissue samples or cells
using TRIzol® reagent (Takara Bio, Inc.). RNA purity was

Fig. 1 Timeline of the in vitro

verified using a NanoDrop 2000 spectrophotometer. cDNA
was synthesized using a reverse transcriptase (Takara Bio,
Inc.). SYBR (Takara Bio, Inc.) was used to conduct the
gRT-PCR analysis. The sequences of the primers used
were as follows: IL-1p forward, 5’-TGCCACC-TTTTGA
CAGTGATG-3’ and reverse, 5’-AAGGTCCACGGGAAA
GACAC-3’; CD68 forward, 5’-G-GGGCTCTTGGGA
ACTACAC-3’ and reverse, 5’-GTACCGTCACAACCT
CCCTG-3’; IL-10 forward, 5’-ACTTGGGTTGCCAAG
CCTTA-3’ and reverse, 5’-GACACCTTGGTCTTGGAG
CTTA-3’; YM-1 forward, 5’-CAGGTCTGGCAATTCTTC
TGAA-3’ and reverse, 5’-GTCTTGCTCATGTGTGTA
AGTGA-3’; TGF-p forward, 5’-CATCCATGACATGAA
CCGGC-3’ and reverse, 5’-GAAGTTGGCATGGTAGC-
CCT-3’; GAPDH forward, 5’-TGTGTCCGTCGTGGA
TCTGA-3’ and reverse, 5’-TTGCTGTTGAAGTCGCAG
GAG-3’. The relative expression of the genes of interest
were normalized to the internal control, GAPDH, accord-
ing to a previous protocol (Schmittgen and Livak 2008).

ELISA

The levels of IL-1f, IL-2 and TNF-a were determined in
each sample using ELISA. The samples were separately
added to the wells of a 96-well plate. The ELISA pro-
cedure was carried out using the Mouse IL-1p ELISA
(SEKM-0002), Mouse IL-6 ELISA kit (SEKM-0007) and
Mouse TNF-a ELISA (SEKM-0034) kits, according to the
manufacturer’s protocol (all from Beijing Solarbio Science
& Technology Co., Ltd.). The optical density value was
measured using a microplate reader (450 nm). The levels
of these pro-inflammatory cytokines were calculated using
a standard curve.
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Immunofluorescence analysis

For immunofluorescence assays, the cells or brain sec-
tions were fixed as described previously(Al Mamun et al.
2020). The sections were then incubated with the follow-
ing primary antibodies overnight at 4°C: Anti- ionized
calcium-binding adapter molecule 1 (Iba-1; Wako Chem-
icals GmbH; 019-19741; 1:1,000), anti-CD16/32 (Invit-
rogen, Thermo Fisher Scientific, Inc.; PA5-47230,1:100)
and anti-CD206 (ProteinTech Group, Inc.; 60143-1-Ig;
1:1,000). Subsequently, the cells and brain sections were
incubated with Alexa Fluor 488 anti-mouse IgG (Invitro-
gen, Thermo Fisher Scientific, Inc.; A21202) and Alexa
Fluor 555-conjugated goat anti-rabbit IgG (Invitrogen,
Thermo Fisher Scientific, Inc.; A21432) at room temper-
ature for another 1 h. The samples were then washed in
PBS, then mounted onto glass slides. Protein expression
was semi-quantified using Imagel software (version 1.52;
National Institutes of Health).

Western blotting and co-immunoprecipitation

Protein was extracted from cells or frozen mouse hip-
pocampal tissue lysates using a commercial protein extrac-
tion kit (Elabscience Biotechnology, Inc.) according to the
manufacturer’s protocol. A total of 50 ug protein from
each group was transferred to PVDF membranes (Milli-
poreSigma), which were then blocked with 3% BSA (Bei-
jing Solarbio Science & Technology Co., Ltd.) at 4 °C
overnight. The membranes were then incubated with the
following primary antibodies (all from Cell Signaling
Technology, Inc.; rabbit polyclonal; 1:1,000): Anti-NLRP3
(15,101); anti-Pro-Caspase-1 (24,232); anti-Caspase-1
(89,332); anti-Pro-IL-1p (31,202); anti-IL-1p (63,124);
anti-autophagy-related (Atg) 5 (12,994); anti-Atg7 (8558);
anti-LC3b (2775); and anti-Sequestosome 1 (SQSTMI,;
39,749). The membranes were then incubated with the
anti-rabbit IgG-horseradish peroxidase (7074; Cell Sign-
aling Technology, Inc.; 1:2000). An ECL kit (Beyotime
Institute of Biotechnology) was used for visualization
using an imaging system (Tanon Science and Technology
Co., Ltd.).

For co-immunoprecipitation, different groups of BV2
cells or animal brain tissue samples were lysed with lysis
buffer. The obtained supernatant was treated with 1 pg anti-
body overnight at 4 °C, then precipitated with A/G-agarose
beads. Primary antibodies against ubiquitin (Ub; 3936; Cell
Signaling Technology, Inc.; 1:1,000) and NLRP3 (15,101;
Cell Signaling Technology, Inc.; 1:200) were used. Subse-
quently, the beads were further washed in lysis buffer three
times by centrifugation at 3000 x g at 4 °C. Western blot
analysis was then performed as aforementioned.
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Morris water maze (MWM) and novel object
recognition (NOR) tests

Following GB treatment, a MWM test was carried out using
a 150-cm-diameter pool filled with 23+1 °C water, with a
platform (13 cm in diameter) positioned 1 cm below water
surface (Liu et al. 2020). The animals were trained with
space-learning tasks (within 60 s) 4 times a day for 4 con-
secutive days. On the last day of the test, a probe test was
performed for 60 s without the hidden platform. The escape
latency and swimming path were recorded.

The NOR test was conducted using a 50 cm X 25 cm X
50 cm black open-field box according to a previous study,
with minor amendments (Karasawa et al. 2008). The mice
were placed in the test box for 5 min, together with two
objects placed in the box 30-cm apart. The mice were then
taken out of the box and left for 120 min in their housing
cage, then placed in the test box once again for another
5 min. One familiar object and one novel object were intro-
duced. The time spent exploring the novel object within
a 5-min period was recorded. ‘Exploration behavior’ was
defined as sniffing, facing or biting the object. The apparatus
was cleaned with 75% ethanol between each test.

Statistical analysis

GraphPad Prism 8.0.1 software (GraphPad Software, Inc.)
was used for statistical analysis and data presentation. All
data are presented as the mean + SD and were analyzed
using one-way or two-way ANOVA followed by Tukey’s
post hoc test. P<0.05 indicates statistical significance.

Results

Effects of GB on inflammation in LPS-challenged
BV2 cells

As shown in Fig. 3A, IL-1f, IL-6 and TNF-a expression
levels significantly increased following LPS + ATP stimula-
tion, compared with the control group (p < 0.01). Moreover,
GB treatment (20 or 40 uM) significantly reduced the release
of IL-1p, IL-6 and TNF-a in a dose-dependent manner (p
< 0.01). As shown in Fig. 3B, the mRNA expression levels
of the M1 microglial markers IL-1p and CD86 were sig-
nificantly decreased in the GB-treated group (p < 0.01). By
contrast, TGF-f, YM-1 and IL-10 mRNA expression levels
were significantly increased following GB treatment (p <
0.01). Consistent with the results of qRT-PCR, the findings
of immunofluorescence assays suggested that GB promoted
microglia polarization from the M1 to the M2 phenotype,
as GB increased the number of CD206% cells while reduc-
ing that of CD16/32* microglia (Fig. 3C). Altogether, these
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results suggested that GB treatment inactivated BV2 micro-
glial cells and promoted a shift from the pro-inflammatory
M1 phenotype to the anti-inflammatory M2 phenotype.

NLRP3 inflammasome signaling is inactivated by GB
in LPS-challenged BV2 cells

The expression levels of components of the NLRP3 inflam-
masome were then examined using western blot analysis.
Following LPS and ATP stimulation, the protein levels
of NLRP3 significantly increased compared with those of
the control group (Fig. 4A, p < 0.01). LPS exposure also
induced significant Caspase-1 activation (p < 0.01) and
enhanced mature IL-1p expression (p < 0.01), whereas GB
significantly decreased the protein levels of NLRP3, Cas-
pase-1 and IL-1p relative to those of the LPS-treated group
(Fig. 4A, p < 0.01).

Ubiquitination has been reported to inhibit NLRP3
inflammasome activation (Han et al. 2019). NLRP3 poly-
ubiquitination was measured in BV2 cell lysates using

A ATP (5mM) -+ + + + -
LPS (lpyg/mL) = + + + + § .
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Con

immunoprecipitation. The results suggested that GB induced
NLRP3 polyubiquitination in BV2 cells (Fig. 4B). It has
been documented that a variety of stimuli including ATP,
nigericin, and MSU can activate the NLRP3 inflamma-
some (Sharif et al. 2019). To verify whether GB exclusively
affected LPS-induced NLRP3 inflammasome activation,
NLRP3 agonists were used in this study. As seen in Fig. 4C,
GB inhibited the Caspase-1 cleavage and IL-1p secretion
induced by all examined agonists, including MSU, ATP and
nigericin, illustrating that GB was a broad inhibitor against
NLRP3 inflammasomes. Taken together, these results indi-
cated that GB might inhibit Caspase-1 activation and IL-1
maturation by promoting NLRP3 inflammasome degradation
in vitro.

GB inhibits NLRP3 inflammasome activation
via promoting NLRP3 autophagic degradation

GB-induced NLRP3 ubiquitination was inhibited by
3-MA, an autophagy inhibitor. By contrast, NLRP3
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Pro-IL-1B and IL-1p in BV2 cells. (B) Immunoblotting analysis
of ubiquitin protein levels in cell lysates immunoprecipitated with
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ubiquitination in GB-treated cells did not further alter
with the co-administration of MG-132, a proteasome
inhibitor (Fig. 5A, p < 0.01), indicating that GB triggered
NLRP3 degradation via autophagy rather than ubiquitina-
tion/proteasomal degradation. Consistent with this find-
ing, the downregulation of NLRP3, Caspase-1 and IL-1p
protein expression levels in BV2 cells were abolished by
3-MA but not by MG-132 treatment (Fig. 5B, p < 0.01).
Furthermore, the protein expression levels of autophagy-
associated proteins were evaluated using immunoblotting.
The expression levels of Atg5, Atg7 and LC3II/I were
increased in BV2 cells following GB treatment, whereas
those of SQSTM1 were significantly reduced, compared
with the untreated groups (Fig. 5C, p < 0.05, p < 0.01).
This indicated that the NLRP3 inflammasome was inac-
tivated by GB-induced NLRP3 autophagic degradation.

3m

Effect of GB on learning and memory behavior
in SAMP8 mice

In order to examine the effects of GB on learning and
memory, a MWM test was performed. The representative
swimming trajectories suggested that mice in the SAMP8
+ GB group spent significantly more time on swimming
in the target quadrant, compared with the SAMP8 group
(Fig. 6A, p < 0.01). As shown in Fig. 6B, compared with the
SAMPS group, GB treatment (especially 100 mg/kg) signifi-
cantly reduced the escape latency from the platform zone,
whilst increasing the time spent in the target quadrant and
the number of crossings over the platform zone (p < 0.01).
These results indicated that GB significantly ameliorated the
memory deficits of SAMP8 mice.

Moreover, during the NOR test, SAMPS mice treated
with GB (50, 100 mg/kg) showed more preference towards
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related; SQSTM1, sequestosome 1; Ub, ubiquitin
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Fig.6 Gingkolide B improves learning and memory behavioral defi-
cits in SAMPS mice. (A) Representative swimming track on day 5 of
the Morris water maze experiment. (B) Latency to cross the platform
zone, time spent in target quadrant, and the target platform crossing
number on day 5 of the Morris water maze experiment. (C) Escape
latency on day 1-4 of the Morris water maze experiment. The ratio

the novel object than untreated SAMP8 mice, indicating that
the deficit of SAMPS mice in short-term habituation was
rescued by GB (Fig. 6C, p < 0.05, p < 0.01).

GB ameliorates neuroinflammation in SAMP8 mice

The levels of pro-inflammatory cytokines in the hippocam-
pus, including IL-1p, L-6 and TNF-«, were significantly
decreased in the SAMP8 + GB group compared with the
SAMPS group (Fig. 7A, p < 0.01). Moreover, GB reduced
the mRNA expression levels of M1-phenotype markers
(IL-1p and CD68), while increasing those of M2 microglial
markers (TGF-f, YM-1 and IL-10) in the hippocampus,
suggesting that GB induced a shift from the M1 to the M2
phenotype (Fig. 7B). To confirm the neuroprotective effect
of GB on hippocampal microglial cells, immunofluorescence
assays were performed to assess microglial activation using
Iba-1 staining (Fig. 7C). The microglial cells were strongly
activated in the hippocampus of mice in the SAMPS8 group.
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of the time spent exploring the novel object and the total time spent
exploring both objects is shown as chance performance in the novel
object recognition experiment. *#p < 0.01 vs. SAMRI group, * p <
0.05, **p < 0.01 vs. SAMPS8 group. The data are presented as the
mean + SD (n=10 mice/group). SAMPS, senescence-accelerated
mouse prone 8; SAMRI, senescence-accelerated mouse resistant 1

The administration of GB significantly inhibited this activa-
tion (p < 0.01).

GB attenuates the NLRP3 inflammasome activation
and induces autophagy in the brains of SAMP8 mice

The protein expression levels of markers of the NLRP3
inflammasome signaling and autophagy were examined in
brain tissue using western blot analysis (Fig. 8A). The results
showed that the expression levels of NLRP3, IL-1f and Cas-
pase-1 increased in the hippocampal tissue of SAMPS mice,
but were reduced following GB treatment (p < 0.01). In
addition, the levels of autophagy-associated proteins Atg5,
Atg7 and LC3II/I were increased, while those of SQSTM1
decreased in SAMPS8 mice following GB treatment. The
effect of GB on NLRP3 ubiquitination was further exam-
ined. Consistent with the in vitro experiments, GB treatment
induced NLRP3 polyubiquitination in the brain of SAMPS
mice, as determined using immunoprecipitation (Fig. 8B, p
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Fig.7 Gingkolide B ameliorates neuroinflammation in SAMP8 mice.
(A) The levels of the pro-inflammatory factors, IL-1p, IL-6 and TNF-
a, in the hippocampal tissue of SAMP8 mice were examined using
ELISA (n=6). (B) The mRNA expression levels of M1-phenotype
(IL-1B, CD68) and M2-phenotype (TGF-f, YM-1 and IL-10) markers
were determined using quantitative real-time PCR (n=3). (C) Repre-
sentative images of immunofluorescence assays. Microglial activa-

< 0.01). These results suggested that GB treatment promoted
autophagy and attenuated the NLRP3 inflammasome acti-
vation via ubiquitination in hippocampus of SAMPS8 mice.

Discussion

SAMPS, as well as its normal control SAMRI, is a fre-
quently used murine model for spontaneous AD. Typically,
SAMPS mice develop cognition and behavior alterations at
4-8 months of age (Duan et al. 2020; Yang et al. 2020).
Increased oxidative stress, excessive inflammation and acti-
vated microglia are found in the hippocampi of SAMP8 mice
(Wang et al. 2019; Xie et al. 2020). Our in vivo experiments
confirmed that GB enhanced the learning and memory abili-
ties of SAMPS8 mice.

Chronic neuroinflammation induces to the initiation and
development of AD (Mamik and Power 2017; Chen et al.

tion was evaluated using Iba-1 staining (n=3). Scale bar, 50 pm. #p
< 0.01 vs. SAMRI1 group, * p < 0.05, *¥p < 0.01 vs. SAMPS group.
The data are presented as the mean + SD. IL, interleukin; Iba-1,
ionized calcium-binding adapter molecular 1; SAMPS8, senescence-
accelerated mouse prone 8; SAMRI, senescence-accelerated mouse
resistant 1

2021). Excessive inflammation leads to neuronal necrosis
and apoptosis, which consequently deteriorates cognition.
Ap activates microglia to generate inflammatory mediators
that can trigger an inflammatory cascade. The inflamma-
tory storm causes APP metabolism to further accelerate
the progression of AD(Jiang et al. 2018). It is universally
considered that activated microglia can be divided into two
phenotypes: pro-inflammatory microglia (M1 phenotype)
and anti-inflammatory microglia (M2 phenotype) (Chen
et al. 2020). Classical M1 microglia are induced by inflam-
matory stimuli and signaling, which consequently produces
a variety of pro-inflammatory cytokines, including reactive
oxygen species, NO, TNF-a, IL-1p and IL-6 (Tang and Le
2016). By contrast, the M2 phenotype is governed by vari-
ous anti-inflammatory factors. M2 microglia release anti-
inflammatory cytokines, including IL.-4 and IL-10, thereby
contributing to immunosuppression and cognitive function
improvement (Du et al. 2021). In addition, M2 microglia
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Fig.8 GB attenuates the NLRP3 inflammasome activation and
induced autophagy in the brains of SAMP8 mice. Hippocampal tis-
sue samples from SAMPS8 mice treated with GB (25, 50, 100 mg/
kg/day) were used for immunoblotting. SAMR1 mice were used as
control. (A) Protein expression levels of inflammatory markers and
autophagy-associated proteins. (B) Immunoblotting analysis of ubiq-

promote the cleavage of misfolded proteins and AP plaque
(Tang and Le 2016). The suppression of M1 phenotype and
induction of the M2 phenotype ameliorates cognitive impair-
ment in 5 X FAD mice (Wang et al. 2020). The present study
demonstrated that GB inactivated microglial cells by inhibit-
ing the release of IL-1, IL-6 and TNF-o. Furthermore, GB
treatment could promote the shift from the pro-inflammatory
MI to the anti-inflammatory M2 phenotype in BV2 cells.
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Atg5 Atg7 LC3 I SQSTM1

uitin protein levels in hippocampal tissue lysates immunoprecipitated
with NLRP3. The data are presented as the mean + SD (n=3). *p
< 0.05, **p < 0.01 vs. SAMP8 group. GB, ginkgolide B; SAMPS,
senescence-accelerated mouse prone 8; SAMRI, senescence-acceler-
ated mouse resistant 1

The NLRP3 inflammasome is a macromolecular protein
complex that consists of an NLRP3 scaffold, ASC and Cas-
pase-1 precursors. The activation of the NLRP3 inflamma-
some controls the maturation of IL-1p and IL-18(Huang
et al. 2021). NLRP3 is highly expressed in microglia and
associated with multiple chronic inflammatory disorders
induced by aggregated proteins, including Ap (Yin et al.
2018). Moreover, the NLRP3 inflammasome is upregulated
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in post-mortem brains of patients with AD (Saresella et al.
2016). Thus, the NLRP3 inflammasome cascade functions
as an essential modulator in AD pathology, suggesting that
NLRP3 inflammasome may represent a therapeutic target for
AD intervention. The activation of the NLRP3 inflamma-
some converts Pro-Caspase-1 into active Caspase-1, which
induces the generation of the pro-inflammatory cytokines
IL-18 and IL-1pB (Sun et al. 2019). Consequently, the inflam-
matory downstream cascade is activated to accelerate
inflammation and induce neuronal injury (Hou et al. 2020).
In the present study, GB markedly inhibited the expression
of the NLRP3 inflammasome, Caspase-1 and IL-1p in LPS-
challenged BV2 cells and SAMP8 mice.

Autophagy and ubiquitination/proteasome degradation
are crucial events in the cleavage of damaged proteins.
E3 ubiquitin ligases recognize inflammatory substrates
and cause poly-ubiquitination. A previous study has dem-
onstrated that autophagy negatively modulated NLRP3
inflammasome activity (Demishtein et al. 2017). As GB
downregulated NLRP3, is was assumed that NLRP3 might
be degraded by autophagy or ubiquitination. Therefore,
the autophagy inhibitor 3-MA and proteasome inhibitor
MG-132 were both used in order to determine the mecha-
nism underlying GB triggered NLRP3 degradation. The
results demonstrated that NLRP3 inactivation effect was
reduced following treatment with the autophagy inhibitor
3-MA, which suggested that GB-driven NLRP3 inflamma-
some inhibition and NLRP3 degradation was dependent on
autophagy activation.

To conclude, GB significantly improved the learning and
memory defects in SAMP8 mice by reducing the Caspase
1 activation and IL-1f maturation via the NLRP3 pathway.
In addition, autophagy might be involved in the inactiva-
tion of the NLRP3 inflammasome. GB promoted autophagy
and ubiquitination of NLRP3, both in the hippocampus of
SAMPS8 mice and LPS-induced BV2 cells. Moreover, GB
regulated the balance between the M1 and M2 phenotypes
of microglia. Therefore, GB might alleviate neuroinflam-
mation and improve cognitive function in patients with AD.
However, additional studies must be conducted to determine
whether GB could be used in clinical practice.
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