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Abstract: EGb 761 has some protective effects on AD and can improve the cognitive functions of AD mice. However,
the underlying molecular mechanisms are unknown. Here, we investigated the function of bilobalide, the effective
component of EGb 761, in neuroinflammation and autophagy during AD. LPS-treated BV-2 cells were used as an in
vitro model for neuroinflammation. The APP/PS1 AD mouse line was used to examine the function of bilobalide in
AD. ELISA and gRT-PCR were used to measure the levels of proinflammatory cytokines, including TNF-«, IL-6 and IL-
1. Western blotting was employed to determine the protein levels of p-p65, iINOS, COX-2, LC3, beclin-1, p62 and p-
STAT3. Immunostaining was applied to examine the number of autophagosomes. LPS treatment induced inflamma-
tory responses and inhibited autophagy in BV-2 cells. Bilobalide suppressed LPS-induced neuroinflammation and
promoted autophagy. Furthermore, bilobalide treatment increased the lincRNA-p21 levels, which suppressed STAT3
signalling. Knockdown of lincRNA-p21 reversed the effects of bilobalide. Overexpression of lincRNA-p21 promoted
autophagy and inhibited neuroinflammation as well while STAT3 inhibitor blocked the effects of si-lincRNA-p21. In
vivo experiments revealed that bilobalide improved the learning and memory capabilities of APP/PS1 AD mice.
Bilobalide improves the cognitive functions of APP/PS1 AD mice. Mechanistically, bilobalide suppresses inflamma-
tory responses and promotes autophagy possibly by upregulating lincRNA-p21 levels.
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Introduction tangle formation, and oxidative stress all con-
tribute to AD development [1, 4]. Over the past
decades, it has been revealed that AD patho-
genesis is not only restricted to neuron develop-
ment but also involves interactions with immu-
nological processes [5]. Increasing evidence
suggests that neuroinflammation plays a cru-
cial and even causal role in AD [6, 7]. Many

genes involved in the immune system are asso-

Alzheimer’s disease (AD) is a neurodegenera-
tive disease and the most common cause of
dementia, which is characterized by a progres-
sive and irreversible loss of cognitive functions,
such as learning, memory and language [1, 2].
AD patients usually require around-the-clock
care and end up bed-bound, resulting in a huge

burden on their family. At present, the disease
is incurable and ultimately fatal despite numer-
ous preclinical and clinical studies. The cellular
and molecular mechanisms of AD are complex
and remain elusive [3]. Therefore, further inves-
tigations of the underlying mechanisms are
essential for future therapy development.

It has been widely acknowledged that AD is a
multifactorial disorder, and risk factors includ-
ing B-amyloid (AB) deposition, neurofibrillary

ciated with AD [8, 9]. Moreover, activation of
microglial cells triggers innate immune respons-
es and inflammatory cytokine release, which
cause damage to neurons and contribute to AD
progression and severity [10]. Thus, targeting
neuroinflammation could be a potential way to
treat AD.

The biggest hallmark of AD is the deposition of
senile plaques that are composed mainly of AB
and neurofibrillary tangles [1]. Plaque formation


http://www.ajtr.org

Bilobalide protects AD by increasing lincRNA-p21

is crucially influenced by the autophagy pro-
cess, which is a lysosome-dependent process
that functions to degrade organelles and pro-
teins [11]. Autophagy is a key regulator of A
generation and clearance, and many studies
have indicated that impaired autophagy is an
important mechanism involved in the patholo-
gy of AB metabolism in AD [12]. In addition, it
has been suggested that there is cross-talk
between autophagy and neuroinflammation in
AD [13, 14]. Autophagy decreases inflamma-
tion, although neuroinflammation can activate
autophagy [15]. Upregulating the autophagy
process might protect against AD through mod-
ulating the interaction with the inflammation
process.

Our group and other groups have previously
shown that EGb 761, an extract from the leaves
of Ginkgo biloba, can improve the cognitive
functions of AD mice [16, 17], but the underly-
ing molecular mechanisms are not clear.
Bilobalide is the effective component of
EGb761. Here, we sought to examine the mech-
anisms of how bilobalide protects against AD.
We found that bilobalide could inhibit neuroin-
flammation and increase autophagy by upregu-
lating lincRNA-p21, which leads to improved
learning and memory capabilities in AD mice.
This study helps shed light on the mechanisms
of AD and, more importantly, provides avenues
for future therapeutic approaches for AD.

Materials and methods
Animals and drug administration

All animal studies were approved by the Animal
Care and Use Committee of The First Affiliated
Hospital of Soochow University and performed
under its guidance. APP/PS1 transgenic mice
expressing human APP and PS1 mutant pro-
teins were purchased from the Laboratory
Animal Centre of Hunan Province (Changsha,
Hunan, China). Transgenic mice and control
wild-type C57 mice were housed in the stan-
dard university animal facility.

Bilobalide was dissolved in 10% DMSO in saline
to make the stock solution, and bilobalide (4
mg/kg, 8 mg/kg) or vehicle was added to the
food. APP/PS1 animals or control animals that
were 2 months old were fed bilobalide contain-
ing food or vehicle for 6 months before sacrifice
for further experiments.
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BV-2 cell culture and LPS treatment

The murine microglia cell line (BV-2) was pur-
chased from American Type Culture Collection
(ATCC, Manassas, VA, USA). Cells were cultured
in Dulbecco’s Modified Eagle Medium-high glu-
cose (DMEM-HG) containing 10% foetal bovine
serum (Thermo Fisher Scientific, Waltham, MA,
USA) and 1% penicillin-streptomycin. Cells were
maintained in an incubator with 5% CO, at
37°C.

To induce inflammation, lipopolysaccharide
(LPS, 1 ug/ml) was added to the culture media
for the indicated amount of time.

Plasmid and transfection

The lincRNA-p21 overexpression plasmid and
empty vector (pIRES2-EGFP) were purchased
from Shanghai GenePharma Co., Ltd. Trans-
fection was performed using Lipofectamine
3000 (Invitrogen, USA) according to the manu-
facturer’s protocol.

Immunohistochemistry

Brain tissue was fixed in 4% formalin and
embedded in paraffin. Paraffin sections (20 um
thick) were washed in PBS and briefly treated
with 80% methanol containing 0.3% H,0, fol-
lowed by blocking with 10% normal goal serum
for 2 h at room temperature. The anti-beta amy-
loid 1-42 primary antibody (1:200, Abcam, USA,
ab10148) was incubated with the slices over-
night at 4°C, and then the slices were incubat-
ed with HRP-labelled secondary antibody for 1
h at room temperature. The signals were anal-
ysed with 3,3-diaminobenzidine substrate and
counterstained with haematoxylin.

Morris water maze (MWM)

The MWM test was performed as previously
described [18]. Briefly, animals were handled
for 4 days before any training. Prior to the first
training trial, mice were subjected to a single
habituation trial without the platform to mea-
sure their basal swim speed. During the train-
ing (days 1-5), mice were randomly placed into
the pool with the hidden platform in the same
quadrant (target quadrant). The swim path and
latency in finding the platform were tracked
with a computerized video tracking system.
Mice were trained for 4 trials per session for 2
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sessions per day for 5 consecutive days. For
the probe test (day 6), the platform was
removed, and the preference for the target
quadrant was measured.

Enzyme-linked immunosorbent assay (ELISA)

TNF-q, IL-6, IL-13, and AB1-42 levels were deter-
mined with specific commercial ELISA Kkits
(Invitrogen, CA, USA) according to the manufac-
turer’s protocols. The samples were extracted
with the extraction buffer, and the concentra-
tions of each cytokine were calculated based
on the standard curve.

Western blotting

Total protein was extracted from cultured cells
or brain tissues with RIPA buffer (Beyotime
Institute of Biotechnology, Nantong, China) con-
taining protease inhibitor cocktail. The protein
concentration was determined by the Pierce
BCA protein assay (Thermo Fisher Scientific,
Massachusetts, USA). Equal amounts of pro-
tein from each sample were loaded and sepa-
rated by SDS-PAGE followed by transfer to PVDF
membranes (Millipore, Massachusetts, USA).
The membranes were blocked for 0.5 h at room
temperature and then incubated with primary
antibodies at 4°C overnight. The next day, the
membranes were incubated with secondary
antibodies after 3 washes with PBS and subse-
quently analysed with an ECL kit (Thermo Fisher
Scientific, Massachusetts, USA). The following
primary antibodies were used: p-p65 (1:500;
sc-3033s; Santa Cruz, USA); p65 (1:1000;
sc-8242; Santa Cruz, USA); iNOS (1:1000;
sc-12120; Santa Cruz, USA); COX-2 (1:500;
sc-4842; Santa Cruz, USA); LC3-I/Il (1:500;
sc-4108; Santa Cruz, USA); Beclin-1 (1:500;
sc-3738; Santa Cruz, USA); p62 (1:500; sc-
5114S; Santa Cruz, USA); p-STAT3 (1:500;
sc-9131; Santa Cruz, USA); STAT3 (1:500;
sc-9139; Santa Cruz, USA); and B-actin (1:2000;
sc-47778; Santa Cruz, USA).

RNA extraction and gqRT-PCR

Total RNA was extracted from cultured cells or
brain tissues using an RNeasy kit (Qiagen, USA)
according to the manufacturer’s instructions.
DNase | was used to avoid DNA contamination.
One microgram of total RNA from each sample
was used for reverse transcription with the
SuperScript® IV First-Strand Synthesis System
(Invitrogen, Massachusetts, USA) before PCR
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amplification using 1x Power SYBR® Green
PCR Master Mix (Invitrogen, Massachusetts,
USA). The relative expression levels of mRNAs
or miRNAs were normalized to that of GAPDH
MmRNA or U6 small nuclear RNA (snRNA),
respectively, as internal controls. The following
primers were used: TNF-a forward primer:
5-AGGCGCTCCCCAAGAAGACA-3’; TNF-a rever-
se primer: 5-TCCTTGGCAAAACTGCACCT-3’; IL-6
forward primer: 5-GGTACATCCTCGACGGCAT-
CT-3’; IL-6 reverse primer: 5-GT GCCTCTTTG-
CTGCTTTCAC-3’; IL-1B forward primer: 5-AA-
CCTGCTGGTGTGTGACGTTC-3’; IL-1B rever-se
primer: 5-CAGCACGAGGCTTTTTTGTTGT-3’; GA-
PDH forward primer: 5-AGGTCGGTGTGAA-
CGGATTTG-3’; GAPDH reverse primer: 5-GGG-
GTCGTTGATGGCAACA-3’; lincRNA-p21 forward
primer: 5-CCTGTTCCACTCGCTTTCCA-3’; and
lincRNA-p21 reverse primer: 5-GGAACTGGA-
GACGGAATGTC-3..

Immunostaining

Cells were fixed in 4% paraformaldehyde (PFA)
at room temperature for 15 minutes and per-
meabilized with 0.1% Triton X-100 in PBS for
half an hour at room temperature. Then, the
cells were blocked with 1% BSA in PBS for 1
hour at room temperature followed by incuba-
tion with rabbit anti-LC3-Il primary antibody (1:
500; sc-271625; Santa Cruz, USA) at 4°C over-
night. Cells were then washed with PBS and
incubated with TRITC-conjugated secondary
antibody for 2 hours at room temperature.
Images were acquired with a standard micro-
scope. Cells containing >10 LC3 vacuoles were
counted as LC3+ vacuole-positive cells. At least
100 cells were counted for each group.

Statistical analysis

All statistical analyses were performed in
GraphPad Prism 7. Statistical significance was
determined with an unpaired Student’s t test
(two groups) or one-way ANOVA followed by
Tukey's post-test (more than two groups) as
indicated in the figure legends. The data are
presented as the mean + SD.

Results

Bilobalide suppressed LPS-induced activation
of BV-2 microglial cells

To investigate the molecular mechanisms
underlying the effect of bilobalide on AD, we
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first examined the function of bilobalide in
neuroinflammation, which has been shown to
play a critical role in AD development and
progression [7]. We employed the murine
microglial cell line BV-2 and activated the cells
via LPS treatment as previously described [19,
20]. First, we measured the cytotoxicity of
bilobalide using the MTT assay. BV-2 cells were
treated with vehicle or bilobalide (10, 50, 100,
200, 500, or 1000 nM) for 12 hours, and the
cell viabilities were measured. We observed no
obvious cytotoxicity induced by bilobalide at
concentrations lower than 500 nM, but 1000
nM bilobalide significantly decreased cell viabil-
ity (Figure 1A).

To test the potential effects of bilobalide on
proinflammatory responses, BV-2 microglial
cells were first treated with LPS for 12 hours
and then treated with vehicle or bilobalide
(50, 100, or 200 nM) for another 12 hours.
Proinflammatory cytokine levels were mea-
sured with ELISA. The results showed that LPS
stimulation induced the release of proinflam-
matory cytokines, including TNF-«, IL-6 and
IL-1B (Figure 1B-D). However, bilobalide (100,
200 nM) significantly reduced LPS-induced pro-
inflammatory cytokine release, while 50 nM
bilobalide treatment had no significant effects
(Figure 1B-D). As an alternative approach, we
used qRT-PCR to measure the expression lev-
els of TNF-q, IL-6 and IL-1p. Consistent with the
ELISA results, bilobalide (100, 200 nM) greatly
inhibited the expression of proinflammatory
cytokines induced by LPS treatment (Figure
1E-G). Western blotting was applied to deter-
mine the activation of the NF-kB signalling
pathway. Again, we observed increased expres-
sion of p-p65, INOS and COX-2 in BV-2 microg-
lial cells following LPS stimulation, and
bilobalide (100, 200 nM) significantly sup-
pressed the upregulation of their expression
induced by LPS, while 50 nM bilobalide did not
have any effects (Figure 1H). Taken together,
these data demonstrate that bilobalide inhibits
LPS-induced BV-2 cell activation and proinflam-
matory processes.

Bilobalide enhanced autophagy and upregu-
lated lincRNA-p21 in LPS-stimulated BV-2 cells

Next, we tested the effect of bilobalide on

autophagy. As expected, LPS treatment
decreased the number of LC3 puncta in BV-2

2024

cells (Figure 2A). Bilobalide (100 or 200 nM)
incubation significantly rescued the level of LC3
and inhibited the downregulation of autophagy
induced by LPS (Figure 2A), while 50 nM
bilobalide had no effects (Figure 2A). To further
confirm this, we examined the levels of LC3,
beclin-1, and p62 using Western blotting.
Consistently, we observed a decreased LC3-Il/
LC3-I ratio and a reduced level of beclin-1 fol-
lowing LPS treatment (Figure 2B, 2C). In con-
trast, p62 and p-STAT3 were upregulated
(Figure 2B, 2C). These results indicate that
autophagy was greatly suppressed. Bilobalide
(100, 200 nM) treatment rescued the levels of
related proteins and upregulated autophagy
(Figure 2B, 2C). We also examined the level of
lincRNA-p21, a long noncoding RNA that has
been shown to inhibit apoptosis [21]. We found
that LPS treatment downregulated lincRNA-p21
levels, while bilobalide (100, 200 nM) reversed
this downregulation (Figure 2D). Therefore, we
conclude that bilobalide promotes autophagy,
and this effect might be mediated by increases
in INcRNA-p21 levels.

Bilobalide regulated inflammation and autoph-
agy via upregulating lincRNA-p21

To further investigate whether bilobalide modu-
lates inflammation and autophagy through lin-
cRNA-21, we silenced IncRNA-21 expression
during the treatment of bilobalide. We found
that the suppression in expression of proin-
flammatory cytokines including TNF-o, IL-6
and IL-1B mediated by bilobalide was lifted by
si-lincRNA-p21 (Figure 3A-C). Similarly, the
bilobalide-induced restrains in expression of
p-p65, iINOS and COX-2 were also removed by
si-lincRNA-p21 (Figure 3D). Furthermore, the
effects of bilobalide on expression of autopha-
gy-related proteins such as LC3-1I/LC3-I ratio,
beclin-1, and p62 were partially blocked by si-
lincRNA-p21 (Figure 3E). These results indicate
that bilobalide modulates inflammation and
autophagy through upregulating lincRNA-p21.

LincRNA-p21 inhibited LPS-induced activation
of BV-2 cells

To further examine the underlying molecular
mechanism, we studied the role of lincRNA-p21
in LPS-induced neuroinflammation. First, we
observed a lower level of lincRNA-p21 in BV-2
cells after LPS treatment compared to that
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Figure 1. Bilobalide suppressed LPS-induced activation of BV-2 microglial cells. A. Cell viability following bilobalide treatment at various concentrations was mea-
sured using MTT assay. The viability was compromised only at high concentration (1000 nM). B-D. The secreted levels of TNF-«, IL-6 and IL-13 from cultured cells
following LPS treatment with or without bilobalide incubation were examined by ELISA. LPS treatment alone increased those levels, but bilobalide suppressed those
increases. E-G. The mRNA levels of TNF-q, IL-6 and IL-1[3 in cultured cells following LPS treatment with or without bilobalide incubation were measured by qRT-PCR.
LPS treatment upregulated those levels while bilobalide treatment inhibited those upregulations. H. The protein levels of p-p65, iINOS and COX-2 in cultured cells fol-
lowing LPS treatment with or without bilobalide incubation were measured by western blotting. LPS treatment alone increased those protein levels while bilobalide
suppressed those increases. n = 3; *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2. Bilobalide increased autophagy by upregulating lincRNA-p21. A. Immunostaining images showed LC3 intensity and DAPI signal in cultured cells follow-
ing LPS treatment with or without bilobalide incubation. The bar graph quantified the number of LC-3 positive autophagosomes in cells treated with or without
bilobalide following LPS treatment. LPS alone decreased the number of LC3 puncta while bilobalide treatment recovered the number. B. The protein levels of LC3-,
LC3-ll, beclin-1, and p62 in cultured cells following LPS treatment with or without bilobalide incubation were measured by western blotting. Bar graphs quantified
the protein levels. LPS alone diminished the LC3I1I/LC3I ratio and Becline-1 level but increased p62 level while bilobalide treatment reversed those changes. C. The
protein levels of p-STAT3 in cultured cells following LPS treatment with or without bilobalide incubation were examined by western blotting. The bar graph quanti-
fied the protein levels. LPS treatment alone increased pSTAT3 level while bilobalide suppressed the increase. D. lincRNA-p21 levels in cultured cells following LPS
treatment with or without bilobalide incubation were analysed by qRT-PCR. LPS diminished lincRNA-p21 level while bilobalide recovered the level. n = 3; *P < 0.05;
**P < 0.01; ***P < 0.001.
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Figure 3. Bilobalide regulated inflammation and autophagy via upregulating lincRNA-p21. A-C. The mRNA levels
of TNF-a, IL6 and IL-1B in cells transfected with si-lincRNA-p21 or si-NC following LPS treatment with or without
bilobalide incubation were analysed by qRT-PCR. LPS treatment upregulated those levels while bilobalide treatment
inhibited those upregulations. Si-lincRNA-p21 blocked the effects of bilobalide. D. The protein levels of p-p65, INOS
and COX-2 cells transfected with si-lincRNA-p21 or si-NC following LPS treatment with or without bilobalide incuba-
tion were analysed were measured by western blotting. LPS treatment alone increased those protein levels while
bilobalide suppressed those increases. Si-lincRNA-p21 blocked the effects of bilobalide. E. The protein levels of LC3-
I, LC3-II, beclin-1, and p62 in cells transfected with si-lincRNA-p21 or si-NC following LPS treatment with or without
bilobalide incubation were measured by western blotting. Bar graphs quantified the protein levels. LPS alone dimin-
ished the LC3II/LC3I ratio and Becline-1 level but increased p62 level while bilobalide treatment reversed those

changes. Si-lincRNA-p21 blocked the effects of bilobalide. n = 3; *P < 0.05; **P < 0.01; ***P < 0.001.

observed after vehicle treatment, and transfec-
tion of the IlincRNA-p21 construct greatly
increased the lincRNA-p21 level (Figure 4A).
Moreover, overexpression of lincRNA-p21 sig-
nificantly reduced LPS-induced release of pro-
inflammatory cytokines, including TNF-«, IL-6
and IL-1B (Figure 4B-D). Using qRT-PCR, we
also confirmed that the upregulation of proin-
flammatory factors whose expression was
induced by LPS was suppressed by lincRNA-
p21 (Figure 4E-G). Furthermore, lincRNA-p21
inhibited the LPS-induced activation of NF-kB
(Figure 4H). Taken together, these results show
that lincRNA-p21 restrains LPS-induced proin-
flammatory responses.

LincRNA-p21 promoted autophagy and sup-
pressed STAT3 signalling in LPS-stimulated
BV-2 cells

To directly study whether lincRNA-p21 is
involved in LPS-induced autophagy regulation,
we overexpressed lincRNA-p21 and examined
the ensuing effects. LPS treatment decreased
the number of autophagosomes in BV-2 cells,
while overexpression of lincRNA-p21 reversed
this decrease (Figure 5A). Furthermore, the
changes in the LC3-II/LC3-I ratio and the levels
of other autophagy-related proteins, including
beclin-1, p62 and p-STAT3, induced by LPS
treatment were all reversed by lincRNA-p21
overexpression (Figure 5B, 5C). These data
suggest that lincRNA-p21 promoted autophag-
yand that this effect might contribute to STAT3
signalling suppression.

LincRNA-p21 modulated inflammation and
autophagy via inhibiting STAT3 signalling

To further investigate whether lincRNA-p21 reg-
ulate inflammation and autophagy via STAT3,
we silenced STAT3 expression during the knock-
down of lincRNA-p21. Consistent with afore-
mentioned results, knockdown of lincRNA-p21

2030

further increased the levels of proinflammatory
cytokines induced by LPS treatment, such as
TNF-a, IL-6 and IL-1B3 (Figure 6A-C). However,
STAT3 inhibitor blocked those increases (Figure
6A-C). In addition, si-lincRNA-p21 further up-
regulated the levels of p-p65, iINOS, and COX-2
while STAT3 inhibitor suppressed those upregu-
lations (Figure 6D). Similarly, silencing lincRNA-
p21 suppressed the LPS-induced autophagy
while STAT3 inhibitor reversed the effects of si-
lincRNA-p21 (Figure 6E). Therefore, we con-
clude that lincRNA-p21 regulates inflammation
and autophagy via suppressing STAT3.

Bilobalide improved the learning and memory
of AD mice by decreasing AB accumulation

We showed that bilobalide suppressed the neu-
roinflammation process and promoted autoph-
agy in LPS-stimulated BV-2 microglial cells.
Next, we directly examined the function of
bilobalide in AD using the APP/PS1 AD mouse
line. We fed 2-month-old APP/PS1 mice food
containing bilobalide for 6 months. First, we
found that bilobalide feeding (4 or 8 mg/kg)
greatly decreased AP accumulation in the brain
compared to that in the vehicle group (Figure
7A). With ELISA, we showed that the accumula-
tion of both soluble and insoluble AB1-42 pro-
tein were reduced following bilobalide feeding
(4 and 8 mg/kg) (Figure 7B). Moreover, with the
Morris water maze task, a learning and memo-
ry assay, we assessed the effect of bilobalide
on cognitive functions. During the training and
testing, the mice were automatically tracked,
and their swim latencies and distances to the
platform were measured. We found that wild-
type (WT) mice learned the task quickly, and
the latency to reach the platform and swim-
ming distance gradually decreased with train-
ing, while APP/PS1 mice did not show evidence
of this and failed to learn the task (Figure 7C,
7D). However, bilobalide-fed (4, 8 mg/kg) APP/

Am J Transl Res 2021;13(4):2021-2040
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Figure 4. LincRNA-p21 inhibited LPS-induced activation of BV-2 cells. A. LincRNA-p21 levels in cells transfected with the lincRNA-p21 or control vector following LPS
treatment were measured by gRT-PCR. LPS treatment diminished lincRNA-p21 level. Overexpression of lincRNA-p21 in LPS treated cells recovered the level. B-D.
The secreted levels of TNF-q, IL-6 and IL-13 by cells transfected with the lincRNA-p21 or control vector following LPS treatment were measured by ELISA. LPS treat-
ment alone upregulated those levels while overexpression of lincRNA-p21 suppressed those upregulations. E-G. The mRNA levels of TNF-a, IL-6 and IL-1 in cells
transfected with the lincRNA-p21 or control vector following LPS treatment were analysed by qRT-PCR. LPS treatment alone increased those levels while overexpres-
sion of lincRNA-p21 suppressed those increases. H. The protein levels of p-p65, INOS and COX-2 in cells transfected with the lincRNA-p21 or control vector following

LPS treatment were measured by western blotting. Bar graphs quantified the protein levels. LPS treatment alone increases those protein levels while lincRNA-p21
overexpression reversed those changes. n = 3; *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 5. LincRNA-p21 promoted autophagy by suppressing STAT3 signalling. A. Immunostaining images showed LC3 intensity and DAPI signal in cells transfected
with the lincRNA-p21 or control vector following LPS treatment. The bar graph quantified the number of LC-3 positive autophagosomes. LPS alone decreased the
number of LC3 puncta while lincRNA-p21 overexpression recovered the number. B. The protein levels of LC3-I, LC3-II, beclin-1, and p62 in cells transfected with the
lincRNA-p21 or control vector following LPS treatment were measured by western blotting. Bar graphs quantified the protein levels. LPS alone diminished the LC3Il/
LC3l ratio and Becline-1 level but increased p62 level while lincRNA-p21 overexpression reversed those changes. C. The protein levels of p-STAT3 in cells transfected
with the lincRNA-p21 or control vector following LPS treatment were examined by western blotting. The bar graph quantified the protein levels. LPS treatment alone
increased pSTAT3 level while lincRNA-p21 overexpression suppressed the increase. n = 3; *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 6. LincRNA-p21 modulated inflammation and autophagy via inhibiting STAT3 signalling. A-C. The mRNA levels
of TNF-a, IL-6 and IL-1B in cells transfected with si-lincRNA-p21 or si-NC following LPS treatment with or without
STAT3 inhibitor (STAT3-IN-3) were analysed by qRT-PCR. LPS treatment upregulated those levels while si-lincRNA-
p21 further increased those levels. STAT3-IN-3 blocked the effects of si-lincRNA-p21. D. The protein levels of p-p65,
iINOS and COX-2 cells transfected with si-lincRNA-p21 or si-NC following LPS treatment with or without STAT3 inhibi-
tor (STAT3-IN-3) were analysed were measured by western blotting. LPS treatment alone increased those protein
levels while si-lincRNA-p21 further upregulated those levels. STAT3-IN-3 blocked the effects of si-lincRNA-p21. E.
The protein levels of LC3-l, LC3-Il, beclin-1, and p62 in cells transfected with the si-lincRNA-p21 or si-NC following
LPS treatment with or without STAT3 inhibitor (STAT3-IN-3) were measured by western blotting. Bar graphs quanti-
fied the protein levels. LPS alone diminished the LC3Il/LC3I ratio and Becline-1 level but increased p62 level while
si-lincRNA-p21 exaggerated those changes. STAT3-IN-3 blocked the effects of si-lincRNA-p21. n = 3; *P < 0.05; **P
<0.01; ***P < 0.001.
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Figure 7. Bilobalide improved the learning and memory of AD mice by decreasing AR accumulation. A. IHC images
showed the levels of AR accumulation in WT and APP/PS1 mice with or without bilobalide feeding. No A accumula-
tion was observed in WT mice while APP/PS1 mice exhibited high level of AB accumulation. Bilobalide treatment
decreased the level of AR accumulation in APP/PS1 mice. B. The levels of soluble and insoluble AB1-42 in different
groups of mice were analysed by ELISA. Compared to WT mice, APP/PS1 mice exhibited high levels of soluble and
insoluble AB1-42. Bilobalide treatment decreased the levels. C. Learning curves based on the latency in finding the
hidden platform during MWM training. APP/PS1 mice spent longer time in finding the hidden platform compared
with other groups. D. Swimming distance before reaching the hidden platform during MWM training. APP/PS1 mice
swam longer distances before reaching the hidden platform compared with other groups. E. Swim velocity of differ-
ent groups of mice. No difference in swim velocity was observed among different groups. n = 6 for each group; *P
< 0.05; **P < 0.01; ***P < 0.001.

PS1 mice learned a task similar to that of WT There was no difference in swim velocity among
mice and had comparable latency and swim- groups of mice, suggesting that the differences
ming distance during training (Figure 7C, 7D). were not caused by swim or motor capabilities
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(Figure T7E). Together, these results indicate
that bilobalide can improve cognitive functions
and decrease AP accumulation in AD mice.

Bilobalide inhibited neuroinflammation and
promoted autophagy in vivo

Finally, we sought to confirm the molecular
mechanisms of bilobalide function in vivo. We
found that APP/PS1 AD mice had increased lev-
els of TNF-a, IL-6 and IL-1[3 and that bilobalide
feeding downregulated the mRNA levels of
these proinflammatory factors (Figure 8A).
Furthermore, autophagy was inhibited in APP/
PS1 AD mice. The LC3-lI/LC3-l ratio and
beclin-1 were reduced, while p62 and p-STAT3
were upregulated in AD mice compared to WT
mice (Figure 8B, 8C). However, bilobalide feed-
ing rescued the levels of these autophagy-relat-
ed proteins and promoted autophagy (Figure
8B, 8C). In addition, we measured the level of
lincRNA-p21 in different groups of mice and
found that IncRNA-p62 expression was reduced
in APP/PS1 AD mice, but bilobalide feeding
upregulated lincRNA-p21 levels (Figure 8D).
Taken together, these in vivo results validated
our findings in the in vitro model.

Discussion

In the present study, we show that bilobalide
inhibits the neuroinflammatory process but
promotes autophagy, leading to improved cog-
nitive function in AD mice. Mechanistically, we
found that bilobalide upregulates lincRNA-p21
and suppresses the STAT3 signalling pathway.
Our study reveals the molecular mechanisms
underlying the protective effect of bilobalide on
AD and further supports that neuroinflamma-
tion and autophagy play critical roles in AD
development.

A great number of studies have indicated that
EGb 761 has some protective effects on AD
and can improve the cognitive functions of AD
mice [16, 17, 22, 23]. EGb 761 is a standard
extract from Ginkgo biloba leaves and is made
up of multiple components [24]. Some studies
suggest that components of ginkgolide A,
bilobalide, and flavonoids could promote
autophagy to degrade p-Tao in lysosomes,
while other components, such as ginkgolide B
or C, do not have such effects [17]. However,
the functions of each component and particu-
larly the exact underlying mechanisms remain
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largely unknown, and further investigations are
required. Here, we fully studied the function of
bilobalide, the effective component of EGb
761. We show that feeding the mice bilobalide
could significantly improve their learning and
memory capabilities. Moreover, we examined
its underlying molecular mechanisms. We show
that bilobalide can increase lincRNA-p21 levels
and promote autophagy while suppressing neu-
roinflammation. This will help shed light on the
pathogenesis of AD and provide avenues for AD
treatment.

The role of LPS in autophagy is controversial.
Some studies reported that LPS induced
autophagy [25]. However, other groups showed
that LPS could suppress autophagy [26, 27]. In
our study, we did observe that LPS treatment
significantly decreased LC3 puncta in BV-2
cells. Furthermore, the LC3-1I/LC3-I ratio and
beclinl were diminished while p62 was upregu-
lated following LPS treatment. These results
provide strong evidence that LPS suppresses
autophagy. This difference could result from
the distinct treatment durations or concentra-
tions and future investigation is necessary to
examine that.

LncRNAs are long noncoding RNAs that can
regulate specific gene expression [28, 29]. An
increasing number of studies have shown that
many IncRNAs play a vital role in the progres-
sion of AD [30, 31]. In this study, we showed
that lincRNA-p21 expression is reduced in LPS-
treated BV-2 cells as well as in APP/PS1 AD
mice, suggesting that lincRNA-p21 is involved
in AD. Moreover, overexpression of lincRNA-
p21 could suppress neuroinflammation and
promote autophagy, which is similar to the
effects of bilobalide treatment, further support-
ing that it plays an important role in AD. The
interaction between lincRNA-p21 and EGb 761
has been reported, which shows that EGb
761-induced upregulation of lincRNA-p21 could
inhibit colorectal cancer metastasis [32]. Here,
we observed a similar interaction in BV-2 cells
and APP/PS1 AD mice and found that bilobalide
treatment could increase lincRNA-p21 levels.
Previous studies have shown that lincRNA-
p21 directly binds to STAT3 and functions to
block JAK2/STAT3 signalling [33]. Meanwhile,
STAT3 phosphorylation could inhibit autophagy
[34, 35]. Therefore, taken together, our results
suggest that bilobalide promotes autophagy

Am J Transl Res 2021;13(4):2021-2040
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Figure 8. Bilobalide inhibited neuroinflammation and promoted autophagy in vivo. A. The mRNA levels of TNF-q, IL-6
and IL-1B in different groups of mice were measured by qRT-PCR. APP/PS1 mice had higher levels compared to WT
while bilobalide treatment downregulated those levels. B. The protein levels of LC3-I, LC3-Il, beclin-1, and p62 in dif-
ferent groups of mice were measured by western blotting. Bar graphs quantified the protein levels. Compared with
WT mice, APP/PS1 mice had lower levels of LC3II/LC3I ratio and Becline-1 but higher level of p62 while bilobalide
treatment reversed those changes. C. The protein levels of p-STAT3 in different groups of mice were analysed by
western blotting. Bar graph quantified the protein level. Compared with WT mice, APP/PS1 mice had higher level
while bilobalide treatment reduced p-STAT3 level. D. LincRNA-p21 levels in different groups of mice were analysed
by qRT-PCR. Compared with WT mice, APP/PS1 mice had lower lincRNA-p21 level while bilobalide treatment recov-
ered the level. n = 6 for each group; *P < 0.05; **P < 0.01; ***P < 0.001.
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