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Abstract
Alzheimer’s disease (AD) is one of the most common neurodegenerative diseases and is currently incurable.
Amyloid β protein (Aβ) deposition is the main pathogenesis of AD, and many studies have shown that Aβ
accumulation is toxic to neurons, leading to the inflammatory reaction, neuronal apoptosis, and neurofibrillary
tangles. Thus, reducing Aβ levels might be a potential therapeutic strategy for AD. Liquiritigenin (LG), a
dihydroflavone monomer compound extracted from natural plant licorice, has a variety of biological activities such
as antioxidant, anti-tumor, anti-inflammatory and anti-virus. However, the exact function of LG in the pathogenesis
of AD is elusive. Here, we reported that LG could significantly attenuate neuronal apoptosis in Aβ-induced N2A
cells and APP/PS1 transgenic mice. Our in vivo and in vitro studies revealed that LG could alleviate the inflam-
mation response, reflected by the reduction of NLRP3 and cleaved caspase-1. Meanwhile, we also found that LG
was able to shift M1 type microglia towards M2 type microglia in Aβ-induced BV2 cells and AD mice.
Furthermore, LG could reduce the Aβ levels by decreasing APP processing and accelerating Aβ clearance in AD
mice. More importantly, daily treatment of LG (30 mg/kg day) for 90 days dramatically ameliorated the spatial
learning and memory of AD mice. Taken together, these results suggest that LG can reduce the Aβ levels by
regulating the M1/M2 transformation of microglia, thereby reversing memory decline during AD development,
suggesting that LG may be a potential therapeutic agent for treating AD.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease
characterized by the accumulation of amyloid β protein
(Aβ) formed extracellular plaques (2019). Growing evidence
shows that Aβ plays a culprit role in the pathogenesis of AD
and has become the main therapeutic target (Bohm et al. 2015;
Nakamura et al. 2018; Qiang et al. 2017; Takasugi et al.
2003). Aβ is generated from abnormal proteolytic cleavage
of amyloid precursor protein (APP) by β-secretase (BACE1)
and γ-secretase. The BACE1 cleaves APP at two β-sites to
generate C99 and C89 fragments, respectively. Subsequently,
C99 is cleaved by γ-secretase to produce Aβ, whereas it is
normally cleaved by α- and γ-secretases (Tan and Gleeson,
2019). In addition to increasing generation, a reduction in Aβ
clearance is essential for Aβ aggregation (Jang et al. 2018),
while insulin-degrading enzyme (IDE) and neprilysin (NEP),
produced in microglia cells, have the ability to degrade Aβ
(Kong et al. 2010).
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It is now well accepted that microglia, innate immune cells
in the central nervous system, play a pivotal role in the onset
and development of AD (Gogoleva et al. 2019; Hurtley,
2017). The chronic activation of NLRP3 inflammasome in
microglia is the key and basic process of microglia-mediated
neuroinflammation (Garcez et al. 2019; Liu et al. 2018).
NLRP3 alters Aβ pathology by negatively regulating microg-
lia clearance capacity, while the mice that have knocked out
the NLRP3 can improve the clearance of Aβ (Chan et al.
2019; Fan et al. 2017). Activated microglia are classified into
M1 and M2 types (Sierra-Filardi et al. 2011). M1 types in-
cluding IL-1β, TNF-α, IL-6, IL-12, and IL-18 have the ability
to promote the inflammatory response, while the M2 types,
such as IL-4, IL-10, and IL-13, are to engulf cell debris and
suppress immune inflammation (Ji et al. 2018; Yousefi et al.
2019).

Liquiritigenin (LG), a dihydroflavonemonomer compound
extracted from natural plant licorice, has a variety of biologi-
cal activities such as antioxidant, anti-inflammatory, anti-tu-
mor, and anti-virus (Ramalingam et al. 2018; Zhu et al. 2018).
Recent study has shown that LG can ameliorate the inflam-
mation response and memory decline in the Aβ-induced AD
model mice (Hongyan et al. 2016; Jo et al. 2016a; Liu et al.
2009). However, the progress of AD is difficult to be mim-
icked by exogenous Aβ treatment, and so far, little is known
about the pathogenesis of LG in AD development. In the
current study, APP/PS1 transgenic AD model mice were se-
lected and used to investigate the effect of LG on AD patho-
logical changes and cognitive functions.

Materials and Methods

Animals

Three-month-old female APP/PS1 double transgenic mice
(Nanjing, China) were used. APPSwe is the Swedishmutation
of the amyloid precursor protein, and PS1 is the mutant form
of human presenilin 1 (Theriault et al. 2016). AD mice were
randomly assigned to LG (Must Bio-Technology, Chengdu)
treatment group (n = 10) (30 mg/kg), and vehicle control (n =
10) was used as control. The LG-treated group received
liquiritigenin continuously for 90 days (i.g.) before behavior
assessment; the WT and vehicle-treated ADmice were treated
with an identical volume (20 ml/kg) of vehicle (0.1% sodium
carboxymethyl cellulose). The treatment has not been stopped
during behavioral training.

Cell Culture and Treatment

Mouse neuroblastoma cell line N2A cells and microglial cell
line BV2 were purchased from ATCC and cultured in 10%
FBS and 90% Dulbecco’s modified Eagle’s medium

(DMEM). The cell is maintained at 37 °C in 5% CO2

atmosphere.

Cell Viability Assay

Cells were plated into 96-well plates (1 × 104cells per well) in
the presence of the Aβ (0, 2.5, 5, 10, 20, 50, and 100 μM) and
LG (0, 2.5, 5, 10, 20, 50, and 100 μM) at the increasing doses.
After 24 h, MTT (5 mg/ml) assay was used to measure cell
viability. DMSO (200 μl) was added to each well to dissolve
the purple formazan crystals. The absorbance was measured
using a microplate reader at a wavelength of 490 nm (Bio-
Rad, USA).

Quantitative Real-time PCR

Trizol reagent (TaKaRa, Japan) was used to extract total RNA
from the cells, and the brain tissues of AD mice and spectro-
photometer NanoDrop 2000 (Nanodrop Technologies, USA)
were used to detect the purity of RNA. One microgram of
RNA was used to performed synthesis of the first-strand com-
plementary DNA (cDNA) with Prime Script RT reagent Kit
with gDNA Eraser (TaKaRa, Japan) reverse transcriptase
(TaKaRa, Japan). SYBR® Premix Ex Taq™ II (TaKaRa,
Japan) was used to perform quantitative real-time PCR anal-
ysis with CFX (Bio-Rad). The primers are as follows:

IL-1β (forward: 5′-AGGCTCCGAGATGAACAA-3′, re-
verse: 5′-AAGGCATTAGAAACAGTCC-3′), TNF-α (for-
ward: 5′-CTTCTCATTCCTGCTTGTG-3′, reverse: 5′-
ACTTGGTGGTTTGCTACG-3′), IL-4 (forward: 5′-AACA
GCCTCACAGAGCAGAAGAC-3′, reverse: 5′-GCCC
TGCAGAAGGTTTCCTT-3′), IL-13 (forward: 5′-AGCA
TGGTATGGAGTGTGGACCTG-3′, reverse: 5′-CAGT
TGCTTTGTGTAGCTGAGCAG-3′), and β-actin (forward:
5′-GCACCACACCTTCTACAATGAGC-3′, reverse: 5′-
GGATAGCAGCCTGGATAGCAAC-3′).

Immunohistochemical Staining

The immunohistochemical staining procedure was performed
as previously published (Katoh et al. 1995). After sacrificing
the mice, half of the brains were fixed in 4% paraformalde-
hyde and sectioned into 30 μm thickness. Every twelfth slice
with the same reference position was mounted onto slides for
staining. The monoclonal 4G8 antibody was used to detect the
senile plaques.

Western Blot Assay

After treatment, cells were washed with pre-cold PBS, then
lysed in RIPA lysis buffer (Beyotime, China) containing a
cocktail of complete protease inhibitors (Roche), and centri-
fuged (4 °C, 12,000 rpm, 15 min) to collect the cell
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supernatant. According to the instructions, the protein concen-
tration was determined using BCA method (Beyotime,
China). Thirty micrograms of protein sample was obtained
and boiled in 5× loading buffer at 100 °C for 10 min, then
electrophoresed with SDS-PAGE gel, and transferred to
immobilon-PTM polyvinylidene fluoride (PVDF) membrane.
Place the membrane in 5% skim milk in Tris-buffered saline
containing 0.1%Tween-20 (TBST) at 37 °C for 1 h. Incubated
with antibodies, NLRP3 (1:1000, Abcam, USA), caspase-1
(1:1000, Abcam, USA), caspase-3 (1:1000, CST, USA),
cleaved-caspase-3 (1:1000, CST, USA), iNOS (1:500,
Affinity, USA), Arg-1 (1:500, Affinity, USA), PS1(1:1000,
Abcam, USA), APP (1:1000, Abcam, USA), and BACE1
(1:1000, CST, USA), CTF was obtained from UBC (1:1000)
at 4 °C overnight and rinsed thrice with TBST for 5 min. β-
actin (1:3000, CST, USA) was the internal reference. The
band intensity of each protein was quantified by the Bio-Rad
Quantity One software.

Morris Water Maze Test

Three months after LG treatment, mice were subjected to a
Morris water maze test in a round stainless steel pool (150 cm
in diameter) filled with water (23 ± 1 °C) (Liang et al. 2004;
Morris et al. 1982). After 24 h adaptation, mice were allowed
to adapt to the maze for 120 s of free swimming. The mice
were then trained in space learning tasks, and experiments
were performed 4 times a day for 5 consecutive days. In the
24 h after the last training test, a 120-s probe test was per-
formed in the absence of a hidden platform and their swim-
ming path was recorded.

ELISA Assay

According to the ELISA kit, the protein concentration is
screened first to calculate the amount of protein that the kit
can react to. The standard protein and the sample protein were
added to the well plates of the kit separately according to the
group. At the same time, blank control wells were set up and
kept overnight at 4 °C. The next day, washed the well plate 7
times with a special washing solution (both need to be prop-
erly plated for cleaning), added the labeled antibody (except
for the blank control) and incubated at 37 °C for 1 h, added the
coloring solution, and incubated at room temperature for
30 min. The OD value was measured with microplate reader
(450 nm).

Statistical Analysis

All data are presented as the mean ± SEM, analyzed with one-
way ANOVA followed by post hoc Turkey’s tests where ap-
propriate with drug treatment as the between-subjects factor.
The significance level was set at p < 0.05.

Results

Effects of LG on Inflammation in Aβ-Treated N2A Cells

To examine the effect of LG on cell survival, we treated N2A
cells with LG at different concentrations from 0 to 100 μM
and then determined cell viability by the MTT assay. The
results showed that LG had no effect on cell viability at all
different concentrations (2.5 μM, 99.09 ± 1.97% relative to
0 μM, p > 0.05 vs. 0 μM; 5 μM, 96.23 ± 2.08% relative to
0 μM, p > 0.05 vs. 0 μM; 10 μM, 94.88 ± 4.81% relative to
0 μM, p > 0.05 vs. 0 μM; 20 μM, 93.71 ± 5.39% relative to
0 μM, p > 0.05 vs. 0 μM; 50 μM, 101.66 ± 5.78% relative to
0 μM, p > 0.05 vs. 0 μM; 100 μM, 94.27 ± 10.66% relative to
0 μM, p > 0.05 vs. 0 μM; Fig. 1a). Then, the N2A cells were
treated with increasing concentrations of Aβ for 24 h to detect
the cell viability that Aβ-induced. The results showed that Aβ
treatment at the concentration of 10 μM or higher induced the
death of N2A cells (2.5 μM, 91.72 ± 1.98% relative to 0 μM,
p > 0.05 vs. 0 μM; 5 μM, 86.23 ± 2.09% relative to 0 μM,
p > 0.05 vs. 0 μM; 10 μM, 74.08 ± 4.81% relative to 0 μM,
p < 0.05 vs. 0 μM; 20 μM, 74.37 ± 5.39% relative to 0 μM,
p < 0.05 vs. 0 μM; 50 μM, 64.66 ± 5.79% relative to 0 μM,
p < 0.01 vs. 0 μM; 100 μM, 49.67 ± 10.25% relative to 0 μM,
p < 0.01 vs. 0 μM; Fig. 1b). We next further investigated the
effect of LG on Aβ-induced cell viability. After the pre-
treatment of Aβ (10 μM) for 4 h, N2A cells were treated with
LG (0-200 μM) for 20 h in the presence of Aβ. The results
showed that treatment with 20 μM LG rescued the cell viabil-
ity that Aβ-induced (Aβ + 1 μM, 70.56 ± 4.32% relative to
0 μM, p > 0.05 vs. 0 μM; Aβ + 5 μM, 77.91 ± 5.72% relative
to 0 μM, p > 0.05 vs. 0 μM; Aβ + 10 μM, 82.48 ± 7.95%
relative to 0 μM, p > 0.05 vs. 0 μM; Aβ + 20 μM, 91.01 ±
12.2% relative to 0 μM, p < 0.05 vs. 0 μM; Aβ + 50 μM,
105.25 ± 10.12% relative to 0 μM, p < 0.05 vs. 0 μM; Aβ +
100 μM, 113.97 ± 9.52% relative to 0 μM, p < 0.05 vs. 0 μM;
Aβ + 200 μM, 122.01 ± 13.02% relative to 0 μM, p < 0.05 vs.
0 μM; Fig. 1c). These results indicate that LG exhibits a pro-
tective role against Aβ-induced cell viability.

To future investigate the effect of LG treatment on the
inflammation that Aβ-induced, we detected the expression
of NLRP3 and caspase-1. The results showed that Aβ treat-
ment dramatically increased the expression of NLRP3 (Aβ,
124.40 ± 4.03% relative to N2A, p < 0.01 vs. N2A; Fig. 1 d
and g) and cleaved caspase-1 (Aβ, 190.84 ± 15.79% relative
to N2A, p < 0.01 vs. N2A; Fig. 1 d and i) and LG treatment
restored the Aβ-induced the increase of NLRP3 (Aβ + LG,
90.77 ± 8.48% relative to N2A, p < 0.01 vs. Aβ; Fig. 1 d and
g) and cleaved caspase-1 (Aβ + LG, 126.18 ± 23.18%,
p < 0.01 vs. N2A, p < 0.01 vs. Aβ; Fig. 1 d and i). Caspase-
1 could induce the increase of caspase-3, leading to the apo-
ptosis of the mitochondrial pathway (Hou et al. 2019). Then,
we found that the treatment of LG inhibited the upregulation
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of cleaved caspase-3 (Aβ, 141.95 ± 15.58% relative to N2A,
p < 0.05 vs. N2A; Aβ + LG, 92.23 ± 15.32% relative to N2A,
p > 0.05 vs. N2A, p < 0.05 vs. Aβ; Fig. 1 d and f).

Effects of LG on Inflammation in Aβ-Treated BV2 Cells

To investigate the effect of LG treatment on the inflammation
that Aβ-induced in the BV2 cells, we detected the expression
of NLRP3 and caspase-1. The results showed that Aβ treat-
ment dramatically increased the expression of NLRP3 (Aβ,
263.62 ± 31.39% relative to BV2, p < 0.01 vs. BV2; Fig. 2 a
and b) and cleaved caspase-1 (Aβ, 196.57 ± 23.08% relative
to BV2, p < 0.01 vs. BV2; Fig. 2 a and d) and LG treatment
restored increase of NLRP3 that Aβ-induced (Aβ + LG,
107.22 ± 17.83% relative to BV2, p > 0.05 vs. BV2, p < 0.01
vs. Aβ; Fig. 2 a and b) and cleaved caspase-1 (Aβ + LG,

132.61 ± 15.24% relative to BV2, p > 0.05 vs. BV2, p < 0.05
vs. Aβ; Fig. 2 a and d). To further test the effect of LG treat-
ment on the Th1 and Th2, Q-PCR was used to detected the
mRNA level of IL-1β, TNF-α, IL-4, and IL-13. The results
showed that Aβ significantly increased IL-1β (Aβ, 171.16 ±
9.02% relative to BV2, p < 0.01 vs. BV2; Fig. 2e) and TNF-α
(Aβ, 167.38 ± 14.92% relative to BV2, p < 0.01 vs. BV2; Fig.
2f) mRNA levels and decreased IL-4 (Aβ, 64.48 ± 14.57%,
p < 0.05 vs. BV2; Fig. 2g) and IL-13 (Aβ, 59.69 ± 8.77%
relative to BV2, p < 0.01 vs. BV2; Fig. 2h) mRNA levels.
LG treatment reduced the IL-1β (Aβ + LG, 113.08 ± 6.11%
relative to BV2, p > 0.05 vs. BV2, p < 0.01 vs. Aβ; Fig. 2e)
and TNF-α (Aβ + LG, 50.05 ± 7.89% relative to BV2,
p < 0.01 vs. BV2, p < 0.001 vs. Aβ; Fig. 2f) and increased
IL-4 (Aβ + LG, 159.01 ± 17.17%, p < 0.01 vs. BV2,
p < 0.05 vs. BV2, p < 0.001 vs. Aβ; Fig. 2g) and IL-13 (Aβ

Fig. 1 LG reduces inflammation in Aβ-treated N2A cells. a LG treat-
ment had no effect on cell viability in N2A cells (n = 3; one-way
ANOVA: F(6,14) = 0.171, p = 0.98). The cell viability is normalized by
non-treatment with LG (0 μM). b Aβ reduced cell viability in N2A cells
(n = 3; one-way ANOVA: F(6,14) = 10.380, p < 0.01). c LG increased cell
viability in a dose-dependent manner inAβ-treated N2A cells (n = 3; one-
way ANOVA: F(6,14) = 9.556, p < 0.01). d–i Effects of LG on

inflammation and apoptosis in Aβ-treated N2A cells. The relative protein
levels of caspase-3 (d and e), cleaved caspase-3 (d and f), NLRP3 (d and
g), caspase-1 (d and h), and cleaved caspase-1 (d and i) are normalized by
N2A cells treated with Aβ (n = 4 in each group). One-way ANOVA:
F(2,9) = 10.271, p = 0.03 for NLRP3; F(2,9) = 0.048, p = 0.953 for
caspase-1; F(2,9) = 8.337, p = 0.009 for cleaved caspase-1. Data are
expressed as mean ± SEM, *p < 0.05, **p < 0.01
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+ LG, 113.08 ± 6.11% relative to BV2, p > 0.05 vs. BV2,
p < 0.001 vs. Aβ; Fig. 2h) mRNA to control level.

To investigate the effect of LG treatment on phenotypic
transformation in BV2 cells that Aβ-induced, we detected
the expression of M1 (iNOS) and M2 (Arg-1). The results
showed that LG treatment decreased the expression of M1
(Aβ, 301.59 ± 27.01% relative to BV2, p < 0.05 vs. BV2;
Aβ + LG, 95.56 ± 40.08% relative to BV2, p > 0.05 vs.
BV2, p < 0.05 vs. Aβ; Fig. 2 i and j) and increased the ex-
pression of M2 (Aβ, 72.13 ± 4.36% relative to BV2, p < 0.05
vs. BV2; Aβ + LG, 139.93 ± 15.32% relative to BV2,
p < 0.05 vs. N2A, p < 0.01 vs. Aβ; Fig. 2 i and k).

Effects of LG on Learning and Memory in AD Mice

To evaluate the effects of LG on learning and memory in AD
mice, the Morris water maze task was used. The results
showed that the escape latency in the AD group was much
longer than WT group (day 1, 71.31 ± 6.34 s for WT, 101.82
± 3.27 s for AD; day 2, 37.24 ± 4.29 s for WT, 98.39 ± 7.16 s
for AD; day 3, 27.34 ± 3.46 s for WT, 82.56 ± 5.66 s for AD;
day 4, 21.31 ± 3.43 s for WT, 54.45 ± 8.14 s for AD; day 5,
17.94 ± 1.77 s for WT, 48.92 ± 9.13 s for AD; p < 0.01 vs.
WT; Fig. 3a). LG treatment significantly shortened escape

latency for searching for the hidden platform (AD + LG,
97.4 ± 4.08 s for day 1; 67.29 ± 10.11 s for day 2; 34.52 ±
3.95 s for day 3; 29.82 ± 3.26 s for day 4; 17.34 ± 2.77 s for
day 5; p < 0.01 vs. AD, p > 0.05 vs. WT; Fig. 3a), compared
with those in the AD group. The probe test revealed that mice
in AD group spent much less time in the target quadrant (WT,
40.22 ± 2.86 s; AD, 27.62 ± 2.18 s, p < 0.05 vs. WT; Fig. 3b)
and reduced the number of entries into the platform zone (WT,
12.1 ± 0.78; AD, 7.5 ± 0.68, p < 0.05 vs. WT; Fig. 3c). LG
treatment significantly increased the time spent in target quad-
rant (AD + LG, 46.51 ± 4.59 s, p > 0.05 vs. WT, p < 0.05
vs.AD; Fig. 3b) and the number of entries into the platform
zone (AD + LG, 12.46 ± 1.56, p > 0.05 vs. WT, p < 0.05 vs.
AD; Fig. 3c). Taken together, these results indicate that LG
significantly ameliorates the memory deficits in AD mice.

Effects of LG on Inflammation and Apoptosis in the
Brains of AD Mice

It has been well documented that NLRP3 and cleaved
caspase-1 were the central role of the inflammation (Hou
et al. 2019). The western blot was used to detect the expres-
sion of NLRP3 and cleaved caspase-1 in ADmice. The results
showed that the expression of NLRP3 (AD, 151.10 ± 13.01%

Fig. 2 LG reduces inflammation in Aβ-treated BV2 cells. The relative
protein levels of NLRP3 (a and b), caspase-1 (a and c), and cleaved
caspase-1 (a and d) are normalized by BV2 cells (n = 4 in each group).
One-way ANOVA: F(2,9) = 16.679, p = 0.02 for NLRP3; F(2,9) = 0.669,
p = 0.527 for caspase-1; F(2,9) = 9.466, p = 0.003 for cleaved caspase-1.

e–h IL-1β, TNF-α, Il-4, and IL-13 mRNAwere determined by real-time.
The relative protein levels of iNOS (i and j) and Arg-1 (i and k) are
normalized by BV2 cells. Data are expressed as mean ± SEM,
*p < 0.05, **p < 0.01
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relative to WT, p < 0.05 vs. WT; Fig. 4a and B) and cleaved
caspase-1 (AD, 212.12 ± 18.09% relative to WT, p < 0.01 vs.
WT; Fig. 4 a and d) was increased in 6-month AD mice and
LG treatment decreased the NLRP3 (AD + LG, 98.09 ±
28.10% relative to WT, p > 0.05 vs. WT; p < 0.05 vs. AD;
Fig. 4 a and b) and cleaved caspase-1 expression (AD + LG,
148.10 ± 16.08% relative toWT, p > 0.05 vs.WT; p < 0.05 vs.
AD; Fig. 4 a and d). To further test the effect of LG treatment
on inflammatory cytokines, Q-PCR was used to detect the
mRNA level of IL-1β and TNF-α. The results showed that
Aβ significantly increased IL-1β (AD, 173.99 ± 5.08% rela-
tive to WT, p < 0.001 vs. WT; Fig. 4e) and TNF-α (AD,
206.69 ± 33.05% relative to WT, p < 0.01 vs. WT; Fig. 4f)
mRNA levels. LG treatment restored the IL-1β (AD + LG,
59.77 ± 11.27% relative to WT, p < 0.01 vs. WT, p < 0.01 vs.
AD; Fig. 4e) and TNF-α (AD + LG, 87.79 ± 5.33, p > 0.05 vs.
WT, p < 0.01 vs. AD; Fig. 4f) mRNA levels. The data con-
firms that LG has an anti-inflammatory effect in AD mice.

Then, we examined the apoptosis-associated proteins cas-
pase-3, BAX, and Bcl-2 in the brains of AD mice. We found
that the treatment of LG decreased the expression of cleaved
caspase-3 (AD, 312 ± 18.01% relative to WT, p < 0.01 vs.
WT; AD + LG, 90.01 ± 16.02% relative to WT, p > 0.05 vs.
WT, p < 0.05 vs. AD; Fig. 4 g and i) and BAX (AD, 138 ±
17.01% relative to WT, p < 0.05 vs. WT; AD + LG, 93.01 ±
6.02% relative to WT, p > 0.05 vs. WT, p < 0.05 vs. AD; Fig.
4 g and j) and increased the expression of Bcl-2 (AD, 33.01 ±

3.01% relative to WT, p < 0.01 vs. WT; AD + LG, 63.01 ±
11.01% relative toWT, p < 0.05 vs.WT, p < 0.01 vs. AD; Fig.
4 g and k). The results suggest that LG has an anti-apoptosis
effect in AD mice.

Effects of LG on APP Processing in AD Mice

We found that LG significantly decreased the number of se-
nile plaques (WT, n = 10 slices from 5 mice; AD, n = 21 slices
from 7 mice, 76.86 ± 6.72, p < 0.001 vs. WT; AD + LG, n =
21 slices from 3 mice, 50.43 ± 4.83, p < 0.001 vs. WT;
p < 0.01 vs. AD; Fig. 5 a and b). It is well known that senile
plaques were consisted of Aβ deposition. However, Aβ is
generated from sequential cleavages of APP by BACE1 and
PS1 and BACE1 cleaves APP to generate C99 and C89 frag-
ments, respectively (Hung and Livesey, 2018). Therefore, we
detected whether LG can decrease the Aβ production. The
results showed that LG decreased BACE1 (AD, 191 ± 19%
relative to WT, p < 0.01 vs. WT; AD + LG, 99 ± 12% relative
toWT, p > 0.05 vs. WT; p < 0.01 vs. AD; Fig. 5 c and e), C89
(AD, 190 ± 19% relative to WT, p < 0.01 vs. WT; AD + LG,
110 ± 8% relative to WT, p > 0.05 vs. WT; p < 0.01 vs.AD;
Fig. 5 c and g), C99 (AD, 290 ± 18% relative to WT, p < 0.01
vs. WT; AD + LG, 120 ± 12% relative to WT, p > 0.05 vs.
WT; p < 0.01 vs. AD; Fig. 5 c and h), PS1 (AD, 357 ± 23%
relative to WT, p < 0.01 vs. WT; AD + LG, 64 ± 8% relative
to WT, p > 0.05 vs. WT; p < 0.01 vs. AD; Fig. 5 c and f),

Fig. 3 Effects of LG on spatial
learning and memory of AD
mice. a The escape latency to the
hidden platform during spatial
learning during the Morris water
maze test. Repeated measures
ANOVA: F(2,12) = 29.76,
p < 0.01. b During the probe test
with absence of the hidden
platform, the time spent in the
hidden platform-located quadrant.
One-way ANOVA: F(2,12) =
13.79, p < 0.01. c The number of
entries into the platform zone.
One-way ANOVA: F(2,12) = 14.
76, p < 0.01. Data are expressed
as mean ± SEM, *p < 0.05,
**p < 0.01
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Aβ42 (AD, 674.80 ± 34.97 relative to WT, p < 0.001 vs. WT;
AD + LG, 583.54 ± 32.0466527.49 relative to WT, p < 0.01
vs. WT; p < 0.01 vs. AD; Fig. 5i), and Aβ40 (AD, 391.49 ±
60.03 relative to WT, p < 0.01 vs. WT; AD + LG, 251.27 ±
32.05 relative to WT, p > 0.05 vs. WT; p < 0.05 vs. AD; Fig.
5j) expression. However, the expression of APP was not af-
fected by LG treatment (AD, 294.33 ± 28.01% relative toWT,
p < 0.01 vs. WT; AD + LG, 307 ± 24.02% relative to WT,
p < 0.01 vs. WT; p > 0.05 vs. AD; Fig. 5 c and d). Taken
together, these results reveal that Aβ level is substantially
reduced in AD mice treated with LG.

Effects of LG on Microglia M1/M2 Transformation in
AD Mice

Two proteases, neprilysin (NEP) and insulin-degrading en-
zyme (IDE), are generated from the microglial. To detect
whether LG can affect the degradation of Aβ, western blot
was used to study the expression of NEP and IDE. We found
that LG treatment increased NEP (AD, 71.41 ± 3.92% relative
to WT, p < 0.05 vs. WT; AD + LG, 127.26 ± 13.76% relative
to WT, p < 0.05 vs. WT; p < 0.05 vs. AD; Fig. 6 a and b) and
IDE (AD, 59.32 ± 12.99% relative to WT, p < 0.05 vs. WT;

AD + LG, 102.48 ± 12.41% relative to WT, p > 0.05 vs. WT;
p < 0.05 vs. AD; Fig. 6 a and c) expressions. To future inves-
tigate the effect of LG treatment on microglia M1/M2 trans-
formation in AD mice, we detected the expression of Iba-1,
M1 (iNOS), and M2 (Arg-1). The results showed that LG
treatment decreased the expression of Iba-1 (AD, 158.49 ±
17.49% relative to WT, p < 0.05 vs. WT; AD + LG, 116.12
± 14.07% relative to WT, p > 0.05 vs. WT, p < 0.05 vs. AD;
Fig. 6 d and e) and M1 (AD, 158.04 ± 22.15% relative toWT,
p < 0.05 vs. WT; AD + LG, 103.31 ± 19.51% relative to WT,
p > 0.05 vs. WT, p < 0.05 vs. AD; Fig. 6 d and f); meanwhile,
it increased the expression of M2 (AD,73.71 ± 4.21% relative
to WT, p < 0.05 vs. WT; AD + LG, 111.91 ± 13.28% relative
to WT, p < 0.05 vs. WT, p < 0.01 vs. AD; Fig. 6 d and g).

Discussion

In the present study, we find that LG significantly reduced the
Aβ-induced neuronal death and inflammatory response in
N2A and BV2 cells. We also report that LG alleviates Aβ
levels via decreasing Aβ generation, which may subsequently
contribute to the amelioration of cognitive decline.

Fig. 4 Effects of LG on inflammation and apoptosis in AD mice. The
relative protein levels of NLRP3 (a and b), caspase-1 (a and c), and
cleaved caspase-1 (a and d) are normalized by AD mice (n = 3 in each
group). One-way ANOVA: F(2,6) = 29.818, p < 0.01 for NLRP3; F(2,6) =
3.378, p = 0.104 for caspase-1; F(2,6) = 15.401, p < 0.01 for cleaved cas-
pase-1. IL-1β (e) and TNF-α (f) mRNA expressions were determined by

real-time PCR. n = 3–5 in each group. Data are expressed as mean ±
SEM, *p < 0.05, **p < 0.01. Effects of LG on apoptosis related proteins
in AD mice. The relative protein levels of caspase-3 (g and h), cleaved
caspase-3 (g and i), BAX (g and j), and Bcl-2 (g and k) are normalized by
WT mice (n = 3 in each group)
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Collectively, the current study demonstrates the LG’s protec-
tive effect on the pathogenesis of AD, suggesting that LGmay
be a potential therapeutic agent for treating AD.

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disease characterized by extracellular deposition of Aβ-
associated plaques (Li et al. 2018; van der Kant et al. 2019).

Fig. 5 LG decreases Aβ deposition in APP/PS1 mice. a, b The number
of senile plaques were detected by immunohistochemistry in the brains of
APP/PS1 mice with LG treatment (n = 3 in each group). One-way
ANOVA: F(2,12) = 3.391, p = 0.144. c–h Effects of LG on APP process-
ing in AD mice. The relative protein levels of APP (c and d), BACE1 (c
and e), PS1 (c and f), C88 (c and g), and C89 (c and f) are normalized by
WT (n = 5 in each group). One-way ANOVA: F(2,12) = 25.773, p < 0.01

for APP; F(2,12) = 14.831, p < 0.01 for BACE1; F(2,12) = 79.349, p < 0.01
for PS1; F(2,12) = 29.56, p < 0.01 for C88; F(2,12) = 5.641, p < 0.05 for
PS1; F(2,12) = 42.2, p < 0.01 for C89. i, j ELISA quantification of Aβ40
and Aβ42 was performed in APP/PS1 mice. Aβ40 levels and Aβ42
levels were markedly decreased after LG treatment. Data are expressed
as mean ± SEM, *p < 0.05, **p < 0.01

Fig. 6 Effects of LG on M1/M2 transformation in ADmice. The relative
protein levels of NEP (a and b), IDE (a and c), Iba-1 (d and e), iNOS (d
and f), and Arg-1 (d and g) are normalized by WT mice (n = 4 in each

group). One-way ANOVA: F(2,9) = 3.657, p = 0.069 for iNOS; F(2,9) =
5.910, p = 0.023 for Arg-1; F(2,9) = 5.435, p = 0.014 for Iba-1. Data are
expressed as mean ± SEM, *p < 0.05, **p < 0.01
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Aβ has been considered to be a key role in the pathogenesis of
AD and t h e a c cumu l a t i on o f Aβ i nduced t au
hyperphosphorylation, inflammatory response, and neuronal
apoptosis (Kunkle et al. 2019). Thus, reducing the amount of
Aβ might be a potential therapeutic strategy for AD. It has
been demonstrated that LG could alleviate the Aβ-induced
neurotoxicity effects in the neuron cells (Jo et al. 2016b).
Accordingly, in the present study, we found that LG could
decrease the inflammatory reaction and neuronal apoptosis
in N2A cells. Meanwhile, we found that Aβ treatment in-
duced the increase of M1 type microglia and decrease of M2
type microglia in the BV2 cells, which could be reversed by
LG.

Aβ is generated by the sequential action of proteases de-
noted as β-secretase (BACE1) and γ-secretase, which cleave
the amyloid precursor protein (APP) (Kimura et al. 2016). In
this study, we demonstrated that LG could decrease the ex-
pression of BACE1, PS1, and CTF, thereby reducing the Aβ
production, but have no effect on APP expression in ADmice.

Neuroinflammation, by activating microglia, also plays a
key role in the onset and development of AD (Li et al. 2019;
Thawkar and Kaur, 2019). NLRP3 is the representative
inflammasome, and previous studies have demonstrated that
NLRP3 knockout mice decreased the deposition of Aβ, re-
stored synaptic plasticity, and improved cognitive function
(Tejera et al. 2019; Yin et al. 2018). Therefore, it is reasonable
to speculate that LG could decrease the NLRP3 expression
and thereby increasing the clearance of Aβ. There are two
types of activated microglia: M1 and M2 (Allendorf et al.
2019). The activation of M1 microglia produces a range of
inflammation factors, including IL-1β, IL-6, and TNF-α, and
promotes the neuroinflammation (Gupta et al. 2018). NLRP3
is able to activate the pro-inflammatory protein caspase-1 and
thus promote the secretion of IL-1β (Long et al. 2019). In our
study, we found that LG could decrease the expression of
cleaved caspase-1 and IL-1β as well as the TNF-α mRNA
levels, while M2 microglia, such as IL-4 and IL-13, can re-
lease anti-inflammatory factors, phagocytosis of damaged
nerve cell fragments, and promotion of tissue repair and neu-
ron regeneration (Liu et al. 2019). In our study, we reported
that LG could activate the M2 microglia, as reflected by the
increase of Arg-1 expression. We also found that LG could
rescue the expression IDE and NEP; therefore, it is reasonable
to suggest that LG could regulate the microglia M1/M2 bal-
ance to accelerate the clearance of Aβ.

In addition, the present study showed that LG treatment
ameliorated the learning and memory deficits in AD mice.
Taken together, the results demonstrate that LG could de-
crease the Aβ production and accelerate the Aβ clearance
by regulating the microglia M1/M2 transformation, thereby
alleviating the cognitive impairments, suggesting a potential
therapeutic role of LG for AD patients.
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