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Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by progressive
memory damage and cognitive dysfunction. Studies have shown that defective
autophagic flux is associated with neuronal dysfunction. Modulating autophagic activity
represents a potential method of combating AD. In Chinese medicine, Acori Tatarinowii
Rhizoma is used to treat dementia and amnesia. β-Asarone, an active component of this
rhizome can protect PC12 cells from Aβ-induced injury and modulate expression of
autophagy factors. However, its cytoprotective mechanisms have yet to be discerned. It is
unclear whether β-asarone affects autophagic flux and, if it does, whether this effect can
alleviate Aβ cell damage. In the present study, we constructed APPswe-overexpressing
PC12 cell line as a cell model of Aβ-induced damage and assessed expression of
autophagic flux-related proteins as well as the number and morphology of
autophagosomes and autolysosomes. Our results show that β-asarone decreases the
expression levels of Beclin-1, p62, LC3-Ⅱ, and Aβ1-42. β-Asarone reduced the number of
autophagosomes and increased the number of autolysosomes, as determined by
confocal laser scanning microscopy and transmission electron microscopy. Our results
suggest that β-asarone can protect PC12 cells from Aβ-induced damage by promoting
autophagic flux, which may be achieved by enhancing autophagosome-lysosome fusion
and/or lysosome function.
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INTRODUCTION

Alzheimer’s disease (AD) is a chronic neurodegenerative disease with an insidious onset, and is
clinically characterized by generalized dementia, such as memory loss, cognitive dysfunction, and a
decline in self-care that ultimately leads to death (Cai et al., 2019). Onset of AD is highly correlated
with increasing age. With an aging population and a perpetually increasing life expectancy, the
number of patients with AD worldwide has increased each year. In 2018, it was estimated that
50 million people worldwide were living with dementia, with AD accounting for 50–60% of these
cases (Potashkin et al., 2019). To date, only five anti-AD drugs have been approved for clinical use by
the United States Food and Drug Administration (FDA). These drugs only relieve symptoms but
cannot reverse neuronal damage caused by AD (Isla et al., 2021). Therefore, it is critical to
understand the pathological mechanisms of AD and to find effective methods of prevention and
treatment.
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Recently, scientists have realized that the causes of AD are
complex and require insight from new scientific perspectives
(Palmqvist et al., 2019). Autophagy is a highly conserved
intracellular process. It maintains the stability of the
intracellular environment by mediating the degradation of
abnormal or damaged components through lysosomal
degradation (Dasol et al., 2021). Numerous studies have
shown that defective autophagy is frequently associated with
neuronal dysfunction. Thus, modulation of autophagic activity
represents a potential method of preventing and treating AD and
other neurodegenerative diseases (Lee et al., 2019).

Autophagy is a dynamic, multi-step process that can be
modulated at several steps (Klionsky et al., 2016). The term
autophagic flux is used to describe the entire process,
including the formation of autophagosomes, the transport of
autophagic substrates to lysosomes, and the degradation of
autophagic substrates in autolysosomes (Torossian et al.,
2019). Measuring the number of autophagosomes at a single
time point is insufficient to evaluate the activity of autophagy,
results can be misleading because the number of autophagosomes
is affected by both formation and clearance (Hu et al., 2017).
Therefore, autophagic flux should be measured dynamically and
holistically.

When neuronal function is impaired during autophagy,
autophagic flux is blocked or autophagosomes accumulate
abnormally in the cell. Autophagic dysfunction prevents the
timely removal of proteins, such as Aβ, which, in turn, block
autophagy. Intracellular accumulation of Aβ affects
autophagosome transport, the fusion of autophagosomes and
lysosomes, the stability of lysosomal membranes, and the
degradation of autophagy substrates, thus promoting the
pathological changes seen in AD (Ntsapi et al., 2018; Feng
et al., 2020).

Many drugs can regulate the production of autophagosomes.
The activation of autophagosomes in the early stage of AD is
beneficial as it aids in the clearance of abnormal proteins.
However, in lysosomal failure, the fusion of autophagosomes
and lysosomes is blocked, and the activation of autophagosomes
only increases the accumulation of abnormal proteins. This
suggests that drugs that can modulate multiple stages of the
autophagic process may be more effective than those that target a
single step. Clearing autophagic substrates likely represents a key
mechanism necessary to the development of effective
therapeutics.

The traditional Chinese medicine Acori Tatarinowii Rhizoma is
used widely in the clinic for conditions like dementia and amnesia.
β-Asarone, one of its main components, has been shown to pass
through the blood-brain barrier (Irie and Keung, 2003). Though
studies have illustrated the effects of β-asarone against AD in vitro
and in vivo, its mechanism of action remains elusive (Liang et al.,
2015; Saki et al., 2020). In this study, we used PC12 cells, a cell line
that was previously derived from a rat pheochromocytoma and has
been widely used as an in vitro model for neuronal injury (Irie and
Keung, 2003; Zhang et al., 2020), to explore whether β-asarone
protects from Aβ-induced damage by affecting autophagic flux.
Thus, we provide a theoretical basis for the use of β-asarone to
improve the symptoms of AD.

MATERIALS AND METHODS

Drug Preparation and Antibodies
β-Asarone was prepared at the Center Lab of the First Affiliated
Hospital of Guangzhou University of Chinese Medicine
according to the patent “Refined Method of β-asarone”
(application number: cn200510100524.9). Its purity was
99.701%, as determined by gas chromatography-mass
spectrometry (GC-MS).

Rabbit monoclonal anti-amyloid precursor protein (APP,
76600S), anti-Beclin-1 (3495S), anti-p62 (39749S), anti-Aβ1-42
(12843S), anti-β-actin (4970S), and horseradish peroxidase
(HRP)-labeled secondary goat anti-rabbit IgG (7074S)
antibodies were obtained from Cell Signaling Technology
(United States). Rabbit polyclonal anti-LC3 (ab48394)
antibody was procured from Abcam (United Kingdom).

Cell Culture
Rat adrenal pheochromocytoma cells (PC12 cells) were kindly
provided by Guangzhou Medical University, China. The cells
were cultured in RPMI 1640 media (Gibco, United States)
containing 10% (v/v) fetal bovine serum (Gibco,
United States) in a humidified atmosphere of 5% CO2 at 37°C.
0.25% Trypsin-EDTA (Gibco, United States) was used to passage
the cells every 3 days.

Lentivirus Infection and Stable Selection
PC12 cells stably overexpressing APPswe were constructed by
lentivirus infection. Lentiviral particles containing the APPswe
gene or an empty vector were designed and packaged by Ubigene
Biosciences (Guangzhou, China).

Cells were seeded in 24-well culture plates and, when their
density reached 40%, they were cultured in a mixture
containing lentiviral particles that was prepared from a
lentiviral stock solution containing polybrene (200213A01,
Ubigene, China) and complete media. The mixture was
replenished 4 h later and replaced with complete media
after 24 h. 96 h after infection, 3.5 μg/ml puromycin
(1299MG025, Biofroxx, Germany) was added to the media
to select stable cell lines. After 72 h, the media was replaced
with complete media containing 1.75 μg/ml puromycin, and
the cells were expanded for further experimentation. Finally,
overexpression of APPswe was confirmed by real-time PCR
and Western blot. Aβ1-42 was detected by enzyme-linked
immunosorbent assay (ELISA).

These stable cell lines were cultured or stored in complete
media containing 1.75 μg/ml puromycin to maintain high
expression levels of the target gene when they were not in use.
During experimentation, they were cultured in complete media to
eliminate any possible influence of puromycin.

Real-Time PCR
The gene expression levels of APP were detected by real-time
PCR. Cells were seeded on 6-well culture plates. When the cells
reached 40% density, total RNA was extracted using an RNA
Isolation kit (R0024, Beyotime, China). Subsequently, total RNA
was quantified according to its absorbance, then reverse
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transcribed into cDNA using a cDNA Synthesis kit (AORT-0020,
GeneCopoeia, United States) per manufacturer’s instructions.

Real-time PCR was performed using a qPCR Mix (AOPR-
0200, GeneCopoeia) with a CFX96 real-time PCR detection
system (Bio-Rad, United States). Primers for APP were
obtained from GeneCopoeia (HQP009578). Primers for
GAPDH were synthesized by Sangon Biotech (Shanghai,
China): 5′-GGGCTGCCTTCTCTTGTGAC-3′ (Forward
primer), 5′-CCCGTTGATGACCAGCTTCC-3′ (Reverse
primer). PCR amplification conditions were: 95°C for 10 min,
40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for
20 s, and extension at 72°C for 15 s. mRNA expression results
were analyzed using the 2−△△CT method.

Western Blot
Protein expression levels of APP, Beclin-1, p62, LC3, Aβ1-42, and
β-actinwere detected bywestern blot. After cells were treated for 24 h,
they were collected, and total proteins were extracted using RIPA
buffer (P0013B, Beyotime) mixed with a protease inhibitor mixture
(P1005, Beyotime). Protein concentrations were determined using a
BCA assay kit (P0012, Beyotime). Protein samples mixed with
loading buffer (P0015, Beyotime) were separated via SDS-PAGE
(P0012AC, Beyotime) and transferred to PVDF membranes (FFP24,
Beyotime). The membranes were blocked with 5% (w/v) BSA
(4240GR025, Biofroxx) for 1 h at room temperature and
incubated with primary antibodies (1:1,000 dilution) at 4°C
overnight. Subsequently, the membranes were treated with HRP-
conjugated goat anti-rabbit antibodies (1:1,000 dilution). Finally, the
membranes were visualized with an enhanced chemiluminescence
reagent kit (WBKLS0100,Millipore, United States) and photographic
imaging equipment (ChemiDoc MP, Bio-Rad, United States).
Relative band intensities were quantified using Image J software
and normalized to β-actin.

ELISA

The levels of Aβ1-42 were measured by ELISA. Based on the results
of western blot and real-time PCR, one cell line was selected as the
model group. PC12 cells and model cells were passaged and
cultured as described above. When cells reached 80% density, the
culture media and cells were collected separately. The media was
centrifuged at 1,000 × g for 5 min, and the supernatant was
collected. Total proteins were extracted by RIPA buffer mixed
with protease inhibitor mixture and quantified using a BCA assay
kit. The levels of Aβ1-42 in culture medium and cell lysate were
measured with an ELISA kit (CEA946Hu, Cloud-Clone, Wuhan,
China) per manufacturer’s protocol. A microplate reader (MK3,
thermal, United States) was used to measure the optical density of
the samples at a wavelength of 450 nm. The results were analyzed
using Curve expert software, and standard curve regression
equations were calculated based on the concentration of the
standard density and the optical density values.

Impedance-Based Cell Analysis
The concentrations and time under which β-asarone and
chloroquine diphosphate (CQ, C6628, Sigma, United States) could

exert cellular effects were selected by impedance-based cell analysis.
Cells were plated onto polylysine-coated (P6407, Sigma) 96-well
impedance assay plates (Z96-IMP-96B, Axion, United States). The
plate was then placed onto an Axion BioSystems Maestro Z platform
(Axion, United States) tomonitor impedance in real time.When cells
in the normal group reached 40%density (about 40Ω of impedance),
CQ or β-asarone were added at different concentrations, and the
impedance was observed and recorded.

Cell Viability Assay
Cell viability was measured using Cell Counting Kit-8 (CK04,
Dojindo, Japan) per manufacturer’s protocol. Briefly, cells were
seeded in 96-well culture plates. After cells were treated for 24 h,
CCK-8 mixed with complete media at a ratio of 1:9 was added to
the plate, which was then incubated for 1 h. Optical density was
then measured at 450 nm.

Confocal Laser Scanning Microscopy
Analysis
Cells were seeded in glass-bottom culture dishes (BS-15-GJM,
Biosharp, China). When they reached 40% density, mcherry-
EGFP-LC3 adenovirus (HB-AP2100001, Hanbio, China) was
added per manufacturer’s protocol. After the cells were treated for
24 h, they were fixed with 4% (w/v) paraformaldehyde for 30min,
permeabilized with 0.1% (v/v) tritonX-100 for 15min, and stained
with DAPI (D9542, Sigma) for 10min in the dark. Finally,
fluorescence micrographs were obtained by CLSM (TCS SPE,
Leica, Germany). The samples were irradiated by 488, 532, and
405 nm lasers in turn, and the images from all the channels were
collected simultaneously. To calculate the number of
autophagosomes and autolysosomes, LC3 was tracked by
observing the number and distribution of red and green
fluorescent dots. For quantification of green and red dots within
cells, nine fluorescence micrographs from each group were counted.

Transmission Electron Microscopy Analysis
Autophagosomes and autolysosomes were imaged using TEM (H-
7650, Hitachi, Japan). After cells were treated for 24 h, they were
collected and fixed with 3% (w/v) glutaraldehyde, then fixed in 1%
(w/v) osmium tetroxide, dehydrated in graded ethanol and acetone
solution, and embedded in Epon812 epoxy resin. Sectioning and
staining were performed subsequently under general electron
microscopy supervision. Finally, ultrathin sections were examined
by transmission electron microscopy (TEM). For quantification of
autophagosomes and autolysosomes, five electron micrographs from
each group were counted.

Statistical Analysis
All datawere analyzed using SPSS 25.0 software. Data that conformed
to the normal distribution were expressed as mean ± standard
deviation. A Student’s t-test was used to analyze the differences
between two groups. One-way ANOVA was used for comparison
between multiple groups. A Dunnett-t or SNK test was used for
pairwise comparison when the variance was homogeneous, and a
Dunnett’s T3 test was used when the variance was heterogeneous. p <
0.05 was considered statistically significant.
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RESULTS

Establishment of APPswe-Overexpressing
Cell Line
APPswe is an APP mutant with the Swedish mutation that causes
increased production of Aβ, resulting in familial AD (Satir et al.,
2020). To establish a cell injury model that is induced by Aβ,
PC12 cells were infected with lentiviral particles containing
APPswe, with an empty vector used to generate a control line

(herein termed “virus control group”). We identified four stable
cell lines expressing APPswe by screening with puromycin. Gene
and protein expression levels of APP were detected by real-time
PCR and western blot to confirm that these cell lines stably
overexpressed APPswe.

Compared with the normal group, the expression of APP
mRNA was significantly increased (p < 0.05, p < 0.01, Figure 1A)
in all four stable cell lines. APP protein expression was also
significantly increased (p < 0.05, Figure 1B) in stable cell line 1,

FIGURE 1 | Identification of APPswe-overexpressing cell line. Five stable cell lines were obtained by viral infection and screening, four of which were infected by
lentivirus containing the APPswe gene. The other cell line was infected with an empty vector. The expression levels of APP were determined by (A) real-time PCR
(compared with the normal group, *p < 0.05, **p < 0.01, n � 3) and (B) western blot (compared with the normal group, *p < 0.05, n � 4). (C) The levels of Aβ1-42 were
measured by ELISA (compared with the normal group, **p < 0.01, n � 6).
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while there was no difference in the remaining stable cell lines
(p > 0.05). Based on these results, stable cell line 1 was selected as a
model for subsequent experimentation (herein termed “model
group”).

Compared with the normal group, the expression of APP
mRNA in the virus control group was increased (p < 0.05,
Figure 1A), but the protein expression of APP in the virus
control group was decreased (p < 0.05, Figure 1B). With
regards to cell viability, there was no significant difference
between the virus control group and normal group (p > 0.05,
Figure 3A). This suggests that lentiviral infection may have an
effect on the expression of APP, but this effect is negligible for
PC12 cells.

The levels of Aβ1-42 in APPswe-overexpressing cell line were
detected by ELISA. As shown in Figure 1C, in both culture media
and cell lysates, the levels of Aβ1-42 in the model group were
increased compared with the normal group (p < 0.01).

Determination of β-Asarone and CQ
Concentrations and Time of Exposure
Impedance-based cell analysis was used to identify the conditions
where β-asarone might exert its physiological effect. As shown in
Figure 2A, the impedance of each group was similar within 17 h
after cell seeding. But after 17 h, the impedance of the normal
group with PC12 cells began to increase further, compared with
the other groups with APPswe-overexpressing cells, and the
difference continuously expanded with the extension of time.
With the addition of β-asarone in APPswe-overexpressing cells,
the impedance of the 72 μMgroup began to rise further compared
with the other groups with different concentration gradients, and
the difference continuously widened over time. At 24 h after
β-asarone administration, there was no difference between the
normal group and 72 μM group (p > 0.05, Figure 2B). The
impedance of the model group and groups treated with 6, 12, 24,
48 μM β-asarone were significantly decreased compared with the
normal group (p < 0.05). Compared with the model group, the
impedance of the 72 μM group was increased (p < 0.05). And
there was no significant difference in impedance between the
model group and groups treated with 6, 12, 24, 48 μM β-asarone
(p > 0.05). Based on these results, 72 μM β-asarone treatment for
24 h was chosen for subsequent experimentation.

In determining optimal conditions for CQ treatment, we
found that impedance decreased in a dose-dependent manner.
The difference in impedance among the groups reached its
maximum when the drug was added for 24 h (Figure 2D).
Compared with the normal group, the impedance of the
groups treated with 20, 50, or 100 μM CQ was decreased (p <
0.01); however, treatment with 10 μM of CQ had no significant
effect (p > 0.05). Therefore, 20 μM CQ treatment for 24 h was
chosen for subsequent experimentation.

The impedance showed a fast and transient decrease during
the assay. That is because the impedance assay plates were
temporarily removed from the platform for observation of cell
growth or adding drugs. From Figures 2A,C, when the
impedance assay plates were put back to platform, the
impedance of each group was restored to the level of before

being removed in a short time. Therefore, the effects of these
operations and the resulting fluctuations on the assay can be
considered to be negligible.

β-Asarone Protects Cells From Aβ
Our results show that the viability of cells in the model group,
β-asarone group, CQ group, and CQ + β-asarone group was
decreased (p < 0.05). Compared with the model group, the
viability of the β-asarone group increased significantly (p <
0.05), while in the CQ group and CQ + β-asarone group,
viability decreased (p < 0.05). There was no difference between
the normal group and virus control group (p > 0.05) (Figure 3A).

Changes in Expression of Autophagic
Flux-Related Proteins
Beclin-1, p62, LC3, and Aβ1-42 were detected from cell lysates by
western blot (Figures 3B–F). Our results show that compared
with the normal group, the expression levels of Beclin-1, LC3-II,
and Aβ1-42 were increased (p < 0.05) in the model group;
however, expression levels of p62 were decreased (p < 0.05) in
the model group. Compared with the model group, the
expression levels of p62 were increased in the CQ group and
the CQ + β-asarone group (p < 0.05), but there was no statistically
significant difference in the levels of either Beclin-1, LC3-Ⅱ or
Aβ1-42 (p > 0.05). Furthermore, the levels of Beclin-1, p62, LC3-Ⅱ
and Aβ1-42 were decreased in the β-asarone group, compared with
the model group (p < 0.05). There was no significant difference in
the protein expression levels of Beclin-1, p62, LC3-Ⅱ or Aβ1-42
between the CQ and CQ + β-asarone groups (p > 0.05).

Analysis of Autophagosomes and
Autolysosomes Status
To evaluate autophagic flux, we infected cells with mCherry-
EGFP-LC3 adenovirus to visualize autophagosomes. In our assay,
the intracellular LC3 simultaneously carried two kinds of
fluorescent proteins, mCherry and EGFP. The green
fluorescence of EGFP will be quenched in an acidic
environment (pH < 5) due to its acid-sensitive nature, so a
yellow fluorescent dot (the superposition of red and green
fluorescence) represents an autophagosome or an alkalized
autolysosome, and a single red fluorescent dot represents a
normal autolysosome.

In the normal group, few fluorescent dots were observed with
two fluorescence channels (Figure 4A). Compared with the
normal group, the number of green and red fluorescent dots
was significantly increased in the model group (p < 0.01). The
number of green and red fluorescent dots in the model group was
similar (p > 0.05). Compared with the model group, the number
of red fluorescent dots was unchanged (p > 0.05) in the β-asarone
group, while the number of green dots decreased significantly (p <
0.01). The number of two-color fluorescent dots was further
increased in the CQ group, while the number of green and red
fluorescent dots was unchanged (p > 0.05). Compared with the
CQ group, there was no significant difference in two-color dots in
the CQ + β-asarone group (p > 0.05).
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Next, we performed TEM to confirm the number of
autophagosomes and autolysosomes (Figure 4B). The number
of autophagosomes and autolysosomes in the normal group were
relatively low. Compared with the normal group, the number of
autophagosomes in the model group increased significantly (p <
0.05), while the number of autolysosomes remained unchanged
(p > 0.05). Compared with the model group, the number of
autophagosomes in the β-asarone group decreased (p < 0.05),
while the number of autolysosomes increased (p < 0.05).
Compared with the model group, the morphology of
autophagosomes and autolysosomes in the CQ group became
disordered and enlarged, and their number increased significantly
(p < 0.05). Compared with the CQ group, there was no change in
autophagosome and autolysosome number or morphology in the
CQ + β-asarone group (p > 0.05).

DISCUSSION

The etiology and molecular mechanisms of AD are still unclear.
The amyloid cascade hypothesis was proposed based on the
pathological features of senile plaques (SPs) formed by the
deposition of Aβ. This hypothesis suggests that the
aggregation of Aβ can damage neurons through multiple
pathways and mechanisms, induce apoptosis, and lead to AD

(Karran and De Strooper, 2016). Aβ is a small molecular
polypeptide composed of 37–43 amino acids that is produced
by the hydrolysis of the amyloid precursor protein (APP) by
β-secretase and γ-secretase endogenous proteases (Velez et al.,
2019). We used APPswe, an APP mutant with a tandem double
mutation (K670N/M671L) to enhance the recognition function of
β-secretase, which leads to increased Aβ production (Satir et al.,
2020).

We constructed a stable APPswe-overexpressing PC12 cell
line which showed enhanced expression levels of Aβ1-42.
Compared with previous models of Aβ dysregulation, our
model can generate endogenous Aβ (Wong et al., 2020).
Transgenic AD mouse models like this have been used
previously (Bolognin et al., 2012; Jura et al., 2019). Thus, our
results can be used as a basis for further in vivo studies.

CQ is the only FDA-approved drug that inhibits autophagy
(Zhang et al., 2020). Its function in blocking autophagic flux is to
prevent autophagosomes from fusing with lysosomes to form
autolysosomes (Mauthe et al., 2018; Fedele and Proud, 2020). To
explore which step of autophagy might be affected by β-asarone,
CQ was used. We hypothesized the following: if β-asarone can
directly reverse the blockage in autophagic flux caused by CQ,
then it can potentially enhance autophagosome-lysosome fusion.
In contrast, if β-asarone failed to reverse autophagic flux blockade
caused by CQ, then autophagosomes would be unable to fuse with

FIGURE 2 | Determination of the optimal administration conditions for drugs. (A, B) The concentration and time of β-asarone were determined by impedance-
based cell analysis (compared with the normal group, *p < 0.05; compared with the model group, #p < 0.05, n � 6). (C, D) The concentration and time of CQ were
determined by impedance-based cell analysis (compared with the normal group, **p < 0.01, n � 6).
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FIGURE 3 | Alterations in cell viability and expression of autophagic flux-related proteins. (A) The effect of β-asarone on cell viability was determined by CCK-8
assay (compared with the normal group, *p < 0.05; compared with the model group, #p < 0.05, n � 6). (B–F) The effect of β-asarone on autophagic flux-related proteins
was assessed by western blot (compared with the normal group, *p < 0.05; compared with the model group, #p < 0.05, n ≥ 4).
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lysosome and would then be degraded. Our results show that
when autophagic flux was blocked by CQ, the number of
autophagosomes did not significantly change, suggesting that
β-asarone has no obvious effect on the formation of
autophagosomes. Further comparison between the β-asarone
group and model group showed that β-asarone significantly
reduced the number of autophagosomes in Aβ-damaged cells.
Thus, it could be speculated that β-asarone may promote the
degradation of autophagosomes in Aβ-damaged cells.

To evaluate the activity of autophagic flux and explore the
mechanism of β-asarone’s protective effects, the expression levels
of Beclin-1, p62, LC3-Ⅱ, and Aβ1-42 were assessed. Beclin-1
(BECN1) initiates the formation of autophagosomes and
induces the recruitment of other autophagy-related proteins to
the autophagosome (Wang et al., 2017). Therefore, Beclin-1
protein can serve as a marker for autophagy, and its
expression levels can be used to assess whether
autophagosome production is activated or inhibited.
Microtubule-associated protein 1 light chain 3 (LC3) is highly
associated with the formation of the autophagosome (Sun et al.,
2017). After autophagosome formation, LC3-Ⅱ remains tightly
bound to the autophagosome membrane until the fusion of

autophagosome and lysosome. Therefore, the expression levels
of LC3-Ⅱ or the ratio of LC3-Ⅱ/LC3-Ⅰ can be used to evaluate the
number of intracellular autophagosomes (Wang et al., 2013).
Sequestosome 1 (SQSTM1)/p62 (p62) is a selective autophagic
substrate, with several functional domains such as ubiquitin-
associated (UBA) and LC3-interacting region (LIR). Therefore,
p62 can be regarded as a bridge between LC3 and protein
ubiquitination, allowing ubiquitinated proteins to be targeted
to the autophagosome for degradation (Zhang et al., 2019). Both
Aβ1-42 and Aβ1-40 are derived from APP after cleavage by
β-secretase and γ-secretase. Of the two, Aβ1-42 is more prone
to oligomerization and aggregation and is more neurotoxic
(Chun et al., 2020). Therefore, we used Aβ1-42 to evaluate the
protective effects of β-asarone on Aβ-damaged cells. In addition,
colocalization of Aβ with autophagosomes and lysosomes has
been previously observed, which suggests that Aβ is a potential
autophagic substrate and may be used to evaluate the activity of
autophagic flux (Chen et al., 2016; Cheng et al., 2019).

In our study, autophagy was maintained at a low level in
normal cells, a finding consistent with previous studies (López-
Pérez et al., 2019). In PC12 cells damaged by Aβ due to
overexpression of APPswe, increased expression of Beclin-1

FIGURE 4 | Effects of β-asarone on status of autophagosomes and autolysosomes. (A) Cells were infected by an mCherry-EGFP-LC3 adenovirus and
fluorescence was observed by CLSM (600×) (compared with the normal group, **p < 0.01; compared with themodel group, ##p < 0.01; compared with green fluorescent
dots, ΔΔP<0.01, n � 9). (B) Autophagosomes and autolysosomeswere detected by TEM (“↑” points to an autophagosome, “↑↑” points to an autolysosome, “N” point to a
nucleus, 20,000×) (compared with the normal group, *p < 0.05; compared with the model group, #p < 0.05, n � 5).
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may represent the stress response of cells, as they attempt to
increase the number of autophagosomes to eliminate excess Aβ1-
42 (Jiang et al., 2018). High expression levels of LC3-Ⅱ indicates
that the number of autophagosomes has increased, which may be
caused by the stress-induced response of autophagy, the blocked
fusion of autophagosomes and lysosomes, or the inability of
autophagosomes to degrade substrates, among other causes
(Shen et al., 2020). We found that a large number of
autophagosomes or alkalized autolysosomes accumulated
APPswe-overexpressing cells, suggesting that autophagic flux
was blocked, which might have been caused by the blocked
fusion of autophagosomes and lysosomes or disruption of
lysosomal function (Chen et al., 2019). Moreover, decreased
expression levels of p62 were observed in these cells, a finding
that is inconsistent with other studies (Tanji et al., 2014). This
may represent increased autophagic flux, or Aβ may have
inhibited the production of p62 (Gu et al., 2018).

When APPswe-overexpressing cells were co-cultured with
β-asarone, the expression levels of Beclin-1, p62, LC3-Ⅱ, and
Aβ1-42 decreased. The decrease in Aβ1-42 suggests that the
protective effect of β-asarone may be due to an enhanced
clearance of Aβ1-42 (Wang et al., 2019). The decrease in
Beclin-1 may be due to the elimination of Aβ1-42 from cells
due to β-asarone. When the cause of stress state was relieved, the
expression of Beclin-1 tended to return to normal level (Deng
et al., 2020). The decreased levels of p62 and LC3-Ⅱ suggest that
the number of autophagosomes decreased, indicating that
β-asarone promoted the clearance of Aβ1-42 by promoting
autophagosome-lysosome fusion or autolysosomal degradation
(Barbero-Camps et al., 2018). The observation that the number of
autophagosomes or alkalized autolysosomes decreased, while the
number of normal autolysosomes increased, suggests that
β-asarone can ameliorate dysregulation of autophagic flux
caused by Aβ by promoting autophagosome-lysosome fusion
or enhancing lysosomal fusion (Barbero-Camps et al., 2018).

When APPswe-overexpressing cells were co-cultured with
CQ, the expression levels of p62 increased, suggesting an
increase in the number of autophagosomes and inhibition of
autophagic flux (Lin et al., 2019). Additionally, the expression
levels of Beclin-1, LC3-Ⅱ, and Aβ1-42 did not change, and the
accumulation of autophagosomes or alkalized autolysosomes was
also increased, confirming this effect (Sun et al., 2020). When
APPswe-overexpressing cells were co-cultured with CQ and
β-asarone, there was no significant difference in the expression
of Beclin-1, p62, LC3-Ⅱ, and Aβ1-42. The status of
autophagosomes and autolysosomes were no significant
change under microscope. These results showed that β-asarone

did not improve the inhibitory effect on autophagic flux induced
by CQ. Thus, β-asarone did not regulate autophagosome
production. We speculate that β-asarone may promote
autophagosome degradation instead.

In summary, we found that Aβ inhibits autophagic flux, which
may be due to inhibition of autophagosome-lysosome fusion or
disruption of lysosomal function (Han et al., 2020). We found
that β-asarone may protect against Aβ-induced damage by
promoting autophagosome-lysosome fusion and/or lysosomal
function, thus enhancing autophagic flux and promoting the
elimination of Aβ. As discussed by Sasaguri, each AD model
has its comparative strengths and limitations. We choose our
model with the scientific and therapeutic goal of a prospective
preclinical study (Sasaguri et al., 2017). Limitations of our model
include the fact that APP overexpression can result in the
overproduction of APP and other proteolytic fragments in
addition to Aβ. Other APP metabolites have been shown to
affect synaptic transmission and they could potentially
interfere with autophagy (Andrade-Talavera and Rodríguez-
Moreno, 2021). It is crucial to translate our findings to in
vivo-based models and functional molecular studies. In future
studies, we will detect the effects of these metabolites on
autophagic flux to provide a more robust scientific basis for
finding neuroprotective monomers from traditional Chinese
medicine.
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