
Research Article
MALAT1 Mediates α-Synuclein Expression through miR-23b-
3p to Induce Autophagic Impairment and the Inflammatory
Response in Microglia to Promote Apoptosis in Dopaminergic
Neuronal Cells

Xin Geng, Yanghong Zou, Shipeng Li, Renli Qi, Hualin Yu , and Jinghui Li

The Second Department of Neurosurgery, The First Affiliated Hospital of Kunming Medical University, Kunming,
650032 Yunnan, China

Correspondence should be addressed to Hualin Yu; xuhl@ydyy.cn and Jinghui Li; km_ljh@126.com

Received 18 August 2022; Revised 7 October 2022; Accepted 11 October 2022; Published 6 April 2023

Academic Editor: Feng Zhang

Copyright © 2023 Xin Geng et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. Parkinson’s disease (PD) is a very common neurodegenerative disease that adversely affects the physical and mental
health of many patients, but there is currently no effective treatment. Objective. To this end, this study focused on investigating the
potential mechanisms leading to dopaminergic neuronal apoptosis in PD. Methods. Rotenone induces damage in dopaminergic
neuronal MN9D cells. Apoptosis was detected by flow cytometry, and the expression of apoptosis-related proteins was detected
by western blot. RT-qPCR was used to detect the expression of MALAT1 and miR-23b-3p. The expression of α-synuclein was
detected by ELISA. A dual luciferase gene reporter assay was used to determine the targeted regulatory relationship between
MALAT1 and miR-23b-3p and miR-23b-3p and α-synuclein. MN9D supernatant was cocultured with BV-2 cells, or BV-2 cells
were treated with exogenous α-synuclein and then treated with an autophagy inhibitor (3-MA) and autophagy activator
(RAPA). The expression of α-synuclein in BV-2 cells was detected by immunofluorescence. The expression of MIP-1α, a
marker of microglial activation, was detected by ELISA. The nuclear translocation of NF-κB p65 was detected by
immunofluorescence. The expression of proinflammatory cytokines was detected by ELISA. Western blotting was used to
detect the expression of autophagy-related proteins. Apoptosis of MN9D cells was detected after coculture of BV-2 supernatant
with MN9D. Results. The expression of MALAT1 and α-synuclein was upregulated, while the expression of miR-23b-3p was
downregulated in damaged MN9D cells, resulting in cell apoptosis. MALAT1 can negatively regulate the expression of miR-
23b-3p, while miR-23b-3p negatively regulates the expression of α-synuclein. α-synuclein can enter BV-2 cells through cell
phagocytosis. Coculture of BV-2 cells with α-synuclein or with MN9D supernatant overexpressing MALAT1 resulted in a
decrease in the autophagy level of BV-2 cells and an inflammatory reaction. However, miR-23b-3p mimics and knockdown of
α-synuclein reversed the effect of MALAT1 on autophagy and the inflammatory response of BV-2 cells. In addition, after
coculture of BV-2 cells with α-synuclein, the level of autophagy further decreased when 3-MA was added, while the opposite
result occurred when RAPA was added. After coculture of α-synuclein-treated BV-2 cell supernatant with MN9D cells,
autophagy-impaired BV-2 promoted the apoptosis of MN9D cells, and 3-MA aggravated the autophagy disorder of BV-2 and
further promoted the apoptosis of MN9D cells, while RAPA reversed the autophagy disorder of BV-2 and alleviated the
apoptosis of MN9D cells. Conclusion. MALAT1 can promote α-synuclein expression by regulating miR-23b-3p, thereby
inducing microglial autophagy disorder and an inflammatory response leading to apoptosis of dopaminergic neurons. This
newly discovered molecular mechanism may provide a potential target for the treatment of PD.
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1. Introduction

Parkinson’s disease (PD) is a well-known neurodegenerative
disease characterized by the progressive loss of dopamine
neurons, resulting in physical impairment. PD mostly affects
elderly individuals, with a prevalence of approximately 5.5%
among people over the age of 60 [1]. Once suffering from
Parkinson’s disease, the patient’s body will gradually stiffen
and tremble involuntarily. In short, the patient’s mobility
will continue to decrease until they lose their ability to care
for themselves. The main cause of PD is the massive degen-
erative death of dopaminergic (DA) neurons due to inclu-
sions of aggregated alpha-synuclein (α-Syn) [2, 3]. The
cause of neuronal death is activated microglia, which are
key cells that regulate immune responses to maintain brain
homeostasis and normally exhibit a neurospecific pheno-
type. In addition, microglia produce a variety of proinflam-
matory factors, including interleukin-1β (IL-1β), in the
human brain [4–6], and these proinflammatory factors
contribute to the development of neuroinflammation.
However, neuroinflammation is often thought to trigger
neurodegenerative diseases [7]. Therefore, microglia have
unique regulatory functions in the central nervous system
(CNS). However, factors affecting the activation of these
microglia may impair their neuroprotective effects during
neurodegenerative diseases, which exacerbate neuroinflam-
mation when dopaminergic neurons are lost, and these
mechanisms will serve as the basis for our study of the
pathological process of PD.

It is well known that noncoding small RNAs include a
variety of RNA molecules, including miRNAs and siRNAs.
Among them, miRNAs are 18-23 nucleotides in length. They
can silence or degrade mRNA and thus affect multiple pro-
cesses, including cell death [8–10]. Reviewing a large num-
ber of studies and the clinical evidence, we know that
lncRNAs are highly expressed in the brain, and researchers
believe they have multiple neuromodulatory functions.
Numerous studies have also shown that lncRNAs in the brains
of patients with Parkinson’s disease present a clear upregula-
tion of expression trend, suggesting that they may have unique
regulatory functions in neurological diseases [11].

Among them, metastasis-associated lung adenocarci-
noma transcript 1 (MALAT1 or NEAT2) is a member of
the lncRNA family. Numerous experimental data suggest
that tumors [12] and disordered neurons [13] are sites of
MALAT1 overexpression. It has been demonstrated that
MALAT1 is involved in the formation of structures such as
synapses [14] and it has a pivotal regulatory role in MPTP-
induced PD [15].

MicroRNAs are a class of powerful small RNAs that have
been discovered and studied in recent years. They can
silence or degrade mRNA and thus affect many processes,
including cell death [16]. Circulating miRNAs have been
shown to be potential biomarkers for the diagnosis of PD
[17–19]. One study has demonstrated that circulating miR-
NAs in plasma, serum, or serum exosomes are potential bio-
markers for PD diagnosis. Moreover, it has been found that
α-synuclein and miRNA are overexpressed in PD, AD, and
dementia [20]. miR-23b-3p can directly target and regulate

the expression of α-synuclein, leading to the development
of PD [21].

Alpha-synuclein is a protein that is highly enriched in
presynaptic nerve terminals. It is a soluble protein
expressed in the presynaptic membrane of the CNS as a
major component of the Lewy bodies, and its physiological
functions include involvement in central nervous system
(CNS) synaptic development, mediating DA synthesis and
release, presynaptic vesicle transport, lipid metabolism,
and molecular chaperone function. α-syn is inextricably
linked with the pathogenesis of PD [21]. According to sev-
eral studies, α-syn can be propagated between neurons [22,
23]. Areas of the brain affected by the Lewy bodies can
have deleterious effects on adjacent areas, causing these
areas to also form Lewy bodies. Furthermore, some exper-
imental studies indicated that higher α-syn levels were
associated with greater neuroinflammation in the brain,
especially in the nigrostriatal pathway, increasing the effect
of dopaminergic neurons on α-syn-induced inflammation
[24]. Thus, α-synuclein may be a key molecule contribut-
ing to the development of PD.

It has been shown that the classical antibiotic rifampicin
can prevent rotenone-induced microglial inflammation
mediated by enhanced autophagy [25]. Autophagy is an
important mechanism for maintaining homeostasis [26]. A
review of the literature reveals that autophagy has a unique
and potent function in immunosuppressive inflammatory
responses [27–32]. Loss of autophagy, including α-synuclein
degradation and microglial activation-induced neuroinflam-
mation, has been reported to be inextricably linked to dys-
function in PD [33–37]. Factors affecting microglial
activation may exhibit neuroprotective effects in neurode-
generative diseases when microglial autophagy is impaired,
leading to neurodegeneration in mice [38–40], and the
autophagy pathway loses its function in the process [41].

To our knowledge, PD is associated with MALAT1,
miR-23b-3p, and α-synuclein molecules, but the exact
mechanism of how they cause PD remains to be proven.
Previously, it was reported that microRNA-124 regulates
p62/p38 expression and promotes autophagy [42]. In addi-
tion, lncRNA SNHG14 regulates the miR-133b/α-Syn path-
way to alleviate dopamine neuronal damage in PD [43].
Therefore, we analyzed the targeting relationship between
α-Syn and miR-23b-3p and MALAT1 and miR-23b-3p by
bioinformatics. Our objective was to investigate whether
lncRNA MALAT1 acts as a sponge for miR-23b-3p to regu-
late α-synuclein expression, which affects autophagy and the
inflammatory response of microglia and promotes apoptosis
of dopamine neural cells. The ultimate goal was to provide a
scientific basis for the prevention and treatment of neurode-
generative diseases.

2. Materials and Methods

2.1. Cells and Transfection. MN9D (BFN60808672) and
BV-2 (BFN608006363) cells were purchased from the Cell
Bank of the Chinese Academy of Sciences (BFB, Qingqi
(Shanghai) Biotechnology Development Co.), and they
were grown and passaged in DMEM (ExCell Bio, China)
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containing 10% fetal bovine serum. MALAT1, miR-23b-3p
mimic, and sh-α-synuclein were transfected into MN9D
cells with Lipofectamine 3000 transfection reagent (Invi-
trogen, Carlsbad, CA, USA), and the supernatant was col-
lected and cocultured with small neuroglial cells.

2.2. Detection of Apoptosis by Flow Cytometry. An Annexin
V-FITC/PI kit (BD Pharmingen) was used as directed by
the manufacturer, and then, Annexin V and PI fluorescence
were determined at the reference emission wavelengths by a
Beckman cytometer (BD Biosciences) and FlowJo software
(Beckman Coulter, TE, CytoFLEX).

2.3. RT-qPCR. A TRIzol RNA extraction kit (Invitrogen,
Carlsbad, CA, USA) was used to extract total RNA from
the collected cells. Then, the first strand of cDNA was syn-
thesized using the total RNA of the sample as a template,
and the cDNA obtained was used as a template for qPCR
amplification. The subsequent PCR process was completed
using cDNA and U6 as the internal reference. A SYBR
Green qPCR kit (TaKaRa, Dalian, China) was used accord-
ing to the manufacturer’s instructions. Then, the expression
levels in the cells and tissues were calculated using the 2–ΔΔCt

method. The primer sequences are displayed in Table 1.

2.4. Western Blotting Assay. The total protein of each group
was extracted, and the protein concentration was deter-
mined. Then, the samples were subjected to electrophoresis
separation and transferred to a membrane. Then, the mem-
brane was incubated with primary antibodies (Abcam, UK),
including anti-Bcl-2 (ab32124, 1 : 1000), anti-Bax (ab32503,
1 : 2000), anti-Caspase-3 (ab32042, 1 : 500), anti-α-synuclein
(ab138501 1 : 2000), anti-LC3 (ab192890, 1 : 2000), anti-
Beclin 1 (ab207612, 1 : 5000), anti-p62 (Abcam, ab207305,
1 : 1000), and a goat anti-rabbit secondary antibody (Abcam,
ab205718, 1 : 2000). After incubation, the membranes were
assessed for expression semiquantitatively by enhanced
chemiluminescence (ECL) chromogenic and gel imaging.
The experiment was repeated three times.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA). Samples
and standards were added to 96-well plates coated with the
relevant antibodies using ELISA kits (Solarbio, MIP-1α,
TNF-α, IL-1β, and IL-6; Beyoncé Biotechnology, α-synu-
clein and INF-γ), and the plates were washed 5 times. Bioti-
nylated antibody was added and incubated for 1 h at 37°C.
Then, the enzyme conjugate working solution was added
and incubated in the dark. Chromogenic substrate was
added and incubated at 37°C for 15min. Finally, the absor-
bance value was measured and compared to an enzyme stan-
dard, and the sample concentration was calculated according
to the standard curve.

2.6. Target Binding Site Prediction and Dual Luciferase Gene
Reporter Assay. StarBase predicted targeted binding sites
for MALAT1 and miR-23b-3p and targeted binding sites
for miR-23b-3p and α-synuclein. The miR-23b-3p and
MALAT1 or α-synuclein 3′-UTR binding site and its
mutated sequence were inserted into the pmirGLO dual
luciferase vector (GenePharma, Shanghai, China). The con-

structed vector was cotransfected with miR-23b-3p mimic
and its negative control (NC mimic) into cells using Lipofec-
tamine 2000. Forty-eight hours after transfection, luciferase
activity was detected using a dual luciferase reporter assay
kit (Hanbio Biotechnology, Shanghai, China).

2.7. Immunofluorescence. Microglial BV-2 cells were cocul-
tured with PBS, rotenone-treated MN9D cell supernatant,
rotenone-treated MN9D cell supernatant + cytochalasin D
(CCD), α-synuclein, and α-synuclein + CCD, and the cul-
tured cells were fixed and permeabilized and then incubated
with Cy3 fluorescently labeled anti-α-synuclein (Abcam,
ab138501, 1 : 150) antibody, as well as goat anti-rabbit IgG
secondary antibody (Abcam, AlexaFluor®555, 1 : 200) under
different conditions. Finally, after Hoechst 33342 (1 : 200;
Sigma-Aldrich) staining, images were taken by laser scan-
ning confocal microscopy using a fluorescence microscope
(Nikon, Tokyo, Japan). Moreover, the percentage of positive
cells was calculated by the ImageJ blinded method.

2.8. Detection of NF-κB p65 Nuclear Translocation. Cells
were fixed according to the instructions of the Cellular NF-
κB Translocation Kit (Beyotime Biotech) and then incubated
for 1h with closure buffer. After washing, the cells were incu-
bated with anti-NF-κB p65 antibody (Abcam, ab183559,
1 : 100) for 1h at room temperature, followed by Cy3 fluores-
cently labeled goat anti-rabbit IgG (Abcam, ab150077,
1 : 1000) secondary antibody. Afterward, the coverslips were
incubated with phosphatidylinositol 3-kinase (DAPI) for
5min. Finally, images were taken with laser scanning confocal
microscopy (LSCM) (Zeiss, Thornwood, NY).

2.9. Statistical Analysis. Prism 7.0 software (GraphPad) was
used to analyze the data. Data are given as mean ±
standard deviation (SD). In the statistical comparison, the
data that conformed to the normal distribution were ana-
lyzed by Student’s t-test for comparisons between two
groups, one-way ANOVA was used for comparisons
between multiple groups, and a nonparametric test was used
for the data that did not conform to a normal distribution.
P < 0:05 indicates statistical significance.

3. Results

3.1. Differential Expression of MALAT1, miR-23b-3p, and α-
Synuclein in Damaged Dopaminergic Neuronal Cells. From
the results of flow cytometry, we found that the apoptosis

Table 1: RT-qPCR primer sequences.

Target Sequence (F: forward primer; R: reverse primer)

miR-23b-3p
F: 5′-CGATCACATTGCCAGGGAT-3′
R: 5′-AGTGCAGGGTCCGAGGTATT-3′

MALAT1
F: 5′-AAAGCAAGGTCTCCCCACAAG-3′

R: 5′-GGTCTGTGCTAGATCAAAAGGCA-3′

U6
F: 5′-CTCGCTTCGGCAGCACA-3′

R: 5′-AACGCTTCACGAATTTGCGT-3′
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rate of MN9D cells showed an upward trend in the
rotenone group (Figure 1(a)). Moreover, after observing
the western blot results, we found that the expression of
the antiapoptotic protein Bcl-2 was downregulated, but
the proapoptotic proteins Bax and Caspase 3 showed the
opposite trend in the rotenone group (Figure 1(b)). After
evaluation by RT–qPCR, the quantitative data showed that
the expression of MALAT1 was upregulated, but miR-23b-
3p showed the opposite trend in the rotenone group
(Figures 1(c) and 1(d)). Moreover, by analyzing the data
detected by western blot, we concluded that rotenone pro-
moted the expression of α-synuclein in MN9D cells
(Figure 1(e)), while ELISA also revealed that the expression
of α-synuclein in the MN9D cell supernatant was also
upregulated after rotenone treatment (Figure 1(f)). These
results suggest that rotenone can damage dopaminergic
neuronal cells and promote the apoptosis of injured cells.
In addition, the differential expression of MALAT1 and
miR-23b-3p, together with α-synuclein, is inextricably
linked to dopaminergic neuronal cell damage and that large
amounts of α-synuclein protein accumulate when dopami-
nergic neuronal cells are injured.

3.2. MALAT1 Acts as a miR-23b-3p Sponge to Regulate α-
Synuclein Expression. The bioinformatics website StarBase
was used to predict the targeting relationship. miR-23b-
3p targets MALAT1 based on the results predicted by
StarBase and the dual luciferase gene detection experiment
(Figures 2(a) and 2(b)), and the RT-qPCR assay results
further identified that MALAT1 targets and negatively
regulates miR-23b-3p (Figure 2(c)). Similarly, StarBase
predicted that miR-23b-3p has a target binding site for
α-synuclein (Figure 2(d)). A dual luciferase gene reporter
assay verified the binding relationship between α-synuclein
and miR-23b-3p (Figure 2(e)), and western blot analysis
identified that miR-23b-3p targets and negatively regulates
α-synuclein expression (Figure 2(f)).

To further understand their regulatory role, in MN9D
cells, miR-23b-3p mimics were transfected after overexpres-
sion of MALAT1 or α-synuclein was knocked down after
overexpression of MALAT1, and western blot and ELISA
were used to detect the expression of α-synuclein under dif-
ferent treatments. After observing the western blot results,
we found that the expression of α-synuclein showed an
upward trend in the pcDNA-MALAT1 group compared
with the NC-pcDNA group, and transfection of the miR-
23b-3p mimic effectively reversed the promotion of α-synu-
clein expression by MALAT1 (Figure 2(g)). Similarly,
knocking down the expression of α-synuclein (sh-α-synu-
clein) effectively reversed the promotion of α-synuclein
expression by MALAT1, i.e., compared with the pcDNA-
MALAT1+sh-NC group, the pcDNA-MALAT1+sh-α-synu-
clein group exhibited downregulated α-synuclein expression
(Figure 2(g)). ELISA also showed that MALAT1 could
increase the expression of α-synuclein in the supernatant
of MN9D cells, while transfection of miR-23b-3p mimic or
knockdown of α-synuclein could effectively reverse the effect
of MALAT1 on α-synuclein expression promotion and it
reduced α-synuclein expression in MN9D cell supernatants

(Figure 2(h)). The above results suggest that MALAT1 can
regulate α-synuclein expression by affecting miR-23b-3p.

3.3. α-Synuclein Enters Microglia through Cytophagocytosis.
Previous findings showed that α-Syn can be transmitted
between cells [22]. To investigate the role of α-synuclein in
microglia, we treated microglia (BV-2) with PBS as a con-
trol, extracted the supernatant of rotenone-treated MN9D
cells and cocultured it with BV-2 cells as the supernatant
group, and then added CCD (phagocytosis inhibitor cyto-
chalasin D) as the supernatant +CCD group. Meanwhile,
α-synuclein was added exogenously to BV-2 cells as the α-
synuclein group, and α-synuclein+CCD grouping was also
set up after the addition of α-synuclein and then the phago-
cytosis inhibitor cytochalasin D to determine the phagocyto-
sis of α-synuclein by small glial cells.

The experimental results obtained from the immunoflu-
orescence experiments showed that the α-synuclein fluores-
cent signal appeared in BV-2 cells in the supernatant group,
while the expression of the α-synuclein fluorescent signal in
BV-2 cells was significantly reduced after the addition of the
phagocytosis inhibitor CCD. Similarly, the α-synuclein pro-
tein solution group showed a stronger α-synuclein fluores-
cent signal, while the addition of the phagocytosis inhibitor
CCD also significantly reduced the expression of the α-synu-
clein fluorescent signal in microglia (Figure 3(a)). Moreover,
after observing the western blot results, we found that com-
pared with the control group, the rotenone-treated dopami-
nergic neuronal cell supernatant group and α-synuclein
protein solution group had upregulated expression of α-
synuclein, while the addition of CCD decreased the expres-
sion of α-synuclein (Figure 3(b)). These data suggest that
α-synuclein can enter microglia through cytophagocytosis.

3.4. Effect of α-Synuclein on Autophagy and the Inflammatory
Response in Microglia.We added α-synuclein to BV2 cells in
culture (α-synuclein group). The supernatant of MN9D
cells overexpressing MALAT1 was cocultured with BV2
cells (supernatant 1 group), and MN9D cells were treated
with MALAT1 overexpression and transfected with miR-
23b-3p mimic or had α-synuclein knocked down. Then,
the MN9D cell supernatants were cocultured with BV2
cells, which were recorded as the supernatant 2 group and
supernatant 3 group. The effect of α-synuclein on autoph-
agy and the inflammatory response of BV2 cells were
detected. The expression of α-synuclein was detected by
immunofluorescence, and phagocytosis of α-synuclein by
BV-2 cells was observed. The results showed that the con-
trol group had no α-synuclein fluorescence signal, while
the supernatant 1 group (supernatant of MN9D cells over-
expressing MALAT1) cocultured with BV2 cells showed a
strong α-synuclein fluorescence signal compared with the
control group. The supernatant 2 and supernatant 3 groups
had weak fluorescence signals (Figure 4(a)). ELISA results
showed that compared with the control group, the expres-
sion of MIP-1α, a marker of microglial activation, and the
proinflammatory cytokines TNF-α, IL-1β, IL-6 and INF-γ
was significantly upregulated in the α-synuclein group and
supernatant 1 group. Furthermore, compared with the
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Figure 1: Differential expression of MALAT1, miR-23b-3p, and α-synuclein in damaged dopaminergic neuronal cells. (a) Apoptosis of
dopaminergic neurons in MN9D cells was detected by flow cytometry, ∗∗∗∗P < 0:0001 vs. control. (b) The expressions of Bcl-2, Bax, and
Caspase 3 were detected by western blot, ∗∗∗P < 0:001 and ∗∗∗∗P < 0:0001 vs. control. (c, d) The expressions of MALAT1 and miR-23b-
3p were detected by RT-qPCR, ∗∗∗∗P < 0:0001 vs. control. (e) The protein expression of α-synuclein was detected by western blot,
∗∗∗P < 0:001 vs. control. (f) The level of α-synuclein was detected by ELISA, ∗∗∗∗P < 0:0001 vs. control.
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Figure 2: Continued.
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supernatant 1 group, the expression levels of MIP-1α, TNF-
α, IL-1β, IL-6, and INF-γ in the supernatant 2 and super-
natant 3 groups were downregulated (Figures 4(b)–4(f)).

Immunofluorescence experiments were used to observe
the nuclear translocation of NF-κB p65. The results showed

that compared with the control group, the α-synuclein group
significantly enhanced the localization of NF-κB p65 in the
nucleus of BV-2 cells, and the localization of NF-κB p65 in
the nucleus of BV-2 cells in the supernatant 1 group was also
significantly increased. However, the localization of NF-κB

GAPDH

N
C-

pc
D

N
A

pc
D

N
A-

M
A

LA
T1

pc
D

N
A-

M
A

LA
T1

+N
C-

m
im

ic

pc
D

N
A-

M
A

LA
T1

+m
iR

-2
3b

-3
p 

m
im

ic

pc
D

N
A-

M
A

LA
T1

+s
h-

N
C

pc
D

N
A-

M
A

LA
T1

+s
h-
𝛼

-s
yn

uc
le

in

𝛼-synuclein

1.5

1.0

0.5

Re
lat

iv
e e

xp
re

ss
io

n 
of

𝛼
-s

yn
uc

le
in

0.0

N
C-

pc
D

N
A

pc
D

N
A-

M
A

LA
T1

pc
D

N
A-

M
A

LA
T1

+N
C-

m
im

ic

pc
D

N
A-

M
A

LA
T1

+m
iR

-2
3b

-3
p 

m
im

ic

pc
D

N
A-

M
A

LA
T1

+s
h-

N
C

pc
D

N
A-

M
A

LA
T1

+s
h-
𝛼

-s
yn

uc
le

in

⁎

#

(g)

2000

1500

1000

Th
e 

le
ve

l o
f 𝛼

-s
yn

uc
le

in
 (p

g/
m

l)

500

0

N
C

-p
cD

N
A

pc
D

N
A

-M
A

LA
T1

pc
D

N
A

-M
A

LA
T1

+N
C

-m
im

ic

pc
D

N
A

-M
A

LA
T1

+m
iR

-2
3b

-3
p 

m
im

ic

pc
D

N
A

-M
A

LA
T1

+s
h-

N
C

pc
D

N
A

-M
A

LA
T1

+s
h-
𝛼

-s
yn

uc
le

in

⁎⁎⁎⁎

####

(h)

Figure 2: MALAT1 acts as a miR-23b-3p sponge to regulate α-synuclein expression (MN9D cells). (a) StarBase predicts the targeting
binding site between MALAT1 and miR-23b-3p. (b) Dual luciferase reporter assay was used to verify the targeting binding relationship
(MALAT1 and miR-23b-3p), ∗∗P < 0:01 vs. NC-mimic. (c) The expression of miR-23b-3p was detected by RT-qPCR, ∗∗∗∗P < 0:0001 vs.
si-NC and #P < 0:05 vs. pcDNA. (d) StarBase predicts the targeting binding site between miR-23b-3p and α-synuclein. (e) Dual luciferase
reporter assay was used to verify the targeting binding relationship (miR-23b-3p and α-synuclein), ∗P < 0:05 vs. NC-mimic. (f) The
expression of α-synuclein was detected by western blot, ∗∗P < 0:01 vs. NC-mimic and #P < 0:05 vs. NC-inhibitor. (g) The expression of
α-synuclein was detected by western blot, ∗P < 0:05 vs. NC-pcDNA, #P < 0:05 vs. pcDNA-MALAT1+NC-mimic, and ▲P < 0:05 vs.
pcDNA-MALAT1+sh-NC. (h) The level of α-synuclein was detected by ELISA, ∗∗∗∗P < 0:0001 vs. NC-pcDNA, ####P < 0:0001 vs.
pcDNA-MALAT1+NC-mimic, and ▲▲▲▲P < 0:0001 vs. pcDNA-MALAT1+sh-NC.
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Figure 3: α-Synuclein enters microglia via cytophagy. (a) The expression of α-synuclein in BV-2 cells was detected by immunofluorescence.
Scale bar = 100 px. (b) The expression of α-synuclein was detected by western blot, ∗∗∗∗P < 0:0001 vs. control, #P < 0:05 vs. supernatant, and
▲▲P < 0:01 vs. α-synuclein (note: control group: treated small glial cells (BV-2) with PBS; supernatant group: extracted rotenone-treated
MN9D cell supernatant cocultured with BV-2 cells; CCD: phagocytosis inhibitor cytochalasin D).
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Figure 4: Continued.
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p65 in the nucleus of BV-2 cells was significantly decreased
in the supernatant 2 and supernatant 3 groups compared
with the supernatant 1 group (Figure 4(g)). Moreover, after
observing the western blot results, we found that the expres-
sion of Beclin 1 and LC3 II/I was downregulated, and p62
was upregulated in the α-synuclein group and supernatant
1 group. Moreover, the expression of Beclin 1 and LC3 II/I
was upregulated, and the expression of p62 was downregu-
lated in the supernatant 2 and supernatant 3 groups com-
pared with the supernatant 1 group (Figure 4(h)). These
results suggest that α-synuclein affects microglial autophagy
and inflammatory responses.

3.5. α-Synuclein Affects Microglial Activation by Mediating
Autophagy. To investigate the specific mechanism of activa-
tion of microglia by α-synuclein, we conducted α-synuclein
coculture with BV2 cells, followed by treatment with an
autophagy inhibitor (3-MA) or autophagy activator (RAPA).
The ELISA results showed that compared with the control
group, the expression levels of the microglial activation
marker MIP-1α and the proinflammatory cytokines TNF-
α, IL-1β, IL-6, and INF-γ were significantly upregulated in
the α-synuclein group. 3-MA treatment further increased
the expression of MIP-1α, TNF-α, IL-1β, IL-6, and INF-γ,
while RAPA reversed the promoting effect of α-synuclein
on the release of inflammatory factors (Figures 5(a)–5(e)).

Immunofluorescence experiments were used to observe
the nuclear translocation of NF-κB p65. The results showed

that compared with the control group, α-synuclein increased
the localization of NF-κB p65 in the nucleus of BV-2 cells.
Compared with the α-synuclein group, the localization of
NF-κB p65 in the nucleus of BV-2 cells was further increased
in the α-synuclein+3-MA group, and the localization of NF-
κB p65 in the nucleus of BV-2 cells was decreased in the α-
synuclein+RAPA group (Figure 5(f)). The western blot
results showed that the -autophagy inhibition effect of α-synu-
clein on BV-2 cells could be further enhanced by 3-MA treat-
ment but reversed by RAPA treatment (Figure 5(g)). These
results suggest that α-synuclein affects the activation of
microglia by mediating autophagy.

3.6. Activation and Autophagy-Impaired Microglia Promote
Apoptosis in Dopaminergic Neuronal Cells. We know that
activated microglia release proinflammatory cytokines that
can lead to neuronal death. Impaired autophagy of microglia
is also associated with neurodegenerative diseases. Both
autophagy and activation are regulated by α-synuclein, and
activated and autophagy-impaired microglia promote apo-
ptosis in dopaminergic neuronal cells. We cocultured the
supernatants of α-synuclein, α-synuclein+3-MA, and α-
synuclein+RAPA-treated BV-2 cells with MN9D cells.

Flow cytometry detection of MN9D cell apoptosis
showed that compared with the control group, the apoptosis
of MN9D cells in the α-synuclein group (supernatant of α-
synuclein-treated BV-2 cocultured with MN9D) was
increased (Figure 6(a)). Compared with the α-synuclein
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Figure 4: Effect of α-synuclein on autophagy and the inflammatory response of microglia. (a) The expression of α-synuclein in BV-2 cells
was detected by immunofluorescence. Scale bar = 100 px. (b) The level of MIP-1α was detected by ELISA, ∗∗∗∗P < 0:0001 vs. control and
####P < 0:0001 vs. supernatant 1. (c) The level of TNF-α was detected by ELISA, ∗∗∗∗P < 0:0001 vs. control and ####P < 0:0001 vs.
supernatant 1. (d) The level of IL-6 was detected by ELISA, ∗∗∗∗P < 0:0001 vs. control and ####P < 0:0001 vs. supernatant 1. (e) The level
of TNF-α was detected by ELISA, ∗∗∗∗P < 0:0001 vs. control and ####P < 0:0001 vs. supernatant 1. (f) The level of INF-γ was detected by
ELISA, ∗∗∗∗P < 0:0001 vs. control and ####P < 0:0001 vs. supernatant 1. (g) NF-κB p65 nuclear translocation assay, scale bar = 100 px. (h)
The expressions of LC3 II/I, Beclin 1, and p62 were detected by western blot, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 vs. control
and #P < 0:05, ##P < 0:01, ###P < 0:001, and ####P < 0:0001 vs. supernatant 1 (note: supernatant 1 group: the supernatant of MN9D cells
overexpressing MALAT1 was cocultured with BV2 cells; supernatant 2 group: the supernatant of MN9D cells cotransfected with
pcDNA-MALAT1+miR-23b-3p mimic was cocultured with BV2; supernatant 3 groups: the supernatant of MN9D cells cotransfected
with pcDNA-MALAT1+sh-α-synuclein was cocultured with BV2).
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Figure 5: Continued.
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group, MN9D cell apoptosis was further increased in the α-
synuclein+3-MA group (supernatant of α-synuclein+3-MA-
treated BV-2 cells cocultured with MN9D cells)

(Figure 6(a)). The apoptosis of MN9D cells in the α-synu-
clein+RAPA group (supernatant of α-synuclein+RAPA-
treated BV-2 cells cocultured with MN9D) was decreased
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Figure 5: α-Synuclein affects microglial activation by mediating autophagy. (a) The level of MIP-1α was detected by ELISA, ∗∗∗∗P < 0:0001
vs. control and ####P < 0:0001 vs. α-synuclein. (b) The level of TNF-α was detected by ELISA, ∗∗∗∗P < 0:0001 vs. control and ####P < 0:0001
vs. α-synuclein. (c) The level of IL-1β was detected by ELISA, ∗∗∗∗P < 0:0001 vs. control and ####P < 0:0001 vs. α-synuclein. (d) The level of
IL-6 was detected by ELISA, ∗∗∗∗P < 0:0001 vs. control and ####P < 0:0001 vs. α-synuclein. (e) The level of INF-γ was detected by ELISA,
∗∗∗∗P < 0:0001 vs. control and ####P < 0:0001 vs. α-synuclein. (f) NF-κB p65 nuclear translocation assay, scale bar = 100 px. (g) The
expressions of LC3 II/I, Beclin 1, and p62 were detected by western blot, ∗∗P < 0:01, ∗∗∗P < 0:001, and ∗∗∗∗P < 0:0001 vs. control,
#P < 0:05, ##P < 0:01 vs. α-synuclein.

13Mediators of Inflammation



compared with the α-synuclein group (Figure 6(a)). We also
know from the western blot analysis results of apoptosis-
related proteins that the expression of Bcl-2 showed a down-
ward trend, and the expression of Bax and Caspase 3 showed

an opposite trend in the α-synuclein group. Compared with
the α-synuclein group, the expression of Bcl-2 in the α-synu-
clein+3-MA group was downregulated, the expression of Bax
and Caspase 3 was upregulated, the expression of Bcl-2 was
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Figure 6: Effect of activation and autophagy-impaired microglia on apoptosis of dopaminergic neuronal cells. (a) Apoptosis of
dopaminergic neurons in MN9D cells was detected by flow cytometry, ∗∗∗∗P < 0:0001 vs. control and ####P < 0:0001 vs. α-synuclein. (b)
The expressions of Bcl-2, Bax, and Caspase 3 were detected by western blot, ∗P < 0:05 and ∗∗∗∗P < 0:0001 vs. control and #P < 0:05 and
##P < 0:01 vs. α-synuclein.
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upregulated, and the expression of Bax and Caspase 3 was
downregulated in the α-synuclein+RAPA group (Figure 6(b)).

4. Discussion

Parkinson’s disease is a common neurodegenerative disease,
and most patients are over the age of 60 [44]. The patient’s
ability to move is severely impaired, and the body and limbs
will tremble involuntarily. After suffering from this disease
for some time, the patients become unable to engage in
self-care and their mental and physical health is greatly
affected. At the same time, Parkinson’s disease will place
considerable economic and mental pressure on the patient’s
family. Although many people suffer from Parkinson’s dis-
ease worldwide, there is currently no effective means to pre-
vent or treat the disease. Therefore, it is very meaningful to
seek a reliable new drug or medical solution.

Previous studies have shown that PD pathogenesis is
associated with MALAT1, miR-23b-3p, and α-synuclein.
The lncRNA MALAT1 promotes inflammatory vesicle acti-
vation through epigenetic suppression of Nrf2 in PD [45]. In
PD patients, miR-23b-3p was identified as a PD-associated
circulating miRNA [21]. In addition, overexpression of α-
Syn and miRNA was found in human samples in PD, AD,
and dementia. Our results also show that differential expres-
sion of MALAT1, miR-23b-3p, and α-synuclein is associated
with dopaminergic neuronal cell injury and that dopaminer-
gic neuronal cell injury results in the accumulation of large
amounts of α-synuclein protein. Therefore, the evaluation
of these molecules in urine in free form or associated with
extracellular vesicles in biological fluids may lead to early
biomarkers for clinical diagnosis [20].

We constructed a PD model by damaging dopaminergic
neuronal cells with rotenone to investigate the specific
mechanism of PD pathogenesis. Rotenone promoted apo-
ptosis of damaged dopaminergic neuronal cells, and dopa-
minergic neuronal cells accumulated large amounts of α-
synuclein protein when damaged. Furthermore, our study
found that α-synuclein caused impaired cellular autophagy,
leading to microglial activation and promoting inflamma-
tory responses. Chronic inflammation is part of the patho-
genesis of PD, and it was also found that the levels of
proinflammatory cytokines, including IL-1β and IL-6, in
the cerebrospinal fluid of PD patients are markedly
increased [46]. Impaired autophagy increases the sensitivity
of microglia to α-synuclein, which leads to microglial activa-
tion to release macrophage inflammatory protein-1α (MIP-
1α) and proinflammatory factors, thereby triggering an
inflammatory response that promotes the development of
PD [37]. Our study results are consistent with these findings.

However, miR-23b-3p is thought to have a unique func-
tion in regulating α-synuclein [21]. In this study, the target
binding site between miR-23b-3p and α-synuclein was pre-
dicted by StarBase. Moreover, the binding relationship
between MALAT1 and miR-23b-3p was also verified by a
dual luciferase gene reporter assay. After summarizing and
analyzing the experimental data, we learned from western
blot experiments that miR-23b-3p targets and negatively
regulates the expression of α-synuclein. miR-23b has been

previously shown to reduce neuronal apoptosis caused by
neuroinflammation, so it is not difficult to hypothesize that
it is also inextricably linked to the pathogenesis of PD [47,
48]. Furthermore, a review of the literature revealed that
the lncRNA MALAT1 is a clear booster of PD-induced
inflammation [45]. MALAT1 exhibits an antagonistic or
competitive relationship with miR-23b-3p, and when the
former is abundantly expressed, the inhibitory effect of the
latter on ATG12 is greatly alleviated, resulting in chemically
induced autophagy as well as chemoresistance in GC cells
[49]. We found that MALAT1 targets and negatively regu-
lates miR-23b-3p, thereby promoting α-synuclein expres-
sion, as a way to influence PD. We used the bioinformatics
website StarBase, along with dual luciferase gene reporter
assays and RT-qPCR assays, to establish this link.

In conclusion, our current findings suggest that
MALAT1 is upregulated in PD models and that MALAT1
contributes to the activation of inflammatory vesicles in
microglia. The potential mechanism of action is the induc-
tion of impaired autophagy and inflammatory responses in
microglia through regulation of the miR-23b-3p/α-synuclein
molecular axis promoting dopaminergic neuronal cell apo-
ptosis with α-synuclein nucleoprotein binding to and affect-
ing its endocytosis and intercellular transmission. These
studies suggest that lncRNA MALAT1 may be a new
research entry point for clinical application in Parkinson’s
disease due to its effects on dopaminergic neuron apoptosis.

In conclusion, our findings suggest that MALAT1 acts as
a miR-23b-3p sponge, regulating α-synuclein expression to
induce microglial autophagy impairment and inflammatory
responses to promote dopaminergic neuronal apoptosis
through cellular transmission. This provides a new potential
therapeutic target for PD.
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