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Ghrelin alleviates 6-hydroxydopamine-induced
neurotoxicity in SH-SY5Y cells
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Abstract

Ghrelin is a neuropeptide that has various physiological functions and has been demonstrated to be neuroprotective in a number of
neurological disease models. However, the underlying mechanisms of ghrelin in Parkinson’s disease remain largely unexplored. The current
study aimed to study the effects of ghrelin in a 6-hydroxydopamine (6-OHDA)-induced Parkinson’s disease model and evaluate the potential
underlying mechanisms. In the present study, we treated an SH-SY5Y cell model with 6-OHDA, and observed that pretreatment with different
concentrations of ghrelin (1, 10, and 100 nM) for 30 minutes relieved the neurotoxic effects of 6-OHDA, as revealed by Cell Counting Kit-8
and Annexin V/propidium iodide (Pl) apoptosis assays. Reverse transcription quantitative polymerase chain reaction and western blot assay
results demonstrated that 6-OHDA treatment upregulated a-synuclein and lincRNA-p21 and downregulated TG-interacting factor 1 (TGIF1),
which was predicted as a potential transcription regulator of the gene encoding a-synuclein (SNCA). Ghrelin pretreatment was able to reverse
the trends caused by 6-OHDA. The Annexin V/PI apoptosis assay results revealed that inhibiting either a-synuclein or lincRNA-p21 expression
with small interfering RNA (siRNA) relieved 6-OHDA-induced cell apoptosis. Furthermore, inhibiting lincRNA-p21 also partially upregulated
TGIF1. By retrieving information from a bioinformatics database and performing both double luciferase and RNA immunoprecipitation assays,
we found that lincRNA-p21 and TGIF1 were able to form a double-stranded RNA-binding protein Staufen homolog 1 (STAU1) binding site and
further activate the STAU1-mediated mRNA decay pathway. In addition, TGIF1 was able to transcriptionally regulate a-synuclein expression
by binding to the promoter of SNCA. The Annexin V/PI apoptosis assay results showed that either knockdown of TGIF1 or overexpression

of lincRNA-p21 notably abolished the neuroprotective effects of ghrelin against 6-OHDA-induced neurotoxicity. Collectively, these findings
suggest that ghrelin exerts neuroprotective effects against 6-OHDA-induced neurotoxicity via the lincRNA-p21/TGIF1/a-synuclein pathway.
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Introduction and elevated expression of SNCA mRNA is observed in the
affected regions of sporadic PD brains (Chiba-Falek et al.,
2006). Despite constant research over the past decades, the
underlying mechanisms of aberrant a-synuclein expression
have yet to be revealed, and PD remains an incurable
neurological disorder.

Parkinson’s disease (PD) is categorized as a synucleinopathy
because a-synuclein (encoded by the SNCA gene) is the main
constituent of Lewy bodies and Lewy neurites, which are
the pathological hallmarks of the disease (Spillantini et al.,
1998). Abnormal expression of a-synuclein is observed in
both familial and sporadic forms of PD (Lashuel et al., 2013), Ghrelin is a 28-amino-acid peptide that is mainly secreted
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by X/A-like cells of the gastric mucosa. There are two
forms of ghrelin in circulation: the acylated form and
the desacylated form. Acylated ghrelin is processed by
ghrelin O-acyltransferase, which attaches octanoate to
proghrelin (Gutierrez et al., 2008). Despite desacylated
ghrelin accounting for 80-90% of total circulating ghrelin,
acylated ghrelin is believed to be the active form that binds
to the growth hormone secretagogue receptor (GHSR) and
exerts physiological functions, such as stimulating growth
hormone release, promoting appetite, and regulating
energy homeostasis (van der Lely et al., 2004). The present
study mainly focused on the biological function of acylated
ghrelin, which has been demonstrated to be neuroprotective
in a number of neurological disease models (Jiang et al.,
2008; Eslami et al., 2018; Dong et al., 2019). The identified
underlying mechanisms mainly involve anti-apoptotic, anti-
oxidant, and anti-inflammatory actions (Beynon et al., 2013;
Morgan et al., 2018). However, it remains unknown whether
ghrelin regulates a-synuclein expression in PD remains.

Long non-coding RNAs (IncRNAs) belong to a class of
noncoding RNAs with more than 200 nucleotides and a broad
range of biological functions (Shi et al., 2013). A recent study
suggested that IncRNAs can affect the stability of mRNAs
by activating double-stranded RNA-binding protein Staufen
homolog 1 (STAU1)-mediated mRNA decay (SMD), which
degrades translationally active mMRNAs whose 3'-untranslated
regions bind to STAU1, which binds to double-stranded RNAs
(Gong and Maquat, 2011). An Alu element within an IncRNA
and an Alu element within the 3'-untranslated region of a
target mRNA can form the STAU1 binding site by imperfect
base-pairing. Thus, the IncRNA can downregulate a number
of SMD targets, including translationally active mRNAs (Gong
and Maquat, 2011). Many IncRNAs are reportedly aberrantly
expressed in PD brain specimens, including an upregulation
of lincRNA-p21, which precedes the course of PD onset (Kraus
et al., 2017). LincRNA-p21 was initially identified as a direct
transcriptional target of p53 (Huarte et al., 2010). A recent
study by Ye et al. (2018) suggested that lincRNA-p21 can
regulate microglial activation and worsen neurodegeneration
in lipopolysaccharide- and MPTP-induced PD models,
providing evidence that lincRNA-p21 might actively participate
in PD pathogenesis.

The current study aimed to study the effects of ghrelin in a
6-hydroxydopamine (6-OHDA)-induced PD model, to assess
whether ghrelin regulates the expression of a-synuclein and
to explore its underlying mechanisms.

Materials and Methods

Cell culture

Because the cell lines applied in the current study were
common commercial cell lines, no special ethical permission
needed to be obtained. A human neuroblastoma cell line (SH-
SY5Y) and a human embryonic kidney cell line (HEK293T) were
obtained from the Cell Bank of the Institute of Biochemistry
and Cell Biology (Shanghai, China), and were cultured in
Dulbecco’s Modified Eagle Medium (DMEM)/F12 medium
supplemented with 10% fetal bovine serum and 100 U/mL
penicillin/streptomycin (Biological Industries, Beit Haemek,
Israel) at 37°C in 5% CO, in a humidified chamber (Thermo
Fisher Scientific, Waltham, MA, USA).

Cell viability assays

Cell viability was assessed 24 hours after 6-OHDA treatment
using a Cell Counting Kit-8 (CCK-8; Dojindo Molecular
Technologies, Kumamoto, Japan) according to the
manufacturer’s instructions. SH-SY5Y cells were seeded onto
96-well plates and cultured overnight, followed by treatment
with different concentrations of ghrelin (0.1 nM, 1 nM, 10 nM,
100 nM, 200 nM, 400 nM) (Enzo Life Sciences, Farmingdale,
NY, USA) and 75 uM 6-OHDA (Sigma-Aldrich, St. Louis, MO,

USA) in 100 uL DMEM/F12 medium supplemented with 10%
fetal bovine serum for 24 hours. At the end of the treatment,
10 pL CCK-8 solution was added to each well and incubated
for 1 hour at 37°C. The absorbance of each well was then
detected at 450 nm under a microplate reader (Thermo Fisher
Scientific). Cell viability was calculated as the ratio of the
absorbance value to that of the control group (%).

Cell apoptosis assay with flow cytometry

Cell apoptosis was detected using an Annexin V-fluorescein
isothiocyanate (FITC)/propidium iodide (PI) apoptosis assay
kit (Bimake, Houston, TX, USA). SH-SY5Y cells were cultured
in six-well plates and harvested after 24 hours of different
treatments. The cells were then stained with Annexin V-FITC
and Pl according to the manufacturer’s instructions and
analyzed using flow cytometry. The apoptosis rate (%) was
calculated as [Annexin V(+)PI(-) cells + Annexin V (+)PI(+)
cells]/total number of cells x 100.

Reverse transcription quantitative polymerase chain
reaction

The everse transcription quantitative polymerase chain
reaction (qRT-PCR) experiments were carried out 24 hours
after 6-OHDA treatment or 24 hours after transfection.
Total RNA was isolated using RNAiso Plus (Takara, Dalian,
China). RNA quality and concentration were assessed using
the 260/280 nm absorbance ratio with a NanoDrop device
(Thermo Fisher Scientific). The primer sequences are listed
in Table 1. Primer efficacy was assessed using the log, values
for the dilution ratio (two- to eight-fold dilution of the cDNA
stock) against Ct values, as described by Uslu et al. (2014). The
gRT-PCR was performed using a One-Step SYBR PrimeScript
RT-PCR Kit (Takara) with an ABI 7500 Fast RT-PCR System
(Thermo Fisher Scientific). The results were analyzed using the
2% method, normalized against glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as an endogenous control (Bonet-
Ponce et al., 2016).

Table 1 | Primer information

Name Sequence (5'-3') Product size (bp)

LincRNA-p21 Forward: CTG CCT ACA CCA ATCAGAAACA 131
Reverse: GCG ATA GAC CCG CAC ATA CA

SNCA Forward: AAG AGG GTG TTC TCT ATG TAG GC 106
Reverse: GCT CCT CCAACATTT GTCACT T
TGIF1 Forward: GGG ATT GGC TGT ATG AGCACC 186

Reverse: GGC GGG AAATTG TGA ACT GA

TGIF1: TG-interacting factor 1; SNCA: the gene encoding a-synuclein.

Western blot assay

SH-SY5Y cells were harvested 24 hours after 6-OHDA
treatment and extracted using radioimmunoprecipitation
assay lysis buffer containing proteases and phosphatase
inhibitors. Protein concentration was determined using a
bicinchoninic acid kit (Beyotime, Shanghai, China). Equal
amounts of proteins from each group were separated by 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
transferred to polyvinylidene fluoride membranes (Millipore,
Burlington, MA, USA). The membranes were then blocked
with 5% skim milk in Tris-buffered saline with 0.1% Tween-20
for 1 hour at room temperature before being incubated
with primary antibodies overnight at 4°C. Primary antibodies
included mouse monoclonal anti-a-synuclein antibody
(1:2000; #610787; BD Biosciences, Franklin Lakes, NJ, USA),
mouse monoclonal anti-TGFI1 antibody (1:1000; #MAB7555;
R&D Systems, Minneapolis, MN, USA), and anti-GAPDH
antibody (1:10 000; #60004-1-Ig; Proteintech Group, Chicago,
IL, USA). After three washes with Tris-buffered saline with 0.1%
Tween-20, the membranes were incubated with peroxidase-
conjugated secondary antibodies for 2 hours at room
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temperature. The horseradish peroxidase-conjugated anti-
mouse (1:5000, #AB-2305) and anti-rabbit (1:5000, #7B2301)
antibodies were obtained from ZSGB-BIO (Beijing, China), and
the horseradish peroxidase-conjugated anti-sheep antibody
(1:5000; abs20008) was obtained from Absin Bioscience
(Shanghai, China). Immunoreactivity was detected using an
enhanced chemiluminescence detection kit (Millipore). Band
intensities were quantified by densitometric analysis using
Imagel) software (National Institutes of Health, Bethesda, MD,
USA) and GAPDH was used as a loading control. The intensity
of each band was normalized to the GAPDH band.

Cell transfection

SH-SY5Y cells were treated as follows: Control, 6-OHDA,
ghrelin (1 nM), 6-OHDA + ghrelin (0.1 nM), 6-OHDA + ghrelin
(1 nM), 6-OHDA + ghrelin (10 nM), 6-OHDA + ghrelin (100
nM), 6-OHDA + ghrelin (200 nM), 6-OHDA + ghrelin (400
nM), negative control (NC), a-synuclein small interfering
RNA (siRNA), a-synuclein siRNA + 6-OHDA, lincRNA-p21
SiRNA, lincRNA-p21 siRNA + 6-OHDA, STAU1 siRNA, STAU1
SiRNA + 6-OHDA, pcDNA-p21, 6-OHDA + 1 nM ghrelin +
TG-interacting factor 1 (TGIF1) siRNA, and 6-OHDA + 1 nM
ghrelin + pcDNA-p21. The siRNA targeting lincRNA-p21
was synthesized by RiboBio (Guangzhou, China). For the
a-synuclein, STAU1, and TGIF1 knockdowns, siRNAs were
synthesized by GenePharma (Shanghai, China). Luciferase
reporter vectors were constructed with either the SNCA
sequence with the assumed TGIF1 binding site or the relative
deletion of the binding sites amplified by PCR and cloned into
the pGL4.10 dual-luciferase vector. Full-length lincRNA-p21
and TGIF1 were cloned into pcDNA3.1(+) vectors (Invitrogen,
Carlsbad, CA, USA). SH-SY5Y cells were plated onto 24-well
plates or six-well plates, depending on the experimental
purpose, at a density of 1 x 10> cells/mL. Cells were cultured
for 24 hours, and jetPRIME reagent (Polyplus Transfection,
Strasbourg, France) was applied for the siRNA and plasmid
transfections as instructed by the manufacturer. Briefly, when
the seeded cells reached 70% confluency, 6 pL jetPRIME was
mixed with 2 pL siRNA or pcDNA and added to the cells. The
medium was replaced with fresh medium either 24 hours or
4 hours after transfection (He et al., 2018). The silencing and
overexpression efficiency was assessed using qRT-PCR.

Immunofluorescence staining

SH-SYSY cells were cultured on coverslips. After receiving the
corresponding treatments for 24 hours, the cells were fixed
with 4% paraformaldehyde in phosphate-buffered saline for
15 minutes, followed by permeabilization and blocking with
0.3% Triton X-100 and 5% goat serum in phosphate-buffered
saline for 1 hour at room temperature. The cells were then
incubated with anti-a-synuclein antibody at 4°C overnight
followed by incubation with Alexa Fluor 594-conjugated goat
anti-rabbit for 2 hours at room temperature. Nuclei were
visualized by incubating the cells with 4',6-diamidino-2-
phenylindole for 5 minutes at room temperature. Images were
acquired using a Nikon 300 microscope (Nikon, Tokyo, Japan).

RNA immunoprecipitation

RNA immunoprecipitation was performed using an RNA-ChIP-
IT® Magnetic Chromatin Immunoprecipitation Kit (Active
Motif, Carlsbad, CA, USA) according to the manufacturer’s
protocol. The cells were collected 24 hours after transfection
and the isolated RNA samples were measured using a
spectrophotometer and further analyzed by qRT-PCR.

Dual-luciferase reporter assay

HEK293T cells were seeded onto 96-well plates and co-
transfected with the appropriate plasmids (pGL4.10-SNCA
promoter (WT), (pGL4.10-SNCA promoter (MUT), pcDNA3.1-
3FLAG, pcDNA3.1-TGIF1-3FLAG). Relative luciferase activities
were assessed 48 hours after transfection using the Dual-

Luciferase Reporter Assay System (Promega Madison,
Fitchburg, WI, USA). The relative luciferase activity was
normalized to the Renilla luciferase activity.

Statistical analysis

The data are expressed as the mean + standard deviation (SD).
GraphPad Prism 6.0 software (GraphPad, San Diego, CA, USA)
was used for the statistical analyses. Significant differences
between two groups were analyzed using the Student’s t-test,
and the statistical analysis of multiple groups was performed
using one-way analysis of variance followed by Bonferroni
post hoc tests. A value of P < 0.05 was considered statistically
significant.

Results

Ghrelin protects SH-SY5Y cells against 6-OHDA-induced
neurotoxicity

Based on the results of our previous study (He et al., 2018),
6-OHDA was applied at a concentration of 75 uM in the
current study because this concentration induced moderate
neurotoxicity. To assess the effects of ghrelin on a 6-OHDA-
induced cell model, SH-SY5Y cells were pretreated with
different concentrations of ghrelin for 30 minutes before the
addition of 6-OHDA. Phase contrast microscopy revealed that
6-OHDA induced a notable decrease in the number of adherent
cells and led to more round cells that had lost their processes.
The 1 nM, 10 nM, and 100 nM ghrelin pretreatments partially
preserved the morphology of SH-SY5Y cells upon 6-OHDA
treatment (Figure 1A). The CCK-8 assay revealed that 6-OHDA
caused a notable decrease in cell viability, which was reversed
by 1 nM, 10 nM, and 100 nM ghrelin pretreatment (P < 0.01).
Unexpectedly, however, the neuroprotective effects of ghrelin
were weakened with its increasing concentration, and no
protective effects were detected with ghrelin pretreatment at
concentrations of over 200 nM (Figure 1B). To assess whether
this biological effect was related to GHSR-1a activation, we
applied [D-Lys3]-GHRP-6, a GHSR antagonist, at different
concentrations. Treatment with 10 uM [D-Lys3]-GHRP-6
significantly abolished the neuroprotective effects of ghrelin (P
< 0.01; Additional Figure 1).

a-Synuclein is upregulated and involved in 6-OHDA-induced
injury

SH-SY5Y cells were stimulated with 75 uM 6-OHDA for 24
hours, and were then harvested for gRT-PCR and western
blot analyses to evaluate the a-synuclein expression. As
shown in Figure 2A and 2B, 6-OHDA significantly upregulated
a-synuclein expression (P < 0.01). To assess whether
a-synuclein upregulation was responsible for 6-OHDA-induced
neurotoxicity, a-synuclein was downregulated using siRNA.
The transfection rate was assessed by gqRT-PCR (Figure 2C),
and cell toxicity was evaluated using the Annexin/Pl apoptosis
assay. As shown in Figure 2D, a-synuclein siRNA significantly
lowered the percentage of apoptotic cells induced by
6-OHDA (to approximately 15%), suggesting that a-synuclein
upregulation is at least partially responsible for 6-OHDA-
induced neurotoxicity.

LincRNA-p21 is upregulated in a 6-OHDA-induced PD model
and mediates a-synuclein expression and 6-OHDA-induced
neurotoxicity

Treatment for 24 hours with 6-OHDA induced a nearly four-
fold upregulation of lincRNA-p21 (Figure 3A). To further
explore the role of lincRNA-p21 upregulation in 6-OHDA-
induced neurotoxicity, we downregulated lincRNA-p21
using siRNA; the transfection rate was confirmed by gRT-
PCR 48 hours after transfection (Figure 3B). Transfected cells
were then treated with 6-OHDA for 24 hours, and western
blot assay revealed that lincRNA-p21 siRNA suppressed
the 6-OHDA-induced upregulation of a-synuclein (P < 0.01;
Figure 3C). Furthermore, the Annexin/Pl apoptosis assay
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demonstrated that 6-OHDA treatment resulted in a marked
increase in the number of apoptotic cells, and that inhibiting
lincRNA-p21 alleviated the 6-OHDA-induced apoptosis (P <
0.01; Figure 3D).

Ghrelin reverses the 6-OHDA-induced upregulation of
lincRNA-p21 and a-synuclein

Based on the CCK-8 results, SH-SY5Y cells were pretreated
with 1 nM ghrelin for 30 minutes followed by co-treatment
with 75 uM 6-OHDA for 24 hours. The qRT-PCR results
revealed that ghrelin inhibited the 6-OHDA-induced
upregulation of lincRNA-p21 (P < 0.01; Figure 4A). Western
blot assay further revealed that ghrelin pretreatment
downregulated the 6-OHDA-induced expression of a-synuclein
in a dose-dependent manner (Figure 4B). a-Synuclein
immunostaining also revealed lower levels of a-synuclein with
ghrelin pretreatment (Figure 4C).

6-OHDA-induced upregulation of lincRNA-p21 targets TGIF1
by SMD

To elucidate the pathological role of lincRNA-p21 in the
6-OHDA-induced PD model, a bioinformatics analysis was
performed using the bioinformatics database IntaRNA. Both
[incRNA-p21 and TGIF1 mRNA have Alu elements within
3'-untranslated regions, and TG/F1 mRNA might be a putative
target of lincRNA-p21 in a sequence-specific manner. It has
been hypothesized that they may form a STAU1 binding site
and bind to STAU1 to activate SMD. The potential binding
sequence between lincRNA-p21 and TG/F1 mRNA is shown
in Figure 5A. To assess this hypothesis, gRT-PCR was first
conducted to examine the expression of TGIF1 in the 6-OHDA-
induced PD model. As shown in Figure 5B, in contrast to the
upregulation of lincRNA-p21 and a-synuclein, 6-OHDA led to
a notable decrease in TGIF1 (P < 0.01). Moreover, inhibiting
lincRNA-p21 markedly reversed the downregulation of TGIF1
by 6-OHDA (P < 0.01). The RNA immunoprecipitation assay
using anti-STAU1 antibody revealed that lincRNA-p21 siRNA
significantly reduced the enrichment of TG/IF1 mRNA by
the STAU1 antibody (P < 0.01; Figure 5C). In addition, the
inhibition of STAU1 by approximately 50% (as confirmed
using gqRT-PCR, Figure 5D) significantly reversed the 6-OHDA-
induced downregulation of TG/F1 (P < 0.01; Figure 5E).
Moreover, western blot assay revealed that inhibiting either
lincRNA-p21 or STAU1 expression effectively reversed the
reduced expression of TGIF1 after 6-OHDA treatment (P < 0.05;
Figure 5F). Collectively, these findings suggest that TGIF1 is a
target for SMD degradation, which may be promoted by the
6-OHDA-induced upregulation of lincRNA-p21.

Ghrelin modulates a-synuclein by inhibiting lincRNA-p21
expression and preserving TGIF1 expression in a 6-OHDA-
induced PD model

To assess whether ghrelin can inhibit a-synuclein expression
via TGIF1 modulation, we first assessed the expression of
TGIF1 after ghrelin treatment. As shown in Figure 6A, in
contrast to the expression of a-synuclein and lincRNA-p21,
ghrelin reversed the 6-OHDA-induced downregulation
of TGIF1, suggesting that TGIF1 might inhibit a-synuclein
expression. By querying the bioinformatics database, a
number of binding sites were identified at the promoter
region of SNCA with two binding motifs (5'-AAGGAA-3' and
5'-CAGCTG-3') of TGIF1, suggesting that a-synuclein may
be a direct target of TGIF1 (Additional Figure 2). A dual-
luciferase gene reporter assay was then performed to
evaluate the predicted binding. As shown in Figure 6B, TGIF1
overexpression markedly increased the luciferase activity
in HEK293T cells transfected with pGL4.10-SNCA promoter
(WT) compared with cells transfected with the luciferase
reporter vector. In contrast, luciferase activity was decreased
in cells co-transfected with the pGL4.10-SNCA promoter
(MUT) and pcDNA3.1-TGIF1-3FLAG (P < 0.01), suggesting

a transcription regulatory role of TGIF1 in a-synuclein
expression; unexpectedly, this role was as a transcriptional
activator. To further evaluate whether TGIF1 upregulation
by ghrelin led to a-synuclein downregulation, SH-SY5Y cells
were transfected with TGIF1 siRNA, and transfection was
confirmed by gRT-PCR (Figure 6C). Both gRT-PCR and western
blot assay revealed that a-synuclein levels were higher in the
TGIF1 siRNA + ghrelin + 6-OHDA group compared with the NC
siRNA + ghrelin + 6-OHDA group (P < 0.01; Figure 6D and H),
suggesting that the inhibitory effects of ghrelin on a-synuclein
expression are caused by TGIF1 upregulation. With respect
to the luciferase results, an a-synuclein-overexpressing SH-
SYS5Y cell model was used to further evaluate the transcription
regulatory role of TGIF1 on a-synuclein. An opposite effect of
TGIF1 siRNA was detected in this model; TGIF1 siRNA induced
a further increase in the a-synuclein levels (Additional Figure
3. Together, these findings indicate that TGIF1 might act as
a transcriptional activator or repressor depending on the
cellular context. To further confirm that ghrelin regulates the
expression of TGIF1 and a-synuclein via lincRNA-p21, SH-
SY5Y cells were transfected with lincRNA-p21-overexpressing
vector, and the overexpression was confirmed using gRT-
PCR (Figure 6E). After being transfected for 24 hours with the
lincRNA-p21-overexpressing vector, cells were then treated
with ghrelin for 30 minutes before the addition of 6-OHDA for
24 hours. lincRNA-p21 overexpression abolished the ghrelin-
induced TGIF1 upregulation and led to a notable increase in
a-synuclein levels compared with the 6-OHDA + 1 nM ghrelin
group (P < 0.01; Figure 6F-H).

Ghrelin exerts its neuroprotective effects via the
lincRNA-p21/TGIF1/a-synuclein pathway in a 6-OHDA-
induced PD model

To assess whether ghrelin exerts its neuroprotective effects
against 6-OHDA via the lincRNA-p21/TGIF1/a-synuclein
pathway, SH-SY5Y cells were transfected with the lincRNA-
p21-overexpressing vector or TGIF1 siRNA, followed by 1 nM
ghrelin pretreatment for 30 minutes and 6-OHDA treatment
for 24 hours. Next, the Annexin/Pl apoptosis assay was
performed to examine cell toxicity. Either the overexpression
of lincRNA-p21 or the knockdown of TGIF1 abolished the anti-
apoptotic effects of ghrelin in 6-OHDA-treated SH-SY5Y cells
(Figure 7). These results suggest that ghrelin protects SH-
SY5Y cells against 6-OHDA neurotoxicity by regulating the
lincRNA-p21/TGIF1/a-synuclein pathway.

Discussion

PD is one of the most common neurological disorders,
affecting 1-2 individuals per 1000 of the population at any
time (Tysnes and Storstein, 2017; Arena et al., 2021; Xie et
al., 2021; Zhao et al., 2021). Despite increasing research in
the field of PD, there are no disease-modifying treatments.
Ghrelin is a neuropeptide that is secreted by gastric cells
under the stimulation of hunger. It has been identified as a
promising neuroprotective agent in a number of neurological
disorders (Jiang et al., 2008; Eslami et al., 2018; Dong et al.,
2019). Furthermore, several studies have suggested a possible
link between ghrelin and PD. Song et al. (2017) reported that
PD patients have lower plasma ghrelin levels than healthy
individuals, and their ghrelin response to meals is also
impaired. In addition, downregulating GHSR in dopaminergic
neurons in the substantia nigra can evoke PD-like motor
dysfunction (Suda et al., 2018). Moreover, ghrelin enhances
the firing rate of dopaminergic neurons in the substantia nigra
pars compacta and promotes dopamine availability during the
course of neurodegeneration (Andrews et al., 2009). In the
current study, we propose a new mechanism by which ghrelin
exerts neuroprotective effects in the 6-OHDA-induced SH-SY5Y
cell model. Ghrelin was able to reverse the 6-OHDA-induced
upregulation of lincRNA-p21, suppress lincRNA-p21-mediated
TGIF1 degradation via SMD, and inhibit a-synuclein expression.
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Figure 1 | Ghrelin is neuroprotective against
6-OHDA neurotoxicity.

(A) Phase contrast images of SH-SYSY cells treated
with different concentrations of ghrelin (0.1, 1, 10,
100, 200, and 400 nM) for 30 minutes followed by
6-OHDA treatment for 24 hours. Images revealed

a notable decrease of adherent cells and more
round cells that had lost processes after 6-OHDA
treatment. These changes were partially reversed
by 1 nM, 10 nM, and 100 nM ghrelin treatment;
Scale bar: 50 um. (B) Cell viability was assessed
using Cell Counting Kit-8. The data are shown as
the mean £ SD (n = 5; one-way analysis of variance
followed by Bonferroni post hoc test). **P < 0.01,
vs. control group; ##P < 0.01, vs. 6-OHDA treatment
group. 6-OHDA: 6-Hydroxydopamine; con: control;
TGIF1: TG-interacting factor 1.

Figure 2 | 6-OHDA exerts neurotoxicity by upregulating
a-synuclein expression.

(A) Reverse transcription quantitative polymerase chain reaction
analysis of SNCA mRNA levels in SH-SY5Y cells after treatment with
6-OHDA for 24 hours; GAPDH served as the internal control. (B)
Representative western blot and quantification data of a-synuclein
in SH-SYS5Y cells treated with 6-OHDA for 24 hours. (C) Reverse
transcription quantitative polymerase chain reaction analysis of
SNCA mRNA levels in SH-SY5Y cells transfected with SNCA siRNA
for 24 hours. (D) Cell apoptosis was assessed using Annexin V-FITC/
propidium iodide. The data are shown as the mean +SD (n =5;
A-C: Student’s t-test; D: one-way analysis of variance followed

by Bonferroni post hoc test); **P < 0.01, vs. control group; ##P
<0.01, vs. 6-OHDA treatment group; &P < 0.05; &&P < 0.01, vs.
NC group. 6-OHDA: 6-Hydroxydopamine; Con: control; GAPDH:
glyceraldehyde 3-phosphate dehydrogenase; NC: negative control;
siRNA: small interfering RNA; SNCA: the gene encoding a-synuclein;
TGIF1: TG-interacting factor 1; a-syn: a-synuclein.

Figure 3 | 6-OHDA-induced lincRNA-p21 upregulation
modulates a-synuclein expression and neurotoxicity.

(A) Reverse transcription quantitative polymerase chain reaction
analysis of lincRNA-p21 expression in SH-SY5Y cells treated with
6-OHDA for 24 hours; GAPDH served as the internal control. (B)
Reverse transcription quantitative polymerase chain reaction
analysis of lincRNA-p21 levels in SH-SY5Y cells transfected with
lincRNA-p21 siRNA for 24 hours. (C) Representative western blot
and quantification data of a-synuclein in SH-SY5Y cells transfected
with lincRNA-p21 siRNA and then treated with 6-OHDA for 24
hours. (D) Cell apoptosis was assessed using Annexin V-FITC/
propidium iodide. The data are shown as the mean = SD (n =5; A,
B: Student’s t-test; C, D: one-way analysis of variance followed by
Bonferroni post hoc test); **P < 0.01, vs. control group; ##P < 0.01,
vs. 6-OHDA treatment group; &&P < 0.01, vs. NC group. 6-OHDA:
6-Hydroxydopamine; Con: control; GAPDH: glyceraldehyde
3-phosphate dehydrogenase; NC: negative control; siRNA: small
interfering RNA; TGIF1: TG-interacting factor 1; a-syn: a-synuclein.

1 nM ghrelin 6-OHDA

6-OHDA+1 nM ghrelin

DAPI a-synuclein

Merge

Con

Figure 4 | Ghrelin can reverse the 6-OHDA-induced upregulation of lincRNA-p21 and a-synuclein.

(A) Reverse transcription quantitative polymerase chain reaction analysis of lincRNA-p21 levels in SH-SY5Y cells treated with 1 nM ghrelin with or without
6-OHDA for 24 hours; GAPDH served as the internal control. (B) Representative western blot and quantification data of a-synuclein in SH-SY5Y cells pretreated
with different concentrations of ghrelin for 30 minutes followed by incubation with 6-OHDA for 24 hours. (C) Immunostaining of a-synuclein in SH-SYSY cells
treated with 1 nM ghrelin with or without 6-OHDA for 24 hours (a-synuclein in red, and nuclei in blue). Scale bar: 50 um. The data are shown as the mean + SD
(n=5; A, B: one-way analysis of variance followed by Bonferroni post hoc test); **P < 0.01, vs. control group; ##P < 0.01, vs. 6-OHDA treatment group. 6-OHDA:
6-Hydroxydopamine; Con: control; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; TGIF1: TG-interacting factor 1; a-syn: a-synuclein.
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Figure 5 | 6-OHDA-induced lincRNA-p21 upregulation targets TGIF1
by STAU1-mediated mRNA decay.

(A) The predicted lincRNA-p21 binding site within TGIF1 3'-untranslated
regions. (B) Reverse transcription quantitative polymerase chain
reaction analysis of TGIF1 mRNA levels in SH-SY5Y cells transfected
with lincRNA-p21 siRNA and treated with 6-OHDA for 24 hours;
GAPDH served as the internal control. (C) Interaction of TGIFI mRNA
with STAUI was detected using the RNA immunoprecipitation assay

in SH-SY5Y cells transfected with lincRNA-p21 siRNA. (D) Reverse

@ transcription quantitative polymerase chain reaction analysis of STAU1
MRNA levels in SH-SY5Y cells transfected with STAU1 siRNA for 24
hours. The data are shown as the mean + SD (n = 5); &&P < 0.01, vs.
NC group (Student’s t-test). (E) Reverse transcription quantitative
polymerase chain reaction analysis of TGIF1 mRNA levels in SH-SY5Y
cells transfected with STAUI siRNA and treated with 6-OHDA for 24
hours. (F) Representative western blot and quantification data of TGIF1
in SH-SY5Y cells transfected with lincRNA-p21 siRNA or STAU1 siRNA,
and treated with 6-OHDA for 24 hours. The data are shown as the
mean + SD (n = 5; one-way analysis of variance followed by Bonferroni
post hoc test). &&P < 0.01, vs. NC siRNA group; #P < 0.05, ##P < 0.01,
vs. 6-OHDA treatment group. 6-OHDA: 6-Hydroxydopamine; GAPDH:
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Figure 6 | Ghrelin modulates a-synuclein expression by inhibiting lincRNA-p21 expression and preserving TGIF1 levels.

(A) Representative western blot assay and quantification of TGIF1 in SH-SY5Y cells pretreated with different concentrations of ghrelin for 30 minutes followed by
incubation with 6-OHDA for 24 hours. (B) Results of the dual-luciferase reporter assay. (C) gRT-PCR analysis of TGIFI mRNA levels in SH-SY5Y cells transfected with TGIF1
SiRNA for 24 hours. (D) gRT-PCR analysis of SNCA mRNA levels in SH-SYSY cells transfected with TG/F1 siRNA and treated with 6-OHDA with or without the presence of 1
nM ghrelin for 24 hours. (E) gRT-PCR analysis of lincRNA-p21 levels in SH-SY5Y cells transfected with pcDNA-p21 for 24 hours. (F) gRT-PCR analysis of TG/IF1 mRNA levels in
SH-SYS5Y cells transfected with pcDNA-p21 and treated with 6-OHDA with or without the presence of 1 nM ghrelin for 24 hours. (G) gRT-PCR analysis of SNCA mRNA levels
in SH-SYSY cells transfected with pcDNA-p21 and treated with 6-OHDA with or without the presence of 1 nM ghrelin for 24 hours. (H) Representative western blot and
quantification data of a-synuclein and TGIF1 in SH-SY5Y cells transfected with TGIF1 siRNA or pcDNA-p21 and treated with 6-OHDA with or without the presence of 1 nM
ghrelin for 24 hours. The data are shown as the mean + SD (n = 5; one-way analysis of variance followed by Bonferroni post hoc test); *P < 0.05, vs. control group; #P < 0.05,
##P < 0.01, vs. 6-OHDA treatment group; &P < 0.05, &&P < 0.01, vs. NC group; TtP < 0.01, vs. 6-OHDA + 1 nM ghrelin group; AP < 0.01, vs. pGL4.10-SNCA promoter (WT)
+ pcDNA3.1-3FLAG group; $$P < 0.01, vs. pGL4.10-SNCA promoter (MUT) + pcDNA3.1-3FLAG group. 6-OHDA: 6-Hydroxydopamine; Con: control; GAPDH: glyceraldehyde
3-phosphate dehydrogenase; Luc: luciferase; NC: negative control; qRT-PCR: reverse transcription quantitative polymerase chain reaction; R-Luc: Renilla luciferase; siRNA:
small interfering RNA; SNCA: the gene encoding a-synuclein; TGIF1: TG-interacting factor 1; a-syn: a-synuclein.
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Figure 7 | Ghrelin exerts its neuroprotective effects via the lincRNA-p21/TGIF1/a-synuclein pathway.

SH-SYS5Y cells transfected with pcDNA-p21 or TG/F1 siRNA and treated with 6-OHDA with or without the presence of 1 nM ghrelin for 24 hours. Cell apoptosis was
assessed using Annexin V-FITC/propidium iodide. The data are shown as the mean + SD (n = 5; one-way analysis of variance followed by Bonferroni post hoc test); &&P <
0.01, vs. NC group; #P < 0.05, vs. 6-ODHA group; TP < 0.05, TTP < 0.01, vs. 6-OHDA + 1 nM ghrelin group. 6-OHDA: 6-Hydroxydopamine; NC: negative control; siRNA: small
interfering RNA; TGIF1: TG-interacting factor 1.
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The aberrant expression and aggregation of a-synuclein
is a key feature of PD. a-Synuclein is a small, cytosolic
protein consisting of 140 amino acid residues. It is located
in presynaptic nerve terminals and is widely expressed
throughout the brain (Hasegawa et al., 2016). Multiplications
and various mutations in SNCA, the gene encoding a-synuclein,
have been proposed to be related to PD progression and
severity (Devine et al., 2011). In addition, at both the mRNA
and protein levels, a-synuclein expression is increased in
sporadic PD brains (Murphy et al., 2014). So far, however,
the role of a-synuclein in PD remains controversial.
Overexpressing a-synuclein can increase reactive oxygen
species levels, decrease dopaminergic neurotransmission,
and cause signs of motor deficits that are associated with PD
(Hansen et al., 2013; Butler et al., 2017; Perfeito et al., 2017).
In the present study, we consistently observed a marked
upregulation of a-synuclein in our 6-OHDA-induced PD model.
Furthermore, inhibiting a-synuclein expression by around
50% greatly alleviated the neurotoxic effects of 6-OHDA, thus
supporting a pathological role of a-synuclein upregulation
in PD. However, in a previous study, silencing a-synuclein in
mature nigral neurons led to rapid neuroinflammation and
toxicity (Benskey et al., 2018), while knockdown of a-synuclein
by 35% did not affect motor function or lead to nigral
dopaminergic neuron degeneration. Long-term inhibition of
endogenous a-synuclein expression in the substantia nigra for
12 months does not cause neurodegeneration and may even
confer neuroprotection in rotenone-exposed rats (Zharikov
et al., 2015, 2019). Because a-synuclein exerts physiological
functions, such as mediating neurotransmitter release,
enhancing ATP synthesis efficiency, and modulating DNA repair
(Ludtmann et al., 2016; Logan et al., 2017; Schaser et al.,
2019), the degree of a-synuclein knockdown, the kinetics of
knockdown, and the targeted cell type may affect outcomes.

LncRNAs can regulate gene expression at transcriptional, post-
transcriptional, and epigenetic levels (Mercer and Mattick,
2013). In PD, a number of dysregulated IncRNAs have been
identified to mediate disease progression. In the current study,
6-OHDA induced a marked increase in lincRNA-p21, which has
also been reported in lipopolysaccharide- and MPP™-induced
PD models (Ye et al., 2018; Ding et al., 2019). Inhibiting
lincRNA-p21 not only confers neuroprotection against 6-OHDA,
but also decreases a-synuclein levels. In an MPP*-induced PD
model, Xu et al. (2018) reported an indirect regulatory role of
lincRNA-p21 on a-synuclein expression via sponging miR-1277-
5p. Herein, we identified a novel mechanism of lincRNA-p21
that involved activating SMD and affecting the stability of
TGIF1, which may further inhibit a-synuclein expression.
Moreover, overexpressing lincRNA-p21 led to a-synuclein
upregulation and abolished the neuroprotective effects of
ghrelin. Given that lincRNA-p21 is a transcriptional target of
p53 and can feed back to enhance p53 transcriptional activity
(Wu et al., 2014), and a-synuclein is a novel transcription
target of p53 (Duplan et al., 2016), there may be more than
one mechanism that mediates the regulatory effects of
lincRNA-p21 on a-synuclein expression. Collectively, these
findings point to the crucial role of lincRNA-p21 in mediating
a-synuclein expression and PD pathogenesis, and indicate that
ghrelin confers at least partial neuroprotection against 6-OHDA
via the inhibition of lincRNA-p21 expression.

One notable finding in the current study was that we identified
TGIF1 as a novel regulator of a-synuclein expression. TGIF1 is a
homeodomain transcription factor that belongs to the three-
amino-acid-loop extension superfamily. It was first identified
by its ability to bind the retinol-binding protein 2 (RBP2) gene
and reduce activation by retinoid X receptors (Bertolino et
al., 1995). It can also inhibit the transforming growth factor B
pathway by binding mothers against decapentaplegic homolog
2 (SMAD2) and recruiting corepressors such as mSin3 (Seo
et al., 2004). Studies have revealed that TGIF1 exerts crucial

functions in the central nervous system (Sha et al., 2012; Fu
et al., 2019), and mutations of TGIF1 are closely associated
with holoprosencephaly (Gripp et al., 2000). In the present
study, TGIF1 was identified as a transcriptional regulator of
a-synuclein in PD; the luciferase assay revealed several binding
sites of TGIF1 on the promoter region of SNCA. However,
in contrast to our luciferase assay results that suggested
TGIF1 as a transcriptional activator, we found that inhibiting
TGIF1 yielded higher levels of 6-OHDA-induced a-synuclein.
Moreover, in our a-synuclein-overexpressing SH-SY5Y cell
model, TGIF1 inhibition led to lower levels of a-synuclein,
suggesting a dual transcriptional regulation. In light of the
literature, a number of transcription factors may exert dual
roles on transcriptional regulation, depending on the cellular
context and their interaction with other regulatory elements
(Kuhn and Grummt, 1992; Weill et al., 2003; Palavecino-
Ruiz et al., 2017); this might explain our contrasting findings.
It is possible that TGIF1 exerts two opposite transcriptional
regulatory functions through a mechanism that is yet to be
defined. Because TGIF1 siRNA abolished the neuroprotective
effects of ghrelin in our 6-OHDA-induced PD model, it is likely
that TGIF1 plays a protective role in this situation. Similarly,
Yeger-Lotem et al. (2009) reported that TGIF1 overexpression
can promote cellular survival in a yeast model of a-synuclein
toxicity. To date, there have been very few studies on the role
of TGIF1 in PD; thus, further research is necessary.

There are some limitations in the current study. First, we
only collected cells 24 hours after 6-OHDA treatment, when
nearly half of the cells were impaired. Considering that
a-synuclein has a number of different physiological functions,
its upregulation during the early stage (when fewer cells are
injured) might be a compensatory protective mechanism;
this remains to be revealed. Second, we mainly focused on
the effects of ghrelin on a-synuclein synthesis. However,
a-synuclein monomers can further form oligomers or even
fibrils to exert toxic effects, and further study is required
to evaluate whether ghrelin affects the formation of these
aggregates. Because the pathogenesis of PD remains unclear,
future in vivo studies using different PD models will be
necessary to fully elucidate the functions of ghrelin in PD.

In conclusion, ghrelin was able to attenuate 6-OHDA-induced
neurotoxicity by regulating the lincRNA-p21/TGIF1/a-synuclein
pathway. The present study highlighted a pathological role of
lincRNA-p21 in PD development, and elucidated a regulatory
relationship between TGIF1 and a-synuclein. Because the
pathogenesis of PD remains elusive, the effects of ghrelin
and the regulatory mechanisms of the effects of TGIF1 on
a-synuclein require further investigation using different PD
models. Overall, the findings herein provide novel targets for
developing PD therapies and a theoretical basis of ghrelin for
future clinical applications.
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Additional Figure 1 The neuroprotective effect of ghrelin is dependent on its receptor activation.

SH-SYSY cells were pretreated with 1 nM ghrelin with or without co-treatment with different concentrations of growth hormone

secretagogue receptor (GHSR) inhibitor, [D-Lys3]-GHRP-6. Cell viability was assessed with CCK-8. The data were shown as the

mean+SD (n=5, one-way analysis of variance followed by Bonferroni post hoc test); **P < 0.01, vs. control group; ##P < 0.01, vs.

6-OHDA treatment group; $$P <0.01, vs. 6-OHDA+ghrelin (1 nM) group.

>hg38_ncbiRefSeqCurated NM_000345.3 range=chr4:89837200-89839199 5'pad=0 3'pad=0
strand=- repeatMasking=none
aagggacacaacatctgagcatticcctaggtgtaaattacactgeaattttaaagaatcatctaatgatatigtggttatititaaacagtccttaaa
tittgtggatgcatactgaatgiitagageigaaaagatatatatasageiigaatiiggtaaaaaaaaaasasasagagggaggaligglagiga
taaagtgagtggacttatggatgagacatgatcagecatgeattgaaaaaatgtaaaagttggatgatcticacatgagagtcctitatictgteta
cttttgcatatgtttgaatatticccataacaaaaagttgaaaatagagtgatcacatgagttaatcicctaatttacaaaaaagaaaactggaaaca
gaaggagaacaaaacttgttcaaggictcaaagecagacageaaactagetcccaagtecaacctictigetetggicctaageaaacaaaaa
atattaatatgagctacLgcatr-agtctgcnnccaaagggcagaccaamgn gittaaataataaatatitgigatetta
cittcatgetitictatiticeactgaacacatatgeattatctictatatgtetittatgtataatcatitgeticetgticetigtggtittaaagtigtittgta
tgtttaaatitgattitactcaaatitcagaacccaaattagegeaagaatcagacaaageataacttictataaatataaaaacaattaaaaaaaaa
acatacagcaaaaacgagttgitgiitccecectecticticeagtgettaactaateticegaatccaggeacagaaageaaaggctitetgetag
teggaggagctigeticiceatictagtetgatccaggaaageigicticcagctetganagagetgaaaatgtgtiaagcgatgcasaaatly
tctigaagttcgegtgtgtatgteigigigeatgtgcgtgtggtegetgggppgagagaaaaggggetetcaalicigagggcaacgagaate
agaagtcagaaaggtgagtggtetgtagcatcteectitcagaaggggctgaagaagaaatiggatatgatggtecggtaggctaaatcacge
tggattigictcccagataaagggaggtctgeaaagtaagicecatitctagagegaaaagectiaggaccgetigtittagacggetggggaat
amanccngnccactgatgggaaaatcagcgtctggcaggcgctganggtgga‘atggtgatagtggcgtggaaagaggam
getgagecttetectgecteetcaacctgtgactcticettagtagtetecetitcaceetcaggacecetttccggetettectagattaagagceaaa
cgaaaacciigaagatatitgaactaaagcgacccctaacgitgtaacctgtgacegtgatiaaatitcagegatgegagggeaaagegeicte
ggeggtgepgtgtgagecaccteccggegetgectgtetectecageagetccccaagggatagectetgeccttggtgptegacecteagg
cecteggetetcccagggegactctgacgaggggtagggggtggteccegggaggacceagaggaaaggcggggacaagaagggage
ggaaggpgaaagaggaagaggeatcatceetageccaaccgetecegatetccacaagagtgetegtgaceetaaacttaacgtgaggep
caaaagcgeccccactttecegecttgegeggecaggeaggeggctggagtigatggetcaceeegegeeecetgececatecceateega
gatagggacgaggageacgelgcagpgaaagcagegageacegggagagegecgegcagaagegctgacaaatcageggtegess
cggagageeg

Additional Figure 2 The predicted binding sites of TG-interacting factor 1 (TGIF1) with the promoter region of SNCA.

By querying the bioinformatics database, a number of binding sites at the promoter region of SNCA with two binding motifs (5°-3’

AAGGAA and CAGCTG) of TGIF1 were identified (highlighted).
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Additional Figure 3 TG-interacting factor 1 (TGIF1) functions as a transcription regulator of o-synuclein.
(A) Representative western blot of a-synuclein in lentivirus-mediated a-synuclein overexpressing SH-SY5Y cell model. (B)
Representative western blot of TGIF1 and a-synuclein in lentivirus-mediated a-synuclein overexpressing SH-SYSY cell model

transfected with TGIF1 siRNA for 48 h.



