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Abstract: Parkinson’s disease (PD) is characterized by the progressive loss of dopaminergic neurons
in the substantia nigra pars compacta. Several brain–gut peptides are able to exert neuroprotective
effects on the nigrostriatal dopaminergic system. Apelin-13 is a neuropeptide, conveying potential
neuroprotective activities. However, whether, and how, apelin-13 could antagonize rotenone-induced
neurotoxicity has not yet been elucidated. In the present study, rotenone-treated SH-SY5Y cells
and rats were used to clarify whether apelin-13 has protective effects on dopaminergic neurons,
both in vivo and in vitro. The results showed that apelin-13 could protect SH-SY5Y cells from
rotenone-induced injury and apoptosis. Apelin-13 was able to activate autophagy, and restore
rotenone induced autophagy impairment in SH-SY5Y cells, which could be blocked by the autophagy
inhibitor 3-Methyladenine. Apelin-13 activated AMPK/mTOR/ULK-1 signaling, AMPKα inhibitor
compound C, as well as apelin receptor blockage via siRNA, which could block apelin-13-induced
signaling activation, autophagy activation, and protective effects, in rotenone-treated SH-SY5Y
cells. These results indicated that apelin-13 exerted neuroprotective properties against rotenone by
stimulating AMPK/mTOR/ULK-1 signaling-mediated autophagy via the apelin receptor. We also
observed that intracerebroventricular injection of apelin-13 could alleviate nigrostriatal dopaminergic
neuron degeneration in rotenone-treated rats. Our findings provide new insights into the mechanism
by which apelin-13 might attenuate neurotoxicity in PD.
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1. Introduction

Parkinson’s disease (PD) is the second common neurodegenerative disease, and is characterized
by the progressive loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and
the presence of Lewy bodies composed of aggregated α-synuclein [1,2]. It has been identified
that oxidative stress, mitochondrial dysfunction, and an impaired protein degradation system are
involved in the onset and progression of PD [3]. There are no satisfactory strategies that slow
down the neurodegeneration of dopaminergic neurons in PD. Current therapy strategies, such as
dopamine agonists and L-3,4-dihydroxyphenylalanine (L-DOPA), are symptomatic treatments for PD,
but they fail to render disease-modifying or continual impacts [4]. Several brain-gut peptides, such
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as ghrelin, nesfatin-1, neurotensin, neuropeptide Y (NPY), and glucagon-like peptide-1, are widely
expressed in the mammalian central nervous system, and have a close relationship with the central
dopaminergic system [5–11]. We previously reported that ghrelin and nesfatin-1 were able to
antagonize 1-methyl-4-phenylpyridinium ion-induced cytotoxicity in MES23.5 dopaminergic cells by
the anti-apoptotic C-Raf-ERK1/2 pathway, anti-oxidative stress pathway, and inhibiting the translocation
of NF-κB [8,11].

Apelin is a kind of brain–gut peptide that serves as an orphan G protein-coupled apelin receptor
(putative receptor protein related to the angiotensin receptor ATl, APJ) ligand. Apelin is derived
from stolid abdominal tissues, and sustains cleaved form apelin-13, apelin-17, and apelin-36 [12],
all of which can bind to receptor APJ, and then activate following second messenger signaling
cascades [13]. Apelin-13 serves as the most effective type of apelin in competing to interact with the
APJ [14]. The distribution of apelin-13 in the hypothalamus, substantia nigra (SN), striatum (Str),
cerebellum, hippocampus, hypothalamus, and amygdala, implies that apelin-13 may display crucial
and broad functions in pathophysiological and physiological processes [15]. Recent reports showed that
apelin-13 protects SH-SY5Y dopaminergic cells from 6-hydroxydopamine-induced neurotoxicity by its
antioxidant and anti-apoptotic properties [16]. In vivo, apelin-13 protects dopaminergic neurons in
MPTP-induced PD mice through inhibiting endoplasmic reticulum stress and promoting autophagy [17].
Rotenone is a lipid-soluble environmental toxin in daily life. Rotenone is able to enter the human
digestive tract in the form of pesticide residues, and pass through the blood–brain barrier [18]. Whether
apelin-13 could be neuroprotective in rotenone models has not yet been investigated.

Autophagy, as the process of cellular self-digestion, is a pathway involving degradation of
organelles and protein, and containing an extraordinary quantity of links to physiological processes
and human diseases [19]. It has been well-acknowledged that autophagy is associated with
PD [20]. The autophagic pathway had protective effects on dopaminergic neurons by removing
accumulatedα-synuclein in SNpc, in most PD-animal models, eventually promoting cell survival [21,22].
Accordingly, inducers of autophagy have been recognized as neuroprotectors for PD. The autophagy
inducer, rapamycin, serves as a neuroprotective candidate in PD models, by intensifying autophagy to
diminish misfolded protein [23]. Carbamazepine and valproic acid, serving as potential autophagy
enhancers, attenuated rotenone-induced toxicity in SH-SY5Y cells [24]. Increasing evidence indicates
that apelin-13 is able to regulate autophagy in SH-SY5Y cell, rat cardiomyocytes, lung adenocarcinoma
cell, foam cell, and rat cerebral etc. [25–28]. AMPK/mTOR/ULK1 signaling is involved in the modulation
of autophagy in PD [29]. However, whether apelin-13 could induce autophagy via AMPK/mTOR/ULK1
signaling remains elusive.

In the present study, rotenone was employed to establish PD models both in vitro, and in vivo,
to mimic the environmental insults in PD. We aimed to explore the protective effects of apelin-13 in
rotenone-treated SH-SY5Y cells, and in rats, and to further investigate the neuroprotection of apelin-13,
related to AMPK/mTOR/ULK1 signaling-mediated autophagy.

2. Results

2.1. Apelin-13 Antagonized Rotenone-Induced Cell Injury in SH-SY5Y Cells

The protective effects of apelin-13 against rotenone induced neurotoxicity were investigated in
SH-SY5Y cells. The SH-SY5Y cells were treated with rotenone for 24 h. The results showed that
the cell viability was decreased in SH-SY5Y cells treated with rotenone, from 50 nM to 2000 nM,
compared with the control (Figure 1A). Then the dose of 500 nM of rotenone was used in the following
analysis. Apelin-13 (10−12 mol/L ~ 10−6 mol/L) treatment did not affect the cell viability of SH-SY5Y
cells (Figure 1B). Apelin-13 (10−11 mol/L ~ 10−8 mol/L) pretreatment for 24 h was able to restore cell
viability in rotenone-treated SH-SY5Y cells (Figure 1C). The maximum protection was achieved at
the concentration of 10−9 mol/L apelin-13. Similarly, rotenone treatment resulted in a mitochondrial
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membrane potential (∆Ψm) decrease, assessed by flow cytometry, after a 24 h exposure. Pre-incubation
with 10−9 mol/L apelin-13 exerted maximal protective effects (Figure 1D,E).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 3 of 31 
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Figure 1. Cell viability and mitochondrial evaluation in SH-SY5Y cells with rotenone and apelin-13
treatment. (A–C) SH-SY5Y cells were treated with rotenone (50 nM ~ 2000 nM) or apelin-13 (10−12 mol/L
~ 10−6 mol/L), or exposed to rotenone (500 nM) with or without the pretreatment apelin-13 (10−12 mol/L
~ 10−7 mol/L) for 24 h. Cell viability was tested by MTT assays and data were presented as percentage
of control. Restoration of viability was found when cells were pre-incubated with apelin-13 (10−11

mol/L ~ 10−8 mol/L). (D,E) Fluorometric assays of mitochondrial membrane potential (∆Ψm) and
statistical analysis. Rotenone treatment for 24 h resulted in a ∆Ψm decrease, which was abolished by
pre-incubation with apelin-13 (10−10 mol/L and 10−9 mol/L). Data are presented as mean ± SEM of
three replications. * p < 0.05; ** p < 0.01 compared with the control; # p < 0.05; ## p < 0.01 compared
with the rotenone group.

2.2. Apelin-13 Inhibited Rotenone-Induced Apoptosis in SH-SY5Y Cells

We then evaluated whether apelin-13 could inhibit rotenone induced apoptosis. Hoechst 33258
staining showed that cells with round and large sized nuclei appeared with regular contours in the
control and apelin-13 alone groups. However, rotenone treatment caused condensed chromatin and
bright apoptotic nuclei in SY-SY5Y cells, which was significantly attenuated by pre-treatment with
apelin-13 (10−9 mol/L) (Figure 2A,B). Rotenone caused a dramatic elevation of caspase-3 activity
in SH-SY5Y cells, apelin-13 (10−10 mol/L and 10−9 mol/L) inhibited the rotenone-induced caspase-3
activity, while apelin-13 (10−11 mol/L) had no effects (Figure 2C,D). We also observed rotenone
induced up-regulation of pro-apoptotic factor Bax, and down-regulation of anti-apoptotic protein
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Bcl-2, thus a decrease in ratio of Bcl-2/Bax. Apelin-13 (10−10 mol/L and 10−9 mol/L) restored the ratio of
Bcl-2/Bax in rotenone-treated SH-SY5Y cells, while apelin-13 (10−11 mol/L) had no effects (Figure 2E,F).
The anti-apoptotic effects of apelin-13 were further evidenced by the inhibition of cleaved caspase-3
up-regulation induced by rotenone; this effect was only observed in cells with 10−9 mol/L apelin-13
pretreatment, rather than 10−11 mol/L and 10−10 mol/L apelin-13 pretreatment (Figure 2G,H).
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was attenuated by apelin-13 pretreatment. Bar = 50 µm. (B) Statistical analysis. * p < 0.05; ** p < 0.01
compared with the control; ## p < 0.01 compared with the rotenone group. (C) Fluorometric assay of
caspase-3 activity in cells treated with vehicle or apelin-13 (10−11 mol/L ~ 10−9 mol/L) prior to rotenone
treatment for 24 h. Caspase-3 activity was increased in cells with rotenone treatment; however, this effect
was attenuated by apelin-13 pretreatment. (D) Statistical analysis. Data are presented as mean ± SEM of
three replications. * p < 0.05; ** p < 0.01 compared with Control; ## p < 0.01 compared with the rotenone
group. (E–H) SH-SY5Y cells were treated with rotenone or pre-treated with apelin-13 (10−11 mol/L ~
10−9 mol/L) prior to rotenone treatment for 24 h. Western blot was applied to detect the expression
of Bcl-2, Bax, cleaved caspase-3. β-actin was used as a loading control. Apelin-13 pretreatment
decreased the expression of Bax and cleaved caspase-3, while increased the expression of Bcl-2 in the
rotenone-treated SH-SY5Y cells. Data are presented as mean ± SEM of three replications. ** p < 0.01
compared with the control; ## p < 0.01 compared with the rotenone group.

2.3. Apelin-13 Induced Autophagy and Restored Rotenone Induced Autophagy Impairment in SH-SY5Y Cells

We further explored the effects of apelin-13 on autophagy in SH-SY5Y cells. Western blot
revealed that the ratio of light chain 3B (LC3B)-II/LC3B-I was increased dose-dependently with
apelin-13 (10−11 mol/L ~ 10−9 mol/L) treatment, while apelin-13 (10−10 mol/L and 10−9 mol/L) reduced
the expression of the autophagic adaptor protein p62, compared with the control (Figure 3A–C),
indicating that apelin-13 induced autophagy in SH-SY5Y cells. To show that an increased generation
of new autophagosomes, rather than a blockade of their lysosomal degradation, was responsible for
the increased LC3B-II/LC3B-I ratio, cells were pre-treated with 30 µM chloroquine (CQ), a known
inhibitor of autophagosome-lysosome-fusion for 6 h prior to apelin-13. CQ alone induced an increased
ratio of LC3B-II/LC3B-I, and increased expression of p62. CQ pre-treatment, prior to apelin-13,
further increased the ratio of LC3B-II/LC3B-I, meanwhile, reversing the reduction of p62 in SH-SY5Y
cells (Figure 3D–G).

To further determine whether apelin-13 could induce autophagy in rotenone treated cells,
we observed the fluorescent punctuate distribution of LC3B by immunofluorescence staining
with anti-LC3B antibody. The results showed that apelin-13 (10−9 mol/L) treated cells exhibited
increased punctuate patterns of LC3B fluorescence distribution in the cytoplasm of cells,
whereas, diffuse distribution of LC3B appeared in the absence of apelin-13. SH-SY5Y cells with
apelin-13 pre-treatment prior to rotenone also showed a significant increase versus cells treated with
rotenone (Figure 4A). In addition, p62 was accumulated in rotenone-treated cells, apelin-13 blocked the
expression of p62 in the rotenone-treated SH-SY5Y cells, as well as increasing the ratio of LC3B-II/LC3B-I
(Figure 4B–D). Then, we observed the effects of apelin-13 on the protein expression of α-synuclein
in SH-SY5Y cells. The results showed that the expression levels of α-synuclein were up-regulated
in cells with rotenone treatment, which could be blocked by 10−9 mol/L apelin-13 pretreatment.
Low concentration of apelin-13 (10−11 mol/L and 10−10 mol/L) did not show any effects (Figure 4E,F).
Taken together, these data suggest that apelin-13 is able to induce autophagy in SH-SY5Y cells.

2.4. Autophagy Activation Contributed to the Protective Effects of Apelin-13 in Rotenone Treated
SH-SY5Y Cells

We further investigated whether apelin-13 exerted its protective effects on SH-SY5Y cells from
rotenone-induced injury by the stimulation of autophagy. MTT assays revealed that the treatment
of apelin-13 (10−9 mol/L) rescued the cell viability reduced by rotenone in SH-SY5Y cells, while the
autophagy inhibitor 3-MA pretreatment for 3 h, could inhibit this effect. 3-MA alone did not show any
significant effect on cell viability (Figure 5A). 3-MA also had no effects on ∆Ψm, however, it induced a
small increase of both, caspase-3 activity, and cleaved caspase-3 protein levels. Consistent with data in
Figure 2, apelin-13 pretreatment inhibited the caspase-3 activity and cleaved caspase-3 induced by
rotenone; 3-MA was able to block the protective effects of apelin-13 (Figure 5B–G). As we expected,
3-MA alone resulted in a low ratio of LC3B-II/LC3B-I and accumulated p62 and α-synuclein in SH-SY5Y
cells, consistent with its property as an autophagy inhibitor. Apelin-13 induced autophagy in rotenone
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treated cells, as indicated by a higher ratio of LC3B-II/LC3B-I, and less p62 and α-synuclein, and was
blocked with 3-MA pretreatment (Figure 5H–K). Taken together, these facts indicate that apelin-13 can
protect SH-SY5Y cells from rotenone-induced injury and apoptosis by activating autophagy.
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Figure 3. Autophagy activation in SH-SY5Y cells with apelin-13 treatment. (A–C) SH-SY5Y cells were
treated with apelin-13 (10−11 mol/L ~ 10−9 mol/L) for 24 h. Western blot was applied to detect the
expression of light chain 3B (LC3B)-II/LC3B-I and p62. The ratio of LC3B-II/LC3B-I was increased
dose-dependently with apelin-13 (10−10 mol/L ~ 10−9 mol/L) treatment, while the expression of p62 was
reduced as compared with the control. (D–G) SH-SY5Y cells were treated with apelin-13 or co-treated
with apelin-13 and CQ (10 µM). The ratio of LC3B-II/LC3B-I and the expression of p62 were increased in
the presence of CQ, and further increased with apelin-13 and CQ in SH-SY5Y cells. Data are presented
as mean ± SEM of three replications. * p < 0.05; ** p < 0.01 compared with the control; ## p < 0.01
compared with the apelin-13 group.
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Fluorescent images were captured and processed. Cells in the control and rotenone groups exhibited 
a diffuse distribution of LC3BⅡ. The number of LC3BⅡpuncta increased in the presence of apelin-
13, with or without rotenone treatment. Bar = 20 μm. (B) Statistical analysis of LC3 puncta/cell. Data 
are presented as mean ± SEM of three replications. ** p < 0.01 compared with the control; ## p < 0.01 
compared with the rotenone group. (C–E) Western blot was applied to detect the levels of LC3B-

puncta increased in the presence of
apelin-13, with or without rotenone treatment. Bar = 20 µm. (B) Statistical analysis of LC3 puncta/cell.
Data are presented as mean ± SEM of three replications. ** p < 0.01 compared with the control;
## p < 0.01 compared with the rotenone group. (C–E) Western blot was applied to detect the levels of
LC3B-II/LC3B-I and p62. Apelin-13 rescued the ratio of LC3B-II/LC3B-I and blocked the expression of
p62 in the rotenone-treated SH-SY5Y cells. (F,G) Western blot was applied to detect the expression
of α-synuclein. Rotenone treatment led to a dramatic increase in α-synuclein levels in SH-SY5Y cells;
however, apelin-13 pretreatment significantly reduced this increase. Data are presented as mean ± SEM
of three replications. * p < 0.05; ** p < 0.01 compared with the control; ## p < 0.01 compared with the
rotenone group.
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Figure 5. Effects of 3-MA on the neuroprotective effects of apelin-13 in SH-SY5Y cells. SH-SY5Y cells were
exposed to rotenone with or without apelin-13 pretreatment, or with 3-MA pretreatment prior to rotenone
and apelin-13. (A) MTT assay indicated that 3-MA had no effects of cell viability. Apelin-13 restored cell
viability in rotenone-treated cells, which was blocked by 3-MA. (B,C) Fluorometric assays of ∆Ψm and
statistical analysis. Apelin-13 antagonized rotenone-induced reduction in 4ΨM, and pre-incubation
with 3-MA abolished these changes. (D,E) Fluorometric assay of caspase-3 activity and statistical
analysis. Apelin-13 could antagonize rotenone-induced caspase-3 activation, and pre-incubation with
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3-MA abolished the activation. (F,G) Western blot was applied to detect the expression of cleaved
caspase-3. Apelin-13 antagonize rotenone-induced the increase of cleaved caspase-3 protein levels,
and pre-incubation with 3-MA abolished these changes. (H–K) Western blot was applied to detect the
expression of α-synuclein, LC3B-II/LC3B-I, and p62. Apelin-13 enhanced the ratio of LC3B-II/LC3B-I,
and reduced the expression of p62 and α-synuclein in the rotenone-treated cells; 3-MA pretreatment
blocked these effects. Data are presented as mean ± SEM of three replications. * p < 0.05; ** p < 0.01
compared with the control; ## p < 0.01 compared with the rotenone group; 4 p < 0.05; 44 p < 0.01
compared with the Apelin-13+Rotenone group.

2.5. Apelin-13 Is Able to Modulate the AMPK-/mTOR-/ULK1 Signaling in SH-SY5Y Cells

AMPK/mTOR/ULK1 signaling was identified as modulating autophagy in the progression of
PD [30]. Accordingly, we tried to explore whether AMPK/mTOR/ULK1 signaling was involved in
apelin-13-induced autophagy in SH-SY5Y cells. Apelin-13 (10−9 mol/L and 10−10 mol/L) was able to
enhance the phosphorylation of AMPKα and ULK1, although apelin-13 (10−11 mol/L) had no effect
on the phosphorylation of AMPKα and ULK1 (Figure 6A,C,D); 10−11 mol/L~10−9 mol/L apelin-13
dose-dependently reduced the phosphorylation of mTOR in the cells (Figure 6B,E).

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 11 of 31 

 

13 restored cell viability in rotenone-treated cells, which was blocked by 3-MA. (B,C) Fluorometric 
assays of ΔΨm and statistical analysis. Apelin-13 antagonized rotenone-induced reduction in △ΨM, 
and pre-incubation with 3-MA abolished these changes. (D,E) Fluorometric assay of caspase-3 activity 
and statistical analysis. Apelin-13 could antagonize rotenone-induced caspase-3 activation, and pre-
incubation with 3-MA abolished the activation. (F,G) Western blot was applied to detect the 
expression of cleaved caspase-3. Apelin-13 antagonize rotenone-induced the increase of cleaved 
caspase-3 protein levels, and pre-incubation with 3-MA abolished these changes. (H–K) Western blot 
was applied to detect the expression of α-synuclein, LC3B-II/LC3B-I, and p62. Apelin-13 enhanced 
the ratio of LC3B-II/LC3B-I, and reduced the expression of p62 and α-synuclein in the rotenone-
treated cells; 3-MA pretreatment blocked these effects. Data are presented as mean ± SEM of three 
replications. * p < 0.05; ** p < 0.01 compared with the control; # p < 0.05; ## p < 0.01 compared with the 
rotenone group; △ p < 0.05; △△ p < 0.01 compared with the Apelin-13+Rotenone group. 

2.5. Apelin-13 Is Able to Modulate the AMPK-/mTOR-/ULK1 Signaling in SH-SY5Y Cells 

AMPK/mTOR/ULK1 signaling was identified as modulating autophagy in the progression of 
PD [30]. Accordingly, we tried to explore whether AMPK/mTOR/ULK1 signaling was involved in 
apelin-13-induced autophagy in SH-SY5Y cells. Apelin-13(10−9 mol/L and 10−10 mol/L) was able to 
enhance the phosphorylation of AMPKα and ULK1, although apelin-13 (10−11 mol/L) had no effect on 
the phosphorylation of AMPKα and ULK1 (Figure 6A,C,D); 10−11 mol/L~10−9 mol/L apelin-13 dose-
dependently reduced the phosphorylation of mTOR in the cells (Figure 6B,E). 

 
Figure 6. The AMPK/mTOR/ULK1 signaling pathway activation in SH-SY5Y cells with apelin-13 
treatment. SH-SY5Y cells were treated with apelin-13 (10−11 mol/L ~ 10−9 mol/L) at the indicated dose. 
(A–E) Western blot was applied to detect the phosphorylated and total AMPKα, mTOR, and ULK1. 
The ratios of p-AMPK/AMPK and p-ULK1/ULK1 were increased dose-dependently; the ratio of p-
mTOR/mTOR was decreased dose-dependently in cells with apelin-13 treatment, when compared 
with the control group. Data are presented as mean ± SEM of three replications. * p < 0.05; ** p < 0.01 
compared with the control. 

Figure 6. The AMPK/mTOR/ULK1 signaling pathway activation in SH-SY5Y cells with apelin-13
treatment. SH-SY5Y cells were treated with apelin-13 (10−11 mol/L ~ 10−9 mol/L) at the indicated dose.
(A–E) Western blot was applied to detect the phosphorylated and total AMPKα, mTOR, and ULK1.
The ratios of p-AMPK/AMPK and p-ULK1/ULK1 were increased dose-dependently; the ratio of
p-mTOR/mTOR was decreased dose-dependently in cells with apelin-13 treatment, when compared
with the control group. Data are presented as mean ± SEM of three replications. * p < 0.05; ** p < 0.01
compared with the control.

2.6. AMPK/mTOR/ULK1 Signaling Contributed to the Protective Effects of Apelin-13 in Rotenone Treated
SH-SY5Y Cells

In order to determine whether AMPK/mTOR/ULK1 signaling is involved in the protection and
autophagy activation of apelin-13 in rotenone-treated SH-SY5Y cells, an AMPKα inhibitor, compound C,
was used 30 min before apelin-13 treatment. The results showed rotenone induced the phosphorylation
of mTOR and inhibited the phosphorylation of AMPKα and ULK1. Consistent with the effects
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of apelin-13 in normal SH-SY5Y cells, apelin-13 was able to reverse the phosphorylation status
of AMPK/mTOR/ULK1 signaling in rotenone treated cells, that is, more phosphorylated AMPKα

and ULK1, and less phosphorylated mTOR. Compound C alone exerted similar effects to rotenone;
meanwhile, it efficiently blocked the effects of apelin-13 on the AMPK/mTOR/ULK1 signaling pathway
(Figure 7A–D).
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Figure 7. Effects of compound C on the AMPK/mTOR/ULK1 signaling pathway in SH-SY5Y cells with
rotenone and apelin-13 treatment. SH-SY5Y cells were exposed to rotenone with or without apelin-13,
or with compound C pretreatment prior to rotenone and apelin-13. (A–D) Western blot was applied
to detect the phosphorylated and total AMPKα, mTOR, and ULK1. Apelin-13 antagonized rotenone
induced an increase in the ratios of p-AMPK/AMPK and p-ULK1/ULK1, and rotenone induced a
reduction in the ratio of p-mTOR/mTOR; compound C pretreatment blocked these effects. Data are
presented as mean± SEM of three replications. * p < 0.05; ** p < 0.01 compared with the control; ## p < 0.01
compared with the rotenone group; 44 p < 0.01 compared with the Apelin-13+Rotenone group.

We then explored whether apelin-13 induces autophagy by stimulating AMPK/mTOR/ULK1
signaling in SH-SY5Y cells. Compound C alone induced a low ratio of LC3B-II/LC3B-I, and accumulated
p62 and α-synuclein in SH-SY5Y cells, indicating its certain autophagy inhibitory properties. Apelin-13
enhanced the ratio of LC3B-II/LC3B-I, and reduced the expression of p62 and α-synuclein in
rotenone-treated cells, and these effects were blocked by compound C (Figure 8A–D).
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Figure 8. Effects of compound C on autophagy in SH-SY5Y cells with rotenone and apelin-13 treatments.
(A–D) Western blot was applied to detect the expression of LC3B-II/LC3B-I, p62 and α-synuclein
in the cells. Apelin-13 enhanced the ratio of LC3B-II/LC3B-I, and reduce the expression of p62 and
α-synuclein in the rotenone-treated cells; these effects were blocked by compound C. Data are presented
as mean ± SEM of three replications. * p < 0.05; ** p < 0.01 compared with the control; ## p < 0.01
compared with the rotenone group; 44 p < 0.01 compared with the Apelin-13+Rotenone group.

Next we further explored whether apelin-13 exerted its protective effect by the stimulation
of AMPK/mTOR/ULK1 signaling in SH-SY5Y cells. As shown in Figure 9A, compound C, alone,
did not show any significant effect on cell viability. Compound C also had no effects on ∆Ψm,
however, it induced a small increase of both caspase-3 activity and cleaved caspase-3 protein levels
(Figure 9B–G). The cell viability and ∆Ψm were restored by apelin-13 in rotenone-treated SH-SY5Y
cells, both of which were abolished by compound C pretreatment (Figure 9A–C). Apelin-13 antagonize
rotenone-induced caspase-3 activation and cleaved caspase-3 protein expression, and pre-incubation
with compound C, abolished these protective effects. (Figure 9D–G).
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Figure 9. Effects of compound C on the neuroprotective effects of apelin-13 in SH-SY5Y cells. (A) The cell
viability was tested by MTT assays, and is presented as percentage of control. Apelin-13 rescued
rotenone-induced cell death, and this effect was prevented by compound C. (B,C) Fluorometric assays
of ∆Ψm and statistical analysis. Compound C pretreatment abolished the protective effects of apelin-13
on ∆Ψm. (D,E) Fluorometric assay of caspase-3 activity and statistical analysis. Apelin-13 antagonize
rotenone-induced caspase-3 activation, and pre-incubation with compound C abolished these changes.
(F,G) Western blot was applied to detect the expression of cleaved caspase-3. Apelin-13 antagonized
rotenone-induced the increase in cleaved caspase-3 protein levels, and compound C pretreatment
abolished these changes. Data are presented as mean ± SEM of three replications. * p < 0.05; ** p < 0.01
compared with the control; ## p < 0.01 compared with the rotenone group; 4 p < 0.05; 44 p < 0.01
compared with the Apelin-13+Rotenone group.
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2.7. APJ Contributed to the Protective Effects of Apelin-13 in Rotenone Treated SH-SY5Y Cells

The efficiency of APJ depletion by APJ siRNA was validated in the cells (Figure 10A,B). The results
show that APJ siRNA2 and APJ siRNA3 could differently reduce the expression of APJ by 26.28%
and 83.49%, compared with the siRNA-Nc group. SH-SY5Y cells with APJ siRNA transfection were
treated with apelin-13 for 24 h. Phosphorylation of AMPKα and ULK1 was increased, while the
phosphorylation of mTOR was decreased in SH-SY5Y cells with apelin-13 treatments; APJ siRNA2 and
APJ siRNA3 were able to block these effects (Figure 10C–F).Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 17 of 31 
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Figure 10. Effects of apelin receptor (APJ) siRNA on the AMPK/mTOR/ULK1 signaling pathway
in SH-SY5Y cells with apelin-13 treatment. (A,B) SH-SY5Y cells were transfected with APJ siRNA.
Western blot was applied to detect the APJ protein expression. The expression of APJ protein was
inhibited by siRNA. (C–F) SH-SY5Y cells were treated with apelin-13 or pre-treated with APJ siRNA
prior to apelin-13. Western blot was applied to detect the phosphorylated and total AMPKα, mTOR,
and ULK1. Phosphorylation of AMPKα and ULK1 were attenuated in apelin-13 treated cell with APJ
siRNA, while phosphorylation of mTOR was increased. Data are presented as mean ± SEM of three
replications. * p < 0.05; ** p < 0.01 compared with the control; # p < 0.05; ## p < 0.01 compared with the
apelin-13 group.
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Consistent with data in Figure 3A–C, apelin-13 increased the ratio of LC3B-II/LC3B-I, and decreased
p62 levels in SH-SY5Y cells. APJ siRNA was able to abolish these effects of apelin-13 (Figure 11A–C).
APJ siRNA3 was used in the following experiments. Similarly, apelin-13 induced autophagy in
rotenone treated cells, as indicated by higher ratio of LC3B-II/LC3B-I, and that less p62 was blocked
with APJ siRNA pretreatment (Figure 11D–G). These data suggested that apelin-13 activated autophagy
via the receptor APJ in this model.
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are presented as mean ± SEM of three replications. * p < 0.05; ** p < 0.01 compared with the control;
# p < 0.05; ## p < 0.01 compared with the apelin-13 group. (D–G) SH-SY5Y cells were exposed to
rotenone with or without apelin-13, or with APJ siRNA pretreatment prior to rotenone and apelin-13.
Western blot was applied to detect the expression of LC3B-II/LC3B-I, p62, and α-synuclein. Apelin-13
significantly increased the ratio of LC3B-II/LC3B-I, and reduced the expression of p62 and α-synuclein in
rotenone-treated SH-SY5Y cells; APJ siRNA pretreatment abolished these effects. Data are presented as
mean ± SEM of three replications. * p < 0.05; ** p < 0.01 compared with the control; ## p < 0.01 compared
with the rotenone group; 4 p < 0.05; 44 p < 0.01 compared with the Apelin-13+Rotenone group.

We then further explored whether apelin-13 exerted its protective effect via the receptor APJ in
SH-SY5Y cells. As shown in Figure 12A–C, the cell viability and ∆Ψm were rescued by apelin-13
in the rotenone-treated SH-SY5Y cells, in which APJ siRNA could abolish these effects. Apelin-13
could antagonize rotenone-induced caspase-3 activation and cleaved caspase-3 protein expression,
and pre-incubation with APJ siRNA abolished these protective effects (Figure 12D–G).
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Figure 12. Effects of APJ siRNA on the neuroprotective effects of apelin-13 in SH-SY5Y cells. (A) The cell
viability was tested by MTT assays, and is presented as percentage of control. Apelin-13 rescued
rotenone-induced cell death, and this effect was prevented by APJ siRNA. (B,C) Fluorometric assays of
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∆Ψm and statistical analysis. Apelin-13 antagonized rotenone-induced reduction in 4ΨM,
and pre-incubation with APJ siRNA abolished the reduction. (D,E) Fluorometric assay of caspase-3
activity and statistical analysis. Apelin-13 could antagonize rotenone-induced caspase-3 activation,
and pre-incubation with APJ siRNA abolished the activation. (F,G) Western blot was applied to detect
the expression of cleaved caspase-3. Apelin-13 antagonize the increase induced by rotenone in the
expression of cleaved caspase-3 protein; APJ siRNA pretreatment abolished these changes. Data are
presented as mean ± SEM of three replications. * p < 0.05; ** p < 0.01 compared with the control;
# p < 0.05; ## p < 0.01 compared with the rotenone group; 4 p < 0.05; 44 p < 0.01 compared with the
Apelin-13+Rotenone group.

2.8. Apelin-13 Antagonized Rotenone Induced Dopaminergic Neurons Loss and Restored the Contents of
Dopamine and Its Metabolites in the Str in Rats

We established an in vivo PD rat model by the administration of rotenone (3 mg/kg).
Immunofluorescence analysis showed that the tyrosine hydroxylase (TH)-positive cells in the SN of the
rats were reduced by rotenone administration, while apelin-13 (2 µg/kg and 5 µg/kg) was able to rescue
the loss of TH-positive cells in the SN, whereas 1 µg/kg apelin-13 did not show any effects (Figure 13A,B).
Accordingly, immunohistochemistry analysis revealed that apelin-13 (2 µg/kg and 5 µg/kg) restored
TH staining in the Str (Figure 13C), as well as TH protein levels in the SN (Figure 13D,E). We then
assessed the impact of apelin-13 on the contents of dopamine and its metabolites. The results showed
that the administration of rotenone reduced the levels of dopamine (DA) and its metabolites DOPAC
and HVA in the Str. Apelin-13 (5 µg/kg) could restore the levels of DA, DOPAC, and HVA; apelin-13
(2 µg/kg) could restore the levels of DA and HVA, while apelin-13 (1 µg /kg) did not show any effects
(Figure 14A–C). We also observed that apelin-13 administration was able to restore the bodyweight
reduction induced by the rotenone in the rats (Figure 14D). Taken together, these data suggest that
apelin-13 can alleviate nigrostriatal dopaminergic neuron degeneration in vivo.
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analyzed by immunofluorescence analysis. The number of TH immunopositive cells decreased in
the SN of rats in the rotenone group; this effect was attenuated by apelin-13 (2 µg/kg and 5 µg/kg)
administration. Data are presented as mean ± SEM of ten replications. * p < 0.05; ** p < 0.01
compared with the control; # p < 0.05; ##p < 0.01 compared with the rotenone group. Bar = 100 µm.
(C) The expression of TH in the striatum (Str) of the rats was assessed by immunohistochemistry
analysis. Weaker staining of TH was observed in rats with rotenone administration when compared to
the control; however, a more robust staining was observed in the apelin (5 µg/kg) + rotenone group.
(D,E) The expression of TH in the SN was measured by Western blot analysis. TH protein levels were
down-regulated in the rotenone group; these effects were attenuated by apelin-13 (2 µg/kg and 5 µg/kg)
administration. Data are presented as mean ± SEM of three replications. * p < 0.05; ** p < 0.01 compared
with the control; # p < 0.05; ## p < 0.01 compared with the rotenone group.
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Figure 14. Effects of apelin-13 on the content of DA and its metabolites in the Str of rats with rotenone
administration. (A–C) The levels of DA, DOPAC, and HVA were analyzed by HPLC analysis in the str.
There was a reduction of DA, DOPAC, and HVA levels in the rotenone group. DA, DOPAC, and HVA
levels were restored in the Apelin-13 (5 µg/kg) + rotenone and Apelin-13 (2 µg/kg) + rotenone groups;
DA and HVA levels were restored in the Apelin-13 (2 µg/kg) + rotenone group. (D) The body weight
of the rats was recorded, and is shown. Rotenone induced a loss of body weight, which was fully
abolished in the Apelin-13 (1 µg/kg, 2 µg/kg, and 5 µg/kg) + rotenone groups. Data are presented
as mean ± SEM of twelve replications. * p < 0.05; ** p < 0.01 compared with the control; # p < 0.05;
## p < 0.01 compared with the rotenone group.

3. Discussion

In our study, we demonstrated that apelin-13 protects SH-SY5Y dopaminergic cells against
rotenone-induced cell injury and apoptosis. Apelin-13 could induce autophagy in both normal and
rotenone-treated SH-SY5Y cells, which might be mediated by the stimulation of AMPK/mTOR/ULK1
signaling via its receptor-APJ. The protective effects of apelin-13 against rotenone induced neurotoxicity
was also observed in rats.
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Tatemoto et al. discovered the satiety neuropeptide, apelin, in 1998 [31], which is an orphan G
protein-coupled apelin receptor (APJ) ligand [12]. This novel brain–gut peptide can regulate food
intake and energy homeostasis in the hypothalamus [32]. Studies have shown that apelin-13 is able to
penetrate the blood–brain barrier via an unsaturated mechanism, which indicates that it is feasible to
transport to the central nervous system pharmacologically through peripheral pathways [33]. Apelin-13
is a neuropeptide which is capable of protecting against neuronal apoptosis and excitotoxicity in vitro,
and is associated with neuronal survival in vivo following cerebral ischemia or ischemia/reperfusion
injury, amyotrophic lateral sclerosis (ALS), and seizure [34–36]. In addition, apelin-13 has an attenuating
effect on the expression of pro-inflammatory cytokines, and inhibits microglia, astrocytes, and other
inflammatory cells [37,38]. As a neuropeptide, several roles of apelin-13 in the modulation of PD
development have been reported. It has been identified that apelin-13 inhibits motion impairment
and limits the variations in synaptic plasticity-associated particles in the Str of PD rats [39]. Apelin-13
attenuated cognitive impairment in 6-hydroxydopamine-produced SN lesions in the rats, as well as
antagonized 6-hydroxydopamine-produced neurotoxicity in SH-SY5Y cells [16,40]. Apelin-13 also
showed anti-apoptotic properties against neurotoxins MPP+ and methamphetamine41. Mitochondrial
dysfunction played an important role in the etiology of PD [41,42]. Rotenone is an environmental
neurotoxin that impairs ATP synthesis, and results in mitochondrial dysfunction [43–45], which induced
the release of cytochrome c, and then promoted cell damage through stimulating a caspase-dependent
apoptosis signal. In our study, rotenone induced dopaminergic neuronal death in rats, decreased the cell
viability, damaged mitochondrial function, and then promoted apoptosis, in SH-SY5Y cells. Apelin-13
blocked rotenone-induced cell injury, prevented ∆Ψm and Bcl-2/Bax reduction, and antagonized
caspase-3 activation and morphological changes in the nuclei of rotenone-treated SH-SY5Y cells.
These results indicated that apelin-13 antagonized rotenone-induced dopaminergic neuron apoptosis
by ameliorating mitochondrial dysfunction. We also demonstrated that Intracerebroventricular
injection (ICV) of apelin-13 (1 µg/kg, 2 µg/kg, 5 µg/kg) once a day for 26 consecutive days effectively
rescued dopaminergic neuronal loss, and prevented DA depletion in the striatum of rats administrated
with rotenone.

The mechanisms underlying the neuroprotective effects of apelin-13 have not been fully elucidated.
Increasing evidence indicates that autophagy impairment plays a crucial role in PD progression [46].
The autophagy system can effectively remove some damaged organelles, such as damaged mitochondria
and misfolded proteins; while dysfunction of autophagy may induce protein accumulation and
cell death [47]. On the contrary, the inhibition of autophagy increases the transfer and release of
SNCA/α-synuclein by extracellular blisters, thus autophagy activation is critical to the attenuation of PD
progression [48]. Bioactive compounds that potentially modulate autophagy are increasingly suggested
as new drugs for therapeutic purposes in PD [49]. For instance, the induction of autophagy by rapamycin,
a well-known autophagy inducer, contributed to a prominent protection against rotenone-induced
toxicity, and prevented the formation of poly-ubiquitinated protein aggregates [50]. Several natural
compounds, such as kaempferol, celastrol, and resveratrol, could enhance autophagy, and thus
exert neuroprotective effects in PD models [51–55]. More recently, long noncoding RNA HAGLROS
modulated autophagy and apoptosis by controlling PI3K/Akt/mTOR activation and miR-100/ATG10
signaling in PD [56]. In the brain, apelin-13 protected dopaminergic neurons in MPTP-induced PD
model mice in vivo, through inhibiting ERS and promoting autophagy [17]. However, there has been a
controversial report that apelin-13 relieves traumatic brain damage-produced injury through repressing
autophagy [57]. We hypothesized that the neuroprotective property of apelin-13 might be associated
with the regulation of autophagy. As we expected, apelin-13 increased the ratio of LC3B-II/LC3B-I,
and promoted the formation of massive LC3B-II puncta, meanwhile, it reduced p62 levels in SH-SY5Y
cells. With CQ pre-treatments with aplin-13, SH-SY5Y cells showed a further increase in the ratio of
LC3B-II/LC3B-I, and higher levels of p62, suggesting that the enhancement of autophagy markers
by apelin-13 is due to induction of autophagy rather than blockage of autophagosome maturation.
More importantly, apelin-13 induced autophagy in rotenone treated cells, as indicated by the higher
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ratio of LC3B-II/LC3B-I, less p62, and α-synuclein accumulated in the cells. Autophagy dysfunction was
supposed in α-synuclein aggregation, therefore, clearance of aggregated α-synuclein, via up-regulation
of the autophagy-lysosomal pathway, could provide a pharmacologically viable approach to the
treatment of PD [58,59]. Considering the presence of autophagy impairment in rotenone models,
these results indicate that apelin-13 might serve as an autophagy inducer and exert protective effects
against rotenone-induced neurotoxicity. This was confirmed by the result that autophagy inhibitor
3-MA abolished the restoration of mitochondrial function, and the anti-apoptotic effects exerted
by apelin-13.

One of the major transduction pathways for apelin-13 signals depends on the interaction
with a Gi-protein coupled to the APJ receptor and protein AMPK [60,61]. AMPK/mTOR/ULK1
signaling has been identified in the modulation of autophagy. It has been well recognized that the
activation of AMPK/mTOR/ULK1 signaling is required for autophagy induction [62]. AMPK is a major
energy-sensing kinase, which activates many catabolic processes in multicellular organisms. AMPKα

could also be involved in regulating autophagy. It was proven to have an essential role for regulating
autophagic signals in human hepatocytes, HT-29 cells, and HeLa cells [63]. A recent study indicated
that the yeast ortholog of AMPKα (SNF1) can activate the autophagy system [64]. Activation of AMPKα

happens, not only by low energy levels in cells, but also by all kinds of other non-starvation-related
autophagy inducers, even under normal energy levels [65]. Both mTORC1 and AMPKα are able to
regulate autophagy inducing complex Ulk1/2 kinase activity by direct phosphorylation. On the one
hand, activation of AMPK, to oppositely regulate mTORC1, and mTORC1 inactivation in turn, led
to Ulk1/2 kinase activity [62]. On the other hand, it was in a direct interaction between AMPKα and
Ulk1 that AMPKα activation positively up-regulated Ulk1 activity [66,67]. We then explored whether
apelin-13 induces autophagy by stimulating AMPK/mTOR/ULK1 signaling in SH-SY5Y cells. Apelin-13
could stimulate AMPK activity in myocardial microvascular endothelial cells [68]; it up-regulated
AMPK phosphorylation levels in cerebral ischemia insults, and AMPK signals were involved in the
mechanism of apelin-13-mediated neuroprotection [69]. Consistent with previous studies, our data
showed that apelin-13 treatment of SH-SY5Y cells up-regulated AMPKα and ULK1 phosphorylation
levels, while the phosphorylation of mTOR protein was inhibited. AMPKα inhibitor compound C
efficiently blocked the effects of apelin-13 on the AMPK/mTOR/ULK1 signaling pathway. Compound C
also blocked apelin-13-induced autophagy activation in rotenone-treated cells [70], as indicated by
its suppression on the increased ratio of LC3B-II/LC3B-I, inhibited p62, and the α-synuclein levels
induced by apelin-13. Accordingly, pre-incubation with compound C abolished the protective effects
induced by apelin-13. Taken together, these data suggest that apelin-13 exerts its protective effect on the
SH-SY5Y cells from rotenone-induced injury and apoptosis by the stimulation of AMPK/mTOR/ULK1
signaling-mediated autophagy.

First, a type of receptor protein, APJ, related to the angiotensin type 1 receptor (AT1), and a new G
protein-coupled receptor (GPCR) family, termed “orphan receptors” [71], were discovered. Then apelin
was believed to be the endogenous ligand of APJ, based on the fact that it was extracted from the
secretions of cattle stomach tissues and named apelin (APJ endogenous ligand) [31]. The apelin/APJ
system is confirmed to be a signal for arteriogenesis in hepatocellular carcinoma [72]. The APJ receptor
antagonist F13A was used to block apelin/APJ signaling to inhibit tumor growth and small arteries in
an HCC subcutaneous murine tumor model [73]. Similarly, treatment of LoVo cells, (a human colon
adenocarcinoma cell line) with APJ receptor antagonist significantly reduced the cell proliferation
rate [73]. Apelin-13 and its binding receptor, APJ, are widely expressed in CNS, especially in the
hypothalamus, hippocamp, cortex, and substantia nigra [71,74–76]. In the present study, the efficiency
of APJ depletion by APJ siRNA was validated in the cells. The results show that APJ siRNA were able
to block the effects of apelin-13 on AMPK/mTOR/ULK1 signaling. Meanwhile, APJ siRNA was able to
inhibit apelin-13 activated autophagy and the protective effects.

In conclusion, we revealed that apelin-13 could activate AMPK/mTOR/ULK1 signaling in
the rotenone-treated SH-SY5Y cells, and induce autophagy and protect SH-SY5Y cells from
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rotenone-induced injury. As a kind of brain–gut peptide, apelin-13 was able to active autophagy, even in
the presence of the neurotoxin, rotenone. Therefore, these results reinforce the possibility of activating
autophagy as a therapeutic target, and explore the promising strategies related to autophagy activation.

4. Materials and Methods

4.1. Materials

Unless otherwise stated, all chemicals including rotenone, 3-Methyladenine (3-MA),
and chloroquine (CQ) were purchased from Sigma Chemical Co (St Louis, MO, USA). Compound
C was purchased from Selleck (TX, USA). Apelin-13 was purchased from Santa Cruz Biotechnology,
Inc. (Dallas, TX, USA). The primary LC3B antibody was purchased from Novus Biologicals
(Littleton, CO, USA). The primary tyrosine hydroxylase (TH) antibody was purchased from Millipore
(Darmstadt, Germany). The primary α-synuclein, p62, AMPK, p-AMPK, ULK-1, and p-ULK-1 antibody
for Western blot, were from Cell Signaling Technology (Boston, CM, USA). Beta-actin antibody was
from Bioss (Beijing, China). The goat anti-rabbit IgG-horseradish peroxidase secondary antibodies
from Absin (Shanghai, China). The goat anti-rabbit IgG (Alexa Fluor-488, green) secondary antibody
was from Invitrogen (Eugene, OR, USA). Dulbecco’s modified Eagle’s medium Nutrient Mixture-F12
(DMEM/F12) was from Gibco (Gibco, Grand Island, NY, USA). The PE-conjugated monoclonal active
caspase-3 antibody apoptosis kit was from BD Bioscience Company (San Diego, CA, USA). Hoechst
33258 and the BCA kit were from Beyotime (Jiangsu, China). Other chemicals and regents were
available from local commercial sources.

4.2. Cell Culture and Treatment

The human neuroblastoma SH-SY5Y cells, purchased from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China), were grown in DMEM/F12 (Gibco, Grand Island, NY, USA), containing
growth medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 lg/mL streptomycin in
a humidified atmosphere containing 5% CO2 at 37 ◦C. The cells were cultured in the medium of
DMEM/F12 containing 10% fetal bovine serum (Gibco, Grand Island, NY, USA), 0.1 mg/mL streptomycin
(Solarbio, Beijing, China), and 100 units/mL penicillin (Solarbio, Beijing, China) at a condition of 37 ◦C
with 5% CO2. An in vitro PD model was established in the SH-SY5Y cells by the treatment of rotenone
(Sigma, St. Louis, MO, USA) at the indicated dose for 24 h. The cells were treated with apelin-13,
3-MA, compound C, apelin receptor (APJ) siRNA (GenePharma, Shanghai, China), or CQ (a lysosome
inhibitor), as described in the results. The transfection in the cells was performed by Liposome 3000
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions.

4.3. MTT Assays

MTT assays measured the cell viability of SH-SY5Y cells. Briefly, about 2 × 104 SH-SY5Y cells
were put into 96 wells and cultured for 24 h. After treatment, the cells were added to with a 20 µL MTT
solution (5 mg/mL) (Sigma, St. Louis, MO, USA), and cultured for an extra 4 h discarded medium,
and 150 µL/well DMSO (Thermo, Waltham, MA, USA) was used to treat the wells. The optical
densities of the standards and samples were measured by subtracting the readings at 540 nm from the
readings at 450 nm using a multifunctional microplate reader (SpectraMax M5, Molecular Devices,
San Jose, CA, USA).

4.4. Assessment of ∆Ψm and Caspase-3 Activation

To evaluate the ∆Ψm during the rotenone-induced mitochondria dysfunction, SH-SY5Y cells
were treated with HBS and rhodamine123 (Sigma, St. Louis, MO, USA, 5 µmol/L). The changes of
the mitochondrial membrane potential with various treatments were monitored by flow cytometry,
as reported previously. Rhodamine-123 as a cationic fluorescent probe can penetrate into mitochondria,
which is an indicator of the MMP. After pretreatment with apelin (1 × 10−9 mol/L) for 30 min, cells
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were subjected to 500 nmol/L rotenone in serum-contained DMEM for 24 h, and then incubated with
rhodamine123 in a final concentration of 5 mol/L for 30 min at 37 ◦C. Then untreated controls and
treated cells were harvested. After washing twice with HBS, the cells were resuspended in 1 mL
HBS. For analysis, fluorescence intensity was recorded at 488-nm excitation and 525-nm emission
wavelengths. Results are shown as FL1-H (Fluorescence 1-histogram), setting the gated region M1 and
M2 as a marker to assess changes of fluorescence intensity, using Cell Quest software (BD Bioscience).
SH-SY5Y Cells were seeded at 1 × 105 cells/mL into 6-well plates and treated as described above.
Caspase-3 activity was assessed using a PE-conjugated monoclonal active caspase-3 antibody apoptosis
kit, according to the manufacturer’s protocol for flow cytometry. After washing twice with cold
phosphate-buffered saline (PBS), the cells were then resuspended in Citofix/CytopermTM solution
at a concentration of 1 × 106 cells/0.5 mL. The samples were incubated for 30 min at 37 ◦C, and
washed twice with perm/wash buffer. Cells were resuspended with 0.5 mL perm/wash buffer and
thereafter analyzed using a BD FACS caliber flow cytometer (BD Biosciences, San Diego, CA, USA).
The percentage of positive cells reacting with the antibody was examined with Cellguest Software (BD
Bioscience, San Diego, CA, USA).

4.5. Hoechst 33258 Staining

To assess the neuroprotective effects of apelin-13 against rotenone induced apoptosis, nuclear
morphology was detected using a previously described method in our lab [77,78]. SH-SY5Y cells
were cultured on coverslips in 24-well plates. Cells were fixed in 4% paraformaldehyde (PFA) for
30 min, washed twice with PBS, and stained with Hoechst 33258 dye for 15 min at room temperature.
After washing 3 times to remove the excess dye, cells were examined and photographed under a
confocal laser scanning microscope (Fluoview FV500, Olympus, Osaka, Japan). Based on changes in
nuclear morphology, such as chromatin condensation and fragmentation, apoptotic cells are defined.
We delineated a 400 µm2 frame in each space, and then selected 10 different regions to calculate all
condensed nuclei and normal nuclei. Then we calculated the average sum of the condensed nuclei and
normal nuclei for each hole. The data were presented as percentages, and the proportion of condensed
nuclei relative to the total number of nuclei was calculated.

4.6. Western Blot Analysis

Samples from cells and animals were prepared in ice-cold radio immunoprecipitation assay (RIPA)
lysis buffer with a protease inhibitor (CWBIO, Beijing, China). The protein concentration of the samples
was then determined using a BCA assay (Thermo, USA). Protein samples (20 µg) were loaded and
separated by 8% or 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at
80 V for 30 min, followed by 120 V for 90 min. The proteins were subsequently transferred to PVDF
membranes (Millipore Corp, Billerica, MA, USA) by electroblotting. After 2 h blocking with 10%
non-fat milk in PBST (80 mm Na2HPO4, 20 mm NaH2PO4, 100 mm NaCl, 0.1% Tween 20, pH 7.4) at
room temperature, the membranes were incubated overnight at 4 ◦C with TH (1:4000), α-synuclein
(1:1000), Bax (1:1000), Bcl-2 (1:1000), caspase-3 (1:1000), LC3B (1:2000), p62 (1:1000), AMPKα (1:1000),
ULK1 (1:1000), mTOR (1:1000), p-AMPKα (1:1000), p-ULK1 (1:1000), p-mTOR (1:1000), and β-actin
(1:5000), in which β-actin served as the control. The membranes were washed three times for 10 min
each using PBST, incubated with the appropriate goat anti-rabbit IgG-horseradish peroxidase secondary
antibodies (1:5000) at room temperature for 1 h, and washed three more times in PBST buffer. The blots
were stained with the Clarity Western enhanced chemiluminescence (ECL) substrate (Millipore Corp,
Billerica, MA, USA), and target bands were visualized using a UVP BioDoc-It Imaging System (Upland,
CA, USA). The target bands were quantified using ImageJ software (NIH Image, Bethesda, MD, USA),
and the density of each band was normalized against Beta-Actin.
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4.7. Animals and Treatment

All procedures were carried out in accordance with the National Institute of Health Guide for
the Care and Use of Laboratory Animals, and were approved by the Animal Ethics Committee of
Qingdao University (20181027, 27 October 2018). Briefly, adult Wistar rats (male) weighing 250 ~
300 g were reared at room temperature for 12 h, and with free access to food and water. Rats were
randomly separated into five groups: (1) control group: rats received intracerebroventricular injection
(ICV) saline injection only; (2) rotenone-treated group: rats received rotenone (3 mg/kg, intraperitoneal
injection, i.p.) and ICV saline injections once per day for 21 consecutive days; (3) apelin-13-pretreated
group: rats were pretreated with different doses of apelin-13 (1 µg/kg, 2 µg/kg, and 5 µg/kg, ICV) once
per day for 26 consecutive days, and received rotenone (3 mg/kg, i.p.) for the final 21 days. Rotenone
was freshly prepared using DMSO as a solvent and medium-chain triglyceride (MCT) at a 1:49 ratio
with a final concentration of 3 mg/kg.

4.8. Immunofluorescence and Immunohistochemistry Staining

SH-SY5Y cells were grown on sterile Poly-D-Lysine-coated slides in 12-well plates and pre-treated
with 10−9 mol/L apelin-13 for 30 min. Then cells were treated with vehicle or 500 nM rotenone for
24 h respectively, followed by washing once with 0.01% PBS (pH 7.4). The coverslips were fixed in
4% PFA for 10 min with 0.1% Triton X-100. Cells were rinsed three times (5 min each) in PBS and
blocked with 5% goat serum in PBS for 1 h at room temperature. After blocking, they were incubated
overnight at 4 ◦C with the primary antibodies against LC3B (1:300). The samples were then washed
three times (5 min each) with PBS and incubated with goat anti-rabbit IgG (Alexa Fluor-488, green)
secondary antibody (1:500) for 1 h at RT in the dark, followed by staining the nuclei with Hoechst 33258
for 15 min. Finally, LC3 expression in cells was detected under a fluorescence microscope (Observer
A1, Zeiss, Germany). The brain was fixed in 4% PFA at 4 ◦C for 72 h, and then incubated in 0.1 M
phosphate buffer (pH 7.4) containing 25% sucrose at 4 ◦C for 2 to 3 days. Then the frozen brain was
cut into 25-µm-thick sections and brain tissues sections were used for immunofluorescence staining
of SN and immunohistochemical staining of Str. First, the sections were incubated with 0.1% Triton
X-100 in phosphate buffered saline (PBS) for 24 h. Second, the sections were incubated overnight at
4 ◦C with TH primary antibody (Millipore Corporation, USA, 1:2000) in PBS containing 0.1% Triton
X-100. Third, the sections for SN staining were incubated with Alexa Fluor 555 donkey anti-rabbit
secondary antibody, and images were obtained with an immunofluorescence microscope (Observer
A1, Zeiss, Germany) at 200 and 400×magnifications. Then the sections for Str staining were incubated
with biotinylated goat anti-rabbit IgG at 37 ◦C for 1 h. Finally, diaminobenzidine hydrogen peroxide
(0.01%) was used as a coloring agent, and a camera was used to obtain a digital image.

4.9. Measurement of Dopamine and Its Metabolites Levels by HPLC

The bodyweight of the rats was recorded and calculated. Twelve rats from each group provided
samples for HPLC. Samples were weighed and then homogenized in 0.3 mL liquid A (0.4 M perchloric
acid). After initial centrifugation (120,000 rpm for 20 min at 4 ◦C), 80 µL of the supernatant was
transferred into Eppendorf tubes, and 40 µL liquid B (20 mM citromalic acid potassium, 300 mM
dipotassium phosphate, 2 mM EDTA-2Na) was added. After additional centrifugation (120,000 rpm for
20 min at 4 ◦C), 100 µL of the supernatant was assayed for DA and its metabolites, DOPAC and HVA,
by HPLC. Separation was achieved on a PE C18 reverse-phase column. The mobile phase consisted
of 20 mM citromalic acid, 50 mM sodium caproate, 0.134 mM EDTA-2Na, 3.75 mM sodium octane
sulphonic acid, and 1 mM di-sec-butylamine at 5% (v/v) methanol; the flow-rate was 1 mL/min. A 2465
electrochemical detector (Waters, Milford, MA, USA) was operated in screen mode. The results were
expressed as ng/mg wet weight of brain tissue.



Int. J. Mol. Sci. 2020, 21, 8376 23 of 27

4.10. Statistical Analysis

Data were presented as mean ± SEM, and the statistical analysis was performed by SPSS software
(version 18.0). The one-way ANOVA was applied for comparing among multiple groups. p < 0.05
were considered as statistically significant.
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Abbreviations

PD Parkinson’s disease
TH Tyrosine hydroxylase
SN Substantia nigra
Str Striatum
∆Ψm Mitochondrial membrane potential
LC3B Light chain 3B
APJ Apelin receptor
ROS Reactive oxygen species
3-MA 3-Methyladenine
ICV Intracerebroventricular injection
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