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Potential protective effects of autophagy
activated in MPP+ treated astrocytes
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Abstract. Astrocytes, which have various important func-
tions, have previously been associated with Parkinson's disease
(PD), particularly in 1-methyl-4-phenylpyridinium (MPP+)
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
models of PD. MPP+ is the toxic metabolite of MPTP and is
generated by the enzymatic activity of monoamine oxidase B,
which is predominantly located in astrocytes. MPP+ acts as
a mitochondrial complex I inhibitor. Autophagy is an evolu-
tionarily conserved self-digestion pathway in eukaryotic
cells, which occurs in response to various types of stress,
including starvation and oxidative stress. Lithium treatment
has previously been shown to induce autophagy in astrocytes
by inhibiting the enzyme inositol monophosphatase, which
may aid in the treatment of neurodegenerative diseases,
including Huntington's disease, in which the toxic protein
is an autophagy substrate. Therefore, using western blotting
and MTT assay, the present study aimed to investigate the
protective effects of lithium-induced autophagy against
astrocyte injury caused by MPP+ treatment, as well as the
potential underlying mechanisms. The results of the present
study suggested that lithium was able to induce autophagy in
astrocytes treated with MPP+, and this likely occurred via
activation of the phosphoinositide 3-kinase/AKT pathway.

Introduction

Parkinson's disease (PD), which is the second most common
neurodegenerative disease among the aging human popula-
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tion after Alzheimer's disease (AD), is thought to be caused
by genetic factors and environmental agents, including
1-methyl-4-phenyl-1,2,3,6 -tetrahydropyridine (MPTP) (1).
MPTP was initially discovered to be a dopaminergic neuro-
toxin in the early 1980s after it contaminated a source of
synthetic heroin (2), although it is predominantly used to
produce animal models of PD. MPTP is converted to its
metabolite 1-methyl-4-phenylpyridinium ion (MPP+) by
monoamine oxidase B (MAO-B), which is predominantly
localized within astrocytes (3). Previous studies have reported
arole for autophagy in PD, and a defect in autophagy, partic-
ularly in mitochondrial autophagy (mitophagy), has emerged
as a potential novel pathogenic mechanism underlying the
development of PD (4-7). Previous studies have suggested
that MPP+ may initiate dopaminergic neuronal cell death,
and induce autophagy in SH-SYS5Y cells, SK-N-SH cells,
neuronal PC12 cells and the rat brain (8-12).

Astrocytes have numerous essential functions in the
healthy central nervous system (CNS), including responding
to oxidative stress-induced injury (13). Various neurological
disease states, including PD, AD and ischemic injury, have
previously been associated with varying degrees of astrocyte
activation or astrogliosis (14,15). Autophagy has been shown
to be activated in rat cortical astrocytes following permanent
middle cerebral artery occlusion (pMCAO), and in primary
astrocytes following oxygen and glucose deprivation (OGD)
injury, in which autophagy markedly decreased cell survival
following OGD and focal cerebral ischemia (16). Astrocytes
express NF-E2-related factor (Nrf2), which binds to the
antioxidant response element (ARE) in order to induce the
expression of antioxidant enzymes. Overexpression of Nrf2
in astrocytes has been reported to protect against 6-hydroxy-
dopamine damage in mice (17), thus suggesting a potential
therapeutic strategy for the treatment of PD. Chen et al (18)
demonstrated that Nrf2 expression in astrocytes was able to
protect against MPTP, and suggested that modulation of the
Nrf2-ARE pathway may be considered a promising target for
therapeutics aimed at reducing or preventing neuronal death
in patients with PD. These results supported the hypothesis
that astrocytes may have a neuroprotective role in PD.

Autophagy is a cellular homeostatic process that involves
the sequestration of cytoplasmic material by lysosomes
for bulk degradation. Previous studies have suggested that
autophagy may have an important role in the pathogenic
process of PD (19-22). However, whether activation of
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autophagy exerts beneficial or detrimental effects in PD
is currently unclear, since both protective and destructive
effects have previously been reported (22,23). Lithium has
been shown to induce autophagy by inhibiting inositol mono-
phosphatase, which in turn leads to depletion of free inositol
and decreased levels of inositol 1,4,5-trisphosphate (24,25).
Previous studies have detected therapeutic and protective
effects of lithium compounds in various models of neuronal
disease, including brain ischemia, AD, affective bipolar
disease and kainate-induced neuronal cell death (26-28).

Astrocytes have important functions and may be benefi-
cial to neurons under certain conditions. In addition, MPP+
may trigger oxidative stress, which may subsequently induce
autophagy. However, to the best of our knowledge, no previous
study has investigated whether MPP+ is able to induce
autophagy in astrocytes and the underlying mechanisms.
Therefore, the present study aimed to investigate whether
MPP+ was able to induce autophagy in astrocytes and its func-
tion. Furthermore, the ability of lithium to protect astrocytes
treated with MPP+, and its potential underlying mechanisms,
were analyzed.

Materials and methods

Ethics statement. The present study was approved by the
Institutional Animal Ethical Committee of Sun Yat-sen
University (Guangzhou, China), in accordance with recom-
mendations in the Guide for the Care and Use of Laboratory
Animals (National Institutes of Health, Bethesda, MA, USA).

Primary astrocyte culture. A total of 100 specific-pathogen-free
neonatal male C57BL/6 mice (Guangzhou University of
Chinese Medicine, Guangzhou, China), aged 1-day-old, were
maintained at 25°C. Following sacrifice via an overdose of
10% chloral hydrate (0.03 ml; Sinopharm Chemical Reagent
Co., Ltd., Shanghai, China) via intraperitoneal injection and
disinfection with 75% alcohol, astrocyte-enriched cultures
were prepared from the cerebral cortex. The meninges were
removed from dissected cerebral cortexes and tissues were
cut into ~1 mm? sections, which were subsequently digested
using 0.25% trypsin (Gibco; Thermo Fisher Scientific, Inc.
Waltham, MA, USA) at 37°C for 15 min. Digestion was termi-
nated using Dulbecco's modified Eagle's medium/nutrient F12
(DMEM/F12) supplemented with 10% fetal bovine serum
(FBS) and penicillin/streptomycin (50 U/ml; 50 pg/ml) (all
Gibco; Thermo Fisher Scientific, Inc.). Following centrifugation
at 112 x g for 5 min, the astrocytes were gently forced through
a sterile 70 ym Nitex mesh, after which they were resuspended
in DMEM/F12 containing 10% heat-inactivated FBS, 2 mM
L-glutamine, 50 U/ml penicillin and 50 mg/ml streptomycin
(all Gibco; Thermo Fisher Scientific, Inc.). Subsequently, astro-
cytes (1x10° cells/ml) were seeded into a poly-lysine-coated
flask, which was stored in a humidified atmosphere containing
5% CO, and 95% air at 37°C. The culture medium was replaced
after 24 h, and was subsequently replaced every 2-3 days. Upon
reaching confluence (typically 12-14 days later), microglia were
detached from the astrocytes by agitation at 260 rpm for 16 h.
Astrocytes were subsequently detached using trypsin-ethyl-
enediaminetetraacetic acid solution (Gibco; Thermo Fisher
Scientific, Inc.), and were seeded in the same culture medium.
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Following three or more consecutive passages, cells were seeded
into 96-well plates (10° cells/well) or dishes for further experi-
mentation. The purity of the astrocytes was determined using
glial fibrillary acidic protein (GFAP) immunocytochemistry
using rabbit anti-GFAP polyclonal antibody (1:5,000; ab7260;
Abcam, Cambridge, UK), which indicated that 98% of the
cultured cells were GFAP-positive, using a microscope (Bx51;
Olympus Corporation, Tokyo, Japan).

Cell treatment. In order to measure the toxicity of MPP+,
the cells were divided into seven groups, including one
control group and six groups treated with MPP+, which
were treated with 50, 100, 200, 400, 800 or 1,200 uM MPP+
(Sigma-Aldrich, St. Louis, MO, USA), respectively. In order
to measure the induction of autophagy in the astrocytes, the
cells were divided into several groups, including the control
group (treated with FBS), the starvation group (incubated
in DMEM/F12 without FBS or MPP+; positive control),
MPP+ groups (0.2, 0.4 and 0.8mM MPP+, respectively),
and MPP+ and inhibitor groups, which were treated with
10mM Pepstain A lysosomal inhibitor (Sigma-Aldrich).
Furthermore, in order to explore the function of the induced
autophagy, the cells were pretreated with autophagy
inhibitors, 10 mM 3-methyladenine (3-MA), 0.0l mM
chloroquine (CQ), 10 mM lysosomal inhibitor Pepstain A
and 10 mM lithium (all Sigma-Aldrich) for 1 h, after which
MPP+ was added for an additional 24 h.

Cell viability assay. Cell viability was analyzed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT; Sigma-Aldrich) assay, as outlined in a previous study (29).
Briefly, 24 h following treatment with the various concentrations
of MPP+, astrocytes in the 96-well plates were washed with
phosphate-buffered saline, after which the cells were incubated
with MTT (5§ mg/ml) at 37°C for 4 h. Subsequently, the super-
natants were removed, 100 ul dimethyl sulfoxide was added to
each well, and the plates were agitated on a microplate shaker
in order to dissolve the blue MTT-formazan. Absorbance was
measured at 570 nm using a ELx800 microplate reader (BioTek
Instruments, Inc., Winooski, VT, USA). Cell viability was
expressed as the ratio of the signal obtained from the treated
cultures to the control cultures.

Western blotting. Cells were harvested and lysed using the
Mammalian Cell Extraction kit (BioVision, Inc., Milpitas, CA,
USA). The resulting lysates were subjected to the Bradford
Protein assay (Pierce Biotechnology, Inc., Rockford, IL, USA),
in order to determine protein concentrations and to ensure
equal protein loading. Protein samples (30 ug) were separated
by 8, 10 or 12% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and were subsequently transferred onto poly-
vinylidene difluoride membranes (EMD Millipore, Billerica,
MA, USA). The membranes were blocked using Tris-buffered
saline Tween 20 [50 mM Tris-HCI, 154 mM NacCl, 0.1%
Tween 20 (pH 7.5)], containing 5% nonfat dry milk for 1 h, and
were subsequently probed with rabbit anti-microtubule-asso-
ciated protein light chain-3 (LC3; 1:5,000; NB100-2220;
Novus Biologicals, LLC, Littleton, CO, USA) polyclonal
antibody or anti-phosphorylated (p)AKT (1:5,000; ab81283;
Abcam) monoclonal antibody overnight at 4°C, according
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to the manufacturer's protocol. Following primary antibody
incubation, the membranes were washed and incubated with
either horseradish peroxidase-conjugated anti-mouse (1:1,000;
7076) or anti-rabbit immunoglobulin G (1:1,000; 7074; both
Cell Signaling Technology, Inc., Billerica, MA, USA) for 1 h
at room temperature. Chemiluminescence reactions were
conducted according to the manufacturer's protocol (EMD
Millipore, Bedford, MA, USA). The intensity (INT x area) of
each band was measured and analyzed using the ChemiDoc
XRS+ Imaging system (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Data are presented as the percentage of the vehicle
control, and f-actin (1:4,000; ab-32092; Novus Biologicals,
LLC) was used as an internal control.

Statistical analysis. Data were analyzed using SPSS 13.0 for
Windows (SPSS, Inc., Chicago, IL, USA) and presented as the
mean + standard deviation. All experiments were repeated at
least three times. Statistical analysis was conducted using
one-way analysis of variance, followed by Student's t-test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Toxicity of MPP+. Primary astrocyte cells were treated
with increasing concentrations of MPP+, ranging from
0 to 1,200 uM, for 24 h, and the cell viability was determined
in order to identify the optimal concentration of MPP+ (Fig. 1).
MPP+ decreased cell viability in a concentration-dependent
manner. The viability of cells treated with >200 uM MPP+
was significantly decreased, particularly at 800 and 1,200 M
MPP+ (P<0.05; Fig 1). The median lethal dose of MPP+ was
~430 uM. Therefore, 400 and 800 uM MPP+ concentrations
were selected for further experimentation.

Induction of autophagy in MPP+-treated primary astrocytes.
In order to investigate autophagy induction in the control cells,
as well as those treated with various concentrations of MPP+,
total protein was extracted from the astrocytes and western
blotting using anti-LC3 primary antibodies was conducted.
In the primary astrocytes treated with >200 uM MPP+, the
protein expression levels of LC3 II were significantly increased
in a concentration-dependent manner (P<0.05; Fig. 2A and B),
as compared with the control cells. However, it was unclear
whether the increase in LC3 II protein expression levels was
associated with autophagy induction or lysosomal dysfunction;
therefore, the cells were pretreated with lysosomal inhibitors.
The protein expression levels of LC3 II in the MPP+-treated
cells pretreated with lysosomal inhibitors were significantly
increased in a concentration-dependent manner (P<0.05;
Fig. 2C and D), as compared with the control cells; thus
suggesting that LC3 II protein expression levels increased in
MPP+-treated astrocytes due to the induction of autophagy
and not the impairment of lysosomes.

Effects of autophagy inhibitors on the viability of astro-
cytes treated with MPP+. In order to investigate the effects
of MPP+-induced autophagy, astrocytes were treated with
10 mM 3-MA for 1 h, prior to treatment with MPP+ for 24 h.
Cell viability was significantly decreased in the cells treated
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Figure 1. Concentration-dependent effects of MPP+ on the cell viability of
primary astrocyte cells. The cells were treated with 0, 50, 100, 200, 400,
800 or 1,200 uM MPP+ for 24 h, and the cell viability was determined using
MTT assays. Absorbance was measured using a microplate reader. Data
are presented as the mean =+ standard error of the mean of five experiments.
“P<0.05 vs. the untreated controls. MPP+, 1-methyl-4-phenylpyridinium.

with MPP+ and 3-MA, as compared with the cells treated
with MPP+ alone (P<0.05; Fig. 3A). These results suggest that
MPP+-induced autophagy exerts potential protective effects
on astrocytes.

However, previous studies reported that high doses of
3-MA were lethal to cells, and therefore the effects of three
different doses of 3-MA (2, 5 and 10 mM) were analyzed
in the present study. Treatment with 3-MA (2, 5 or 10 mM)
alone did not affect cell viability; however, cell viability was
significantly decreased following treatment of astrocytes with
all three concentrations of 3-MA in combination with MPP+,
as compared with MPP+ treatment alone (P<0.05; Fig. 3B).
These results suggest that the ability of 3-MA to decrease
cell viability is not associated with the dose but with other
mechanisms, such as the inhibition of autophagy.

Astrocytes were also treated with CQ in order to corrobo-
rate the effects of autophagy inhibitors on the cell viability of
MPP+-treated astrocytes. Consistent with the results for 3-MA,
astrocytes pretreated with CQ for 1 h exhibited decreased cell
viability, as compared with the MPP+ treatment alone (P<0.05;
Fig. 3C). These results suggest that MPP+-induced autophagy
exerts protective effects.

Potential mechanisms underlying the effects of 3-MA on
MPP+-treated cells. 3-MA is a selective inhibitor of class III
phosphatidylinositol kinase (30,31), and has been accepted
as a specific inhibitor of autophagy. In order to investigate
whether 3-MA was able to inhibit MPP+-induced autophagy,
the protein expression levels of autophagy-associated proteins,
including LC3 II and pAkt, were analyzed by western blotting.
The protein expression levels of LC3 II and pAkt in astrocytes
pretreated with 3-MA were markedly decreased (Fig.4A and B),
and were shown to be significantly decreased by quantification
of optical density (OD) values (P<0.05; Fig. 4C and D). These
results suggest that 3-MA is able to inhibit MPP+-induced
autophagy via inhibition of the phosphoinositide 3-kinase
(PI3K)/AKT pathway.

Protective effects of lithium on astrocytes treated with MPP+.
Lithium exerts protective effects in numerous diseases,
including AD and Huntington's disease, and its underlying
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Figure 2. Effects of MPP+ on the protein expression levels of LC3 II in primary astrocytes. (A and B) The cells were treated with FBS (Con), without FBS
(starvation) or MPP+ (100, 200, 400, 800 or 1,200 uM) for 24 h. Autophagy was determined by detecting the protein expression levels of LC3 II using western
blotting. Protein concentrations were quantified by measuring the band density. (C and D) The cells were treated with FBS (Con), without FBS (starvation)
or MPP+ (200, 400 or 800 #M), and a lysosomal inhibitor for 24 h. The protein expression levels of LC3 II were detected using western blotting. Protein
concentrations were quantified by measuring the band density. Data are presented as the mean + standard error of the mean of triplicate experiments. "P<0.05
vs. the control group. MPP+, 1-methyl-4-phenylpyridinium; LC3, microtubule-associated protein light chain-3; FBS, fetal bovine serum; Con, control group.

A B
1.2 12 alon o MPP+
@3-MA 8 MPP+ and 3-MA
1.0 0(33?:{1 1.0}
03-MA
%0.8 O MPP+ :‘:_;0.8 b
= . OMPP+ and 3-MA )
206 £061 . .
304 S 041
0.2 02}
- L MPP+ (uM ’ 2mM S
(M) 3-MA
C
1.2
1.0 oCon
o> ocQ
E 0.8 o MPP+
7 . OMPP+ and 3-MA
-g 0.6
3 0.4
0.2
0 A

400
MPP+ (M)

Figure 3. Effects of autophagy inhibitors on the cell viability of MPP+-treated astrocytes. (A) The effects of 3-MA on the viability of MPP+-treated cells.
Astrocytes were pretreated with 3-MA (10 mM) for 1 h, after which they were treated with MPP+ (400 or 800 M) for 24 h. (B) The effects of various doses
of 3-MA on the viability of MPP+-treated cells. Astrocytes were pretreated with 3-MA (2, 5 or 10 mM) for 1 h, after which they were treated with MPP+
(800 uM) for 24 h. (C) The effects of CQ on the viability of MPP+-treated cells. Astrocytes were pretreated with CQ (0.01 mM) for 1 h, after which they
were treated with MPP+ (400 or 800 mM) for 24 h. The cell viability was determined using MTT assays, and absorbance was measured using a microplate
reader. Data are presented as the mean + standard error of the mean of triplicate experiments. "P<0.05 vs. the Con and MPP+-treated astrocytes. MPP+,
1-methyl-4-phenylpyridinium; 3-MA, 3-methyladenine; CQ, chloroquine; Con, control group.
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Figure 4. Effects of 3-MA pretreatment on LC3 II and pAkt protein expression levels in astrocytes treated with MPP+. Astrocytes were pretreated with 3-MA
(10 mM) for 1 h, after which they were treated with MPP+ (400 or 800 #M) for 24 h. Protein expression levels of (A) LC3 II and (B) pAkt were detected
using western blotting. The relative protein expression levels of (C) LC3 II and (D) pAkt were quantified by calculating OD values. Data are presented as the
mean =+ standard error of the mean of triplicate experiments. "P<0.05 vs. the control group; “P<0.05 vs. the MPP+-treated astrocytes. 3-MA, 3-methyladenine;
LC3 II, microtubule-associated protein light chain-3; MPP+, 1-methyl-4-phenylpyridinium; OD, optical density; Con, control.
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Figure 5. Protective effects of Li on MPP+-treated astrocytes. Astrocytes
were pretreated with Li (10 mM) for 1 h, after which they were treated with
MPP+ (400 or 800 M) for 24 h. Cell viability was determined using MTT
assays and the absorbance was measured using a microplate reader. Data
are presented as the mean + standard error of the mean of triplicate experi-
ments. ‘P<0.05 vs. the control group. MPP+, 1-methyl-4-phenylpyridinium;
Li, lithium; Con, control.

mechanism has been shown to involve the inhibition of
glycogen synthase kinase-3f, activation of the PI3K/Akt
pathway, and the induction of autophagy (24,32). In order to
investigate the effects of lithium on astrocytes treated with
MPP+, astrocytes were pretreated with lithium for 1 h and
cell viability was determined. The viability of cells pretreated
with lithium significantly increased, as compared with the
cells treated with MPP+ alone (P<0.05; Fig. 5). These results
suggest that lithium is able to protect astrocytes against the
effects MPP+.

Potential mechanisms underlying the protective effects
of lithium. The ability of lithium to induce autophagy in

MPP+-treated astrocytes was investigated, in order to elucidate
the mechanism underlying the protective effects of lithium.
The protein expression levels of LC3 II and pAkt in cells
pretreated with lithium were markedly increased, as compared
with the cells treated with MPP+ alone (Fig. 6A and B), and
were shown to be significantly increased by quantification of
OD values (P<0.05; Fig. 6C and D). Furthermore, pretreat-
ment with CQ, as well as lithium, markedly attenuated the
lithium-induced upregulation of LC3 II and pAkt protein
expression (Fig. 6), and viability (Fig. 7) of cells treated with
MPP+. These results suggest that the protective effects of
lithium may be associated with its ability to induce autophagy
in astrocytes treated with MPP+ via activation of the PI3K/Akt
pathway.

Discussion

Glial cells have an active role in normal brain functioning,
and their interactions with neuronal cells are important for
maintaining homeostasis in the extracellular microenvi-
ronment (33-35). The function of glial cells is particularly
important following a CNS insult, such as ischemia. Following
injury, astrocytes are responsible for the removal of accu-
mulated excitotoxic neurotransmitters and ions, including
glutamate, lactate, hydrogen, and potassium ions, which have
previously been associated with brain injury (36). High levels
of glutamine synthetase have been detected in astrocytes,
which, alongside a specific glutamate transporter, acts to
remove and detoxify extracellular glutamate and generate the
neuronal substrate glutamine, as part of the glutamate/gluta-
mine cycle (37,38). Astrocytes store glycogen and are able to
provide lactate as an alternative aerobic substrate for neuronal
energy production during recovery, and also maintain the
osmotic environment (39-41). Astrocytes produce various
cytokines and growth factors, which function in the CNS as
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Figure 7. Li-induced autophagy is protective to astrocytes. Astrocytes were
pretreated with Li (10 mM) for 1 h, after which they were treated with MPP+
(400 or 800 M) and CQ (0.01 mM) for 24 h. Cell viability was determined
using MTT assays and the absorbance was measured using a microplate
reader. Data are presented as the mean + standard error of the mean of
triplicate experiments. "P<0.05 vs. the control group. Li, lithium; MPP+,
1-methyl-4-phenylpyridinium; CQ, chloroquine; Con, control.

mediators of immune and inflammatory responses, and may
exert neurotoxic and neuroprotective effects (42). High levels
of reduced glutathione, which is an important antioxidant in
the CNS, have previously been detected in astrocytes, but not
in neurons (43). Astrocytes support and protect themselves,
and other cellular elements with which they are in intimate
contact, and also actively participate in the destruction
of brain tissue following ischemia; thus suggesting that a

disturbance of astroglial activities may induce neuronal
dysfunction.

The present study hypothesized that the MPP+ neurotoxin
may induce autophagy in primary astrocytes, and aimed to
investigate the effects of the induced autophagy. In addition,
the ability of lithium treatment to enhance autophagy and exert
protective effects on astrocytes, as well as the potential under-
lying mechanisms, was investigated. The results of the present
study suggested that MPP+ was able to induce autophagy in
astrocytes, likely via the induction of oxidative stress.

In the present study, astrocytes pretreated with autophagy
inhibitors, including 3-MA and CQ, exhibited decreased cell
viability, as compared with cells treated with MPP+ alone, thus
suggesting that autophagy induced by MPP+ exerts protective
effects on astrocytes. These results were inconsistent with
Zhu et al (9), who demonstrated that neither 3-MA nor wort-
mannin (WT) were able to inhibit the increase in autophagic
vacuoles (AV)/late AVs induced by MPP+. In addition, 3-MA
(5 mmol/l) and WT (50-5 mol/l) had no significant effects on
basal SH-SYSY cell viability.

Previous studies have demonstrated that lithium may induce
autophagy (24,25). Lithium compounds have been shown to
exert therapeutic and protective effects in various models of
neuronal disease, including brain ischemia and AD. In addi-
tion, LiCl was demonstrated to attenuate a reduction in the
cell viability of PC12 cells induced by treatment with MPP+
via the induction of autophagy (44). In the present study, the
cell viability of astrocytes pretreated with lithium for 1 h were
significantly increased, as compared with the cells treated with
MPP+ only. These results were consistent with our hypothesis
and the results from Youdim and Arraf (44); however, they
were inconsistent with previous studies, which were unable
to demonstrate cytoprotective effects for lithium in astroglial
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cells and cerebellar granule neurons (45,46). However, this
inconsistency may be attributed to the analysis of different cell
types among the studies. In addition, the results of the present
study suggested that the protective effects of lithium on astro-
cytes treated with MPP+ were associated with the induction
of autophagy and activation of the PI3K/AKT pathway, which
was consistent with previous studies (24,47).

In the present study, MPP+ was able to induce autophagy in
astrocytes, which was shown to exert protective effects on the
cells. In addition, lithium was able to protect astrocytes from
the toxic effects of MPP+ by enhancing the rate of autophagy;
thus supporting the hypothesis that induced autophagy in
astrocytes treated with MPP+ may exert protective effects.
The results of the present study may help to elucidate the
important role of astrocytes in the pathophysiology of PD, and
direct the development of a novel strategy to treat patients with
PD. Future studies should endeavor to elucidate the effects of
induced autophagy in astrocytes on neurons.
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