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Abstract
Parkinson’s disease (PD) is one of the several neurodegenerative diseases where accumulation of aggregated proteins like α-
synuclein occurs. Dysfunction in autophagy leading to this protein build-up and subsequent dopaminergic neurodegeneration
may be one of the causes of PD. The mechanisms that impair autophagy remain poorly understood. 1-Methyl-4-phenylpiridium
ion (MPP+) is a neurotoxin that induces experimental PD in vitro. Our studies have shown that glia maturation factor (GMF), a
brain-localized inflammatory protein, induces dopaminergic neurodegeneration in PD and that suppression of GMF prevents
MPP+-induced loss of dopaminergic neurons. In the present study, we demonstrate a molecular action of GMF on the autophagic
machinery resulting in dopaminergic neuronal loss and propose GMF-mediated autophagic dysfunction as one of the contrib-
uting factors in PD progression. Using dopaminergic N27 neurons, primary neurons from wild type (WT), and GMF-deficient
(GMF-KO) mice, we show that GMF and MPP+ enhanced expression of MAPKs increased the mammalian target of rapamycin
(mTOR) activation and endoplasmic reticulum stress markers such as phospho-eukaryotic translation initiation factor 2 alpha
kinase 3 (p-PERK) and inositol-requiring enzyme 1α (IRE1α). Further, GMF andMPP+ reduced Beclin 1, focal adhesion kinase
(FAK) family-interacting protein of 200 kD (FIP200), and autophagy-related proteins (ATGs) 3, 5, 7, 16L, and 12. The combined
results demonstrate that GMF affects autophagy through autophagosome formation with significantly reduced lysosomal-
associated membrane protein 1/2, and the number of autophagic acidic vesicles. Using primary neurons, we show that MPP+

treatment leads to differential expression and localization of p62/sequestosome and in GMF-KO neurons, there was a marked
increase in p62 staining implying autophagy deficiency with very little co-localization of α-synuclein and p62 as compared with
WT neurons. Collectively, this study provides a bidirectional role for GMF in executing dopaminergic neuronal death mediated
by autophagy that is relevant to PD.
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Introduction

Parkinson’s disease (PD) is a neurodegenerative disease that
mainly affects about 3.4% of elderly population over 60–
70 years of age worldwide. The onset of PD before the age
of 40 is seen in lesser than 5% of the cases in population-based
cohorts. The occurrence of PD is generally accepted to range

from 100 to 200 per 100,000 people and the annual incidence
is thought to be 15 per 100,000 [1–4]. The pathological fea-
tures of PD are a loss of dopaminergic neurons in the
substantia nigra (SN) and the presence of protein deposits—
the Lewy bodies. Defects in proteolytic processing of proteins
combined with aberrant protein folding and aggregation along
with mitochondrial dysfunction contribute to the pathogenesis
of PD [5–8]. Lack of clearance of cellular debris by autophagy
in dopaminergic neurons has been shown to lead to neuronal
cell death in PD [9–12].

By the process of autophagy, cells degrade long-lived
cytoplasmic material, oxidatively damaged organelles, and
misfolded proteins to maintain cellular homeostasis during
normal and metabolic stress conditions [13]. Recent stud-
ies have shown a dysfunction in the autophagic pathway in
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the brains of PD patients and in animal models of PD,
indicating the importance of autophagy in PD [12,
14–16]. Several reports indicate that endoplasmic reticu-
lum (ER) stress is closely associated with impaired autoph-
agy in PD progression [15–18]. Accumulation of unfolded
proteins in the lumen of ER and the signaling pathways
involved in the activation of ER stress response are still
unknown [19]. During autophagy progression, the inter-
face between the autophagy and apoptosis is at least par-
tially regulated by Beclin 1 [20]. Autophagy gene (ATG)-
related proteins coordinate the specific steps involved in
autophagy induction, sequestration, and execution.

Mitogen-activated protein kinases (MAPKs) such as
p38 and ERK1/2 respond to inflammatory proteins (cyto-
kines and chemokines) and reactive oxygen species (ROS).
Microtubule-associated protein light chain 3 II (LC3-II),
which is formed by phosphatidylethanolamine conjugation
of LC3-I, translocates to the autophagosome membrane,
the process which is essential for the autophagosome for-
mation. In this process, cytoplasmic inclusions are deliv-
ered to the lysosome surface where it binds with lysosome-
associated membrane protein (LAMP) 2 and is rapidly de-
graded by the hydrolases of the lysosomal acidic vesicles
[21].

Glia maturation factor (GMF), a neuroinflammatory pro-
tein that is predominantly expressed by astrocytes, microg-
lia, and neurons in the brain, was discovered, cloned, and
sequenced in our laboratory [22–24]. GMF consists of a 141
amino acid polypeptide chain with a 99% homology be-
tween both humans and rodents. It plays a fundamental role
in the growth and survival of brain cells [25–28]. GMF is
predominantly expressed in the brain during stress condi-
tions [29, 30]. It is also reported that GMF is expressed
highly in various other tissues including the colon, thymus,
and kidney. Complete knockdown of GMF improves various
biochemical and behavioral parameters in mice [29, 31, 32].
Previously, Kaimori et al. [33] reported that GMF is in-
volved in the pathophysiology of renal tubular disease by
enhancing the oxidative stress. The deficiency of GMF in
renal tubular cells shows resistance against stress of protein-
uria. Concurrently, Baldwin et al. [34] showed that transient
over expression of GMF increased the susceptibility of the
tumor cells to cytotoxicity of cisplatin, a chemotherapeutic
agent via p38 MAPK activation [30]. GMF is one of the
major intracellular signal-transducing factor for glial cells
and neurons and acts as an intraneuronal proinflammatory
cytokine, increasing its expression under certain stress con-
ditions [28, 35, 36]. It consists of multiple phosphorylation
sites and is phosphorylated by protein kinases A and C,
casein kinase, and ribosomal S6 kinase [24]. Over expres-
sion of GMF in primary astrocyte cultures causes the secre-
tion of neurotrophic factors such as brain-derived neuro-
trophic factors (BDNF) and nerve growth factors (NGF)

via the activation of p38 pathway [37]. Earlier findings from
our laboratory showed that absence of GMF protects dopa-
minergic neurodegeneration by reducing neuroinflammatory
cascade and significantly improves motor deficits in MPTP-
intoxicated mice [38]. In addition, deficiency of GMF in
primary astrocytes showed a significant tolerance against
MPP+-induced oxidative stress-dependent inflammation [1].
Cyclosporine A, an effective immunophilin/calcineurin in-
hibitor, is an immunosuppressive agent that is implicated
in the maturation and folding of native proteins via the au-
tophagic machinery [39]. Cyclosporine A attenuates mito-
chondrial permeability transition, preserves mitochondrial
integrity, and improves mitochondrial stability and respirato-
ry function. Since autophagy has been shown to play a pro-
tective role in PD and since GMF promotes neuronal degen-
eration in PD animal model, we decided to study the action
of GMF on autophagy. This would help better understand
the role of GMF in the pathogenesis of PD and enable better
therapeutic interventions in PD. In our present study, we
demonstrate that extracellular GMF activates p38 and
ERK1/2 MAPKs that mediates mTOR-dependent dysregula-
tion of the autophagy-lysosomal pathway leading to dopa-
minergic neuronal death.

Materials and Methods

Rat Dopaminergic Neuron (N27) Culture

Rat mesencephalic dopaminergic (N27) cells were grown in
RPMI-1640 (GIBCO, Life Technologies, Grand Island, NY)
medium supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich, St. Louis, MO), 1% L-glutamine, 1% penicil-
lin and streptomycin (Life Technologies) as reported previous-
ly [40, 41].

Mouse Primary Neuron Culture

Mouse primary neuronal cultures were prepared from wild-
type (WT) mice as well as GMF-KO mice fetal brains as
described previously [36, 37, 42]. Brain tissues were har-
vested from the fetuses and the cells were used to grow in
to neurons in vitro. Briefly, cerebral cortical tissues were
obtained from 15- or 16-day fetal mouse brains and cul-
tured in neurobasal medium supplemented with B27,
2 mM L-glutamine and 1% penicillin/streptomycin at
37 °C in humidified 5% CO2 and 95% air. Neurons were
grown on poly-D-lysine-coated cover glass in six-well tis-
sue culture plates for 2 weeks. These cultures represent a
nearly pure neuronal population based upon morphological
observation under microscope.
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Incubation of N27 Cells and Mouse Primary Neurons
with GMF, MPP+, Rapamycin, and Cyclosporine A

N27 cells and mouse primary neurons were grown to ~ 65–
85% confluency. N27 cells were incubated for up to 24 h with
GMF protein (100 ng/ml), MPP+ (300 μM), rapamycin
(200 μM), and cyclosporine A (100 nM) (dissolved in
Dulbecco’s phosphate-buffered saline (DPBS; Life technolo-
gies), MPP+ is an active metabolite of 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) [43]. WT and GMF-KO
mice primary neurons were treated with MPP+ (20 μM) for
24 h [36]. After GMF and MPP+ treatment, cells were fixed
with 4% paraformaldehyde for immunostaining. Cell lysates
were prepared for the analysis of autophagy marker expres-
sion by western blotting. Protein concentration of the cell
lysates was determined using the bicinchoninic acid assay
(BCA) protein assay kit (Thermo Scientific, Waltham, MA)
as per the manufacturer’s instructions.

Western Blotting

Briefly, N27 cells were seeded in T25 cm2 cell culture flask
and allowed to grow about 65–85% confluency. Then, the
cells were incubated with GMF protein, MPP+, rapamycin,
and cyclosporine A for 24 h. Cells were harvested by
trypsinization and washed with PBS. Cells were lysed with
RIPA cell lysis buffer containing protease and phosphatase
inhibitors. Protein concentration of the cell lysates was de-
termined using the BCA protein assay kit. Lysates were
loaded into 4–12% NuPAGE Tris-Glycine gradient gel
(Invitrogen, Life technologies, Carlsbad, CA). An equal
amount of protein (ranging from 20 to 35 μg) was loaded
in each lane along with a lane containing pre-stained pro-
tein markers (Invitrogen). The separated proteins were blot-
ted onto PVDF by wet protein transfer system (Life tech-
nologies). After blocking with 5% bovine serum albumin or
non-fat milk powder in Tris-buffered saline-Tween20 (TBS-
T; TBS + 0.05% Tween-20) for 1 h, the membranes were
then incubated with the respective antibodies: anti-p38 and
p-p38 (Cat Nos. ab7952 and ab4822), anti-ERK1/2 and p-
ERK1/2 (Cat Nos. ab17942 and 14362) that were pur-
chased from Abcam (Cambridge MA). Anti-mTOR and
P-mTOR (Ser2448) (Cat Nos. CST 2972 and 2971), anti-
Beclin 1 (Cat No. CST 3738), anti-IRE1α (Cat No. CST
3294), anti-PERK and p-PERK (Cat Nos. CST C33E10
and 3179), anti-FIP200 (Cat No. CST 12436), and anti-
ATG complexes (Cat No. CST 4445) were purchased from
Cell Signaling Technology (Danvers, MA). Anti-β-actin
(Cat No. A1978) was purchased from Sigma-Aldrich, (St.
Louis, MO). The following dilutions were used for p38 and
p-p38, ERK1/2 and p-ERK1/2 (1:700–1:1000), mTOR and
p-mTOR, Beclin 1, and LC3-I and LC3-II (1:800), IRE1α
and FIP200 (1:500), ATG complexes (1:600–1000), and β-

actin (1:2000) in 5% BSA in TBS-T or PBS-T. After incu-
bation with the primary antibodies, the membranes were
incubated with appropriate secondary antibodies at a
1:1500–1:3000 dilution. Then, the membranes were washed
thrice with TBST for 5 min each. The bands were visual-
ized by treating the membranes with ECL prime western
blotting detection reagent (SuperSignal West Pico PLUS
Substrate, Cat No. 34580; ThermoScientific). Blots were
stripped and reprobed for β-actin as a loading control.
Densitometric quantitation was done using ChemiDoc-It2

Imaging System (UVP LLC, Upland, CA).

Enzyme-Linked Immunosorbent Assay

Protein levels were quantified by indirect enzyme-linked im-
munosorbent assay (ELISA) as previously described [44, 45].
Briefly, total cell lysates were prepared and protein concentra-
tions were measured. Protein samples were diluted in PBS
coating buffer (Life Technologies) and equal amounts of total
protein in a volume of 50 μl was loaded in each well of a PVC
ELISA 96-well plate (Corning), sealed and incubated over-
night at 4 °C. Unbound protein from samples was discarded
and the wells were washed four times with 1X PBST. The
remaining protein-binding sites in the protein-coated wells
were blocked with blocking buffer containing 1% BSA in
PBS, 0.3% H2O2 solution for 1 h at room temperature.
Afterwards, 50 μl primary antibodies to Beclin or ATG com-
plexes (1:200–400) were loaded to each well and incubated
for 2 h at room temperature. Following three washes with
PBST, plate wells were incubated with appropriate HRP-
conjugated secondary antibodies (1:1000–2000) for 1 h at
room temperature. Following three washes, wells were loaded
with TMB (3, 3, 5, 50-tetramethylbenzidine, Thermo
Scientific) substrate reagent, incubated for 30 min and reac-
tion was stopped with 50 μl of 2 M sulfuric acid. The optical
density was read at 450 nm in a microplate reader (Molecular
Devices; Sunnyvale, CA).

Immunocytochemistry

Rat dopaminergic N27 cells and primary neurons were culti-
vated on glass coverslips pre-coated with poly-D-lysine
(Millipore, Billerica, MA). After the treatment, the cells were
fixed with 4% paraformaldehyde for 1 h and permeabilized by
incubation in PBST for 15 min. Then, the cells were rinsed
three times in PBS, blocked with 5% normal goat serum
(NGS) for 30 min and finally incubated for 2 h at room tem-
perature with anti-IRE1α (1:500 dilution), LAMP1, LC3 II
(1:300), and α-synuclein and p62/SQSTM (1:300–400) pri-
mary antibodies. The cells were then incubated with goat anti-
rabbit IgG conjugated with green fluorescent dye Alexa Fluor
488 (Cat No. A-11008) or red fluorescent dye Alexa Fluor 568
secondary antibody (Cat No. A-11001, ThermoFisher
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Scientific) for 1 h at room temperature. The coverslips were
stained with VECTASHIELD antifade mounting medium
with DAPI (Vector laboratories) to stain DNA. Finally, the
coverslips were mounted with Vinol (Sigma) onto microscope
slides and cells were examined under a Nikon fluorescent
microscope.

Confocal Microscopy

Confocal imaging was performed on a Leica TCP SP8 laser
scanning confocal microscope with a 405-nm diode laser and
tunable super continuum white light laser using 63X oil im-
mersion objective (Molecular cytology core facility,
University of Missouri). Briefly, after the treatment with
GMF protein and MPP+, N27 cells and mice primary neurons
were incubated with fixative (4% paraformaldehyde) for 1 h at
4 °C and permeabilized by incubation in PBST for 15 min.
Then, the cells were rinsed three times in PBS, blocked with
5% NGS for 30 min and finally incubated for 2 h at room
temperature with α-synuclein and p62/SQSTM (1:300) pri-
mary antibody. P62/SQSTM and α-synuclein were visualized
with goat anti-rabbit IgG conjugated with green (Alexa fluor
488) and red (Alexa Fluor 568) fluorescent dyes. Finally, the
cells were counterstained with VECTASHIELD antifade
mounting medium with DAPI. The following excitation/
emission band-pass wavelengths were used: 405/420–
480 nm (DAPI), 495/505–550 nm (Alexa Fluor 488) and
570/580–630 nm (Alexa Fluor 568).

Autophagy Acidic Vesicle Quantification

To quantitatively estimate autophagy acidic vesicles by inten-
sity of labelling, we adopted the acridine orange (AO) staining
method [46–48] at a concentration of 10 μg/ml of AO dis-
solved in PBS (pH 7.4). One microliter AO reagent was
added, incubated with treated cells and finally imaged on cov-
erslips. The excitation laser for green fluorescence was
473 nm and for red fluorescence was 559 nm. Emission filters
were 520 and 572 nm, respectively. We present quantitative
measurement of autophagy acidic vesicles as a measure of the
intensity of labelling of red fluorescent AOwith vesicles in the
whole field and scale bars (μm) calculated using ImageJ
software.

Statistical Analysis

The results were analyzed using GraphPad InStat 3 statistical
software. Mean ± SEM was calculated and analyzed using
one-way analysis of variance (ANOVA) followed by Tukey-
Kramer multiple comparison tests to determine statistically
significant differences between the groups. An unpaired t test
was performed when comparing between groups. Results

were expressed as mean ± SEM for four experiments in each
group. p values < 0.05 were considered as significant.

Results

GMF Activates p38 and ERK1/2 MAPK Expression

The MAPKs are a specific class of serine/threonine ki-
nases, described as stress-activated protein kinase and
mainly expressed due to extracellular stress and cytokine
induction, which mainly respond to extracellular signals in
neurodegeneration. There is evidence to support a link be-
tween p38 MAPK activation and autophagy [49–51],
though the exact mechanism remains elusive. To determine
if GMF was involved in the p38 activation in dopaminergic
N27 cells, we performed immunoblotting for p-p38 and
total p38 (Fig. 1a). Results show that GMF exposure sig-
nificantly increased p38 phosphorylation in N27 cells
when compared with control cells (Fig. 1a, b; *p < 0.05).
Additionally, N27 cells when incubated with both GMF
and MPP+ further increased p-p38 expression when com-
pared with other treated groups.

ERK1/2 is a primary factor directing cellular response to
proinflammatory cytokines and a wide variety of environmen-
tal and oxidative stresses. To determine that GMF is involved
in the phosphorylation of ERK1/2, we performed ERK1/2
protein expression analysis by immunoblotting method.
Exposure of N27 cells to GMF significantly upregulates p-
ERK1/2 expression as compared with control cells (Fig. 1c,
d; *p < 0.05). Incubation of cells simultaneously with both
GMF and MPP+ further increased p-ERK1/2 protein expres-
sion as compared with other groups. Bar graphs showing den-
sitometry quantification of protein bands in immunoblots are
obtained as a ratio of the density of p-p38 and p-ERK1/2 over
the density of total p38 and ERK1/2 (B and D), respectively.
Values are expressed as arbitrary units and given as mean ±
SEM of four experiments in each group.

GMF Activates Mammalian Target of Rapamycin
(mTOR) and Regulates Autophagy

mTOR is a cascade regulator in the central nervous system
and is an important kinase in the pathway regulating au-
tophagy in dopaminergic neurons via the extracellular sig-
naling pathway. We determined the action of GMF and
MPP+ on mTOR activity by immunoblotting analysis.
Results showed that GMF significantly upregulates
mTOR phosphorylation as compared with untreated con-
trol cells (Fig. 2a). Incubation with both GMF and MPP+

further increased the phosphorylation of p-mTOR expres-
sion relative to either GMF or MPP+-treated cells (*p <
0.05). Rapamycin, a specific inhibitor of mTOR function,
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has been shown to block mTOR phosphorylation at ser-
2448 and to induce autophagy. Our results (shown here
Fig. 2b) demonstrate that GMF increases mTOR phosphor-
ylation and through its activation impair autophagy. The
effect of rapamycin as an inducer of autophagy is also
shown in Fig. 2b where p-mTOR level is decreased. Bar
graphs showing densitometric quantification of protein
bands in immunoblots are obtained as a ratio of the density
of p-mTOR over the density of total mTOR. The values are
expressed as percentage of control.

GMF Reduces the Expression of FIP200 and Beclin 1

Focal adhesion kinase family-interacting protein of
200 kD (FIP200) is responsible for autophagosome for-
mation by interacting with ULK protein kinase, a homo-
log of the yeast autophagy-related protein ATG1. Beclin
1, a key player in neurodegeneration, is implicated in the
execution of the autophagy-lysosomal pathway. The im-
pairment of autophagy by GMF treatment may be due to
the improper complex formation between the interacting
proteins. To define whether GMF interferes with the
autophagy-lysosomal pathway, we performed immuno-
blotting for FIP200 (Fig. 3a) and determined Beclin 1
expression by ELISA (Fig. 3c). Results show that incu-
bation of N27 cells with GMF or MPP+ significantly
reduced FIP200 (Fig. 3a) and Beclin 1 (Fig. 3c) expres-
sion as compared with untreated control cells. Moreover,
incubation of cells simultaneously with GMF and MPP+

further reduced FIP200 and Beclin 1 expression when
compared with control cells (*p < 0.05). The results sug-
gest that GMF protein could affect the initiation and
nucleation stages of autophagy. Bar graphs show the ef-
fect of GMF and provided as a percentage of control
(Fig. 3b).

GMF Impairs ATG Complex of Proteins Implying a Role
in Autophagosome Maturation

We next examined whether GMF interferes with the ATG
complex of proteins such as ATG3 (Fig. 4a), ATG5
(Fig. 4b), ATG7 (Fig. 4c), ATG16L (Fig. 4d), and ATG12
(Fig. 4e) by ELISA, which are essential proteins for
autophagosome formation and maturation. N27 cells incubat-
ed with GMF for 24 h resulted in significant decrease in ATG
complex proteins as compared with control cells as shown in
Fig. 4a–e). Incubation with MPP+ shows similar effects
shown by GMF. These results indicate that GMF closely in-
terferes in the autophagy-lysosomal pathway by downregulat-
ing the ATG complex of proteins that leads to dysfunction in
autophagy, probably at the elongation step in the
autophagophore formation ultimately resulting in dopaminer-
gic cell death. N27 cells treated with GMF and MPP+ signif-
icantly reduced the expression of ATG complex of proteins as
compared with other treated groups. The ATG protein expres-
sion levels were normalized to total protein in cells (*p <
0.05). Bar graphs show the effect of GMF exposure as a per-
centage of control.

Fig. 1 GMF activates p38 and ERK1/2 MAPK expressions in
dopaminergic N27 cells. N27 cells were seeded in T25 cell culture
flasks and incubated with GMF (100 ng/ml) and MPP+ (300 μm) for
24 h under standard conditions. Then, the cells were washed with PBS
and cell lysates were prepared for western blot, using specific antibodies
to p-p38, p-ERK1/2, p38, and ERK1/2. GMF treatment significantly
increased p-p38 and p-ERK1/2 expressions as compared with control
cells (a, c). N27 cells simultaneously incubated with both GMF and

MPP+ significantly increased p-p38 and p-ERK1/2 expressions as
compared with other groups. Western blot results were quantified by
ChemiDoc-It2 imaging system analysis software, and the values are
expressed as arbitrary units and given as mean ± SEM (n = 4). Bar
graphs show the effect of GMF exposure on the relative intensity
compared to the control (b, d). ∗p < 0.05 compared to control.
Statistical significance was assessed with one-way ANOVA followed
by Tukey’s Kramer procedure using GraphPad prism-7 software
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GMF Treatment Increases the Expression of ER Stress
Markers p-PERK and IRE1α in N27 Cells
by Activation-Dependent Nuclear Translocation

IRE1α and PERK senses the presence of misfolded proteins
in the ER lumen and transduces signals to the cytoplasm and
the nucleus in normal brain. Western blot and immunofluores-
cence results show that exposure of N27 cells to GMF for 24 h
significantly increases the ER-stress markers p-PERK
(Fig. 5a) and IRE1α (Fig. 5c, e) expression as compared with
untreated control cells. Furthermore, immunocytochemical
expression of IRE1α is reduced in the cytoplasmic region of
the cells that were treated with GMF and/or MPP+ as com-
pared with control cells (Fig. 5e) and also IRE1α translocates
to the nuclei. The results indicate that GMF inhibits autophagy
initiation by enhancing ER-stress. Bar graphs showing densi-
tometry quantification of PERK protein band in immunoblots

are obtained as a ratio of the density of p-PERK over the
density of total PERK (Fig. 5b). IRE1α protein expressions
were normalized with β-actin (Fig. 5d).

Co-expression of LAMP1 and LC3 in N27 Cells
by Immunofluorescence

Next, we performed immunofluorescence staining of
LAMP1 and LC3 to confirm the co-localization of

Fig. 3 Effect of GMF on FIP200 (ULK-interacting protein) and Beclin 1
expression in dopaminergic N27 cells. N27 cells were seeded in T25 cell
culture flask and incubated with GMF (100 ng/ml) and MPP+ (300 μm)
for 24 h under standard conditions. After the incubation period, cells were
washed with PBS and cell lysates were prepared from these cells for
western blot using specific antibodies to FIP200, and then stripped and
reprobed for β-actin expression. The concentrations of Beclin 1 were
determined by ELISA assay, using cell lysates collected from GMF and
MPP+-treated cells. GMF and MPP+ treatment significantly reduced
expression of FIP200 (a) and Beclin 1 (c) expression as compared with
control cells. N27 cells simultaneously treated with both GMF and MPP+

significantly reduced FIP200 and Beclin 1 expression as compared with
other group. Bar graphs showing the effect of GMF and MPP+ exposure
on the percentage of control (c). Western blot results were quantified by
ChemiDoc-It2 imaging system analysis software, and the values are
given as mean ± SEM (n = 4). Bar graphs show the effect of GMF
exposure on the relative intensity to the control (b). ∗p < 0.05 compared
to control, GMF, and MPP+. ∗p < 0.001 compared with MPP+ and
GMF +MPP+. Statistical significance was assessed with one-way
ANOVA followed by Tukey’s Kramer procedure and unpaired t test
was performed when comparing between groups by using GraphPad
prism-7 software

Fig. 2 GMF increases target of rapamycin (mTOR) expression in
dopaminergic N27 cells. N27 cells were seeded in T25 cell culture flask
and incubated with GMF (100 ng/ml), MPP+ (300 μm), rapamycin
(200 μM), and cyclosporine A (100 nM) for 24 h under standard
conditions. Then, the cells were washed with PBS and cell lysates were
prepared for western blot analysis, using specific antibodies to total and p-
mTOR, expression. GMF, MPP+, and cyclosporine A treatment
significantly increased expression of p-mTOR when compared with
control cells (a). Western blot results were quantified by ImageJ, and
the values are expressed as percentage of control and given as mean ±
SEM (n = 4). Bar graphs show the effect of GMF, MPP+, rapamycin, and
cyclosporine A exposure on the relative intensity compared to the control
(b). ∗p < 0.001 and ∗p < 0.05 compared to control and GMF. ∗p < 0.001
compared with MPP+ and GMF +MPP+. Statistical significance was
assessed with one-way ANOVA followed by Tukey’s Kramer procedure
and unpaired t test was performed when comparing between groups by
using GraphPad prism-7 software
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LAMP1 and LC3 in autolysosome formation in N27 cells.
The LC3 expression co-localized with the late lysosomal
marker LAMP1, indicating the fusion of autophagosome
with lysosomes. Exposure of GMF to N27 cells for 24 h
qualitatively altered the autolysosome formation and deg-
radation by inhibiting LAMP1 (red fluorescence) and in-
creased LC3 (green fluorescence) expression as compared
with control cells (shown in Fig. 6). N27 cells were treated
with GMF and MPP+ qualitatively reduced immunofluo-
rescence expression and co-localization of these proteins
as compared with control cells.

GMF Reduces LAMP1 and LAMP2 Expression
and Number of Autophagosome Acidic Vesicles

LAMP1 and LAMP2 are the major heavily glycosylated pro-
teins that maintain the structural integrity of the lysosomal
membrane. They are delivered to the phagosomes during the
maturation process. N27 cells incubated with GMF for 24 h
significantly reduce LAMP1 and LAMP2 expressions as com-
pared with control cells (Fig. 7a, c). Cells incubated simulta-
neously with GMF and MPP+ further reduced LAMP1 and
LAMP2 expression as compared with cells incubated either
with GMF or MPP+ (*p < 0.05). Densitometry bar graphs

show the effect of GMF exposure on LAMP1 (Fig. 7b) and
LAMP2 (Fig. 7d) as a percentage of control. These results
along with the results in Fig. 4a–e clearly show that GMF
impairs autophagy probably by inhibiting phagolysosome
biogenesis and maturation.

Acridine orange (AO) is a lysosomotropic metachromatic
fluorochrome that accumulates in acidic vesicular organelles
such as autolysosomes, where it emits a red fluorescent signal.
Lysosomal membrane permeabilization following GMF or
MPP+ and rapamycin exposures for 24 h showed that the
red fluorescent signal from AO was markedly reduced, indi-
cating lysosomal disruption as shown in Fig. 8a. Bar graph
shows that the staining intensity of AO labelling within the
acidic vesicles was quantitatively reduced in GMF andMPP+-
treated cells, whereas AO intensity of labelling within vesicles
was increased in rapamycin-treated cells, when compared
with untreated control cells (Fig. 8b). Hence, the red fluores-
cence intensity that directly correlates with the volume of
acidic vesicles increases with induction of autophagy such
as with rapamycin.

Further, we measured phagosome-lysosome fusion using
LysoTracker staining along with Hoechst stain. Figure 9
shows the number and size of positive staining vesicles.
GMF treatment restricted the accumulation of LysoTracker

Fig. 4 GMF reduces ATG protein complexes expression in dopaminergic
N27 cells. N27 cells were seeded in T25 cell culture flask and incubated
with GMF (100 ng/ml) and MPP+ (300 μm) for 24 h under standard
conditions. After the incubation period, cells were washed with PBS,
cell lysates were prepared from these cells, and the concentrations of
ATG protein complexes were determined by ELISA assay, using
specific antibodies to ATG3, ATG5, ATG7, ATG16L, and ATG12.
GMF and MPP+ treatment significantly reduced expression of ATG

protein complexes (a–e) as seen by ELISA results and compared with
control cells. N27 cells incubated with both GMF andMPP+ significantly
reduced expression of these proteins as compared with other group. Bar
graphs show the effect of GMF and MPP+ exposure as a percentage of
control (a–e) and the values are expressed as arbitrary units and given as
mean ± SEM of four experiments in each group. ∗p < 0.05 compared to
control. Statistical significance was assessed with one-way ANOVA
followed by Tukey’s Kramer procedure usingGraphPad prism-7 software
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stain in the cells. In addition, in the control cells, the acidic
organelles stained with LysoTracker appeared to be concen-
trated in the perinuclear region while less intense and more
diffused perinuclear staining were detected in the GMF-

treated cells. Representative confocal images show that incu-
bation of N27 cells with GMF and/or MPP+ for 24 h qualita-
tively reduced the number of LysoTracker stained lysosomes
when compared with control cells (Fig. 9).

Fig. 5 GMF increases ER stress markers expression in dopaminergic
N27 cells. N27 cells were seeded and allowed to grow to confluency
and incubated with GMF (100 ng/ml) and MPP+ (300 μm) for 24 h
under standard conditions. After the incubation period, cells were
washed with PBS and these cells prepared for western blot and
immunofluorescence study, using specific antibodies such as p-PERK
and IRE1α. GMF and MPP+ treatment significantly increased
expression of p-PERK and IRE1α expression as compared with control
cells (a–d). N27 cells treated simultaneously with both GMF and MPP+

significantly increased p-PERK and IRE1α expression as compared with

other groups. Representative immunocytochemical images show the
expression of IRE1α is reduced in the cytoplasmic region and also
IRE1α translocated to the nuclei in the cells that were treated with
GMF and/or MPP+ (Fig. 5e). Bar graphs show the effect of GMF and
MPP+ exposure as a percentage of control (b, d).Western blot bands were
quantified by ChemiDoc-It2 imaging system analysis software and the
values are expressed as mean ± SEM (n = 3). ∗p < 0.05 compared to
control. Statistical significance was assessed with one-way ANOVA
followed by Tukey’s Kramer procedure usingGraphPad prism-7 software
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Involvement of GMF in the Expression of α-Synuclein
and p62/SQSTM in Primary Neurons

p62/SQSTM is an adaptor protein involved in autophagosome
formation with lysosome to degrade protein aggregates likeα-
synuclein and other cytoplasmic inclusions within the dopa-
minergic cell. p62 functions as a chaperone for the autophagic
removal of protein and organelle debris; hence, p62 expres-
sion levels may be correlated with autophagy. When primary
neurons from WT and GMF-KO mice were incubated with
MPP+ for 24 h, WT neurons show qualitatively reduced p62/
SQSTM expression (green color) when compared with un-
treated cells (Fig. 10). Whereas GMF-KO primary neurons
treated with MPP+ show increased p62/SQSTM expression
as compared with WT primary neurons. These findings indi-
cate that GMF plays an important role in the dysfunction
associated with autophagy that leads to neuronal cell death.

GMF Is Involved in the Aggregation of Endogenous
α-Synuclein in Primary Neurons

α-Synuclein is a toxic cytoplasmic inclusion of the Lewy
bodies and over-aggregation and accumulation of it leads to

dopaminergic cell death in PD, probably due to dysfunction in
autophagy. In the present study, we show that primary WT
neurons treated with MPP+ showed significantly increased
α-synuclein aggregation (red color) and reduced p62/
SQSTM (green color) expressions as compared with GMF-
KO neurons (as shown in Fig. 11). Neurons from GMF-KO
mice when incubated with MPP+ showed decreased α-
synuclein and increased p62/SQSTM compared with WT pri-
mary neurons. The results indicate that GMF could be medi-
ating the clearance of α-synuclein aggregates by regulating
autophagy.

Discussion

PD is a chronic neurodegenerative disease that depletes
bundle of dopaminergic neurons in the SN and leads to
lack of neurotransmission between SN and striatum of the
midbrain resulting in bradykinesia, rigidity, rest tremor,
and postural instability [52, 53]. Motor complication ap-
peared when ~ 50–60% of dopaminergic neurons degen-
erate in SN that leads to a ~ 70–80% depletion of dopa-
mine levels in the striatum region. The principle lesion of

Fig. 6 GMF treatment increases LC3 and decreases LAMP1
immunocytochemical expression in rat dopaminergic N27 cells. N27
cells were incubated in the presence or absence of GMF (100 ng/ml) or
MPP+ and immunostained for LC3 (green fluorescence) and LAMP1 (red
fluorescence). Representative images show that exposure of N27 cells to
GMF and MPP+ qualitatively increased LC3 and reduced LAMP1

expression as compared to control cells. Incubation of N27 cells with
both GMF and MPP+ simultaneously qualitatively increased LC3 and
reduced LAMP1 expression as compared with other group. Images
were taken using Leica TCP SP8 laser scanning confocal microscope
with a 405-nm diode laser and tunable super continuum white light
laser using 63X oil immersion objective. Scale bar = 100 μm
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PD is neuronal loss accompanied by dopaminergic degen-
eration, but the exact mechanism associated with dopami-
nergic cell death is still not clearly understood [53–55].
We have previously reported that administration of MPTP
significantly increased GMF expression in the SN up to
730 pg/mg of protein (5.3-fold increase) and in the stria-
tum of midbrain up to 559 pg/mg of protein (4.9-fold
increase) as compared with untreated control mice brain.
These findings clearly indicate that upregulation of GMF
expression is mainly associated with MPTP neurotoxicity
in the WT mice [38]. Absence of GMF protects
nigrostriatal dopaminergic neurons from MPTP-induced
neurodegeneration by suppressing TNF-α, IL-1β, GM-

CSF, CCL2, and MCP-1 that enhances the motor behavior
in mice [38]. In addition, deficiency of GMF protects the
astrocytes from MPP+-induced oxidative stress and inter-
feres with the inflammatory cascade by reducing the ac-
tivity of NF-κB, and reduced levels of proinflammatory
TNF-α, IL-1β, GM-CSF, IL-17, IL-33, and CCL2 protein
expressions [1]. These results clearly indicate a key role
of GMF in neuroinflammation. GMF is present in both
glial cells and neurons as well as in Schwan cells [27,
38, 56]. In this study, we investigated the role played by
GMF in the dysfunctions of the autophagy-lysosomal pro-
teolytic system that leads to increased cytoplasmic inclu-
sions resulting in ER stress-mediated dopaminergic cell
death. Here, we report that GMF mediates dopaminergic
neuronal degeneration by activating ERK1/2 pathway and
attenuates the autophagy-lysosomal machinery via en-
hancing ER stress. GMF, a neuroinflammatory protein,
is highly localized in the brain than other organs in the
human body [22, 42, 57]. GMF has no special secretory
leading sequence and acts as an intracellular signal trans-
duction regulator [24, 58, 59]. In the present study, we
found that incubation of N27 cells with GMF activates
p38 and ERK1/2 phosphorylation as compared with un-
treated control cells. Previously, we have reported that
GMF activates p38 isoform and ERK1/2 expression by
phosphorylation in C6 glioma cells, suggesting that
GMF acts as a stress-activated primary responder [34,
57]. The action of GMF on ERK1/2 activation in primary
astrocytes and microglial cells has been previously stud-
ied in this laboratory [37, 57]. In astrocytes, GMF over-
expression activates p38 activity and the intracellular re-
dox enzyme CuZn-superoxide dismutase (CuZn-SOD)
and the transcription factors NF-κB [60, 61]. In the past
studies, we have shown that overexpression of GMF in
PC12 cells activates p38, its downstream MAPKAP ki-
nase-2, and the final effector tyrosine hydroxylase, ac-
companied by an increased phosphorylation of these pro-
teins [22, 30, 57, 62].

Autophagy is a tightly regulated intracellular proteolyt-
ic system to degrade the cytoplasmic inclusion to main-
tain intracellular homeostasis [41, 63, 64]. Recent evi-
dence indicates that autophagy dysfunction plays a major
role in the pathogenesis of neurodegenerative disorders,
especially in PD [16, 65]. Deficiency in the elimination
or degradation of abnormal cytotoxic protein aggregates
promotes cellular stress, and this ultimately induces dopa-
minergic cell death [66]. During stress conditions, the
kinase mTOR is a critical regulator of autophagy induc-
tion. Phosphorylation of mTOR (p-mTOR expression) via
ERK1/2 signaling regulates autophagic flux [67–69].
Increasing evidence suggests that phosphorylation of
ERK1/2 activates mTOR complexes by phosphorylation
of mTOR [70]. Our previous studies demonstrate that

Fig. 7 GMF reduces lysosomal-associated membrane proteins 1 and 2
(LAMP1 and 2) expression in dopaminergic N27 cells. N27 cells were
seeded in T25 cell culture flask and incubated with GMF (100 ng/ml) and
MPP+ (300 μm) for 24 h under standard conditions. After the incubation
period, cells were washed with PBS and cell lysates were prepared from
these cells for western blot analysis, using specific antibodies for LAMP1
and LAMP2. GMF and MPP+ significantly reduced the expression of
LAMP1 and LAMP2 (indicated with arrow head) as compared with con-
trol cells. Incubation of N27 cells with both GMF and MPP+ simulta-
neously significantly reduced LAMP1 and LAMP 2 expression as com-
pared with other group. Western blot bands were quantified by
ChemiDoc-It2 imaging system analysis software and the values are
expressed as mean ± SEM (n = 3). ∗p < 0.05, ∗p < 0.001 and ∗p < 0.01
compared to control, GMF, and MPP+. ∗p < 0.001 compared with MPP+

and GMF +MPP+. Statistical significance was assessed with one-way
ANOVA followed by Tukey’s Kramer procedure and unpaired t test
was performed when comparing between groups by using GraphPad
prism-7 software
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GMF activates both p38 and ERK1/2 by phosphorylation
in primary neuronal and proximal tubular cells [22–24,
57, 71]. In this study, we found that exposure of N27 cells
to GMF and/or MPP+ significantly increased the expres-
sion of p-mTOR when compared with untreated control
cells, indicating that GMF participates in autophagic flux
by regulating mTOR expression. During the ERK1/2-
mediated mTOR-dependent autophagy-lysosomal path-
way, inhibition of mTOR leads to the activation of
Beclin 1 (a mammalian homolog of yeast ATG6) [72,
73]. Our results showed that GMF and MPP+ significantly
reduced Beclin 1 expression as compared with untreated
N27 cells. Previously, we have reported that GMF phos-
phorylates p38 and NF-κB in mouse primary astrocytes
[23, 37, 57, 74]. Recently, it was implicated that NF-κB
activation negatively regulates autophagy by reducing
Beclin 1 expression, which is induced by tumor necrosis
factor, ROS, and starvation in in vitro system [75–77].

Our results clearly demonstrated that GMF exposure at-
tenuates Beclin 1 expression due to p38 and ERK1/2
phosphorylation, as shown in earlier findings [23, 37,
57, 74].

Activated MAPKs such as p38 inhibits autophagy and
increases expression of inflammatory mediators through
ULK1 phosphorylation [49]. It has been demonstrated
that IKKα and IKKβ are involved in the activation of
the mTOR complex in response to inflammatory mole-
cules such as TNF-α and insulin exposure [78].
Preventing exposure to proinflammatory protein inhibits
mTOR expression and further promotes autophagy-
lysosomal proteolytic system [79, 80], which corroborates
our present findings. In the present study, we found that
GMF significantly activates mTOR expression by phos-
phorylation probably due to activation of p38 and ERK1/
2. This indicates that GMF interferes with the autophagy
pathway by enhancing p-mTOR expression. In addition,

Fig. 8 GMF decreases autophagic acidic vesicles or autophagosomes in
dopaminergic N27 cells. N27 cells were incubated in the presence or
absence of GMF (100 ng/ml) or MPP+ under standard condition. After
incubation period, cells were washed twice with PBS and stained with
10 μg/ml of acridine orange (AO) for autophagy-lysosomal acidic vesicle
(red fluorescence intensity) quantification. Representative images show
that exposure of N27 cells to GMF significantly decreased the red
fluorescence labelling intensity of AO with acidic vesicles correlates
number of autophagy acidic vesicles when compared to control cells.
Incubation of N27 cells with both GMF and MPP+ simultaneously
significantly decreased autophagy acidic vesicles by reducing red

fluorescents intensity as compared with other group (a). Images were
taken using Leica TCP SP8 laser scanning confocal microscope with a
405-nm diode laser and tunable super continuum white light laser using
63X oil immersion objective. Scale bar = 100 μm. Autophagic acidic
vesicle was quantified in the whole field by ImageJ, and the values are
expressed as mean ± SEM (n = 4). Bar graphs show the AO red
fluorescence intensity and correlates with the number of acidic vesicles
compared to the control (b). ∗p < 0.05 compared to control. Statistical
significance was assessed with one-way ANOVA followed by Tukey’s
Kramer procedure using GraphPad prism-7 software
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expression of ERK1/2 modulates the mTOR expression
via phosphorylation of mTOR [49, 69, 70].

Initiation, execution and degradation of the autophagy-
lysosomal depends on ATG complexes of proteins, which
include ATG3, ATG5, ATG7, ATG12, and ATG6L.
Autophagy-lysosomal degradation consists of multiple
steps of autophagosome formation, which include nucle-
ation, expansion, uncoating and completion, and execu-
tion [14, 81–83]. ATG protein complexes are mainly as-
sociated with LC3-I and LC3-II that are essential proteins
for autophagosome formation. The conjugation between
ATG5-ATG12-ATG16 that occurs at the elongation stage
of autophagosome formation renders neuroprotective roles
of ATG proteins against synucleinopathies [84].
Impairment or decrease in the expression of ATG proteins
results in neurodegeneration and the presence of cytoplas-
mic inclusions filled with ubiquitinated proteins such as
α-synuclein [85, 86]. The expression of ATG proteins in
brain cells significantly reduced the transcription of α-
synuclein and PINK1 expression, which indicates that

ATG reduces α-synuclein accumulation via autophagy-
lysosomal degradation [84, 87]. Our present results dem-
onstrate that exposure to GMF significantly dysregulates
ATG protein complex which may enhance the aggregation
of α-synuclein implying that GMF may contribute to the
aggregation and accumulation of α-synuclein by reducing
autophagy markers such as ATG complexes, ultimately
leading to dopaminergic cell death.

The lysosomal membrane proteins such as LAMP1 and
LAMP2 are mediators of lysosomal action in the
autophagy-lysosomal pathway within the neurons.
Previously, it was reported that lysosomal markers such
as LAMP1 and LAMP2 are deficient in human PD brain
as well as in experimental animal models [88]. Extending
this observation, we found decreased expression of
LAMP1 and LAMP2 in GMF and/or MPP+-treated N27
cells. Immunocytochemical examination in N27 cells re-
vealed that cytosolic LAMP1 expressions were reduced in
the rat dopaminergic N27 cells. In addition, GMF treat-
ment reduced the number of autophagic acidic vacuoles.

Fig. 9 GMF affects intracellular lysosomal morphology as detected by
LysoTracker Red DND-99 fluorescent staining in dopaminergic N27
cells. N27 cells were seeded (3 × 106) in six-well plate with coverslip
and incubated with GMF (100 ng/ml) and/or MPP+ (300 μm) for 24 h
under standard conditions. After incubation period, the cells were washed
with PBS. One millimolar of LysoTracker Red DND-99 (red
fluorescence) added and coverslip mounted in a Vectashield [with
DAPI for nuclear staining (blue florescence)] mounting media and

finally visualized under Leica Confocal system. Representative confocal
images show that GMF andMPP+ affect the cytoplasmic lysosomal mass
compared with control cells (n = 3). GMF and MPP+ qualitatively
reduced the LysoTracker Red DND-99 fluorescent stained lysosomal
mass as compared with control cells. Images were taken using Leica
TCP SP8 laser scanning confocal microscope with a 405-nm diode
laser and tunable super continuum white light laser using 63X oil
immersion objective. Scale bar = 100 μm
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Combined results of the action of GMF on autophagy
presented in this study suggest that though the initial steps
in endosome/autolysosome fusion may be unaffected,
autophagosome maturation and maturation of the autoph-
agic acidic vesicles leading to degradative clearance of
cytoplasmic contents could be the target of GMF and im-
paired by it.

The ER is the intracellular organelle, mainly involved in
the regulation of secretory protein translocation, transporta-
tion, and quality control of secretory protein folding in the
cytoplasmic compartment [89, 90]. The intracellular environ-
ment and metabolic state can induce ER dysfunction due to
accumulation of cytoplasmic debris within the ER lumen,
designated as ER stress. Accumulating evidence indicates that
ER stress-mediated autophagy dysfunction plays an important
role in the generic or progressive neurodegenerative disease
particularly in PD [17, 89, 91]. Extensive ER stress induces
the activation of p38 phosphorylation that leads to cell death
[90, 92]. Expression of α-synuclein and its aggregation and
accumulation induces ER stress, autophagic flux mediating
cell death [93]. In our study, we found that GMF and/or

MPP+ significantly enhances the phosphorylation of p38 and
ERK1/2 that leads to aggregation of α-synuclein and in-
creases ER stress markers such as IRE1α and phosphorylation
of PERK expression as compared with untreated control cells.
GMF and/or MPP+ induces ER stress-mediated autophagy-
lysosomal flux via activation and phosphorylation of both
p38 and ERK1/2, further leading to dopaminergic neuronal
loss. α-Synuclein, the intraneuronal inclusion body present
in PD, has been shown in cell culture systems to be presented
to the autophagy-lysosomal pathway after recognition by the
adaptor protein p62/SQSTM1. Using primary neurons from
WT and GMF-KO mice, we determined endogenous p62
levels by immunohistochemistry and we show that GMF
strongly associated with impairment of the autophagic ma-
chinery in processing intracellular α-synuclein.

Conclusion

Autophagy plays a central role in maintaining cellular
homeostasis in the brain and a dysregulation in autophagy

Fig. 10 GMF presence decreases p62/SQSTM immunocytochemical
expression in murine primary neuronal cells. Primary WT and GMF-
KO mouse neurons were incubated in the presence of MPP+ (20 μM)
under standard condition. After incubation period, cells were
immunostained for p62/SQSTM (green fluorescence) and counter
stained with VectaShield DAPI mounting media for nuclear staining
(blue fluorescence). Representative images (n = 4) show that exposure

of primary WT neurons to MPP+ qualitatively reduced p62/SQSTM
expression (green color) as compared with control cells. GMF-KO
primary neurons treated with MPP+ show qualitatively increased p62/
SQSTM expression as compared with WT primary neurons. Images
were taken using Leica TCP SP8 laser scanning confocal microscope
with a 405-nm diode laser and tunable super continuum white light
laser using 63X oil immersion objective. Scale bar = 100 μm
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is implicated in many neurodegenerative diseases. With
non-replicating cells such as neurons, intracellular path-
ways mediated by proteins like GMF become all the more
relevant in the control of the accumulation and degrada-
tion of aggregated proteins. Results from the present study
indicate that extracellular addition of GMF activates the
phosphorylation of p38 and ERK1/2 MAPKs that leads to
increased activation of mTOR. Upregulation of mTOR
inhibits autophagy markers such as ATG3, ATG5,
ATG12, and ATG16L. Furthermore, GMF also reduces
lysosomal markers LAMP1 and LAMP2 that consequent-
ly leads to impairment of autophagy pathway execution
within the lysosome. In addition, GMF enhances the ac-
cumulation of α-synuclein due to impairments in the au-
tophagy pathway that leads to ER stress-dependent dopa-
minergic neuron cell death. We show that p62 is required
for α-synuclein autophagy and this is regulated by GMF.
Future studies aimed at understanding the molecular
mechanism of action of GMF to inhibit PD pathogenesis
are underway in the laboratory.

Acknowledgements This work was supported by Veterans Affairs Merit
Award I01BX002477 and National Institutes of Health Grants
AG048205 and NS073670 to AZ. We would like to thank Dr.
Alexander Jurkevich, Associate Director of Molecular Cytology core,
University of Missouri, Columbia-MO for his help in preparation and
validation of confocal images.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no conflicts of
interest.

References

1. Khan MM, Kempuraj D, Zaheer S, Zaheer A (2014) Glia matura-
tion factor deficiency suppresses 1-methyl-4-phenylpyridinium-
induced oxidative stress in astrocytes. J Mol Neurosci 53(4):590–
599. https://doi.org/10.1007/s12031-013-0225-z

2. Berry C, La Vecchia C, Nicotera P (2010) Paraquat and Parkinson’s
disease. Cell Death Differ 17(7):1115–1125. https://doi.org/10.
1038/cdd.2009.217

Fig. 11 GMF presence increases α-synuclein and downregulates p62/
SQSTM immunocytochemical expression in mouse primary neurons.
WT and GMF-KO mouse primary neurons were incubated in the pres-
ence ofMPP+ (20μM) under standard condition. After incubation period,
cells were immunostained for α-synuclein (red fluorescence), p62/
SQSTM (green fluorescence) and mounted with Vectashield [with
DAPI for nuclear staining (blue florescence)]. Representative images
show that exposure of WT primary neurons to MPP+ significantly

increased α-synuclein and decreased p62/SQSTM expression as com-
pared with control neurons. GMF-KO primary neurons treated with
MPP+ show increased p62/SQSTM and reduced α-synuclein expression
as compared with WT primary neurons (n = 3). Images were taken using
Leica TCP SP8 laser scanning confocal microscope with a 405-nm diode
laser and tunable super continuum white light laser using 63X oil immer-
sion objective. Scale bar = 100 μm

3878 Mol Neurobiol (2019) 56:3865–3881

https://doi.org/10.1007/s12031-013-0225-z
https://doi.org/10.1038/cdd.2009.217
https://doi.org/10.1038/cdd.2009.217


3. Pringsheim T, Jette N, Frolkis A, Steeves TD (2014) The preva-
lence of Parkinson’s disease: a systematic review and meta-analy-
sis. Mov Disord 29(13):1583–1590. https://doi.org/10.1002/mds.
25945

4. Tysnes OB, Storstein A (2017) Epidemiology of Parkinson’s dis-
ease. J Neural Transm (Vienna) 124(8):901–905. https://doi.org/10.
1007/s00702-017-1686-y

5. de Rijk MC, Tzourio C, Breteler MM, Dartigues JF, Amaducci L,
Lopez-Pousa S, Manubens-Bertran JM, Alperovitch A et al (1997)
Prevalence of parkinsonism and Parkinson’s disease in Europe: the
EUROPARKINSON Collaborative Study. European Community
Concerted Action on the Epidemiology of Parkinson’s disease. J
Neurol Neurosurg Psychiatry 62(1):10–15

6. Chua CE, Tang BL (2006) Alpha-synuclein and Parkinson’s dis-
ease: the first roadblock. J Cell Mol Med 10(4):837–846

7. Pan T, Kondo S, Le W, Jankovic J (2008) The role of autophagy-
lysosome pathway in neurodegeneration associated with
Parkinson’s disease. Brain 131(Pt 8):1969–1978. https://doi.org/
10.1093/brain/awm318

8. Tan JM, Wong ES, Lim KL (2009) Protein misfolding and aggre-
gation in Parkinson’s disease. Antioxid Redox Signal 11(9):2119–
2134. https://doi.org/10.1089/ARS.2009.2490

9. Janda E, Isidoro C, Carresi C, Mollace V (2012) Defective autoph-
agy in Parkinson’s disease: role of oxidative stress. Mol Neurobiol
46(3):639–661. https://doi.org/10.1007/s12035-012-8318-1

10. Laguna A, Schintu N, Nobre A, Alvarsson A, Volakakis N,
Jacobsen JK, Gomez-Galan M, Sopova E et al (2015)
Dopaminergic control of autophagic-lysosomal function implicates
Lmx1b in Parkinson’s disease. Nat Neurosci 18(6):826–835.
https://doi.org/10.1038/nn.4004

11. Schapira AH, Jenner P (2011) Etiology and pathogenesis of
Parkinson’s disease. Mov Disord 26(6):1049–1055. https://doi.
org/10.1002/mds.23732

12. Lynch-Day MA, Mao K, Wang K, Zhao M, Klionsky DJ (2012)
The role of autophagy in Parkinson’s disease. Cold Spring Harb
Perspect Med 2(4):a009357. https://doi.org/10.1101/cshperspect.
a009357

13. Mizushima N, Klionsky DJ (2007) Protein turnover via autophagy:
implications for metabolism. Annu Rev Nutr 27:19–40. https://doi.
org/10.1146/annurev.nutr.27.061406.093749

14. Mizushima N (2007) Autophagy: process and function. Genes Dev
21(22):2861–2873. https://doi.org/10.1101/gad.1599207

15. Kinghorn KJ, Asghari AM, Castillo-Quan JI (2017) The emerging
role of autophagic-lysosomal dysfunction in Gaucher disease and
Parkinson’s disease. Neural Regen Res 12(3):380–384. https://doi.
org/10.4103/1673-5374.202934

16. Moors TE, Hoozemans JJ, Ingrassia A, Beccari T, Parnetti L,
Chartier-Harlin MC, van de Berg WD (2017) Therapeutic potential
of autophagy-enhancing agents in Parkinson’s disease. Mol
Neurodegener 12(1):11. https://doi.org/10.1186/s13024-017-0154-
3

17. Imai Y, SodaM, Inoue H, Hattori N,Mizuno Y, Takahashi R (2001)
An unfolded putative transmembrane polypeptide, which can lead
to endoplasmic reticulum stress, is a substrate of Parkin. Cell
105(7):891–902

18. Hu ZY, Chen B, Zhang JP, Ma YY (2017) Up-regulation of
autophagy-related gene 5 (ATG5) protects dopaminergic neurons
in a zebrafish model of Parkinson’s disease. J Biol Chem 292(44):
18062–18074. https://doi.org/10.1074/jbc.M116.764795

19. Ogata M, Hino S, Saito A, Morikawa K, Kondo S, Kanemoto S,
Murakami T, Taniguchi M et al (2006) Autophagy is activated for
cell survival after endoplasmic reticulum stress. Mol Cell Biol
26(24):9220–9231. https://doi.org/10.1128/MCB.01453-06

20. Takacs-Vellai K, Vellai T, Puoti A, Passannante M, Wicky C, Streit
A, Kovacs AL, Muller F (2005) Inactivation of the autophagy gene

bec-1 triggers apoptotic cell death in C. elegans. Curr Biol 15(16):
1513–1517. https://doi.org/10.1016/j.cub.2005.07.035

21. Kon M, Cuervo AM (2010) Chaperone-mediated autophagy in
health and disease. FEBS Lett 584(7):1399–1404. https://doi.org/
10.1016/j.febslet.2009.12.025

22. Lim R, Zaheer A (1996) In vitro enhancement of p38 mitogen-
activated protein kinase activity by phosphorylated glia maturation
factor. J Biol Chem 271(38):22953–22956

23. Zaheer A, Lim R (1996) In vitro inhibition of MAP kinase (ERK1/
ERK2) activity by phosphorylated glia maturation factor (GMF).
Biochemistry 35(20):6283–6288. https://doi.org/10.1021/
bi960034c

24. Zaheer A, Lim R (1997) Protein kinase A (PKA)- and protein
kinase C-phosphorylated glia maturation factor promotes the cata-
lytic activity of PKA. J Biol Chem 272(8):5183–5186

25. Zaheer S, Thangavel R, Sahu SK, Zaheer A (2011) Augmented
expression of glia maturation factor in Alzheimer’s disease.
Neuroscience 194:227–233. https://doi.org/10.1016/j.
neuroscience.2011.07.069

26. Lim R, Zaheer A, Lane WS (1990) Complete amino acid sequence
of bovine glia maturation factor beta. Proc Natl Acad Sci U S A
87(14):5233–5237

27. Lim R,Miller JF, Zaheer A (1989) Purification and characterization
of glia maturation factor beta: a growth regulator for neurons and
glia. Proc Natl Acad Sci U S A 86(10):3901–3905

28. Zaheer A, Fink BD, Lim R (1993) Expression of glia maturation
factor beta mRNA and protein in rat organs and cells. J Neurochem
60(3):914–920

29. Zaheer A, Haas JT, Reyes C, Mathur SN, Yang B, Lim R (2006)
GMF-knockout mice are unable to induce brain-derived neuro-
trophic factor after exercise. Neurochem Res 31(4):579–584.
https://doi.org/10.1007/s11064-006-9049-3

30. Thangavel R, Stolmeier D, Yang X, Anantharam P, Zaheer A
(2012) Expression of glia maturation factor in neuropathological
lesions of Alzheimer’s disease. Neuropathol Appl Neurobiol
38(6):572–581. https://doi.org/10.1111/j.1365-2990.2011.01232.x

31. Lim R, Zaheer A, Khosravi H, Freeman JH Jr, Halverson HE,
Wemmie JA, Yang B (2004) Impaired motor performance and
learning in glia maturation factor-knockout mice. Brain Res
1024(1–2):225–232. https://doi.org/10.1016/j.brainres.2004.08.
003

32. Zaheer A, Yang B, Cao X, Lim R (2004) Decreased copper-zinc
superoxide dismutase activity and increased resistance to oxidative
stress in glia maturation factor-null astrocytes. Neurochem Res
29(8):1473–1480

33. Kaimori JY, Takenaka M, Nakajima H, Hamano T, Horio M,
Sugaya T, Ito T, Hori M et al (2003) Induction of glia maturation
factor-beta in proximal tubular cells leads to vulnerability to oxida-
tive injury through the p38 pathway and changes in antioxidant
enzyme activities. J Biol Chem 278(35):33519–33527. https://doi.
org/10.1074/jbc.M301552200

34. Baldwin RM, Garratt-Lalonde M, Parolin DA, Krzyzanowski PM,
Andrade MA, Lorimer IA (2006) Protection of glioblastoma cells
from cisplatin cytotoxicity via protein kinase Ciota-mediated atten-
uation of p38MAP kinase signaling. Oncogene 25(20):2909–2919.
https://doi.org/10.1038/sj.onc.1209312

35. Zaheer S, Thangavel R, Wu Y, Khan MM, Kempuraj D, Zaheer A
(2013) Enhanced expression of glia maturation factor correlates
with glial activation in the brain of triple transgenic Alzheimer’s
disease mice. Neurochem Res 38(1):218–225. https://doi.org/10.
1007/s11064-012-0913-z

36. Kempuraj D, Khan MM, Thangavel R, Xiong Z, Yang E, Zaheer A
(2013) Glia maturation factor induces interleukin-33 release from
astrocytes: implications for neurodegenerative diseases. J
NeuroImmune Pharmacol 8(3):643–650. https://doi.org/10.1007/
s11481-013-9439-7

Mol Neurobiol (2019) 56:3865–3881 3879

https://doi.org/10.1002/mds.25945
https://doi.org/10.1002/mds.25945
https://doi.org/10.1007/s00702-017-1686-y
https://doi.org/10.1007/s00702-017-1686-y
https://doi.org/10.1093/brain/awm318
https://doi.org/10.1093/brain/awm318
https://doi.org/10.1089/ARS.2009.2490
https://doi.org/10.1007/s12035-012-8318-1
https://doi.org/10.1038/nn.4004
https://doi.org/10.1002/mds.23732
https://doi.org/10.1002/mds.23732
https://doi.org/10.1101/cshperspect.a009357
https://doi.org/10.1101/cshperspect.a009357
https://doi.org/10.1146/annurev.nutr.27.061406.093749
https://doi.org/10.1146/annurev.nutr.27.061406.093749
https://doi.org/10.1101/gad.1599207
https://doi.org/10.4103/1673-5374.202934
https://doi.org/10.4103/1673-5374.202934
https://doi.org/10.1186/s13024-017-0154-3
https://doi.org/10.1186/s13024-017-0154-3
https://doi.org/10.1074/jbc.M116.764795
https://doi.org/10.1128/MCB.01453-06
https://doi.org/10.1016/j.cub.2005.07.035
https://doi.org/10.1016/j.febslet.2009.12.025
https://doi.org/10.1016/j.febslet.2009.12.025
https://doi.org/10.1021/bi960034c
https://doi.org/10.1021/bi960034c
https://doi.org/10.1016/j.neuroscience.2011.07.069
https://doi.org/10.1016/j.neuroscience.2011.07.069
https://doi.org/10.1007/s11064-006-9049-3
https://doi.org/10.1111/j.1365-2990.2011.01232.x
https://doi.org/10.1016/j.brainres.2004.08.003
https://doi.org/10.1016/j.brainres.2004.08.003
https://doi.org/10.1074/jbc.M301552200
https://doi.org/10.1074/jbc.M301552200
https://doi.org/10.1038/sj.onc.1209312
https://doi.org/10.1007/s11064-012-0913-z
https://doi.org/10.1007/s11064-012-0913-z
https://doi.org/10.1007/s11481-013-9439-7
https://doi.org/10.1007/s11481-013-9439-7


37. Zaheer A, Yorek MA, Lim R (2001) Effects of glia maturation
factor overexpression in primary astrocytes on MAP kinase activa-
tion, transcription factor activation, and neurotrophin secretion.
Neurochem Res 26(12):1293–1299

38. KhanMM, Zaheer S, Thangavel R, Patel M, Kempuraj D, Zaheer A
(2015) Absence of glia maturation factor protects dopaminergic
neurons and improves motor behavior in mouse model of parkin-
sonism. Neurochem Res 40(5):980–990. https://doi.org/10.1007/
s11064-015-1553-x

39. Zupanska A, Dziembowska M, Ellert-Miklaszewska A, Gaweda-
Walerych K, Kaminska B (2005) Cyclosporine a induces growth
arrest or programmed cell death of human glioma cells. Neurochem
Int 47(6):430–441. https://doi.org/10.1016/j.neuint.2005.05.010

40. Afeseh Ngwa H, Kanthasamy A, Anantharam V, Song C, Witte T,
Houk R, Kanthasamy AG (2009) Vanadium induces dopaminergic
neurotoxicity via protein kinase Cdelta dependent oxidative signal-
ing mechanisms: relevance to etiopathogenesis of Parkinson’s dis-
ease. Toxicol Appl Pharmacol 240(2):273–285. https://doi.org/10.
1016/j.taap.2009.07.025

41. Afeseh Ngwa H, Kanthasamy A, Gu Y, Fang N, Anantharam V,
Kanthasamy AG (2011) Manganese nanoparticle activates mito-
chondrial dependent apoptotic signaling and autophagy in dopami-
nergic neuronal cells. Toxicol Appl Pharmacol 256(3):227–240.
https://doi.org/10.1016/j.taap.2011.07.018

42. Zaheer A, Mathur SN, Lim R (2002) Overexpression of glia matu-
ration factor in astrocytes leads to immune activation of microglia
through secretion of granulocyte-macrophage-colony stimulating
factor. Biochem Biophys Res Commun 294(2):238–244. https://
doi.org/10.1016/S0006-291X(02)00467-9

43. Zawada WM, Banninger GP, Thornton J, Marriott B, Cantu D,
Rachubinski AL, Das M, Griffin WS et al (2011) Generation of
reactive oxygen species in 1-methyl-4-phenylpyridinium (MPP+)
treated dopaminergic neurons occurs as an NADPH oxidase-
dependent two-wave cascade. J Neuroinflammation 8:129. https://
doi.org/10.1186/1742-2094-8-129

44. Ahmed ME, Tucker D, Dong Y, Lu Y, Zhao N, Wang R, Zhang Q
(2016) Methylene blue promotes cortical neurogenesis and amelio-
rates behavioral deficit after photothrombotic stroke in rats.
Neuroscience 336:39–48. https://doi.org/10.1016/j.neuroscience.
2016.08.036

45. Gan SD, Patel KR (2013) Enzyme immunoassay and enzyme-
linked immunosorbent assay. J Invest Dermatol 133(9):e12–e13.
https://doi.org/10.1038/jid.2013.287

46. Dehay B, Bove J, Rodriguez-Muela N, Perier C, Recasens A, Boya
P, Vila M (2010) Pathogenic lysosomal depletion in Parkinson’s
disease. J Neurosci 30(37):12535–12544. https://doi.org/10.1523/
JNEUROSCI.1920-10.2010

47. Boland B, Kumar A, Lee S, Platt FM,Wegiel J, YuWH, Nixon RA
(2008) Autophagy induction and autophagosome clearance in neu-
rons: relationship to autophagic pathology in Alzheimer’s disease. J
Neurosci 28(27):6926–6937. https:/ /doi.org/10.1523/
JNEUROSCI.0800-08.2008

48. Thome MP, Filippi-Chiela EC, Villodre ES, Migliavaca CB, Onzi
GR, Felipe KB, Lenz G (2016) Ratiometric analysis of acridine
orange staining in the study of acidic organelles and autophagy. J
Cell Sci 129(24):4622–4632. https://doi.org/10.1242/jcs.195057

49. He Y, She H, Zhang T, Xu H, Cheng L, Yepes M, Zhao Y, Mao Z
(2018) p38 MAPK inhibits autophagy and promotes microglial
inflammatory responses by phosphorylating ULK1. J Cell Biol
217(1):315–328. https://doi.org/10.1083/jcb.201701049

50. Mukherjee S, Dash S, Lohitesh K, Chowdhury R (2017) The dy-
namic role of autophagy and MAPK signaling in determining cell
fate under cisplatin stress in osteosarcoma cells. PLoS One 12(6):
e0179203. https://doi.org/10.1371/journal.pone.0179203

51. Crisan TO, Plantinga TS, van de Veerdonk FL, Farcas MF, Stoffels
M, Kullberg BJ, van der Meer JW, Joosten LA et al (2011)

Inflammasome-independent modulation of cytokine response by
autophagy in human cells. PLoS One 6(4):e18666. https://doi.org/
10.1371/journal.pone.0018666

52. Schuepbach WM, Rau J, Knudsen K, Volkmann J, Krack P,
Timmermann L, Halbig TD, Hesekamp H et al (2013)
Neurostimulation for Parkinson’s disease with early motor compli-
cations. N Engl J Med 368(7):610–622. https://doi.org/10.1056/
NEJMoa1205158

53. Lang AE, Lozano AM (1998) Parkinson’s disease. Second of two
parts. N Engl J Med 339(16):1130–1143. https://doi.org/10.1056/
NEJM199810153391607

54. Pickrell Alicia M, Youle Richard J (2015) The roles of PINK1,
parkin, and mitochondrial fidelity in Parkinson&#x2019;s disease.
Neuron 85(2):257–273. https://doi.org/10.1016/j.neuron.2014.12.
007

55. Pickrell AM, Youle RJ (2015) The roles of PINK1, parkin, and
mitochondrial fidelity in Parkinson’s disease. Neuron 85(2):257–
273. https://doi.org/10.1016/j.neuron.2014.12.007

56. Lim R, Hicklin DJ, Ryken TC, Miller JF, Bosch EP (1988)
Endogenous immunoreactive glia maturation factor-like molecule
in cultured rat Schwann cells. Brain Res 468(2):277–284

57. Zaheer A, Zaheer S, Sahu SK, Knight S, Khosravi H, Mathur SN,
Lim R (2007) A novel role of glia maturation factor: induction of
granulocyte-macrophage colony-stimulating factor and pro-
inflammatory cytokines. J Neurochem 101(2):364–376. https://
doi.org/10.1111/j.1471-4159.2006.04385.x

58. Asai K, Fujita K, Yamamoto M, Hotta T, MorikawaM, KokuboM,
Moriyama A, Kato T (1998) Isolation of novel human cDNA
(hGMF-gamma) homologous to glia maturation factor-beta gene.
Biochim Biophys Acta 1396(3):242–244

59. Inagaki M, Aoyama M, Sobue K, Yamamoto N, Morishima T,
Moriyama A, Katsuya H, Asai K (2004) Sensitive immunoassays
for human and rat GMFB and GMFG, tissue distribution and age-
related changes. Biochim Biophys Acta 1670(3):208–216. https://
doi.org/10.1016/j.bbagen.2003.12.006

60. Lim R, Zaheer A, Kraakevik JA, Darby CJ, Oberley LW (1998)
Overexpression of glia maturation factor in C6 cells promotes dif-
ferentiation and activates superoxide dismutase. Neurochem Res
23(11):1445–1451

61. Lim R, Zaheer A, Yorek MA, Darby CJ, Oberley LW (2000)
Activation of nuclear factor-kappaB in C6 rat glioma cells after
transfection with glia maturation factor. J Neurochem 74(2):596–
602

62. Zaheer A, Lim R (1998) Overexpression of glia maturation factor
(GMF) in PC12 pheochromocytoma cells activates p38 MAP ki-
nase, MAPKAP kinase-2, and tyrosine hydroxylase. Biochem
Biophys Res Commun 250(2):278–282. https://doi.org/10.1006/
bbrc.1998.9301

63. Sanchez-Perez AM, Claramonte-Clausell B, Sanchez-Andres JV,
Herrero MT (2012) Parkinson’s disease and autophagy.
Parkinsons Dis 2012:429524–429526. https://doi.org/10.1155/
2012/429524

64. Chandramani Shivalingappa P, Jin H, Anantharam V, Kanthasamy
A, Kanthasamy A (2012) N-Acetyl cysteine protects against
methamphetamine-induced dopaminergic neurodegeneration via
modulation of redox status and autophagy in dopaminergic cells.
Parkinsons Dis 2012:424285–424211. https://doi.org/10.1155/
2012/424285

65. Wang B, Abraham N, Gao G, Yang Q (2016) Dysregulation of
autophagy and mitochondrial function in Parkinson’s disease.
Translational Neurodegeneration 5(1):19. https://doi.org/10.1186/
s40035-016-0065-1

66. Zhang Z, Miah M, Culbreth M, Aschner M (2016) Autophagy in
neurodegenerative diseases and metal neurotoxicity. Neurochem
Res 41(1–2):409–422. https://doi.org/10.1007/s11064-016-1844-x

3880 Mol Neurobiol (2019) 56:3865–3881

https://doi.org/10.1007/s11064-015-1553-x
https://doi.org/10.1007/s11064-015-1553-x
https://doi.org/10.1016/j.neuint.2005.05.010
https://doi.org/10.1016/j.taap.2009.07.025
https://doi.org/10.1016/j.taap.2009.07.025
https://doi.org/10.1016/j.taap.2011.07.018
https://doi.org/10.1016/S0006-291X(02)00467-9
https://doi.org/10.1016/S0006-291X(02)00467-9
https://doi.org/10.1186/1742-2094-8-129
https://doi.org/10.1186/1742-2094-8-129
https://doi.org/10.1016/j.neuroscience.2016.08.036
https://doi.org/10.1016/j.neuroscience.2016.08.036
https://doi.org/10.1038/jid.2013.287
https://doi.org/10.1523/JNEUROSCI.1920-10.2010
https://doi.org/10.1523/JNEUROSCI.1920-10.2010
https://doi.org/10.1523/JNEUROSCI.0800-08.2008
https://doi.org/10.1523/JNEUROSCI.0800-08.2008
https://doi.org/10.1242/jcs.195057
https://doi.org/10.1083/jcb.201701049
https://doi.org/10.1371/journal.pone.0179203
https://doi.org/10.1371/journal.pone.0018666
https://doi.org/10.1371/journal.pone.0018666
https://doi.org/10.1056/NEJMoa1205158
https://doi.org/10.1056/NEJMoa1205158
https://doi.org/10.1056/NEJM199810153391607
https://doi.org/10.1056/NEJM199810153391607
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1111/j.1471-4159.2006.04385.x
https://doi.org/10.1111/j.1471-4159.2006.04385.x
https://doi.org/10.1016/j.bbagen.2003.12.006
https://doi.org/10.1016/j.bbagen.2003.12.006
https://doi.org/10.1006/bbrc.1998.9301
https://doi.org/10.1006/bbrc.1998.9301
https://doi.org/10.1155/2012/429524
https://doi.org/10.1155/2012/429524
https://doi.org/10.1155/2012/424285
https://doi.org/10.1155/2012/424285
https://doi.org/10.1186/s40035-016-0065-1
https://doi.org/10.1186/s40035-016-0065-1
https://doi.org/10.1007/s11064-016-1844-x


67. Alers S, Loffler AS, Wesselborg S, Stork B (2012) Role of AMPK-
mTOR-Ulk1/2 in the regulation of autophagy: cross talk, shortcuts,
and feedbacks. Mol Cell Biol 32(1):2–11. https://doi.org/10.1128/
MCB.06159-11

68. Feng D, Liu L, Zhu Y, Chen Q (2013) Molecular signaling toward
mitophagy and its physiological significance. Exp Cell Res
319(12):1697–1705. https://doi.org/10.1016/j.yexcr.2013.03.034

69. Mendoza MC, Er EE, Blenis J (2011) The Ras-ERK and PI3K-
mTOR pathways: cross-talk and compensation. Trends Biochem
Sci 36(6):320–328. https://doi.org/10.1016/j.tibs.2011.03.006

70. Carriere A, Romeo Y, Acosta-Jaquez HA, Moreau J, Bonneil E,
Thibault P, Fingar DC, Roux PP (2011) ERK1/2 phosphorylate
raptor to promote Ras-dependent activation of mTOR complex 1
(mTORC1). J Biol Chem 286(1):567–577. https://doi.org/10.1074/
jbc.M110.159046

71. Memmott RM, Dennis PA (2009) Akt-dependent and independent
mechanisms of mTOR regulation in cancer. Cell Signal 21(5):656–
664. https://doi.org/10.1016/j.cellsig.2009.01.004

72. Deretic V (2012) Autophagy as an innate immunity paradigm:
expanding the scope and repertoire of pattern recognition receptors.
Curr Opin Immunol 24(1):21–31. https://doi.org/10.1016/j.coi.
2011.10.006

73. Huang Q, Liu X, Cao C, Lei J, Han D, Chen G, Yu J, Chen L et al
(2016) Apelin-13 induces autophagy in hepatoma HepG2 cells
through ERK1/2 signaling pathway-dependent upregulation of
Beclin1. Oncol Lett 11(2):1051–1056. https://doi.org/10.3892/ol.
2015.3991

74. Zaheer A, Zaheer S, Sahu SK, Yang B, Lim R (2007) Reduced
severity of experimental autoimmune encephalomyelitis in GMF-
deficient mice. Neurochem Res 32(1):39–47. https://doi.org/10.
1007/s11064-006-9220-x

75. Kang R, Zeh HJ, Lotze MT, Tang D (2011) The Beclin 1 network
regulates autophagy and apoptosis. Cell Death Differ 18(4):571–
580. https://doi.org/10.1038/cdd.2010.191

76. Djavaheri-Mergny M, Amelotti M, Mathieu J, Besancon F, Bauvy
C, Souquere S, PierronG, Codogno P (2006) NF-kappaB activation
represses tumor necrosis factor-alpha-induced autophagy. J Biol
Chem 281(41):30373–30382. https://doi.org/10.1074/jbc.
M602097200

77. Copetti T, Bertoli C, Dalla E, Demarchi F, Schneider C (2009) p65/
RelA modulates BECN1 transcription and autophagy. Mol Cell
Biol 29(10):2594–2608. https://doi.org/10.1128/MCB.01396-08

78. Dan HC, Baldwin AS (2008) Differential involvement of IkappaB
kinases alpha and beta in cytokine- and insulin-induced mammalian
target of rapamycin activation determined by Akt. J Immunol
180(11):7582–7589

79. Weichhart T, Haidinger M, Katholnig K, Kopecky C, Poglitsch M,
Lassnig C, Rosner M, Zlabinger GJ et al (2011) Inhibition of
mTOR blocks the anti-inflammatory effects of glucocorticoids in
myeloid immune cells. Blood 117(16):4273–4283. https://doi.org/
10.1182/blood-2010-09-310888

80. Weichhart T, Hengstschlager M, Linke M (2015) Regulation of
innate immune cell function by mTOR. Nat Rev Immunol 15(10):
599–614. https://doi.org/10.1038/nri3901

81. Ding WX, Yin XM (2012) Mitophagy: mechanisms, pathophysio-
logical roles, and analysis. Biol Chem 393(7):547–564. https://doi.
org/10.1515/hsz-2012-0119

82. Mizushima N, Komatsu M (2011) Autophagy: renovation of cells
and tissues. Cell 147(4):728–741. https://doi.org/10.1016/j.cell.
2011.10.026

83. Trocoli A, Djavaheri-Mergny M (2011) The complex interplay be-
tween autophagy and NF-κB signaling pathways in cancer cells.
Am J Cancer Res 1(5):629–649

84. Hu ZY, Chen B, Zhang JP, Ma YY (2017) Upregulation of
autophagy-related gene 5 protects dopaminergic neurons in a
zebrafish model of Parkinson’s disease. J Biol Chem 292:18062–
18074. https://doi.org/10.1074/jbc.M116.764795

85. Hara T, Nakamura K, Matsui M, Yamamoto A, Nakahara Y,
Suzuki-Migishima R, Yokoyama M, Mishima K et al (2006)
Suppression of basal autophagy in neural cells causes neurodegen-
erative disease in mice. Nature 441(7095):885–889. https://doi.org/
10.1038/nature04724

86. Komatsu M, Waguri S, Chiba T, Murata S, Iwata J, Tanida I, Ueno
T, Koike M et al (2006) Loss of autophagy in the central nervous
system causes neurodegeneration in mice. Nature 441(7095):880–
884. https://doi.org/10.1038/nature04723

87. Hu Z, Zhang J, Zhang Q (2011) Expression pattern and functions of
autophagy-related gene atg5 in zebrafish organogenesis.
Autophagy 7(12):1514–1527

88. Chu Y, Dodiya H, Aebischer P, Olanow CW, Kordower JH (2009)
Alterations in lysosomal and proteasomal markers in Parkinson’s
disease: relationship to alpha-synuclein inclusions. Neurobiol Dis
35(3):385–398. https://doi.org/10.1016/j.nbd.2009.05.023

89. Remondelli P, Renna M (2017) The endoplasmic reticulum unfold-
ed protein response in neurodegenerative disorders and its potential
therapeutic significance. Front Mol Neurosci 10:187. https://doi.
org/10.3389/fnmol.2017.00187

90. Kim DS, Kim JH, Lee GH, Kim HT, Lim JM, Chae SW, Chae HJ,
KimHR (2010) p38 mitogen-activated protein kinase is involved in
endoplasmic reticulum stress-induced cell death and autophagy in
human gingival fibroblasts. Biol Pharm Bull 33(4):545–549

91. Nakagawa T, ZhuH,Morishima N, Li E, Xu J, Yankner BA, Yuan J
(2000) Caspase-12 mediates endoplasmic-reticulum-specific apo-
ptosis and cytotoxicity by amyloid-beta. Nature 403(6765):98–
103. https://doi.org/10.1038/47513

92. Mishra R, Karande AA (2014) Endoplasmic reticulum stress-
mediated activation of p38 MAPK, caspase-2 and caspase-8 leads
to abrin-induced apoptosis. PLoS One 9(3):e92586. https://doi.org/
10.1371/journal.pone.0092586

93. Jiang P, GanM, Ebrahim AS, LinWL,Melrose HL, Yen SH (2010)
ER stress response plays an important role in aggregation of alpha-
synuclein. Mol Neurodegener 5:56. https://doi.org/10.1186/1750-
1326-5-56

Mol Neurobiol (2019) 56:3865–3881 3881

https://doi.org/10.1128/MCB.06159-11
https://doi.org/10.1128/MCB.06159-11
https://doi.org/10.1016/j.yexcr.2013.03.034
https://doi.org/10.1016/j.tibs.2011.03.006
https://doi.org/10.1074/jbc.M110.159046
https://doi.org/10.1074/jbc.M110.159046
https://doi.org/10.1016/j.cellsig.2009.01.004
https://doi.org/10.1016/j.coi.2011.10.006
https://doi.org/10.1016/j.coi.2011.10.006
https://doi.org/10.3892/ol.2015.3991
https://doi.org/10.3892/ol.2015.3991
https://doi.org/10.1007/s11064-006-9220-x
https://doi.org/10.1007/s11064-006-9220-x
https://doi.org/10.1038/cdd.2010.191
https://doi.org/10.1074/jbc.M602097200
https://doi.org/10.1074/jbc.M602097200
https://doi.org/10.1128/MCB.01396-08
https://doi.org/10.1182/blood-2010-09-310888
https://doi.org/10.1182/blood-2010-09-310888
https://doi.org/10.1038/nri3901
https://doi.org/10.1515/hsz-2012-0119
https://doi.org/10.1515/hsz-2012-0119
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1074/jbc.M116.764795
https://doi.org/10.1038/nature04724
https://doi.org/10.1038/nature04724
https://doi.org/10.1038/nature04723
https://doi.org/10.1016/j.nbd.2009.05.023
https://doi.org/10.3389/fnmol.2017.00187
https://doi.org/10.3389/fnmol.2017.00187
https://doi.org/10.1038/47513
https://doi.org/10.1371/journal.pone.0092586
https://doi.org/10.1371/journal.pone.0092586
https://doi.org/10.1186/1750-1326-5-56
https://doi.org/10.1186/1750-1326-5-56

	Molecular...
	Abstract
	Introduction
	Materials and Methods
	Rat Dopaminergic Neuron (N27) Culture
	Mouse Primary Neuron Culture
	Incubation of N27 Cells and Mouse Primary Neurons with GMF, MPP+, Rapamycin, and Cyclosporine A
	Western Blotting
	Enzyme-Linked Immunosorbent Assay
	Immunocytochemistry
	Confocal Microscopy
	Autophagy Acidic Vesicle Quantification
	Statistical Analysis

	Results
	GMF Activates p38 and ERK1/2 MAPK Expression
	GMF Activates Mammalian Target of Rapamycin (mTOR) and Regulates Autophagy
	GMF Reduces the Expression of FIP200 and Beclin 1
	GMF Impairs ATG Complex of Proteins Implying a Role in Autophagosome Maturation
	GMF Treatment Increases the Expression of ER Stress Markers p-PERK and IRE1α in N27 Cells by Activation-Dependent Nuclear Translocation
	Co-expression of LAMP1 and LC3 in N27 Cells by Immunofluorescence
	GMF Reduces LAMP1 and LAMP2 Expression and Number of Autophagosome Acidic Vesicles
	Involvement of GMF in the Expression of α-Synuclein and p62/SQSTM in Primary Neurons
	GMF Is Involved in the Aggregation of Endogenous α-Synuclein in Primary Neurons

	Discussion
	Conclusion
	References


