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Abstract

Background: Our previous study demonstrated that metabolicinflammation exacerbates dopaminergic neuronal degeneration
in type 2 diabetes mice. Metformin, a typical oral hypoglycemic agent for diabetes, has been regarded as an activator of AMP-
activated protein kinase and a regulator of systemic energy metabolism. Although metformin plays potential protective
effects in many disorders, it is unclear whether metformin has a therapeutic role in dopaminergic neuron degeneration in
Parkinson’s disease.

Methods: In the present study, a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine plus probenecid-induced mouse model of
Parkinson’s disease was established to explore the neuroprotective effect of metformin on dopaminergic neurons in substania
nigra compacta. We next cultured SH-SYSY cells to investigate the mechanisms for the neuroprotective effect of metformin.
Results: We showed that treatment with metformin (5mg/mL in drinking water) for 5 weeks significantly ameliorated the
degeneration of substania nigra compacta dopaminergic neurons, increased striatal dopaminergic levels, and improved motor
impairment induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine plus probenecid. We further found that metformin
inhibited microglia overactivation-induced neuroinflammation in substania nigra compacta of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine plus probenecid Parkinson’s disease mice, which might contribute to the protective effect of metformin
on neurodegeneration. Furthermore, metformin (2mM) activated AMP-activated protein kinase in SH-SY5Y cells, in turn
inducing microtubule-associated protein 1 light chain 3-II-mediated autophagy and eliminating mitochondrial reactive
oxygen species. Consequently, metformin alleviated MPP*-induced cytotoxicity and attenuated neuronal apoptosis.
Conclusions: Our findings demonstrate that metformin may be a pluripotent and promising drug for dopaminergic neuron
degeneration, which will give us insight into the potential of metformin in terms of opening up novel therapeutic avenues
for Parkinson’s disease.
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Introduction

Parkinson’s disease (PD) is one of the most common neurode-
generative diseases characterized the progressive loss of dopa-
minergic (DA) neurons in the substantia nigra compacta (SNc)
and aggregation of Lewy bodies in neurons (Savitt et al., 2006).
Although aging, oxidative damage, and neuroinflammation
have been recognized to play crucial roles in the pathogen-
esis of PD, the precise etiology remains obscure (van der Brug
et al., 2015; Volta et al., 2015). Emerging evidence suggests PD
is a systemic metabolic disease, and metabolic abnormality
correlates with functional alternations in PD (Lu and Hu, 2012;
Poewe and Djamshidian-Tehrani, 2015). Notably, our previous
study demonstrated that metabolic inflammation exacerbates
DA neuronal degeneration in response to acute 1-methyl-4-phe-
nyl-1,2,3,6- tetrahydropyridine (MPTP) challenge in type 2 dia-
betes mice (Wang et al., 2014). Furthermore, neurodegeneration
in a rat model of PD is exacerbated by feeding a high-fat diet,
which results in insulin resistance and oxidative stress in both
peripheral organ and striatum (Morris et al.,, 2010; Khang et al.,
2015). It was also found that inflammatory cytokines, such as
interleukin (IL)-1p and tumor necrosis factor (TNF)-a, increase
in both the brain and peripheral system in PD patients and ani-
mal models (Cartier et al., 2005; Chao et al., 2014). These results
indicate that metabolic abnormality and systemic inflammation
exert important roles in the pathogenesis of PD.

Energy metabolism disturbance and mitochondrial dys-
function, which cause ATP deletion, have been implicated in
the pathogenesis of PD (Cho et al., 2010). As a serine-threonine
heterotrimeric kinase, AMP-activated protein kinase (AMPK)
acts as a sensor of cellular energy status and has been recog-
nized to play a central role in modulating intracellular meta-
bolic cascade signals (Woods et al., 2005; Hardie, 2008). AMPK is
switched on by an increase in the AMP/ATP ratio, which leads
to the phosphorylation of AMPK at Thr 172 by AMPK kinases
(Woods et al., 2005). AMPK activation regulates many path-
ways, generally causing conservation and generation of ATP
(Hardie, 2007). AMPK plays a key role in cell survival during
metabolic stress by maintaining metabolic homeostasis. Recent
studies indicate that AMPK plays a critical role in regulating
autophagy in neurons. AMPK is upstream of mechanistic target
of rapamycin complex 1 (MTORC1), and the activation of AMPK
inhibits MTORC1 activity through the phosphorylation of the
MTORC1-associated proteins RPTOR and tuberous sclerosis 2,
thereby activating autophagy (Egan et al., 2011). Recent reports
further showed that AMPK activation attenuated amyloid
B-induced cytotoxicity in a model of Alzheimer’s disease (AD)
and prevented cell death via ceramide accumulation in astro-
cytes (Kickstein et al., 2010). Furthermore, it has been reported
that AMPK activation inhibited rotenone-induced apoptosis in
SH-SYS5Y cell, a typical cell line of DA neuron, indicating that
AMPK signaling functions as a potential target for PD therapy
(Choi et al., 2010; Wu et al., 2011).

Metformin, a biguanide family member commonly used
in treatment for type 2 diabetes, appears to increase liver and
peripheral tissue sensitivity to insulin as well as reduce hepatic
glucose production (Hardie, 2008; Rojas and Gomes, 2013).
Currently, metformin has been regarded as a widely accepted
AMPK activator, which can accelerate AMPK phosphorylation
at Thr172 site and induce macroautophagy and mitophagy
(Woods et al., 2005; Hardie, 2008). Therefore, metformin may
be used for the therapy of multiple disorders, such as diabe-
tes, cardiovascular diseases, and cancers (Del Barco et al., 2011,
Panicker et al., 2012; Jara and Lopez-Munoz, 2015). Notably,

several studies demonstrate that metformin is beneficial for
AD and Huntington’s disease (Ma et al., 2007; Li et al,, 2012).
Recently, Patil et al. (2014) reported the neuroprotective effect
of metformin in PD model. They found that metformin treat-
ment significantly attenuated DA neuronal loss and improved
the antioxidant activity,, but did not explain the potential
mechanism and drug target for the neuroprotective effect
of metformin. In the present study, we prepared a MPTP plus
probenecid (MPTP/p) mouse model of PD to explore the thera-
peutic effect of metformin on DA neuronal degeneration and to
clarify the exact mechanism in SH-SY5Y cells treated with MPP*.
Our study demonstrates that metformin protects DA neurons in
SNc of PD mice via enhancement of AMPK-mediated autophagy
and mitochondrial ROS clearance, suggesting that metformin
may be a pluripotent and promising drug for PD therapy.

Materials and Methods

The study protocol was approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University.

Animals and Treatment

Ten-week-old male C57BL/6 mice were randomly divided into
saline-treated group, MPTP/p-treated group, MPTP/p+met-
formin (MET)-treated group, and MET alone treated group. Mice
received 20mg/kg MPTP and 250 mg/kg probenecid, which blocks
the rapid clearance of the MPTP neurotoxin, every 3.5 days for
5 weeks.

Mice received metformin (Pacific Ocean, Tianjin, China) 5mg/
mlL in drinking water starting on the third day of experiment.
Water bottles were replaced with refresh metformin solution or
water every day.

Rotarod Test

This test is used to evaluate mouse forelimb and hindlimb
motor balance and coordination. The equipment was performed
according to a previous publication (Chung et al., 2010). On the
37th day, mice were placed in a separate compartment on the
rod and tested at 20rpm. The latency to fall (time on rod) was
recorded.

High Performance Liquid Chromatography Analysis

Dissected striatal tissues were homogenized with 0.1M HCIO,
and 0.1mM EDTA buffer and centrifuged at 20000rpm for 25
minutes. The supernatant was injected into autosampler at 4°C
(UltiMate 3000, ESA) and eluted through a C18 column (2.2 pm,
120 A, 2.1x100mm, DIONEX) with catecholamine analysis
mobile phase and was detected by ESA Coulochem III electro-
chemical detector. The mobile phase consisted 90 mM NaH2PO4,
50mM citrate, 1.7mM 1-octanesulfonic acid, 50 uM EDTA, and
10% acetonitrile.

Western Blotting

The method was described in a previous publication (Hu et al.,
2010). Different primary antibodies (rabit anti-pAMPK/AMPK
[1:1000; Cell Signaling], rabbit anti- microtubule-associated
protein 1 light chain 3 (LC3) [1:500; SAB], rabbit anti-p62 [1:500;
SAB], mouse anti-a-synuclein [1:1000; Millipore], $-actin [1:1000,



Boster], and H3 [1:800, Millipore]) and the secondary antibodies
(1:800, Boster) were used in the present study.

Immunohistochemistry

The immunostaining method was described in a previous publi-
cation (Hu et al., 2010). For cell quantification in in vivo studies,
the numbers of TH-, a-synuclein-, and IBA-1-immunoreactive
cells in the SNc of the midbrain were assessed using the opti-
cal fractionator (Stereo Investigator 7, MBF Bioscience, Williston,
VT). Briefly, the regions of SNc in the midbrain sections were
outlined at low magnification (40x). For TH*, IBA-1*, and
a-synuclein* cells, the counting frame size was 50 pm x 50 pm
and the sampling grid size was 100 pm x 100 pm. All stereologi-
cal analyses were performed under the 200x magnification of
an Olympus BX52 microscope (Olympus America Inc., Melville,
NY). Within 1 counting frame, positive cells counted must show
both immunostaining in the cell body and blue staining in the
nuclei, and the nuclei does not touch or cross the red avoidance
lines of the counting frame. The sampling scheme was designed
to have a coefficient of error <10% in order to get reliable results.
The total numbers of immunoreactive cells in the entire extent
of SNc were counted from 4 mouse brains per group. Each brain
contained 12 serial sections at 3 intervals. The stereologer was
blinded to the person analyzing the histology and treatment
groups for each experiment.

Quantitative Real-Time PCR (qQRT-PCR)

The method for qRT-PCR of TNF-q, IL-6, TGF-3, IL-4, and IL-10
was performed according to a previous publication (Sun et al,,
2011). Briefly, total RNA was extracted from midbrain tissues
using TriPure reagent (Roche Diagnostics Ltd., Indianapolis, IN)
followed by treatment with RNase-free DNasel (Invitrogen Life
Technologies). Total RNA (2 pg) of each sample was reverse-tran-
scribed into cDNA and amplified using a PrimeScript 1st Strand
cDNA SynthesisKit (Takara,TaKaRa Biotechnology, Dalian, China)
according to the manufacturer’s directions. RT-PCR was per-
formed with Fast Start Universal SYBR Green Master (Rox) (Roche
Diagnostics). Reactions were amplified and analyzed by mean of
an ABI 7300 Real Time PCR System (Applied Biosystems Japan, Co.
Ltd.). PCR primers were as follows: GAPDH was used as house-
keeping gene (forward 5’-TGGTGCCAAAAGGGTCATCTCC-3’ and
reverse 5-GCCAGCCCCAGCATCAAAGGTG-3’), TNF-a (forward
5’-CATCTTCTCAAAATTCGAGTGACAA-3’ and reverse 5’-TGGGAG
TAGACAAGGTACAACCC-3’), IL-6 (forward 5’-ATCCAGTTGCCTTC
TTGGGACTGA-3’ and reverse 5-TAAGCCTCCGACTTGTGAAG
TGGT-3’), TGF-B (forward 5’-ACCGCAACAACGCCATCTAT-3’ and
reverse 5’-GTAACGCCAGGAATTGTTGC-3’), IL-4 (forward 5-TC
GGCATTTTGAACGAGGTC-3’ and reverse 5’-GAAAAGCCCGAAAG
AGTCTC-3’), and IL-10 (forward 5’-GGACTTTAAGGGTTACTTGG
GTTGCC-3’and reverse 5’-CATTTTGATCATCATGTATGCTTCT-3’).

Cell Culture and Treatments

SH-SYSY cells were routinely grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% heat-inactivation fetal
bovine serum and cultured at 37°C under humidified 5% CO,
atmosphere. To activate AMPK, SHSY5Y cells were preincubated
with 2mM MET for 1 hour and 200 pM MPP* (Sigma) was added
for 48 hours. To block AMPK or autophagy, SHSYSY cells were
preincubated with 10 pM Compound C (CC) (Sigma) for 30 min-
utes or with 5mM 3MA (Sigma) for 3 hours before MET addition.
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Assay of MTT Conversion

SH-SYSY Cell viability was evaluated with the 3-[4,5-dimeth-
ylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) conver-
sion method in 96-well plates. After treatment, the media was
replaced with Dulbecco’s modified Eagle’s medium to which
MTT reagent was added. Then the plates were placed at 37°c
and 5% CO, for 3 hours. At the end of the experiment, cells were
lysed in 200 pL dimethyl sulfoxide for 10 minutes. Absorbance
at the wavelength of 490nm was read on a multimode reader
(Vario Skan Flash, 3001, Thermo Scientific). The obtained values
were presented as folds of the controls.

Assay of Lactate Dehydrogenase (LDH) Release

After incubation with MPP* for 48 hours, LDH release was
measured in the culture medium with an LDH diagnostic kit
(Jiancheng Bioengineering) in accordance with the manufactur-
er’s instructions. LDH activity was calculated by data measured
from absorbance at 490 nm. The obtained values were presented
as folds of the controls.

Flow Cytometric Analyses

This method was performed according to a previous publica-
tion (Zhou et al., 2011). Mitotracker green (Beyotime, C1048) and
Mitotracker deep red (Invitrogen, M22426) were used in the pre-
sent study. Fluorescence levels were detected by flow cytometer
(Guava Easycyte 8, Millipore).

Detection of Intracellular ROS

The cell-permeant 2’,7’-dichlorodihydrofluorescein diacetate
was used to detect intracellular generation of ROS by modifica-
tion (Li et al., 2010). After drugs treatment, SH-SYSY cells were
incubated with the fluorescent probe 2’,7’-dichlorodihydro-
fluorescein diacetate (25 puM) for 30 minutes. After washing 3
times with cold phosphate buffered saline, the intensity of fluo-
rescence was determined by a multimode reader (Vario Skan
Flash, 3001, Thermo Scientific) under an emission wavelength at
530nm and excitation wavelength at 485nm. The obtained val-
ues were presented as folds of the controls.

Statistical Analysis

Data are presented as the mean+SEM. The significance of the
difference with different treatments was determined by 1-way
or 2-way ANOVA, followed by Tukey’s posthoc test. Differences
were considered significant at P<.05.

Results

Metformin Improves Motor Impairment and
Increases Dopamine Level in the Striatum of MPTP/
p PD Mice

To explore the neuroprotective effects of metformin in PD, we
determined whether metformin improved MPTP-induced motor
deficits by testing performance on a rotarod apparatus at first.
Mice were evaluated 7 days after the last MPTP injection by meas-
uring time on the rod. MPTP/p injections decreased the latency
to falling to 24.7 +8.0 minutes, a 65.4% decrease compared with
those in the saline treatment group (Figure l1a). Metformin
administration recovered MPTP-induced motor impairment,
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Figure 1. Metformin improved motor behavior and increased catecholamine levels in 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP) mice. Time on rod was
measured by rotarod test (a). Dopamine, dihydroxyphenylacetic acid, and homovanillic acid were analyzed by High Performance Liquid Chromatography (b). Data are
presented as the mean + SEM, n=38 for each group. Metformin prevented dopaminergic (DA) cells degeneration induced by MPTP plus probenecid (MPTP/p) in the mid-
brain. Immunohistochemical staining of TH-positive neurons in substania nigra compacta (SNc) of mice with x40 magnifications (c). Stereological counts of Tyrosine
hydroxylase-positive cells in mouse SNc (d). Data are presented as the mean+SEM, n=4 for each group. Scale bar, 200 pm. Evaluation of monoamine oxidase B activity of
midbrain tissues (e), n=5 for each group. *P<.05, *P<.01, and **P<.001 vs saline-treated mice. #P<.05 and ##P<.01 vs MPTP/p-treated mice. VTA, ventral tegmental area.

which also increased sustained rotarod time to 81.7+11.4
minutes (2-way ANOVA, metformin: F ,.=5.760, P=.023; MPTP:
F, ,,=8.839, P=.006; interaction: F, ,.=6.894, P=.014).

Furthermore, HPLC analysis showed that the levels of DA,
dihydroxyphenylacetic acid, and homovanillic acid in the stria-
tum of MPTP/p PD mice were significantly decreased by 73.3%,
71.9%, and 42.4%, respectively, compared with those in saline-
treated mice (Figure 1b). However, treatment of MPTP/p PD mice
with metformin for 5 weeks significantly increased DA and dihy-
droxyphenylacetic acid levels by 115.5% (2-way ANOVA, met-
formin: F ,,=5.422, P=.031; MPTP: F ,=47.625, P<.001; interaction:
F, ,,=4.885,P=.040) and 77% (2-way ANOVA, metformin: F ,.=6.844,
P=.036; MPTP: F,,=52.479, P<.001; interaction: F, ,=7.815, P=.019)
compared with ‘untreated MPTP/p mice (Figuré 1b). Metformin
alone had no effect on DA levels. These results suggest that met-
formin improves motor function, resulting from the elevation of
DA level in the striatum of MPTP/p PD mice.

Metformin Prevents DA Neuron Degeneration and
Attenuates o-Synuclein Accumulation in SNc of
MPTP/p PD Mice

Next, we examined the effect of metformin on DA neuron
impairment induced by MPTP. Chronic MPTP/p administra-
tion induced a 48% loss of TH-positive cells in SNc (Figure 1c-
d) compared with those in saline-treated mice. Interestingly,
metformin significantly increased the number of TH-positive
neurons by 25% in SNc of MPTP/p PD mice (2-way ANOVA, met-
formin: F,,=5.841, P=.033; MPTP: F,, =134.053, P<.001; interac-
tion: 1'—'1'12:'11.055, P=.006). In additiofl, we evaluated monoamine
oxidase B activity of midbrain tissues, and the results showed
that metformin had no influence on monoamine oxidase B
activity (2-way ANOVA, metformin: F,,,=2.964, P=.103; MPTP:

F,,,=0.247, P=.626) (Figure 1e). These findings indicate that met-
formin prevents DA neuron degeneration in the SNc of MPTP/p
PD model mice without influencing MPTP metabolism.
a-Synuclein, the primary component of Lewy’s body, has been
considered as a critical hallmark of PD. Immunohistochemistry
staining exhibited that a-synuclein immunoreactivity was sig-
nificantly increased in the SNc of MPTP/p PD mice (Figure 2a),
and a-synuclein-positive cells increased 1.4-fold compared
with those in the saline group (Figure 2b). Consistent with
immunostaining results, western-blotting analysis showed
that o-synuclein expression was significantly increased in the
midbrain of MPTP/p PD mice (Figure 2c-d). Metformin admin-
istration induced a 47.3% decrease of a-synuclein positive
cells (2-way ANOVA, metformin: F,,=7.359, P=.019; MPTP:
F, ,=29.748, P<.001; interaction: F, ,=10.689, P=.007) (Figure 2b)
and significantly reduced a-synuclein expression (2-way ANOVA,
Metformin: F. , =5.340, P=.041; MPTP: F,,,=29.430, P<.001; inter-

1,12

action: F, ,=7.459, P=.045) (Figure 2c-d).

Metformin Enhances AMPK Phosphorylation
and Autophagy in the Midbrain of MPTP/p PD
Model Mice

AMPK is a major regulator of cellular and organism energy
homeostasis. In this study, we intended to explore the effect of
metformin administration on AMPK activation. As determined
by western blotting, we found that the phosphorylation level of
Thr172 in the active site of AMPK was increased in the midbrain
following chronic MPTP/p injections and cotreatment with met-
formin. The phosphorylation level of AMPK was increased 1.8-
fold in MPTP/p mice compared with that in saline-treated mice
(Figure 2d). In addition, AMPK phosphorylation was increased
2.3-fold in metformin-treated MPTP/p mice and was higher than
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Figure 2. Metformin accelerated AMP-activated protein kinase (AMPK) phosphorylation, induced autophagy in 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP)
mice and decreased a-synuclein accumulation. (a) Immunohistochemical staining of a-synuclein positive cells in substania nigra compacta (SNc) of mice with x40
magnifications. (b) Stereological counts of a-synuclein positive cells in mouse SNc. (c-d) Western blotting analysis of pAMPK, AMPK, a-synuclein, p62, and light chain
3 (LC3). Data are presented as the mean+SEM, n=4 for each group. "P<.01 and "P<.001 vs saline-treated mice. P<.05, #P<.01, and *#*P<.001 vs MPTP plus probenecid

(MPTP/p)-treated mice. Scale bar, 200 pm. MET, metformin.

untreated MPTP/p mice (2-way ANOVA, metformin: F, ,=68.997,
P<.001; MPTP: F ,,=131.140, P<.001; interaction: F1’12=40.013,
P=.021) (Figure Zd). Given that autophagy is an imporiant func-
tion of AMPK activation, we next detected LC3 and p62, which are
key components of autophagy. Our data showed that LC3-II level
in the midbrain of MPTP/p PD mice was significantly elevated
compared with saline-treated mice (Figure 2d), but LC3-II upregu-
lation failed to decrease p62 (an autophagy substrate) expression
(Figure 2d). This result indicates that autophagic dysfunction is
involved in DA neuron degeneration induced by MPTP/p treat-
ment. In contrast, metformin administration not only increased
LC3-II expression (2-way ANOVA, metformin: F, ,,=530.348,
P<.001; MPTP: F, ,=74.853, P<.001; interaction: F, ,=12.480,
P=.004), but also reduced p62 expression (2-way ANOVA, met-
formin: F, ,=30.830, P=.003; MPTP: F, ,=62.409, P<.001; interac-
tion: F, ,=19.662, P=.010) (Figure 2d). These results indicate that
the enhancement of neuronal autophagy by metformin adminis-
tration contributes to its neuroprotective effects on DA neurons.

Metformin Inhibits Microglial Activation and
Neuroinflammation in the Midbrain of MPTP/
p PD Mice

It has been known that activated microglia play a critical role
in DA neuron death in MPTP/p model. Thus, we examined

whether metformin could inhibit microglia overactivation in
SNc of MPTP/p model mice. In saline-treated mice, a few IBA-1
positive cells were detected in SNc. In contrast, MPTP/p injec-
tions resulted in a significant increase of IBA-1-positive cells in
SNc of MPTP/p PD mice, while metformin administration dra-
matically suppressed the activation of microglia in SNc (2-way
ANOVA, metformin: F,,,=12.036, P=.012; MPTP: F, ,=50.730,
P<.001; interaction: F ,=28.007, P=.038) (Figure 3a-b). This
result indicates that metformin can suppress microglial activa-
tion induced by MPTP.

Since activated microglia can produce a large of cytokines,
including proinflammatory and antiinflammatory factors, we
next evaluated the effect of metformin on neuroinflammation
by gRT-PCR and western-blotting analysis. We showed that
NLRP3 inflammasome was significantly activated by MPTP/p
treatment, evidenced by the upregulation of caspase-1 and
IL-1f. Notably, metformin administration dramatically inhib-
ited NLRP3 expression (2-way ANOVA, metformin: F,,,=8.550,
P=.013; MPTP: F, ,=165.845 P<.001; interaction: F,,,=5.092,
P=.043), caspase-1 activation (2-way ANOVA, metformin:
F, ,=11.542, P=.005; MPTP: F, ,=642.585, P<.001; interaction:
F,,,=9.150, P=.011), and IL-1p production (2-way ANOVA, met-
formin: F, ,=5.519, P=.037; MPTP: F, ,=21.544, P=.001; interac-
tion: F, ,=8.988, P=.011) (Figure 3d-h). Additionally, the mRNA
levels of proinflammatory genes, including TNF-a and IL-6 were
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Figure. 3. Metformin inhibits glia activation and proinflammation factor expression. (a) Immunohistochemical staining of ionized calcium binding adapter molecule 1
(IBA-1) positive cells in substania nigra compacta (SNc) of mice with x200 magnifications. (b) Stereological counts of IBA-1 positive cells in mouse SNc. (c-h, j k) Western-
blotting analysis of Nod-like receptor protein 3 (NLRP3), procaspasel, capasel, prointerleukin-1p (proIL-1p), interleukin-1f (IL-1p), and p65. (i) Real-time PCR (RT-PCR) analysis
of Tumor necrosis factor-alpha (TNF-a), IL-6, IL-10, Transforming growth factor-f (TGF-B), and IL-4. Data are presented as the mean + SEM, n=4 for each group. "P<.01 and
"'P<.001 vs saline-treated mice. *P<.05, #P<.01, and *#P<.001 vs MPTP-treated mice. Scale bar, 40 pm. MET, metformin; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.

markedly increased in the midbrain of MPTP/p PD mice com- mRNA. We also found that antiinflammatory cytokines IL-4,
pared with those in saline-treated mice (Figure 3i). Metformin IL-10, and TGF- were decreased in midbrain of MPTP/p PD mice
administration inhibited the expressions of TNF-o and IL-6 (Figure 3i). Metformin administration for 5 weeks significantly



increased IL-10 production, but failed to affect IL-4 and TGF-§
levels (Figure 3i). Furthermore, expression of p65 in nuclear of
MPTP/p PD mice increased about 3-fold. However, p65 nuclear
translocation was significantly inhibited by metformin com-
pared with those in untreated MPTP/p mice (2-way ANOVA,
metformin: F,,,=40.702, P<.001; MPTP: F ,,=101.281, P<.001;
interaction: Fm;: 57.091, P<.001) (Figure 3j-k5. These results indi-
cate that metformin inhibits microglia-mediated neuroinflam-

mation in the midbrain of MPTP/p PD mice.

Metformin Protects SH-SY5Y Cells against
MPP+-Induced Apoptosis via AMPK Activation
and Subsequent Autophagy

To investigate the mechanism for the neuroprotective effects
of metformin, we explored its role in AMPK and subsequent
autophagy in SH-SY5Y cells. It was found that metformin
increased SH-SY5Y cell survival and inhibited LDH release
compared with that in MPP*-treated cells (Figure 4a). As deter-
mined by western blotting, we found the phosphorylation levels
of AMPK Thr172 site were increased in SH-SYSY cells treated
with or without metformin in the presence of MPP* incubation
(Figure 4b). Phosphorylation levels of AMPK in metformin/MPP*
co-treated cells were higher than that in MPP+ alone treated
cells (Figure 4b). Furthermore, pretreatment of metformin
induced a significant upregulation of LC3-II (Figure 4b). CC is
a potent AMPK inhibitor that has been widely used for study-
ing AMPK signaling (Jung et al., 2008). Our results showed that
CC blocked the cytoprotective role of metformin (Figure 4a) and
prevented metformin-induced activation of AMPK (Figure 4b),
accompanied by the downregulation of LC3-II (Figure4b). 3MA is
an inhibitor widely used to block autophagy. Our data showed
that 3MA also blocked the cytoprotective role of metformin
(Figure 4a) and decreased LC3-II expression (Figure 4c), while
it did not influence phosphorylation level of AMPK (Figure 4c).
These results indicate that AMPK activation and subsequent
autophagy enhancement are required for the neuroprotective
effect of metformin.
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Metformin Promotes Dysfunctional Mitochondria
Clearance and Suppresses ROS Generation

Various reports suggest mitochondria dysfunction is involved
in PD. As determined by flow cytometric analyses, in agree-
ment with previous reports (Li et al., 2003), complex I inhibitor
MPP+ resulted in the loss of mitochondrial membrane potential.
The dysfunctional mitochondria proportion increased to 19.4%,
while it was 3.4% in untreated cells (Figure 5a). Pretreatment
with metformin significantly recovered mitochondrial mem-
brane potential, and the dysfunctional mitochondria propor-
tion was reversed to 8.5% (Figure 5a). Mitochondria are the
main source of intracellular ROS. We found ROS production was
increased about 2-fold induced by MPP*, while it was suppressed
by the pretreatment with metformin (Figure 5b-c). Either AMPK
inhibitor CC or autophagy inhibitor 3MA blocked the effects of
metformin on clearance of dysfunctional mitochondria and sup-
pression of ROS production (Figure 5b-c). These results indicate
that AMPK activation by metformin is beneficial for clearance of
dysfunctional mitochondria and inhibition of ROS generation.

Discussion

Metformin, a classic oral hypoglycemic agent, has been recog-
nized to exert the potential effects in degenerative diseases,
including diabetes and AD (Li et al.,, 2012). Patil et al. (2014)
reported the neuroprotective effect of metformin in MPTP-
induced PD model. They prepared a subacute PD model by
MPTP administration for 5 consecutive days and treated mice
with metformin (500mg/kg) orally for 21 days. They found that
metformin treatment for 20 days resulted in an improvement
of the locomotor and muscular activities in MPTP-treated mice
than the acute treatment (4 days). Metformin treatment sig-
nificantly attenuated TH* neuronal loss and improved the anti-
oxidant activity, evidenced by enhanced activity of superoxide
dismutase, L-Glutathione, and catalase CAT and reduced lipid
peroxidation compared with the MPTP-treated group. But they
did not explain the potential mechanism and drug target for
the neuroprotective effect of metformin. On the other hand,
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Figure 4. Metformin attenuated SHSYSY cells injury induced by MPP*. To activate AMP-activated protein kinase (AMPK), SHSY5Y cells were preincubated with MET
(2mM) for 1 hour, and MPP* (200 uM) was added for 48 hours. To block AMPK or autophagy, SHSYS5Y cells were preincubated with Compound C (CC) (10 uM) for 30
minutes or with 3-Methyladenine (3MA) (5mM) for 3 hours before MET addition. Cytotoxicity was measured by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) conversion and lactate dehydrogenase (LDH) release (a). Levels of pAMPK, AMPK, and light chain 3 (LC3) were determined by western blotting (b-c).
Data are presented as the mean+SEM of 3 independent experiments. P<.05, "P<.01, and “"P<.001 vs untreated cells. #P<.05, #P<.01, and *#P<.001 vs MPP*-treated cells.

&P<.01 and ¥**P<.001 vs MET/MPP* co-treated cells. MET, metformin.
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Figure 5. Metformin increases dysfunctional mitochondria clearance and inhibits ROS degeneration. To activate AMP-activated protein kinase (AMPK), SHSYSY cells
were preincubated with MET (2mM) for 1 hour, and MPP* (200 uM) was added for 48 hours. To block AMPK or autophagy, SHSY5Y cells were preincubated with Com-
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our previous study has demonstrated that metabolic inflamma-
tion exacerbates DA neuronal degeneration in type 2 diabetes
mice (Wang et al., 2014). The present work is a further explora-
tion based on that publication. We showed that treatment with
metformin for 5 weeks significantly ameliorated the degenera-
tion of substantia nigra DA neurons, increased striatal DA levels,
and improved motor impairment in MPTP/p-induced PD chronic
model, which administrated MPTP for 1 month and induced
classic PD-like neuron injury. We further found that metformin
alleviated MPP*-induced cytotoxicity and attenuated neuronal
apoptosis via inducing LC3-II-mediated autophagy and in turn
eliminating mitochondrial ROS. 3MA, the inhibitor of autophay,
could abolish the role of metformin in DA neurons. Furthermore,
we clarified that the neuroprotective effect of metformin was
dependent on AMPK activation. Together, our present study
demonstrates that metformin may be a pluripotent and promis-
ing drug for treatment of DA neuron degeneration in PD.

It has been demonstrated that AMPK is involved in MPTP-
induced PD model and that activation of AMPK may prevent
neuronal cell death (Choi et al., 2010). Since metformin is a
well-accepted activator of AMPK and regulates systemic energy
metabolism, we explored whether metformin protected DA neu-
ron against MPTP/p-induced neurodegeneration via activating
AMPK. Our data showed that metformin led to AMPK phospho-
rylation both in midbrain of MPTP/p PD mice and in MPP+-
injured SH-SY5Y cells. Furthermore, AMPK inhibitor CC could
abolish the protective effects of metformin in SH-SY5Y cells,
indicating that AMPK activation was required for the protec-
tive effect of metformin on DA neurons. On the other hand, we
found that MPTP or MPP* could also activate AMPK by increasing
the phosphorylation level of AMPK and this could be explained
by a compensative autoregulation mechanism when the mito-
chondrial respiratory chain was inhibited and the ATP supply
was deficient caused by MPTP or MPP*. So the pAMPK level was
elevated moderately in response to MPTP challenge. As MPTP
or MPP* was present persistently, finally, cells failed to main-
tain the autoregulation and subsequently underwent death.
In contrast, metformin directly activated AMPK itself and initi-
ated downstream protective signaling to attenuate DA neuron
apoptosis. This surmise was supported by the result that AMPK
inhibitor CC could abolish the protective effects of metformin in
SH-SY5Y cells. It suggests that AMPK activation was required for
the protective effect of metformin on DA neurons.

AMPK phosphorylation causes the activation of unc-51 like
autophagy activating kinase 1, which initiates autophagosome
formation, linking cellular nutrient status to downstream events
in autophagy (Egan et al., 2011). Autophagy is an important func-
tion of an organism, which mediates the degradation of mis-
folded/aggregated proteins and dysfunctional organells in cells
(Rubinsztein et al., 2015). As a primary regulatory mechanism
that maintains nutrient and energy homeostasis in response to
stress, autophagy underlies the pathophysiological process in
many diseases (Menzies et al., 2015). Increasing evidence sug-
gests that dysregulation of autophagy results in the accumula-
tion of abnormal proteins and/or damaged organelles, which is
commonly observed in neurodegenerative diseases, such as AD,
Huntington’s disease, and PD (Banerjee et al., 2010). a-Synuclein,
a major constituent of Lewy bodies found in PD, is degraded
by macrophagy and chaperone mediated autophagy (Xilouri
and Stefanis, 2015). Normally, soluble a-synuclein is degraded
by chaperone mediated autophagy, but misfolded/aggegration
a-synuclein and mutant a-synuclein (as A53T, A30P) are mainly
degraded by macrophagy (Lynch-Day et al., 2012). We further
found that o-synuclein expression and immune positive cells
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in SNc were elevated in MPTP/p PD mice. In contrast, metformin
administration eliminated a-synuclein accumulation and
induced the upregulation of LC3-II, a partner of autophagy. In
turn, metformin facilitated the degradation of autophagic sub-
strate, p62. These indicate that metformin can induce autophagy
and reduce a-synuclein accumulation. So we speculate the
effect on a-synuclein is a follow-up result of metformin alleviat-
ing neuronal damage via inducing autophagy and eliminating
accumulated a-synuclein. Furthermore, metformin co-treated
with MPP* also induced LC3-II production. However, pretreat-
ment of autophagy inhibitor 3MA blocked LC3-II production and
abolished the cytoprotective effect of metformin. We also found
although AMPK phosphorylation level evaluated and LC3-II pro-
duction increased in MPTP/p mice, the substrate of autophagy
p62 failed to decrease, indicating that the autophagic flux was
impaired in PD mice. Autophagosomes eventually fuse with
lysosomes to form autolysosomes, in which the autophagic
cargo, such as proteins and organelles, is degraded. It has been
reported that autophagic vacuoles occur in the early stage of
mouse PD model induced by MPTP (Pan et al., 2008). However,
in a progressive mouse model of PD, lysosomal function was
impaired. ROS production from dysfunctional mitochondria
causes abnormal permeabilization of lysosomal membranes
and lysosomal breakdown as well as contributes to the defec-
tive autophagy (Dehay et al., 2010). So the defective autophagic
flux in PD may contribute to the aggregation of a-synuclein. Our
findings demonstrate that AMPK and subsequent autophagy are
involved in PD, indicating that metformin prevents neuronal
death via the induction of AMPK-autophagy pathway.

Recent evidence suggests that mitochondrial dysfunction
plays an important role in the pathogenesis of PD (Moon and
Paek, 2015). Autophagic degradation of mitochondria, termed
mitophagy, is necessary for the removal of damaged mitochon-
dria (Perier and Vila, 2012). We showed that MPP* significantly
increased the proportion of dysfunctional mitochondria, which
was suppressed by the pretreatment of metformin. As mito-
chondria are the major sources of intracellular ROS, our results
exhibited MPP* notably promoted ROS production accompanied
by the accumulation of damaged mitochondria, while met-
formin significantly suppressed ROS production induced by
MPP+. Yet these effects were blocked by either AMPK inhibitor
CC or autophagy blocker 3MA, indicating that AMPK-autophagy
enhancement contributes to the clearance of dysfunctional
mitochondria and suppression of ROS production. Furthermore,
activated microglia cells produce several neurotoxic substances,
including ROS and proinflammatory cytokines (Cao et al., 2011).
It has been shown that proinflammatory cytokines, such as
IL-1B and TNF-q, are increased in the brains of PD patients and
animal models. We further found that NLRP3 inflammasome
activation was involved in PD model and IL-1f production was
increased as well as the expression of p65 in the midbrain of
MPTP/p mice was significantly increased. However, metformin
administration inhibited the activation of inflammasome and
nuclear translocation of p65. Together, metformin can suppress
ROS generation by enhancement of AMPK-autophagy pathway
and in turn inhibits inflammasome activation and attenuates
neuroinflammation.

In conclusion, our findings show that metformin exerts the
neuroprotective effects on DA neuron degeneration in MPTP/p
PD mice. Moreover, we demonstrate that metformin protects DA
neurons via the activation of AMPK-autophagy pathway and the
inhibition of neuroinflammation (Figure 6). Our study indicates
that metformin may be a pluripotent and promising drug for
DA neuron degeneration, which will give us an insight into the
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Figure 6. Schematic model for the protective mechanism of metformin in the treatment for Parkinson’s disease (PD). Metformin causes activation of AMP-activated
protein kinase (AMPK), followed by the induction of autophagy. Induced autophagy enhanced the clearance of injured mitochondria and reduced ROS production and
a-synuclein accumulation. Decreased production of ROS reduced Nuclear factor-kappaB (NF-kB) nuclear translocation, and inhibited proinflammatory cytokines pro-
duction. Furthermore, reduction of ROS production and a-synuclein accumulation attenuated Nod-like receptor protein 3 (NLRP3) inflammasome activation.

potential of metformin in terms of opening up novel therapeutic
avenues for PD. But it should be noted that metformin is a rela-
tively weak drug with a wide range of pharmacological effects,
some of which may affect elderly patients adversely. A few stud-
ies have shown that metformin may increase the risk of devel-
oping AD (Imfeld et al., 2012). Therefore, whether it benefits or
disadvantages the therapy of PD, there is still a long way to dis-
covering the clinical significance of metformin on neurodegen-
erative diseases.
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