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Abstract

Since the number of aged people will increase in the next years, neurodegenerative diseases, including Parkinson’s Disease
(PD), will also rise. Recently, we demonstrated that autophagy stimulation with rapamycin decreases dopaminergic neu-
ronal death mediated by oxidative stress in the paraquat (PQ)-induced PD model. Assessing the neurotherapeutic efficacy
of autophagy-inducing molecules is critical for preventing or delaying neurodegeneration. Therefore, we evaluated the
autophagy inducers metformin and trehalose effect in a PD model. Autophagy induced by both molecules was confirmed
in the SH-SY5Y dopaminergic cells by detecting increased LC3-II marker and autophagosome number compared to the
control by western blot and transmission electron microscopy. Both autophagy inducers showed an antioxidant effect,
improved mitochondrial activity, and decreased dopaminergic cell death induced by PQ. Next, we evaluated the effect of
both inducers in vivo. C57BL6 mice were pretreated with metformin or trehalose before PQ administration. Cognitive and
motor deteriorated functions in the PD model were evaluated through the nest building and the gait tests and were prevented
by metformin and trehalose. Both autophagy inducers significantly reduced the dopaminergic neuronal loss, astrocytosis,
and microgliosis induced by PQ. Also, cell death mediated by PQ was prevented by metformin and trehalose, assessed by
TUNEL assay. Metformin and trehalose induced autophagy through AMPK phosphorylation and decreased a-synuclein
accumulation. Therefore, metformin and trehalose are promising neurotherapeutic autophagy inducers with great potential
for treating neurodegenerative diseases such as PD.
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Introduction

The current life expectancy worldwide is 73 years [1], and
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the number of aged people will increase significantly in the
following years [2], which is associated with a more signifi-
cant increase in the presence of neurodegenerative diseases,
such as Parkinson’s disease (PD). PD is a neurological and
motor disorder characterized by bradykinesia, rigidity, pos-
tural instability, and tremor, symptoms caused by dopamin-
ergic neuronal death in the substantia nigra pars compacta,
resulting in dopaminergic denervation of the striatum [3,
4]. Epidemiological studies have demonstrated that envi-
ronmental exposure to paraquat (PQ), which is widely used
as an herbicide, increases the risk of developing PD [5].
PQ toxicity is due to its ability to enter a redox cycle that
leads to NADPH consumption and PQ reduction, forming
the free radical PQ, which in turn can spontaneously react
with oxygen, leading to the formation of superoxide anion,
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peroxynitrite, hydrogen peroxide, and hydroxyl radical, thus
producing mitochondrial and cytoplasmic oxidative stress
followed by cell death [6, 7]. Previously, we reported that
autophagy is impaired by PQ exposure [8], which is consist-
ent with autophagic vesicle accumulation in PD patients'
postmortem brains [9, 10].

Autophagy consists of cellular components degradation
through lysosomal hydrolases for subsequent molecule recy-
cling [11]. Autophagy plays an essential role in the proper
functioning of the central nervous system (CNS) since its
deficiency leads to neurodegeneration [12—-14]. Recent evi-
dence has highlighted the role played by autophagy in mito-
chondrial quality control and its relationship with neurode-
generative diseases like PD [15]. Given the importance of
this process, we consider that the stimulation of autophagy
may prevent PD development. Indeed, we previously demon-
strated that autophagy induction with rapamycin decreases
dopaminergic neuronal death mediated by oxidative stress in
the paraquat (PQ)-induced PD model [16]. Rapamycin is the
best-characterized autophagy inducer and has been the most
widely used [17, 18], showing positive effects in experimen-
tal neurodegenerative diseases [19]. However, it was recently
found that rapamycin administration was associated with
affected microglial activity and increased B-amyloid plaques
in an Alzheimer’s disease model [20]. Therefore, assessing
the neurotherapeutic efficacy of other autophagy-inducing
molecules, such as metformin and trehalose, is critical for
preventing or delaying neurodegeneration.

Metformin is a hypoglycemic agent widely used to treat
type 2 diabetes mellitus [21]. In addition, metformin induces
autophagy through an AMPK-dependent mechanism causing
a starvation state by inhibiting complex 1 of the respiratory
chain and mitochondrial glycerophosphate dehydrogenase
(mGPDH) [22]. Complex 1 inhibition decreases NADH
oxidation, proton pumping across the inner mitochondrial
membrane, and the oxygen consumption rate, resulting in a
lower proton gradient and reduced ATP synthesis. Further-
more, metformin suppresses gluconeogenesis by inhibiting
mGPDH [23, 24].

On the other hand, trehalose is a disaccharide formed
from two glucose molecules, where the a-type glycosidic
linkage involves the hydroxyl groups of the two anomeric
carbons [25]. Trehalose induces autophagy through mTOR-
dependent and independent pathways. Trehalose inhibits
glucose transporters (GLUT), generating a state similar to
starvation, which activates autophagy through AMPK and
ULKI1 [26]. In addition, trehalose can induce autophagy,
causing rapid and transient lysosomal enlargement and
membrane permeabilization with subsequent TFEB nuclear
translocation, stimulating lysosome biogenesis [27].

To date, no notable side effects of metformin and treha-
lose that affect patients’ quality of life have been reported.
In addition, more and more health benefits are attributed to
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them [22, 28-30], which is why we consider that they have
promising potential as therapeutic alternatives for treating
patients with PD.

Materials and Methods
Cell Culture

Human dopaminergic neuroblastoma cell line SH-SH5Y
was obtained from the American Type Culture Collection
(CRL-2266, ATCC, Manassas, VA). Cells were cultured in
DMEM/F12 medium (10-092-CMR, Corning Inc., Corn-
ing, NY) containing 10% heat-inactivated fetal bovine serum
(35-010-cv, Thermo Fisher Scientific, Waltham, MA), 100
units/mL penicillin—streptomycin (30-004-Cl, Corning Inc.)
in a humidified 37° C incubator with 5% CO2. Cells were
treated with PQ (1,1'-dimethyl-4,4’-bipyridinium dichloride)
at 0.5 mM (36,541, Merck Millipore, Burlington, MA) for
24 h (oxidative stress assays and MTT assay) or 48 h (cell
death assays). Metformin 1 mM and 2.5 mM (D150959,
Merck Millipore), Trehalose 100 mM (182,551,000, Thermo
Fisher Scientific), and Rapamycin 10 pM (R-5000, LC Labo-
ratories, Woburn, MA) were used to stimulate autophagy,
1 h before PQ treatment. For autophagy flux experiments,
40 uM chloroquine (CQ) was added 4 h before harvesting
cells.

Transmission Electron Microscopy (TEM)

Cells were fixed with 2.5% glutaraldehyde in 0.1 M sodium
cacodylate (pH 7.4) for 2 h at room temperature. Fixed cells
were collected and post-fixed with 1% osmium tetroxide
(0s0,) in sodium cacodylate and counterstained in 1% ura-
nyl nitrate. The pellets were dehydrated through a graduated
acetone series and embedded in Epon 812 resin (14,120,
Electron Microscopy Sciences, Hatfield, PA) for sectioning.
The resin blocks were cut with a diamond blade to obtain
thin sections with a thickness between 60 and 80 nm, which
were placed on a copper grid. The ultrastructure of cells was
observed from thin sections under a transmission electron
microscope (EM 109, Carl Zeiss, Oberkochen, Germany),
and images were collected with a Dage-MTI CCD-72 Cam-
era and VLC media player software. Autophagosome pres-
ence was evaluated by morphometric analysis in fifty cells
per treatment.

Western Immunoblotting (WB)

Cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer (20 mM Tris—HCI, 150 mM NaCl, 1 mM Na,EDTA,
1 mM ethylene glycol tetraacetic acid (EGTA), 1% Triton
X-100) containing Halt Protease Inhibitor Cocktail (78,430,
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Thermo Fisher Scientific). Samples were sonicated and cen-
trifuged, and pellets were discarded. Thirty-five to 50 ug of
protein per sample were loaded and separated by SDS—pol-
yacrylamide gel electrophoresis and transferred to PVDF
membranes. Blots were incubated at 4 °C overnight with
the appropriate primary antibody (1:1000): rabbit anti-LC3
(L7543, Merck Millipore) or rabbit anti-p-actin (sc-2357,
Santa Cruz Biotechnology, Dallas, TX) to verify equal pro-
tein loading. Peroxidase-conjugated secondary anti-rabbit
at 1:2000 dilution (sc-2004, Santa Cruz Biotechnology) was
used, and bands were detected using SuperSignal West Pico
Plus Chemiluminescent Substrate (34,580, Thermo Fisher
Scientific). Densitometry analysis of immunoblots was per-
formed using ImageJ (NIH) v3.91 software (http://rsb.info.
nih.gov/ij) and normalized to p-actin. Western blots were
representative of 3 independent experiments.

Cytoplasmic Oxidative Stress

Cells were incubated with dihydroethidium fluorescent dye
(DHE, D11347, Thermo Fisher Scientific) at 10 pM for
15 min (ex. 490 nm, em. 570 nm), harvested with trypsin
and resuspended in PBS 1X. Finally, cells were evaluated
by flow cytometry (Muse Cell Analyzer, Merck Millipore).

Mitochondrial Oxidative Stress

Cells were incubated with MitoTracker Red CM-H,XROS
fluorescent dye (M7513, Thermo Fisher Scientific) at
500 nM for 30 min. (ex. 580 nm, em. 600 nm), nuclei were
stained with VECTASHIELD Antifade Mounting Medium
with DAPI (H1200, Thermo Fisher Scientific). The mito-
chondrial oxidative stress was analyzed by fluorescence
microscopy. Images were collected on a Nikon Eclipse 501
fluorescence microscope (Nikon, Melville, NY) and ana-
lyzed using ImageJ software.

Immunofluorescence

Cells SH-SYS5Y were fixed with methanol and blocked with
10% normal horse serum (16,050-122, Thermo Fisher Sci-
entific), then were incubated with rabbit anti-PrxSO; anti-
body (ab16830, Abcam, Cambridge, MA) overnight at 4 °C.
After rinsing, sections were incubated with secondary Alexa
488 anti-rabbit (ab150080, Abcam) for 1 h at RT.

At the end of the experimental animal model (described
below), mice were anesthetized with an intraperitoneal injec-
tion of 10 mg/kg xylazine (Q7833099, PiSA Labs, General
Escobedo, Mexico) and 100 mg/kg ketamine (Q7833028,
PiSA Labs). Afterward, mice were perfused intracardially
with 4% paraformaldehyde (PFA). Brains were removed
and post-fixed for 24 h in 4% PFA. Midbrains were cut into
5 pm coronal sections using a sliding microtome. Sections

were blocked with 10% normal horse serum (16,050- 122,
Thermo Fisher Scientific) and incubated with primary anti-
body (1:1000): mouse anti-TH antibody (sc-25269, Santa
Cruz Biotechnology), rabbit anti-CNPase (PA5-27,972,
Thermo Fisher Scientific), rabbit anti-GFAP (ab7260,
Abcam), rabbit anti-Iba-1 (178,847, Abcam), rabbit anti-
AMPK alpha 1 (phospho T183) + AMPK alpha 2 (phospho
T172) (ab23875, Abcam), rabbit anti-LC3 (L7543, Merck
Millipore) or mouse anti-a-synuclein (sc-12767, Santa Cruz
Biotechnology) overnight at 4 °C. After rinsing, sections
were incubated with secondary antibody (1:1000): Alexa
488 anti-mouse (A-11001, Thermo Fisher Scientific), Alexa
488 anti-rabit (A-11008, Thermo Fisher Scientific) or Alexa
568 anti-rabit (A-11011, Thermo Fisher Scientific) for 1 h
at RT.

Sections were mounted with VECTASHIELD Antifade
Mounting Medium with DAPI (H1200, Thermo Fisher Sci-
entific). Images were obtained on a Nikon Eclipse 50i fluo-
rescence microscope (Nikon, Melville, NY) and analyzed
using ImagelJ software. The acquisition parameters were kept
the same for each marker, including the exposure time, laser
intensity, gain adjustment, and image magnification. We
evaluated three random fields per section from three subjects
per group. MitoTracker Red CM-H,XROS and PrxSO; were
analyzed with the corrected total cell fluorescence (CTCF)
obtained with the following formula: CTCF = Integrated
Density — (Area of selected cell Xx Mean fluorescence of
background readings). Dopaminergic neurons’, astrocytes,
and a-synuclein were evaluated by counting the number
of positive cells per field. For the microglia and pAMPK
detection, the total fluorescence intensity of the field was
measured.

MTT Assay

Mitochondrial activity dysfunction was assessed as a marker
of cytotoxicity by measuring the conversion of the tetra-
zolium salt MTT (3-[4,5-dimethylthiazol-2-yl]-2,5- diphe-
nyltetrazolium bromide) (M2128, Merck Millipore) to
formazan. A solution of MTT at the final concentration of
5 mg/mL was added at the end of treatment and incubated
for 2 h at 37 °C. Then, lysis buffer (4 mM HCI, 0.1% Non-
det P-40) was added to solubilize MTT tetrazolium crystal.
Finally, the optical density was determined at 590 nm using
iMark microplate reader (Bio-Rad, Hercules, CA).

Trypan Blue Exclusion Assay

Representative microphotographs of treated cells (48 h) were
acquired using an inverted microscope. Afterward, adherent
cells were detached by trypsinization and washed with PBS.
Cells were stained with trypan blue (15,250-061, Thermo
Fisher Scientific) at a final concentration of 0.2% for 5 min
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and counted using an automated cell counter (TC20, Bio-
Rad, Hercules, CA). The viable cells (non-stained) with the
intact membrane exclude the dye, while dead cells take up
the coloring blue reagent.

Apoptosis Assay

Apoptosis was determined by using the Muse Annexin V &
Dead Cell Kit (MCH100105, Merck Millipore). This assay
is based on the ability of Annexin V to bind to phosphati-
dylserine, a marker of apoptosis, and the uptake of 7-amino
actinomycin D (7-AAD) as a marker for loss of plasma
membrane integrity. Data are represented as a percentage
of early apoptosis and late apoptosis/dead. Early apoptotic
cells have Annexin V-positive and 7-AAD-negative stain-
ing, while late-apoptotic/dead cells are both Annexin V and
7-AAD-positive.

Parkinson’s Disease Animal Model

C57BL/6 J male mice (8-10 weeks old) (Circulo ADN,
Mexico City) were divided into 8 groups formed by 3 sub-
jects each: 1) Control, injected with PBS; 2) Rapamycin;
3) Trehalose; 4) Metformin; 5) PQ; 6) Rapamycin + PQ); 7)
Trehalose + PQ, and 8) Metformin + PQ. Rapamycin (1 mg/
Kg) and PQ (10 mg/Kg) were prepared in PBS and adminis-
tered intraperitoneally. Metformin (500 mg/Kg) and treha-
lose (3.2 g/Kg) were prepared daily and administered orally
in the drinking water ad libitum. The autophagy inducers’
doses were calculated considering the mice’s average daily
water consumption (4 mL). Rapamycin was administered
every other day. PQ (AC227320010, Thermo Fisher Scien-
tific) was used to induce the experimental PD model and was
applied twice a week for 7 consecutive weeks. Autophagy
inducers were administered one week before PQ treatment
and for 7 consecutive weeks. Mice were maintained on a
12-h light—dark cycle, with free access to Prolab RMH 2500
pellets (5P14, LabDiet, St. Louis, MO) and water. The body
weight of all mice was recorded weekly. All experiments
were conducted under the Mexican Official Norm “NOM-
062-Z00-1999” (De Aluja, 2002) and the Institutional
Committee for the Care and Use of Laboratory Animals
(Comite Institucional para el Cuidado y Uso de los Animales
de Laboratorio, CICUAL), and approved by the Ethical
Committee of Facultad de Medicina of Universidad Auton-
oma de Nuevo Leon (registration number HT19-00002).

Nest-Building Test
Cognitive function can be measured through social behav-
iors directly linked to reproductive function and parenting.

Nests are essential in conserving heat, reproduction, and
shelter for small rodents. To perform the nest-building test,
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the mice received 5 g of compressed cotton, and the evalu-
ation was made based on a previously reported nest-scoring
system [31]. Briefly, the nests were evaluated considering
the height and closure of the walls surrounding the nest cav-
ity. Higher scores indicated higher quality nests, equivalent
to typical behavior (score of 5=full dome-shaped nest),
while those with lower scores corresponded to poor quality
nests and indicated abnormal behavior (score of 4 =incom-
plete dome-shaped nest; a score of 3 =cup-shaped nest; a
score of 2 =1flat nest; and scores of 1 and 0 were referred to
disturbed and undisturbed nesting material, respectively).

Gait Test

Mice’s motor function was assessed through the gait test
[32] by painting their front and rear paws with red and blue
non-toxic washable paint, respectively. This test takes advan-
tage of the natural behavior of the mouse and its affinity for
small dark places, is sensitive enough to detect early changes
in gait, and due to its non-invasive approach, allows evalua-
tion of groups throughout the life or evolution of the disease.
Before starting the test, the mice were acclimatized for thirty
minutes. Afterward, mice were allowed to walk through a
tunnel on a sheet of paper. The tunnel had the necessary
dimensions that allowed the mice to walk comfortably and
take enough steps (> 4) to measure the gait. The parameters
that were measured in the paws printed patterns were each
mouse’s hindlimbs and forelimbs stride length and stride
width.

TUNEL Assay

Terminal deoxynucleotidyl transferase dUTP nick end labe-
ling (TUNEL) assay was performed using In Situ BrdU-
Red DNA Fragmentation (TUNEL) Assay Kit (ab66110,
Abcam), according to the manufacturer’s instructions.
Briefly, tissue sections were incubated with proteinase K
20 pg/mL for 5 min at RT, followed by DNA Labeling Solu-
tion for 1 h at 37 °C, and finally, Anti-BrdU-Red antibody
for 30 min at room temperature. Sections were mounted with
VECTASHIELD Antifade Mounting Medium with DAPI
(H1200, Thermo Fisher Scientific). Images were obtained
on a Nikon Eclipse 50i fluorescence microscope (Nikon,
Melville, NY) and analyzed using ImagelJ software.

Statistical Analysis

All replicates of the experiment were independent and per-
formed on separate days. Two-way ANOVA was used to
determine statistical significance, followed by Student's t-test
when statistical significance was found between groups and
analyzed using the statistical software Prism 6 (GraphPad
Software, San Diego, CA). A probability value of p <0.05



Molecular Neurobiology (2023) 60:7253-7273

7257

was considered statistically significant. Data were plotted as
mean values of at least 3 independent experiments (for the
cellular model) or 3 subjects (for the animal model) + SD
using the same statistical package for data analysis. The
plots and WB presented are representatives of at least 3
independent experiments.

Results

Autophagy Inducers Metformin and Trehalose are
Harmless to Dopaminergic Cells

First, the effect of autophagy inducers on SH-SYSY dopa-
minergic cells was evaluated to ensure that the molecules
used were not toxic. The cells were treated with metformin
(1,2.5, 5, and 10 mM), trehalose (50, 100, and 150 mM), or
rapamycin (10 uM) as a positive control to induce autophagy.
Cell morphology was evaluated by direct observation of cell
cultures through an inverted microscope; cell morphology
remained unchanged in response to the different concen-
trations of metformin (Supplementary Fig. 1A) and treha-
lose (Supplementary Fig. 1D) compared to the control that
received no treatment and to rapamycin (positive control).
Most cells were attached to the culture dish and showed
spindle-shaped with cytoplasmic ramifications, and in a
smaller proportion, rounded floating cells were observed,
representing the basal cell death levels. Subsequently, trypan
blue exclusion assessed viability, which was not significantly
affected in response to metformin (Supplementary Fig. 1B)
or trehalose (Supplementary Fig. 1E) after 48 h of treatment.
These results indicate that none of the evaluated concentra-
tions of metformin and trehalose are toxic to cells.

Next, to establish the metformin and trehalose optimal
dose for autophagy induction, the LC3-II autophagy marker
was evaluated through western blot. LC3-II increased with
as low as 1 mM metformin at 24 h of treatment compared
to rapamycin, and no significant increase was observed at
higher concentrations (2.5, 5 y 10 mM) (Supplementary
Fig. 1C). Trehalose increased LC3-I to LC3-II conversion,
with the highest effect at 100 mM at 24 h (Supplementary
Fig. 1F). Metformin at 1 mM and trehalose at 100 mM were
used in the following experiments unless stated, as cell mor-
phology and viability were not affected, and autophagy was
effectively induced.

Metformin and Trehalose Prevent Autophagy
Disruption Mediated by PQ

Alterations in the autophagy process have been reported in
PD patients’ brains [10], and PQ has an inhibitory effect
on the autophagy mechanism, which is prevented by rapa-
mycin [8]. Therefore, we evaluated whether metformin and

trehalose may also prevent PQ-mediated autophagy disrup-
tion. The presence of autophagic vesicles in different matu-
ration degrees was evaluated through transmission electron
microscopy (TEM) after pre-treatment with autophagy
inducers, followed by PQ for 24 h. Double membrane struc-
tures with heterogeneous content (autophagosomes) and
single membrane content (autolysosomes) were identified
(Fig. 1A). Basal autophagy levels are shown in control cells
(untreated cells). An increase in the number of autophagic
vesicles was observed in response to all autophagy inducers.
PQ-treated cells had large autophagosomes with cytoplas-
mic content, consistent with autophagy flux blockage and
the subsequent autophagosome accumulation. Autophagy
stimulation before exposure to PQ decreased the size of
autophagosomes, which were in different degrees of matu-
ration compared to cells treated only with PQ. Also, 50 cells
per treatment were evaluated for the presence of autophago-
somes and normalized to the control (Fig. 1B). Thus, the
autophagy stimulation was confirmed in response to rapamy-
cin, metformin, or trehalose compared to the control.

Next, autophagy flux was evaluated using chloroquine
(CQ), followed by LC3-II detection by western blot (Fig. 1C
and 1D). In neutral pH, CQ diffuses freely through cell
membranes, while in an acid medium, it is protonated and
remains trapped in lysosomes, leading to increased lyso-
somal pH, impaired lysosomal digestion, and autophago-
some accumulation, blocking autophagy flux. Compared to
the control, an increase in LC3-II was detected in the cells
treated with metformin (Fig. 1C) or trehalose (Fig. 1D). PQ-
treated cells showed a decrease in LC3-1I, consistent with
autophagy flux disruption. Autophagy induction before PQ
treatment prevented impairment of autophagy flux, showing
higher levels of LC3-II than cells that received only PQ. In
the presence of CQ, both autophagy inducers increased LC3-
II compared to CQ alone. PQ inhibitory effects on autophagy
were confirmed in the presence of CQ by showing lower
LC3-II levels than CQ. Therefore, metformin and trehalose
are effective autophagy inducers and prevent PQ-mediated
autophagy blockage.

Metformin and Trehalose Exert an Antioxidant
Effect on Mitochondrial Oxidative Stress

Studies in brains obtained from autopsies of PD patients
demonstrated oxidative damage in lipids, proteins, and DNA
[33-35]. Furthermore, oxidative stress has been related to
mitochondrial dysfunction because of the decreased electron
transport chain activity observed in the neurons of the sub-
stantia nigra pars compacta of PD patients [36, 37]. Thus,
we evaluated the reactive oxygen species (ROS) levels in
the cytoplasmic and mitochondrial compartments. Met-
formin and trehalose effect on PQ-induced cytoplasmic
oxidative stress was evaluated by flow cytometry using
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Fig. 1 Autophagy induced by metformin and trehalose prevents
autophagosome alterations induced by PQ. SH-SYS5Y cells were pre-
treated with rapamycin (10 pM), metformin (1 mM), or trehalose
(100 mM) 1 h before PQ (0.5 mM) treatment, and cells were analyzed
after 24 h. A Electron microphotographs (12,000 x). Untreated cells
show basal levels of autophagy. PQ-treated cells had large autophago-
somes (double-membrane vesicles) with cytoplasmic content, con-
sistent with autophagy flux impairment. Cells pre-treated with the
autophagy inducers showed an increased number of autophagosomes.
Autophagy stimulation before PQ exposure decreased the altera-
tions produced by PQ. B Autophagosomes were evaluated by mor-
phometric analysis using TEM, where 50 cells per treatment were
analyzed. Results are expressed as fold change and were normal-
ized to the control. An increased number of autophagic vesicles was
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observed in response to all autophagy inducers compared to the con-
trol. C and D Western blot of autophagy marker LC3-II. We evalu-
ated the autophagy flux using chloroquine (CQ). Metformina (C) and
trehalose (D) with CQ increased LC3-II. PQ-treated cells showed a
decrease in the LC3-II protein compared to the CQ, which is consist-
ent with the autophagy flux blockage and the autophagosome accu-
mulation in the cytoplasm. Autophagy stimulation before PQ treat-
ment induced higher LC3-II levels than cells treated with CQ. pB-actin
was used as a loading control. Densitometry values are shown below
each line. Ctrl, control; Rapa, rapamycin; Met, metformin; Tre, tre-
halose; PQ, paraquat. The (*) indicates autophagic vesicles, (N)
nucleus, and (m) mitochondria. A probability value of p<0.05 was
considered statistically significant; ***p <0.001
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Fig.1 (continued)

dihydroethidium (DHE), which, once oxidized to ethidium,
intercalates in DNA and exhibits a bright red fluorescence.
Rapamycin was used as a positive control of autophagy
induction, which had an antioxidant effect on PQ-induced
oxidative stress (Fig. 2A, representative histograms), as
previously reported [38]. Metformin at the concentration
of 1 mM did not significantly affect PQ-induced oxidative
stress, so we increased the concentration to 2.5 mM expect-
ing an antioxidant effect. However, this metformin concen-
tration notably increased basal and PQ-induced oxidative
stress (Fig. 2B). Furthermore, trehalose did not affect oxida-
tive stress produced by PQ (Fig. 2B).

Next, mitochondrial ROS generation was analyzed by
fluorescence microscopy using Mitotracker™ Red CM-
H,XRos dye, which, once oxidized, exhibits a bright red
fluorescence (Fig. 2C). DAPI was used to label the nuclei in
blue. The fluorescence intensity of Mitotracker™ Red CM-
H,XRos was quantified (Fig. 2D). Autophagy inducers did
not affect basal levels of mitochondrial oxidative stress. PQ
treatment increased mitochondrial oxidative stress, which
was decreased by pre-treatment with autophagy inducers.
These results indicate that metformin and trehalose exert an
antioxidant effect on mitochondrial oxidative stress.

High ROS levels and reduced antioxidant enzyme activ-
ity in PD patients’ dopaminergic neurons lead to oxidative
stress and, ultimately, neuroinflammation [39]. Then, we
evaluated the effect of autophagy inducers on PQ-induced
alterations in the redox state of peroxiredoxins (Prxs), a
group of antioxidant enzymes capable of reducing hydro-
gen peroxide, peroxynitrite, and other organic peroxides
that cause cellular damage [40], and which hyperoxidation
reflects a highly oxidizing environment [41]. Previously, we
reported Prxs hyperoxidation (PrxSO;) in response to PQ
and its prevention through autophagy prestimulation with
rapamycin [16, 38]. Immunofluorescence was performed
with a specific antibody for the detection of PrxSO; (green
signal), and DAPI was used to label the nuclei (Fig. 2E).
The fluorescence intensity of PrxSO; immunodetection was
quantified (Fig. 2F). Rapamycin, metformin, or trehalose
treatment did not affect basal oxidative stress levels. In con-
trast, PQ caused a significant increase in the positive signal

D
Tre - + - + - + - +
PQ - - + + - - + +
cQ - - - - + + + +
LC3-I
LC3-l| — ;--——
B-aCtin — w——

10 13 09 22 23 32 19 25

for PrxSO; compared to the control. Metformin treatment
had no effect on PQ-induced PrxSO;. However, trehalose
significantly decreased PQ-mediated Prxs hyperoxidation.
Therefore, metformin and trehalose decreased mitochondrial
oxidative stress, and only trehalose reduced PrxSO; induced

by PQ.

Autophagy Stimulated by Metformin and Trehalose
has a Protective Effect on PQ-Mediated Toxicity

Because the main pathophysiological feature of PD is the
selective death of dopaminergic neurons [42], we evalu-
ated dopaminergic cell viability by trypan blue exclusion.
After 48 h of treatment, the cell morphology was evaluated
directly from the culture plate through an inverted micro-
scope. The cells without treatment (control) were mainly
adherent with spindle-shaped and cytoplasmic ramifications
(Fig. 3A). A small proportion of rounded shape cells were
floating in the culture medium, corresponding to basal death.
In response to PQ, cells were primarily rounded and floating
in the medium. When cells received an autophagy inducer
followed by PQ treatment, floating cells decreased, and the
cell morphology was preserved as in the control cells.

The main target of PQ within the cell is the mitochondria
[43], as PQ enters a vicious Redox cycle interfering with the
electron transport chain by inhibiting NADP reduction to
NADPH [5, 44]. Then, we assessed the effect of metformin
and trehalose-induced autophagy on mitochondrial activity
by MTT assay. Autophagy inducers did not alter mitochon-
drial activity (Fig. 3B). PQ-treated cells had significantly
less mitochondrial activity than the control, whereas when
autophagy was stimulated with rapamycin, metformin, or
trehalose prior to PQ treatment, mitochondrial activity was
significantly increased.

Trypan blue exclusion confirmed the previous results
(Fig. 3C). PQ decreased cell viability compared to the con-
trol and significantly increased when autophagy was pres-
timulated, indicating a protective effect.

PQ induces caspase-dependent apoptosis [8, 45], and we
previously demonstrated that rapamycin protects dopamin-
ergic cells from PQ-induced apoptosis [16]. We assessed

@ Springer



7260

Molecular Neurobiology (2023) 60:7253-7273

Fig. 2 Induction of autophagy
decreases mitochondrial oxida-
tive stress and peroxiredoxins
hyperoxidation mediated by
PQ. Cells were pre-treated

with rapamycin (10 pM),
metformin (1 and 2.5 mM), or
trehalose (100 mM), 1 h before
PQ (0.5 mM) treatment and
analyzed at 24 h. A Harvested
cells were incubated with DHE
dye (1 pL / mL) for 15 min and
analyzed by flow cytometry.
Rapamycin showed an antioxi-
dant effect on oxidative stress
induced by PQ. Metformin
increased, and trehalose did not
affect oxidative stress induced
by PQ. B Statistical analysis of
flow cytometry. C Cells were
incubated with Mitotracker Red
CM-H,XRos dye (500 nM) for
30 min and analyzed by fluores-
cence microscopy. PQ increased
mitochondrial oxidative stress,
which was decreased by pre-
treatment with rapamycin, met-
formin, or trehalose. D Fluores-
cence intensity quantification of
Mitotracker Red CM-H2XRos.
E Peroxiredoxin hyperoxidation
was detected with an anti-
PrxSO; antibody. PQ induced
peroxiredoxins hyperoxidation,
which was decreased by pre-
treatment with rapamycin and
trehalose, but not metformin.

F Fluorescence intensity
quantification of peroxiredoxin
hyperoxidation. DAPI was

used as a nuclear marker. The
values were normalized to the
control. Ctrl, control; Rapa,
rapamycin; Met, metformin;
Tre, trehalose; PQ, paraquat.

A probability value of p <0.05
was considered statistically sig-
nificant; *p <0.05; **p <0.01;
**%p <0.001; ****p <0.0001;
ns, not significant
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Fig.2 (continued) C
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whether metformin and trehalose could also protect the
cells from PQ toxicity through flow cytometry using 7-AAD
and Annexin V (Fig. 3D). No statistically significant differ-
ences were detected in early apoptosis (Fig. 3E). Autophagy
inducers did not affect apoptosis by themselves; while PQ
caused a significant increase in the percentage of cells in
late apoptosis. Interestingly, pre-treatment with metformin
or trehalose prevented apoptosis induced by PQ (Fig. 3F).
Viability values are shown in Supplementary Fig. 2.
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Autophagy Inducers Prevent Cognitive and Motor
Dysfunctions Mediated by PQ

Afterward, metformin and trehalose effect on PQ tox-
icity was assessed in vivo. Autophagy was stimulated
1 week before PQ treatment. Mice body weight was
evaluated weekly throughout the model, and no statisti-
cally significant differences were found between groups
(Supplementary Fig. 3).
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«Fig. 3 Metformin and trehalose have a protective effect on mitochon-
drial activity and apoptosis induced by PQ. Cells were pre-treated
with rapamycin (10 pM), metformin (1 and 2.5 mM), or trehalose
(100 mM) 1 h before PQ (0.5 mM) treatment, and cells were ana-
lyzed at 48 h. A Representative microphotographs show increased
loss of adherence and floating cells in response to PQ. Cell adher-
ence was best preserved when autophagy was induced before PQ
treatment. B Mitochondrial activity was evaluated by MTT assay.
PQ decreased mitochondrial activity compared to the control. Rapa-
mycin, metformin, or trehalose-stimulated autophagy before PQ treat-
ment decreased this effect. C Cell viability was measured by trypan
blue exclusion. PQ decreased the viability percentage compared to
the control, and autophagy inducers prevented its toxic effect. Sta-
tistical analysis is depicted. D Evaluation of apoptotic cell death by
flow cytometry using annexin V and 7-AAD. E No significant differ-
ence was observed in the percentage of cells in early apoptosis. F PQ
increased the percentage of late apoptosis compared to the control,
and autophagy inducers reduced it. Ctrl, control; Rapa, rapamycin;
Met, metformin; Tre, trehalose; PQ, paraquat. A probability value of
p <0.05 was considered statistically significant; *p <0.05; **p<0.01;
*#%p <0.001; ****p <(0.0001; ns, not significant

Cognitive impairment is among the most frequent non-
motor features of PD [3]. It was evaluated through the
nest-building test, which relies on the functional integrity
of the sensory and motor systems, assessing behavioral
integrity [46]. Furthermore, this activity requires orofacial
and forelimb movement, which is dependent on dopamine
[47]. Mice treated with the autophagy inducers constructed
a well-organized complete dome-shaped nest similar to the
control group (Fig. 4A-B). Mice treated with PQ built a
disorganized cup-shaped nest. Interestingly, all autophagy
inducers led to a restorative effect on the nest-building
ability of mice affected by PQ.

Based on the Movement Disorder Society Clinical
Diagnostic Criteria for Parkinson’s disease (MDS-PD),
the central character of the disease is a motor altera-
tion [48]. Therefore, we evaluated our model’s motor
function using the gait test, which provides quantifiable
data on movement impairments [49]. The control group
showed the typical motor function, which was affected
in response to PQ, evidenced by decreased hindlimbs
and forelimbs stride length, while stride width was not
affected (Fig. 4C-G). Autophagy stimulation prevented
PQ-mediated motor alterations. So, PQ-mediated cogni-
tive and motor disruption is prevented by all autophagy
inducers.

Metformin and Trehalose Exert a Protective Effect
Against Dopaminergic Neuronal Loss and Glial Cell
Alteration Mediated by PQ

Since the main pathophysiological characteristic of PD is
the selective loss of dopaminergic neurons in the substan-
tia nigra [4], we evaluated whether autophagy-inducing

molecules have a protective effect on them. Mice treated
with autophagy inducers showed a similar dopaminergic
neurons average population as the control (Fig. 5A). A
noticeable decrease in dopaminergic neurons was detected
in response to PQ compared to the control. Importantly,
metformin and trehalose showed a protective effect from
neuronal loss induced by PQ similar to that previously
reported for rapamycin [16]. These results were corrobo-
rated by tyrosine hydroxylase (TH) positive neuron count
(Fig. 5E).

Oligodendrocytes wrap axons with multiple myelin
sheaths to generate rapid and efficient signal transduc-
tion and provide trophic and metabolic support to neu-
rons, promoting neuronal survival [50]. Because of
oligodendrocytes’ tight association with nerve fibers, we
wanted to know whether these cells were affected in the
PD model and protected by the autophagy inducers. Treat-
ment with autophagy inducers does not alter the oligo-
dendrocyte population as it remains at comparable levels
to the control group. PQ caused a significant decrease in
these cells population, which was prevented by pre-treat-
ment with autophagy inducers (Fig. 5B). These findings
were confirmed by quantifying the CNPase fluorescence
intensity (Fig. 5F).

Astrocytes are the most abundant cell type in the CNS
and actively participate in many functions like synaptic
transmission control, blood flow and metabolism regu-
lation, blood-brain barrier formation, circadian rhythms
regulation, and neurogenesis [51, 52], and respond to
CNS damage through a process called astrocytosis [53].
Hence, we investigated the status of astrocytes in our
model. Astrocytes population remained unaltered in
mice treated with the autophagy inducers compared
to the control group (Fig. 5C). Mice exposed to PQ
displayed an evident astrocytosis, which was avoided
when autophagy was prestimulated with rapamycin,
metformin, or trehalose. These data were confirmed by
glial fibrillary acidic protein (GFAP) positive astrocyte
count (Fig. 5G).

Microglial activation and inflammation are critical in
PD pathogenesis [54]. Thus, we evaluated the effect of
autophagy inducers on microglial activation mediated by
PQ. The control group showed basal levels of microglial
activation, which remained unaffected by autophagy stim-
ulation (Fig. 5D). In contrast, PQ significantly increased
microglial activation, and all autophagy inducers pre-
vented it. These results were supported by ionized cal-
cium-binding adaptor molecule 1 (IBA-1) positive micro-
glia count (Fig. SH).

These results indicate that autophagy stimulation pre-
vents dopaminergic neuronal death, astrocytosis, and
microgliosis induced by PQ.
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«Fig. 4 Autophagy inducers metformin and trehalose prevent cogni-
tive and motor dysfunction in the Parkinson’s disease animal model.
A Representative images of the nests built where it is shown that
PQ-treated mice built nests of poor quality. In contrast, when the pre-
treatment with the autophagy inducers is done, the mice build nests
of higher quality. B The nests were scored as follows: 5=complete
dome-shaped nest, 4=incomplete dome-shaped nest, 3 =cup-shaped
nest, 2=flat nest, 1 =disturbed, and 0 undisturbed nesting material. C
The gait test assessed motor coordination, where the stride length and
width were measured. D and E The group treated with PQ showed a
shorter stride length than the control, but the mice treated with the
autophagy inducers and PQ showed a similar pattern to that of the
control on both hindlimbs (D) and forelimbs (E). F and G No dif-
ferences were observed in the stride width on the hindlimbs (F) and
forelimbs (G). Ctrl, control; Rapa, rapamycin; Met, metformin; Tre,
trehalose; PQ, paraquat. A probability value of p<0.05 was consid-
ered statistically significant; *p <0.05; **p<0.01; ***¥*p<0.0001;
ns, not significant

Autophagy Stimulation Prevents Cell Death Induced
by PQ in the Substance Nigra Pars Compacta

PQ induces cell death mediated by caspase-dependent
and independent apoptosis, accompanied by chromosomal
DNA cleavage into fragments [55]. Therefore, we detected
cell death with the TUNEL assay, which identifies DNA
fragmentation based on the ability of TdT to label ends of
double-stranded DNA breaks [56]. TUNEL-positive cells
were dramatically increased in mice exposed to PQ, while
previous stimulation with rapamycin, metformin, or treha-
lose abolished PQ toxicity (Fig. 6A, B).

Metformin and Trehalose Induce Autophagy
Through AMPK Phosphorylation and Prevent
a-Synuclein Aggregation Induced by PQ

AMP-activated protein kinase (AMPK) is a sensor of nutri-
ents and energy, which deprivation induces autophagy via
UlkIphosphorylation and mTOR suppression [57]. Met-
formin induces AMPK activation through complex 1 inhi-
bition of the mitochondrial electron transport chain, which
decreases ATP levels [58]. On the other hand, trehalose
inhibits glucose transporters (GLUT), generating a glu-
cose starvation-like state and activating autophagy through
AMPK [26]. So, we evaluated AMPK phosphorylation in
our model. Indeed, metformin and trehalose induced AMPK
activation, which remained even when followed by PQ treat-
ment (Fig. 7A, B). Autophagy induction by metformin and
trehalose was confirmed by LC3-II detection, showing a
punctuated pattern representing autophagosomes (Supple-
mentary Fig. 4), corroborating that AMPK phosphorylation
is inducing autophagy in our model.

In addition, we detected a-synuclein (a-Syn), a soluble
protein highly expressed in the CNS’s presynaptic terminals,
and its aggregation is one of the primary PD pathophysi-
ological features [59]. PQ-treated mice showed a punctuated

pattern depicting a-Syn aggregation (Fig. 7C). Interestingly,
autophagy inducers decreased a-Syn aggregation induced
by PQ (Fig. 7C, D), suggesting that autophagy induced by
metformin and trehalose prevents a-Syn aggregation medi-
ated by PQ.

Discussion

PD is a progressive neurodegenerative disorder; unfortu-
nately, no disease-modifying or preventative treatment is
currently available. Patients with PD only have palliative
treatments focused on controlling motor symptoms [60]. The
current treatment for PD involves medication that mimics the
dopamine effect. The most widely used medication is levo-
dopa, combined with carbidopa, a drug that blocks levodopa
conversion to dopamine outside of the CNS and thus inhibits
unwanted levodopa side effects outside the CNS during PD
management [61]. Therefore, searching for treatments that
help to halt neuropathological alterations, such as oxidative
stress, mitochondrial damage, and autophagy disruption, is
essential to prevent dopaminergic neuronal death and motor
symptoms that impair quality of life.

Rapamycin is the best-characterized autophagy inducer
up to date and decreases both oxidative stress and dopamin-
ergic cell death in a PQ-induced PD model [16]. Although
the neuroprotective dose of rapamycin is lower than that
used as an immunosuppressive agent, its neurotherapeutic
application is still controversial because of its immunomodu-
latory properties [62]. In addition, it was recently reported
that rapamycin downregulated microglial Trem?2, a crucial
receptor for AP plaque uptake, and decreased B-amyloid
plaque removal in an Alzheimer’s disease animal model,
suggesting rapamycin may exacerbate Af-related patholo-
gies [20]. Thus, it is essential to evaluate the effect of other
autophagy-inducing molecules, like metformin and treha-
lose, in a PD model, which may exert protective effects
through different mechanisms.

Since metformin is used for the long-term treatment of
type 2 diabetes mellitus, and trehalose can be hydrolyzed into
glucose, blood glucose levels could be altered during treat-
ment with these autophagy inducers. Previous studies evalu-
ated blood glucose levels after treatment with different treha-
lose concentrations, including the one used in our study (2%)
[63] for 6 weeks, and even a higher concentration (5%) [64]
for 13 weeks found no significant difference compared to the
control group. Moreover, when metformin was administered
in patients at increasing doses, from 500 to 2000 mg per day
(equivalent to that used in our model) for 12 weeks, glucose
tolerance and blood glucose levels were not affected [65]. How-
ever, there is a risk of alteration when used with other antidia-
betic medications, intense exercise, large amounts of alcohol, or
not consuming enough dietary calories [66, 67]. Therefore, the
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Fig.5 Autophagy inducers
prevent dopaminergic neurons
and oligodendrocytes loss,
astrocytosis, and microgliosis
mediated by PQ. Immuno-
fluorescences were performed
to detect (A) dopaminergic
neurons using anti-TH antibody;
B oligodendrocytes using
anti-CNPase antibody; C
astrocytes using anti-GFAP, and
D activated microglia with anti-
Iba-1 antibody. E Positive TH
cell quantification. Metformin
or trehalose pre-treatment
protected against PQ-induced
neuronal death. F Positive
CNPase fluorescent intensity
quantification. Induction of
autophagy with metformin and B
trehalose prevents PQ-induced
loss of oligodendrocytes (G)
Positive GFAP cell quantifica-
tion. PQ-induced astrocytosis
was prevented by pre-treatment
with autophagy inducers. H
Quantification of Iba-1 posi-
tive fluorescence intensity. PQ
caused microglia activation,
resulting in neuroinflamma-
tion, which was prevented

by treatment with autophagy
inducers. Ctrl, control; Rapa,
rapamycin; Met, metformin;
Tre, trehalose; PQ, paraquat.

A probability value of p <0.05
was considered statistically sig-
nificant; *p <0.05; **p <0.01;
##%p <0.001; ##¥+*p <0.0001 C

PQ (+)

PQ (-)

PQ (+)

Met

Tre

neuroprotective doses used in our study do not cause alteration
in the physiological blood glucose levels, and no notable side
effects have been reported. Thus, both autophagy inducers are
promising candidates for PD long-term use. Furthermore, it is
relevant to highlight that the metformin and trehalose doses
used in our study are within the approved and recommended

@ Springer

doses for use in humans [68]. The metformin dose we employed
corresponds to the maximum daily dose approved by the FDA
(2000 mg) [68]. Regarding trehalose, the dose we used cor-
responds to 14.7 g per day in humans (considering an average
weight of 60 kg), below the daily limit of sugar consumption
recommended by the WHO, which is 25 g [69].
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Previously, metformin bioavailability was determined
after oral administration of 150 mg/kg twice a day for
3 weeks in rats striatum (1.9 + 0.3 nmol/g), hippocampus
(7.3 + 1 nmol/g), and CSF (44.3 +2.2 ymol/L) [70]. Cur-
rently, there are no reports of trehalose bioavailability in the
brain, but the enterohepatic route metabolizes about 99% of
an orally ingested trehalose, and only 1% is absorbed into
the bloodstream [71, 72]. Unabsorbed trehalose is likely fer-
mented by the intestinal microbiota to short-chain fatty acids
such as acetate, propionate, and butyrate [73], which raise
the possibility that trehalose neuroprotective effects occur
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through the microbiota-gut-brain axis [74]. Interestingly,
trehalase, responsible for trehalose hydrolyzation into two
glucose molecules, has been detected in mice's cerebral cor-
tex, hippocampus, and cerebellum [75, 76], and trehalose is
necessary for neuronal arborization during maturation [75].

Herein, we determined that metformin and trehalose are
not toxic to dopaminergic cells and do not affect weight and
survival throughout the treatments in the animal model.
Metformin and trehalose have previously been reported as
autophagy inducers [22, 77]. We confirmed this by detect-
ing increased LC3-II by western blot in vitro and through
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Fig.6 Autophagy stimulated by metformin and trehalose prevents
cell death induced by PQ. A DNA fragmentation detected by TUNEL
assay. B TUNEL-positive cells quantification. Pre-treatment with
metformin or trehalose protected from PQ-induced cell death. Ctrl,

immunofluorescence in vivo, and autophagosomes were pre-
sent in different maturation degrees (TEM) in cells treated
with either of these inducers. Interestingly, also metformin
and trehalose induced AMPK phosphorylation (pAMPK) at
threonine 172 in the a-subunit with nuclear localization in
the midbrain. Probably, pAMPK translocation to the nucleus
activates autophagy by regulating the expression of genes
downstream of transcription factors such as FOXO3, TFEB,
and BRD4 [78]. Also, it was reported that pAMPK nuclear
translocation is regulated by a nuclear localization signal,
phosphorylation at threonine 172, and the starvation state
induced by metformin and trehalose [24, 26, 79, 80].
Previously, we demonstrated that PQ inhibits the
autophagy mechanism, which damages dopaminergic cells
[8]. We demonstrated that autophagy flux inhibition and
large autophagosome accumulation in response to PQ were
prevented by inducing autophagy with metformin or treha-
lose, reestablishing autophagy flux. It was consistent with
LC3-II decrease in PQ-treated cells and increased level when
autophagy was prestimulated. These findings correlate with
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the effect of rapamycin-induced autophagy in the PD model
induced with PQ [16].

Autophagy promotes neuron survival by degrading and
recycling intracellular content under unfavorable condi-
tions for cells, including oxidative stress [81]. When
autophagy was stimulated with metformin or trehalose
in the PQ-induced PD model, there was no antioxidant
effect on ROS in the cytoplasm but an antioxidant effect
in mitochondria. These results may be because the mito-
chondria are the main target of PQ and the compartment
where oxidative stress begins [43, 82]. In addition, we
observed a decrease in the Prxs hyperoxidation mediated
by PQ in response to trehalose. This finding concurs with
other studies, where both autophagy inducers decreased
oxidative stress [83, 84]. When autophagy was induced
with metformin (1 mM and 2.5 mM) in the PD model,
increased ROS levels in the cytoplasm were observed. In
addition, metformin, at 2.5 mM, increased the basal oxi-
dative stress, which can be explained because metformin
inhibits mGPDH, preventing electrons from cytosolic
NADH (formed during glycolysis) from being transported
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ment, indicating its activation
and, therefore, the induction
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a-Syn by immunofluorescence,
and (D) quantification of a-Syn
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to mitochondria to be oxidized to NAD?Y, resulting in
increased cytoplasmic oxidation and decreased mitochon-
drial oxidation [23, 24].

When evaluating the effect of metformin and treha-
lose on the toxicity induced by PQ, an increase in mito-
chondrial activity and viability was observed, indicating

Met Tre

a protective effect of autophagy stimulation. Our PD ani-
mal model induced with PQ exhibited cognitive and gait
pattern alterations related to PD patients’ phenotype (3).
Pre-treatment with metformin or trehalose prevented cogni-
tive and motor dysfunctions. Additionally, both autophagy
inducers decreased dopaminergic neuronal loss and DNA
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fragmentation mediated by PQ to levels comparable to the
control group, suggesting a protective effect. These findings
agree with the neuroprotective effect of metformin on dopa-
minergic neurons in a mice PD model induced with MPTP/P
[83]. Also, trehalose showed a neuroprotective effect in a
tauopathy mice model with parkinsonism, overexpressing
the parkin-deletion-mutated human tau protein (PK( -/-)/
Tau(VLW)) [85].

Moreover, prestimulation with metformin or trehalose
prevented oligodendrocytes loss, astrocytosis, microglio-
sis, and a-synuclein aggregation induced by PQ. Nota-
bly, demyelination and oligodendrocyte dysfunction have
been associated with PD, where the myelination degree is
a crucial factor determining the neurons’ vulnerability to
a-Syn aggregation [86]. Indeed a-Syn accumulation was
higher in demyelinated axons in postmortem studies in PD
patients [87], which concurs with the effect of PQ in our
study. Importantly, pre-treatment with metformin or treha-
lose protects against the loss of oligodendrocytes, which is
associated with the prevention of a-Syn aggregation and
dopaminergic neuronal loss. Besides, astrocytes respond to
CNS damage through a process called astrocytosis, which
may occur in response to PQ-induced oxidative stress. Astro-
cytes overexpressed Nrf2 to regulate antioxidant enzymes
transcriptionally, having a higher antioxidant potential than
neurons [88, 89], which is consistent with oxidative stress
controlled by metformin and trehalose and subsequently
decreased astrocytosis. Based on postmortem samples and
neuroimaging analysis, microglia and a-synuclein aggrega-
tion are involved in PD pathophysiology, which agrees with
our findings, and both are prevented by autophagy inducers
[90, 91].

Conclusions

In this study, the neuroprotective potential of metformin and
trehalose was evaluated comparatively for the first time in
a PD model of epidemiologic relevance. In summary, we
demonstrated that both autophagy inducers, metformin, and
trehalose, showed an antioxidant effect, improved mitochon-
drial activity, and decreased dopaminergic cell death induced
by PQ in vitro. Also, cognitive and motor deteriorated func-
tions, dopaminergic neurons and oligodendrocytes loss,
astrocytosis, microgliosis, and cell death mediated by PQ
were prevented by both autophagy inducers in vivo. Finally,
metformin and trehalose induced autophagy through AMPK
phosphorylation (pAMPK) and decreased a-synuclein accu-
mulation. Therefore, metformin and trehalose are promising
neurotherapeutic autophagy inducers with great potential for
treating neurodegenerative diseases such as PD. Hence in the
near future, these molecules may provide different low-cost
therapeutic alternatives for patients with PD.
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