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Abstract: Existing therapies for Parkinson’s disease (PD) are only symptomatic. As erythropoi-
etin (EPO) is emerging for its benefits in neurodegenerative diseases, here, we test the protective
effect driven by EPO in in vitro (SH-SY5Y cells challenged by MPP+) and in vivo (C57BL/6J mice
administered with MPTP) PD models. EPO restores cell viability in both protective and restorative
layouts, enhancing the dopaminergic recovery. Specifically, EPO rescues the PD-induced damage to
mitochondria, as shown by transmission electron microscopy, Mitotracker assay and PINK1 expres-
sion. Moreover, EPO promotes a rescue of mitochondrial respiration while markedly enhancing the
glycolytic rate, as shown by the augmented extracellular acidification rate, contributing to elevated
ATP levels in MPP+-challenged cells. In PD mice, EPO intrastriatal infusion markedly improves the
outcome of behavioral tests. This is associated with the rescue of dopaminergic markers and de-
creased neuroinflammation. This study demonstrates cellular and functional recovery following EPO
treatment, likely mediated by the 37 Kda isoform of the EPO-receptor. We report for the first time,
that EPO-neuroprotection is exerted through restoring ATP levels by accelerating the glycolytic rate.
In conclusion, the redox imbalance and neuroinflammation associated with PD may be successfully
treated by EPO.

Keywords: erythropoietin (EPO); redox imbalance; Parkinson’s disease; mitochondrial metabolism;
neuroprotection; tyrosine hydroxylase (TH)

1. Introduction

Parkinson’s Disease (PD) is the second most common neurodegenerative disorder,
after Alzheimer’s Disease [1]. The main histopathological hallmarks of PD are Lewy
bodies, constituted mainly by alpha synuclein aggregates, which increase oxidative stress,
leading to cell toxicity, mitochondrial disfunction, neuronal apoptosis and subsequent
neuroinflammation [2–4]. By affecting the Substantia Nigra, these mechanisms drive
dopaminergic neurons degeneration and typical movement impairments [5,6].

Erythropoietin (EPO), a type I cytokine essential for erythroid development and
maturation [7,8], is also produced in the CNS [9–11], where it exerts neurotrophic and
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neuroprotective actions [12–14]. In recent years, four different isoforms of EPO receptor
(EPOR) have been found in the brain [14–18] that likely mediate different neuroprotec-
tive pathways [14–16,19]. These isoforms include the canonical 55 Kda EPOR isoform,
a heterodimer formed by the interaction with the beta common receptor βcR CD131, a
truncated isoform found in the dopaminergic neurons of the CNS, and a soluble version of
the receptor found in murine brains [16–18,20].

Numerous cell studies, both in animals and humans, have shown that the administration
of recombinant human EPO (rhEPO) might be effective against hypoxic, ischemic, and traumatic
brain injury, as well as chronic and progressive degenerative diseases [16,21–23]. Interestingly,
studies have reported rhEPO’s ability to counteract such key processes that are altered in
PD [24–31]. The neuroprotective role of rhEPO has been investigated in vivo mainly in
rodent models of PD induced by rotenone, 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) [32,33] or 6-hydroxydopamine (6-OHDA) [34]. In these studies, rhEPO has been
shown to restore the level of tyrosine hydroxylase (TH) and to decrease the level of tumor
necrosis factor alpha (TNFα) [34,35]. Two phase I clinical trials have also been performed
in PD patients, showing no adverse effects for rhEPO [25,36]. Specifically, in one PD trial,
rhEPO administration (40,000IU each; i.v. twice a week for 5 weeks) ameliorated nonmotor
symptoms 12 months after administration [25]. The hypothesis that EPO may be an effec-
tive neurotrophic and neuroprotective molecule originates from observations obtained with
EPO-releasing neural precursors cells (Er-NPCs) transplantation in an animal experimental
model of PD obtained by MPTP administration [37,38]. First, Er-NPCs, which produce
and release EPO physiologically, show high rates of neuronal differentiation that depend
on autocrine EPO release [39]. Second, Er-NPCs also have a high therapeutic potential
following their transplantation both in experimental PD and traumatic spinal cord injury
preclinical models [37,38,40]. Many pieces of evidence also suggest that the neuroprotective
effects of EPO are related to increased resistance to oxidative stress and stabilization of the
redox equilibrium, for example, through the Janus kinase-signal transducer and activa-
tor of transcription pathway and the up-regulation of anti-apoptotic genes, as observed
in vitro and ex-vivo [41,42]. Moreover, it has also been reported that EPO can promote
synaptogenesis, neurite repair and spine formation [43,44].

In this study, we aim to dissect the mechanism of action of EPO in both an in vitro
and an in vivo consolidated PD experimental model [38,40,45]. We demonstrate that EPO
plays a pivotal role in counteracting the loss of the dopaminergic phenotype in SH-SY5Y
cells intoxicated with 1-methyl-4-phenylpyridinium (MPP+). In this context, we report that
EPO prevents the alterations induced by MPP+ in mitochondrial morphology and fuels the
glycolytic process to compensate for the loss of activity of mitochondrial complex I. We
also show the therapeutic efficacy of EPO in a murine model of PD, describing that EPO
improves the behavioral outcome and the recovery of dopaminergic markers.

2. Materials and Methods
2.1. SH-SY5Y Cells Culture

SH-SY5Y cells are widely used for the study of neurodegenerative diseases, and represent
an ideal in vitro model for PD studies [45]. SH-SY5Y cells were grown in DMEM-F12 medium
supplemented with 10% Fetal Bovine Serum (Euroclone, Pero, Milano, Italy), 1% glutamine
(Gibco, ThermoFisher Scientific, Waltham, MA, USA) and 1% penicillin/streptomycin (Gibco,
ThermoFisher Scientific). Cells were split every 4–5 days after trypsinization (trypsin-EDTA
1X 0.05% ThermoFisher Scientific). Cells were subjected to 3 experimental conditions: non-
treated (NT), treated with 500 µM MPP+ (MPP+), and treated with 500 µM MPP++4U/mL
EPO (MPP++ EPO). MPP+ iodide (Sigma-Aldrich, Merck Life Science, Milano, Italy) was
freshly weighed for each experiment, dissolved in PBS, diluted in the appropriate medium
and administered for 24 or 48 h. Recombinant human EPO (rhEPO) was obtained from
Johnson & Johnson (Eprex™, New Brunswick, NJ, USA).
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2.2. MTT Assay

Cell viability, measured by a quantitative colorimetric MTT assay sensitive for the
cell metabolic status, reflects early redox changes. Briefly, SH-SY5Y cells were seeded in a
96-well plate at a 2 × 105 cells/well density. At the end of the treatments (24 h or 48 h),
10 µL MTT assay kit reagent (Sigma-Aldrich, Saint Louis, MO, USA) was added to each
well, and cells were incubated for 3 h. MTT crystals were eluted with 100 µL of elution
solution, composed of 4 mM HCl, 0.1% (v/v) NP40 all in isopropanol for 30 min. The
relative absorbance was measured with EnSight™ multimode plate reader (PerkinElmer,
Waltham (HQ), MA, USA) at λ = 560 nm. The results are expressed as a percentage of the
absorbance read in NT cells.

2.3. Immunocytochemistry

SH-SY5Y cells were seeded on ethanol-washed glass coverslips, maintained in the
appropriate culture medium, and then processed for immunocytochemistry following a
described protocol [39]. Briefly, cells were fixed with 4% paraformaldehyde in 0.1 M PBS
(Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA), pH 7.4, for 20 min at
room temperature, and then washed with PBS. The coverslips were incubated overnight
at 4 ◦C in PBS containing 10% normal goat serum (NGS, ThermoFisher Scientific), 0.3%
Triton X-100 (BDH, VWR, Radnor, PA, USA), and the appropriate primary antibody. The
cell characteristics were assessed by immunocytochemistry with the following antibodies:
anti-erythropoietin receptor (EPOR; 1:200; Genetex, Irvine, CA, USA), and anti-TH (1:500;
Sigma-Aldrich, Saint Louis, MO, USA). Cells were thoroughly rinsed with PBS and 10%
NGS and reacted with the appropriate secondary antibody (Alexa Fluor® 488 and 546,
Life Technologies) for 1.5 h. Nuclei were stained with DAPI at the final concentration
of 1 µg/mL for 10 min. Glass coverslips were mounted using the FluorSave Reagent
(Calbiochem, Merck Chemical, Darmstadt, Germany) and analyzed by confocal microscopy
(Confocal laser scanning microscopy platform Leica TCS SP8, Leica Microsystems). As
the control, the appropriate secondary antibody was administrated omitting the primary
one (Alexa Fluor® 488 or 546, Life Technologies). To favor visibility, the brightness of all
immunochemistry images was multiplied by 3, except for the TH immunocytochemistry,
for which the brightness was multiplied by 4. The correction was applied by Adobe
Photoshop 2020 to the entire image, without altering data appearance.

2.4. RNA Extraction and Real Time PCR

Total RNA was extracted using TRIZOL® reagent (Life Technologies, Carlsbad, CA,
USA) following the manufacturer’s instructions, and then quantified (NANOPhotometer®

NP80, IMPLEN). Total RNA (1 µg) was reverse transcribed using iScript cDNA synthesis kit
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. Real-Time PCR
was performed with StepOnePlusTM Real-Time RT-PCR System (Thermo Fisher, Waltham,
MA, USA) using SsoAdvancedTM Universal SYBR ® Green Supermix (Bio-Rad). The
NCBI’s Primer-BLAST tool was used to design primers, which are listed in Supplementary
Table S1. Gene expression was calculated using the 2−∆∆Ct method. GAPDH was used as
endogenous control.

2.5. Western Blot

Cell protein extracts were obtained by means of RadioImmunoPrecipitation Assay
(RIPA) lysis buffer. Proteins were quantified with the Bradford Assay following stan-
dard protocol (Coomassie Plus—The Better Bradford AssayTM Reagent, Thermo Scientific).
Equal amounts of solubilized proteins were heated in Laemmli sample buffer (Bio-Rad)
containing 70 mM 2-β-mercaptoethanol (Sigma Aldrich, Saint Louis, MO, USA), separated
by SDS-PAGE gel 10% and electroblotted onto a nitrocellulose membrane (GE Healthcare,
Amersham, Chicago, IL, USA). Membranes were then blocked in 5% slim milk (diluted
in TBS with 0.05% Tween-20) and probed with the appropriate primary antibody: mon-
oclonal anti-TH; 1:5000; Sigma-Aldrich, T2928), polyclonal anti-PINK1 (1:1000; Genetex,
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GTX107851), monoclonal anti-β-actin 1:1000; Sigma-Aldrich, A5441), monoclonal anti-
GAPDH (GAPDH 1:1000; Cell Signaling, #2118), polyclonalanti-erythropoietin receptor
(EPOR; 1:200; Genetex, GTX37704), overnight at 4 ◦C. The EPOR antibody targets both the
canonical 55 kDa isoform and the 37 kDa isoform (Supplementary Figure S1). The mem-
brane was then incubated with specific secondary antibody Peroxidase AffiniPure Goat
Anti-Rabbit/Mouse IgG (1:10,000 dilution; Jackson Immuno Research, Cambridge, UK).
Proteins were visualized by mean of an enhanced chemiluminescence detection system
(ECL™, Amersham, Chigago, IL, USA). After acquisition by a GelDocTM image capture
system (Kodak, Rochester, NY, USA), the proteins present on the nitrocellulose membrane
were quantified using ImageJ software.

2.6. Mitotracker Analysis

This technique enables marking mitochondria with the fluorescent molecule Mito-
tracker Red CMXRos (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). After
treatment, the medium was removed, and cells were incubated for 30 min with 100 nM Mi-
toTracker reagent. Cells were rinsed three times with PBS and fixed with 4% paraformalde-
hyde for 15 min. Nuclei were stained with DAPI (1µg/mL final concentration, 10 min at
room temperature), mounted using the FluorSave Reagent (Calbiochem) and analyzed by
confocal microscopy (Confocal laser scanning microscopy platform Leica TCS SP8, Leica,
Heidelberg, Germany). Please see above for acquisition procedure.

2.7. Transmission Electron Microscopy (TEM) and Quantification

Cells gently scraped from the culture flasks were fixed in 2.5% glutaraldehyde in
0.13 M phosphate buffer, pH 7.2–7.4, for 2 h, post-fixed in 1% (w/v) osmium tetroxide,
dehydrated through graded ethanol and propylene oxide, and embedded in epoxy resin.
Several semithin sections were prepared from each sample and stained with 0.5% toluidine
blue in 1% sodium borate. Ultrathin sections of 50 to 60 nm were counterstained with
uranyl acetate and lead citrate, to be observed using a Tecnai Spirit BT transmission electron
microscope (Thermo Fisher Scientific, Waltham, MA, USA). The cytoplasmic area (nuclei
excluded) was measured on 18,000× printed micrographs (previously converted in digital
bitmap images by Image Processing and Analysis in Java-ImageJ) in 8 areas at a fixed 4 mm
distance from one to another according to the Marquez simplified method [46]. Briefly, the
number of degenerated mitochondria was counted in 8 randomly selected areas. Finally,
the ratio between the number of degenerated mitochondria per area unit (=100 µm2) was
calculated. The mean number of 8 areas was considered as the final value for each group.

2.8. Cell Respiration and Glycolytic Process

The acute effect of MPP+ and the potential beneficial action of EPO on SH-SY5Y cell
metabolism were assessed using the Seahorse Bioscience XF24 Extracellular Flux Analyzer
(XF24, Agilent, Santa Clara, CA, USA). This technique measures the oxygen consumption
rate (OCR) and the extracellular acidification rate (ECAR, an index of glycolysis) in real
time in viable adherent cells. SH-SY5Y cells were seeded on the specific Seahorse XF24
cell culture plate (Agilent, Santa Clara, CA, USA) at an 8 × 105 cells/well density 24 h
before the assay, as described previously [47]. The day of the assay, the growth medium
was replaced with an assay medium containing 5.5 mM glucose, 1 mM pyruvic acid, 1 mM
L-glutamine, according to the manufacturer’s instructions. After three basal measures,
OCR and ECAR were measured for 200 min in the different experimental conditions.

In a separate experiment, OCR and ECAR were measured 24 h after treatment. A
Mitostress assay was performed to assess mitochondrial function. The test consists of the
sequential injection of the following modulators of the mitochondrial respiratory chain:
oligomycin (1 µg/mL), an inhibitor of ATP synthase and ATP linked mitochondrial respira-
tion, carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 1 µM; Sigma-Aldrich,
Saint Louis, MO, USA), an uncoupler of mitochondrial respiration, and rotenone/antimycin
A (R/AA, 1 µM; Sigma-Aldrich, Saint Louis, MO, USA), inhibitors of complex I and com-
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plex III, respectively, that cause a complete impairment of mitochondrial function [47].
This test allows the quantification of different parameters, including basal respiration,
ATP-linked respiration, proton leak, maximal respiratory capacity and non-mitochondrial
respiration [48,49].

2.9. ATP Assay

The ATP levels were measured in cells 4 and 24 h after treatment with the different
experimental conditions using the ATPlite Luminescence Assay System (PerkinElmer).
Cells were seeded the day before the assay in a 96-well plate (80,000 cells/well) and the
assay was performed according to the manufacturer’s instructions.

2.10. Animals and Study Approval

For this study, we used adult C57BL/6J male mice (Charles River, Calco, Lecco,
Italy), 12–15 weeks old and weighing 20 to 24 g. Before the experiments were carried
out, the animals were kept for at least 7 days in standard conditions (22 ± 2 ◦C, 65%
humidity, and artificial light between 08:00 a.m. and 08:00 p.m.) with ad libitum food and
water supply. Mice were trained for 1 week before being treated with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP, the prodrug of MPP+; Sigma-Aldrich, Saint Louis, MO,
USA) in order to acclimatize them to behavioral testing. The procedures were performed
according to the Italian Guidelines for Laboratory Animals, in total respect of the European
Communities Directive of September 2010 (2010/63/UE). The study was approved by the
Review Committee of the University of Milano (N◦ 778/2017).

2.11. Induction of Parkinsonism, Treatments and Groups of Animals

12 weeks old C57BL/6J mice were subjected to a first intraperitoneal injection of MPTP
(36 mg/kg). Motor dysfunction was evaluated every 2 days for the following 10 days.
Then the animals were subjected to a second injection of MPTP (20 mg/kg) [37,38]. Three
days after the second MPTP injection, the animals were infused with recombinant human
erythropoietin (rh-EPO) (#100-64; Peprotech, London, UK) at a dosage of 1U/g of animal
body weight (n = 6) [37,38]. rh-EPO was infused in the striatum according to the following
stereotaxic coordinates in relation to bregma: 0.1 mm posterior, 2.4 mm mediolateral and
3.6 mm dorsal at the level of left striatum [50]. For this reason, in the present study, rh-EPO
was administered in the same site as Er-NPCs in the previous one. This choice would
further validate EPO’s therapeutic role highlighting its effects at the striatum level. The
infusion rate of EPO was 1 µL/min (total 5 µL). After the infusion, animals were monitored
for 24 h, subjected to antibiotic therapy (Gentamicin 1mg/mL, SIGMA) and rehydrated
with saline solution. Experimental animals were divided into three groups: (1) control not-
treated (NT, healthy animals, n = 6), (2) MPTP-treated mice (MPTP, n = 6), (3) MPTP-treated
mice infused with recombinant human erythropoietin (MPTP+ rh-EPO; n = 6).

2.12. Behavioral Tests

To investigate the recovery of motor dysfunction after rh-EPO infusion, two behavioral
tests were performed: horizontal and vertical grid tests [37,38]. Each animal was tested
twice at each time point. The analysis was performed by three observers in blind.

2.13. Horizontal Grid Tests

The grid apparatus was built following the model developed by Tillerson and co-
workers [37,38,51]. During the test the animal was recorded for 30 s and the recordings
were replayed in order to assess the percentage of forepaw faults using the slow-motion
option. The number of unsuccessful forepaw steps in relation to the total number of
attempted forepaw steps was assessed [51]. Mice were acclimatized to the grid twice a day
for 1 week, before MPTP treatment.
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2.14. Vertical Grid Tests

The vertical grid apparatus was built following the model developed by Kim and
co-workers [52]. For this test, the mouse was put 3 cm away from the top of the apparatus,
facing upwards, and it was recorded when turning around and climbing down. The score
assessed refers to the time required by the mouse to turn around, climb down, and reach
the bottom of the grid with its forepaw, all within 180 s [37,38,52]. Mice were acclimatized
to the grid twice a day for 1 week before MPTP treatment.

2.15. Sacrifice and Brain Dissection

Three animals for each group were anesthetized with an intraperitoneal injection with
sodium pentobarbital (65 mg/kg of body weight), subsequently perfused through the left
ventricle with 50 mL of saline solution and lastly fixed with 200 mL of 4% paraformaldehyde
in 0.1 mol/L PBS. The brains were removed and cryoprotected at 4 ◦C in sucrose 300 g/L
in 0.1 mol/L PBS solution for further analyses and sectioning.

2.16. Immunohistochemistry and Quantitative Analysis

Immunohistochemistry analyses were performed on 20 µm coronal sections of the
whole brain, cut at −25 ◦C using a cryostat (Leica). Both ipsilateral and contralateral
striatum were analyzed, with no measured fluorescence intensity differences. Specimens
were transferred onto glass slides, rinsed with PBS and treated with blocking solution
(10% NGS, 0.2% Triton X-100), as described in refs. [37,38]. The following primary anti-
bodies were used: anti-Glial Fibrillary Acidic Protein (GFAP; 1:1000; Covance, Princeton,
NJ, USA; #PRB-571C), anti-Nuclear Receptor Related-1 Protein (NURR1; 1:1000; Abcam,
Cambridge, UK; #ab41917), anti-Tyrosine Hydroxylase (TH, 1:500; Sigma Aldrich, #T2928),
anti-ionized calcium-binding adapter molecule 1 (IBA1) (1:250; Abcam, #ab178680); anti-
MOuse MAcrophage (MOMA)/CD68 (1:250; Millipore, Burlington, MT, USA; #MAB1852).
The following secondary antibodies were used: Alexa fluor 543 goat-anti-mouse IgG (1:1000;
Invitrogen, Life Technologies, Carlsbad, CA, USA), Alexa fluor 543 goat-anti-rabbit IgG
(1:1000; Invitrogen, Life Technologies). Images were acquired in the region corresponding
to bregma 2.80/3.52 mm as indicated in the Paxinos and Franklin atlas [53] and analyzed
with a confocal laser scanning microscopy platform (Leica TCS SP8, Leica). In control
experiments, primary antibodies were omitted, and only the appropriate secondary anti-
body was administered (Alexa Fluor® 488 or 546, Life Technologies, Carlsbad, CA, USA).
All the analyzed sections had the same immunostaining conditions, with same staining
solutions. The microscope light intensity of the laser was the same for all the analyses
and for determining the background optical density. ImageJ (NIH) software was used for
microphotographic digital analysis [37,38,40,54,55] assessing the number of positive pixels
against the negative background [37,38,40] in three slides (2 images/slides) from three
animals per condition (n = 9). For the cells quantification, the number of positive cells was
counted with respect to the total number of nuclei.

2.17. Statistical Analysis

Statistical evaluations were completed using GraphPad Prism 7.0a version (GraphPad
Software Inc, La Jolla, CA, USA). For the MTT in vitro assays, one-way ANOVA was
used followed by Tukey’s post-test. In the other in vitro assays and animal immunohis-
tochemistry, one-way ANOVA was used followed by Dunnett’s post-test. For all in vitro
experiments, data are reported as mean±SEM. Behavioral data are expressed as mean ± SD
and analyzed with two-way ANOVA followed by the Bonferroni’s post-test. Repeated
measures ANOVA tests with time and group (NT, MPTP, MPTP+EPO) as factors were
applied. The level of statistical significance was set at p = 0.05.
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3. Results
3.1. EPO Restores Cell Viability in an in Vitro Model of PD

To obtain an in vitro model of PD, SH-SY5Y cells (5 × 105 cells/cm2) were treated with
500 µM MPP+ and kept at 37 ◦C under 5% CO2. The protective effect of EPO for 24 h was
then evaluated at three concentrations (4, 10 and 40 U/mL) by assessing cell viability by
the MTT assay (Figure 1A). As expected, MPP+ reduced cell viability, but co-treatment with
EPO rescued viability at all the concentrations (Figure 1A). As all concentrations elicited
similar effects, all further experiments were run at 4 U/mL EPO, the minimal concentration
with full effects. Indeed, when looking at EPO’s effect on MPP+-treated cells, the EPO4
dosage was sufficient to restore viability, whereas EPO only-administration did not affect
cellular viability (Figure 1B).

Next, we aimed at testing the persistence of the effects of EPO to discriminate if this effect
is protective or restorative. To this purpose, SH-SY5Y cells were treated with MPP+ for 48 h
and the protective effect of one or two 4 U/ML EPO administrations was tested in various
experimental schemes, as shown in Figure 1C. Administration of 4 U/mL EPO resulted in
rescued cell viability in all conditions (Figure 1). For the subsequent analyses, SH-SY5Y cells
were exposed to three conditions: NT, 500 µM MPP+, and 500 µM MPP+ + 4 U/mL EPO
for 24 h.

Figure 1. In vitro results showing the effect of erythropoietin (EPO) on cell viability. (A) Cell viability in SH-SY5Y cells
treated with 500 µM MPP+ (MPP+), and MPP+ plus 4, 10 and 40 U/mL EPO for 24 h. Data are expressed as mean ± SEM of
8 replicate values in 3 independent experiments (n = 24) and results are represented as percent of non-treated (NT), shown
as the light green area. ** p < 0.01 vs. NT. (B) Cell viability in SH-SY5Y cells (NT), cells treated with 500 µM MPP+ (MPP+),
cells treated 500 µM MPP+ + EPO 4U/mL (MPP+ + EPO) and cells treated with 4U/mL EPO (EPO). Data are expressed as
box-and-whisker plot of 8 replicate values in 3 independent experiments (n = 24). Data are represented as a fraction over
non-treated (NT). **** p < 0.0001 vs. NT; ### p < 0.001, #### p < 0.0001 vs. MPP+. (C) Effect of 4U/mL EPO on cell viability
during 48 h MPP+ treatment. Viability was evaluated after 48 h in the three different experimental conditions in which
EPO was administered at three different time points as reported in the timeline above each graph. Data are expressed as
box-and-whisker plot of 8 replicate values in 3 independent experiments (n = 24) and results are represented as fraction
over NT values. * p < 0.05, **** p < 0.0001 vs. NT; # p < 0.05, #### p < 0.0001 vs. MPP+.
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3.2. EPO Administration Promotes PD-Specific Phenotypic Recovery in Vitro

To investigate the effects of EPO on dopaminergic recovery, we measured both mRNA
and protein expression of appropriate markers. While MPP+ reduced RNA expression of
both NURR1 and TH, 4 U/mL EPO rescues the damage induced by MPP+ (Figure 2A,B).
Moreover, 4 U/mL EPO restored the protein levels of TH, measured by either Western
blot or immunofluorescence (Figure 2C,D and Supplementary Figure S1A), supporting the
claim that EPO specifically affects dopaminergic neuroprotection [14]. Moreover, EPO-only
administration does not influence NURR1 expression, whereas it induces TH mRNA but
not protein expression (Figure 2A,B).

Figure 2. Effect of EPO on the preservation of dopaminergic targets TH and NURR1. The expression levels of NURR1
(A) and tyrosine hydroxylase (TH). * p <0.05, # p < 0.05 vs. MPP+ (B) mRNA were evaluated by Real Time-PCR in SH-SY5Y
cells, after 24 h of treatment with MPP+, MPP++EPO or EPO. GAPDH was used as housekeeping gene. Data are expressed
as box-and-whisker plot of 3 replicate values in 3 independent experiments (n = 9). ** p < 0.01, **** p <0.0001 vs. NT;
# p < 0.05, #### p <0.0001 vs. MPP+. (C) TH protein expression was evaluated by Western blot in SH-SY5Y cells, after 24 h
of treatment with MPP+ or MPP++EPO. The intensity of the band and relative protein expression was evaluated with the
software Image-J (NIH). Data reported are presented in a box-and-whisker plot of 4 independent experiments and results
are represented as intensity of TH vs. GAPDH, in relation to NT. GAPDH was used as loading control. ** p < 0.01 vs. NT;
# p < 0.05 vs. MPP+. (D) TH protein expression was evaluated by immunofluorescence analysis in SH-SY5Y cells, after 24 h
of treatment with MPP+ or MPP++EPO. Fluorescence quantification and the relative protein expression were performed
with the software Image-J (NIH). Scale bar: 100 µm. Data reported are presented in the form of a box-and-whisker plot
(3 fields per experiment, 2 independent experiments; n = 6). * p < 0.05 vs. NT; # p < 0.05 vs. MPP+.

To test whether the effect of EPO is mediated by the up-regulation of EPOR expression,
Figure 3 shows EPOR expression levels assayed by RT-PCR, Western blot and immunofluo-
rescence. We found that EPOR mRNA levels were unchanged following MPP+ or EPO-only
treatments, but they resulted upregulated in MPP++4 U/mL EPO (Figure 3A). By con-
trast, EPOR protein expression was always downregulated when tested by Western blot
and immunofluorescence analysis, with a slight non-significant increase in 4 U/mL EPO
co-treatment with respect to MPP+ only (Figure 3B,C and Supplementary Figure S1B).
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Even though not statistically significant, the immunofluorescence analysis confirmed the
Western blot evidence. By Western blot, we were able to discriminate and identify between
different isoforms of EPOR, demonstrating that the SH-SY5Y cell line occurs with only the
truncated isoform of EPOR at 37 kDa (Figure 3B; Supplementary Figure S2), as previously
described by Marcuzzi and colleagues [17].

Figure 3. Effect of EPO on the induction of EPO receptor (EPOR) expression. (A) The expression levels of EPOR mRNA were
evaluated by Real Time-PCR in SH-SY5Y cells, after 24 h of treatment with MPP+, MPP++EPO or EPO. GAPDH was used as
housekeeping gene. Data are expressed as mean ± SEM of 3 replicate values in 3 independent experiments (n = 9) and
results are represented as percent of NT. * p < 0.05 vs. NT, # p < 0.05 vs. MPP+. (B) EPOR protein expression was evaluated
by Western blot in SH-SY5Y cells, after 24 h of treatment with MPP+ or MPP++EPO. GAPDH was used as loading control.
The intensity of the band and relative protein expression was evaluated with the software Image-J (NIH). Data reported refer
to the mean ± SEM of 4 independent experiments (n = 4) and they are represented as intensity of EPOR versus beta-actin, in
relation to NT. * p < 0.05; ** p < 0.01 vs. NT. (C) EPOR protein expression was evaluated by immunofluorescence analysis
in SH-SY5Y cells, after 24 h of treatment with MPP+ or MPP++EPO. Fluorescence quantification and the relative protein
expression were performed with the software Image-J (NIH). Scale bar: 100 µm. Data reported are mean ± SEM (3 fields
per experiment, 2 independent experiments; n = 6) and results are represented as percent of NT. The grey area delimits the
value (mean ± SEM) obtained in NT.

3.3. EPO Rescues MPP+-Induced Mitochondrial Dysfunction and Stimulates Glycolysis

To investigate EPO’s effect on mitochondrial wellness, we measured—by Western
blot—the expression of PINK1, a stress-induced mitochondrial protein strictly correlated to
PD [56]. We found that PINK1 expression was increased by MPP+ and rescued by 4 U/mL
EPO (Figure 4A and Supplementary Figure S1C), with no change with the EPO-only treat-
ment. Mitochondria were marked with the fluorescent dye Mitotracker, which accumulates
into active mitochondria only, and mitochondrial viability was evaluated in living cells
(Figure 4B). A non-significant decrease in mitochondrial activity was observed following
MPP+ administration, together with a significant improvement in mitochondrial health
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in EPO-treated cells, as highlighted by greater fluorescence, which indicates functional
recovery compared to the pathological condition (Figure 4B). Such damage by MPP+ and
partial rescue by EPO are appreciable also by measuring the ATP level 4 h after MPP+ and
EPO co-treatment. MPP+ significantly decreased the ATP level after both 4 and 24 h. EPO
significantly contrasted this effect at 4 h, but not at 24 h (Figure 4C). EPO-only administration
did not change the ATP levels at 4 h but slightly reduced them at 24 h (Figure 4C).

Figure 4. EPO counteracts MPP+-induced mitochondrial dysfunction: (A) PINK1 protein expression was evaluated by
Western blot in SH-SY5Y cells, after 24 h of treatment with MPP+ or MPP++EPO. Band intensity analysis and the relative
protein expression were performed with the software Image-J (NIH). Data are presented in the form of a box-and-whisker
plot of 2 independent experiments and results are represented as percent of NT. GAPDH was used as loading control.
* p < 0.05 vs. NT; ## p < 0.01 vs. MPP+. (B) MitoTracker staining in SH-SY5Y cells, after 24 h of treatment with MPP+

or MPP++EPO. MitoTracker was analyzed with immunofluorescence. Fluorescence quantification, represented in the
histogram, was performed with the software Image-J (NIH). Scale bar: 50 µm. The reported data are presented in the form
of a box-and-whisker plot of 3 replicate values in 2 independent experiments (n = 6) and results are represented as percent
of NT. Results are reported as intensity of PINK1 vs. GAPDH, in relation to NT. # p < 0.05 vs. MPP+. (C) ATP concentration
4 h and 24 h after treatments. Data refer to 4 independent experiments and results are shown as percent of NT. * p < 0.05,
** p < 0.01, **** p < 0.0001 vs. NT, # p < 0.05, #### p < 0.0001 vs. MPP+.

Mitochondrial ultrastructure was investigated by TEM after 6 h or 24 h of treatment by
the semi-quantitative analysis explained in the Materials and Methods section (Figure 5). The
population of mitochondria with clear damage signs, e.g., cristae architecture disruption
and reduced matrix density, was markedly higher in MPP+-treated cells, but EPO admin-
istration could partly rescue the damage (Figure 5A,B). EPO-only administration did not
affect mitochondrial ultrastructure (Figure 5A,B).
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Figure 5. EPO promotes the preservation of mitochondria ultrastructure. Transmission electron microscopy micrographs
showing a portion of cytoplasm of SH-SY5Y cells (NT), after 6 h (A) and 24 h (B) treatment with MPP+, MPP+ + EPO or
EPO. Arrows indicate healthy mitochondria and asterisks indicate mitochondria with strong signs of damage (disruption of
cristae architecture and reduced matrix density). Scale bars = 1 µm. Data reported in the histogram refer to the box and
whisker plot of 8 area values in 1 experiment and results are represented as percent of NT. * p < 0.05, **** p < 0.0001 vs. NT;
## p < 0.01, ### p < 0.001, #### p < 0.0001 vs. MPP+.

The protective effect of EPO on mitochondrial morphology was associated with
changes in cellular bioenergetics. While MPP+ addition caused a rapid decrease in OCR,
another hallmark of mitochondrial damage (Figure 6A), the treatment with EPO promoted
a slight rescue in the acute phase (200 min) after treatment (Figure 6A, Supplementary Fig-
ure S3A). However, MPP+ also markedly increased the glycolytic rate, which was further
enhanced by EPO (Figure 6A, Supplementary Figure S3A). Thus, while MPP+ diminishes
respiration and increases the glycolytic rate, expressed in terms of the extracellular acid-
ification rate (ECAR), EPO can counteract the deleterious effects driven by MPP+. We
examined the effect of long-term (24 h) exposure of cells to MPP+ and EPO. As shown in
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Figure 6B, 24 h exposure of cells to MPP+ elicited a dramatic inhibition of the respiration.
Under these conditions, the Mitostress assay revealed that MPP+ completely abolished the
ATP-dependent mitochondrial respiration, because of lack of response following addition
of oligomycin, an inhibitor of ATP synthase [48] (Supplementary Figure S3B,C). EPO-only
administration did not affect OCR or ECAR (Figure 6). However, while MPP+ caused a
rise in ECAR, EPO caused a further marked increase in ECAR (Figure 6B). This highlights
that MPP+ induces a profound and long-lasting inhibition of mitochondrial function that is
partially rescued by EPO only in the acute phase. The concomitant marked increase in the
glycolytic rate in cells incubated with MPP+ or MPP++EPO thus suggests the activation of
EPO-driven robust compensatory survival and energy production mechanisms in response
to mitochondrial dysfunction.

Figure 6. Effect of EPO on cell metabolism. (A) oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were measured in SH-SY5Y cells 200 min after injection of 500 µM MPP+ in
the presence or absence of 4 U/mL EPO, or only SH-SY5Y treated with 4 U/mL. Data are represented
as average of three independent experiments. **** p < 0.0001 vs. NT, # p< 0.05, ## p < 0.001 vs MPP+.
(B) ECAR values of SH-SY5Y cells, non-treated (NT), after 24 h of treatment with MPP+, MPP++EPO,
or EPO-only. Data from 3 independent experiments per condition, normalized to the control baseline
(**** p < 0.0001 vs. NT, # p < 0.05 vs. MPP+).
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3.4. EPO Promotes Functional and Dopaminergic Recovery in Parkinsonian Mice

Parkinsonism was induced in 12–15 week-old male C57BL/6J male mice by i.p. in-
jection of MPTP at two different dosages following a described protocol [37,38,40]. As
the presently reported behavioral data were obtained in a different set of animals, they
represent an independent validation of previous work. Indeed, its administration markedly
increases the number of forepaw faults of the anterior paw, as shown in the horizontal grid
test, as well as the time to descend from the vertical grid in the specific test (Supplementary
Figure S4). After intrastriatal infusion of EPO, a significant recovery of function was ob-
served starting at day 3 after EPO administration. In the horizontal grid test, the percentage
of forepaw faults in mice treated with EPO was 37.3 ± 3.1% compared to 87.4 ± 3.8% of
parkinsonian animals (Figure 7A). In the vertical grid test, EPO-treated mice showed a
significant improvement in the time employed to reach the base of the grid (33.5 ± 15.1 s,
mean ± SD), whereas parkinsonian non-treated mice employed more than 3 min (the ob-
servation was stopped at 180.0 ± 0.2 s) (Figure 7B). The initial functional recovery observed
in animals treated with injection of EPO was maintained for the entire observational period
of two weeks, while MPTP mice gradually showed a decline in behavioral performance,
arriving to the maximum deficit on the eighth day (Figure 7).

Figure 7. EPO promotes functional recovery in Parkinson’s disease (PD) mice. Mice were divided into
three groups: healthy control, non-treated mice (NT), mice treated with MPTP to induce parkinsonism
(MPTP), and mice treated with MPTP that received EPO 10 days after the induction of degeneration
(day 0 see dashed arrow; MPTP + EPO). Animal behavior was monitored for 14 days after EPO
administration and verified by two behavioral tests: the horizontal (A) and the vertical (B) grid test.
Non-treated mice (green) are compared with MPTP (red) and MPTP+EPO (blue). Data are expressed
as mean ± SEM (n = 6 each group). *** p < 0.001 vs. NT; ### p < 0.001 vs. MPTP.
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We decided to investigate whether this functional recovery is due to the rescue of
specific dopaminergic targets, specifically TH and NURR1 (Figure 8A,B, respectively).
TH is a fundamental marker for dopamine synthesis in catecholaminergic neurons [57],
whereas NURR1 is a nuclear transcription factor which regulates the expression of TH and
the dopamine transporter (DAT) [58]. As expected, TH and NURR1 immunoreactivity was
significantly decreased in the striatum of parkinsonian animals (Figure 8A,B) [37,38,40].
In striatum tissue sections of mice which received EPO injection, the expression of the
examined markers was significantly recovered (Figure 8). Ipsilateral and contralateral
striatum were analyzed, and the results showed no differences in fluorescence intensity.

Figure 8. In vivo recovery of dopaminergic targets TH and NURR1. TH (A) and NURR1 (B) expression in the striatum was
studied via immunofluorescence (see Section 2) in non-treated (NT), mice treated with MPTP (MPTP) and MPTP-treated
mice after EPO injection (MPTP+EPO). Scale bar: 100 µm. Data for immunofluorescence quantification are expressed as box
and whisker plot of 3 animals for each condition (n = 3 mice each condition; 3 slides per mouse; 2 images per slide) and
results are represented as mean of optical density/pixels. *** p < 0.001 **** p < 0.0001 vs. NT; #### p < 0.0001 vs. MPTP).
Fluorescence quantification was performed with the software Image-J (NIH).

We previously demonstrated that the motor recovery in mice treated with Er-NPCs is
mediated also by their anti-inflammatory and antioxidant action [40]. For this reason, we
decided to investigate the effect of EPO on neuroinflammation [40]. To this end, we evalu-
ated the expression of the acid fibrillary protein of the glia (GFAP), an astrogliosis marker
(Figure 9A, Figure S5A), ionized calcium-binding adapter molecule 1 (IBA1, Figure 9B)
and mouse macrophage (MOMA, Figure 9C, Figure S5B) [59]. Ipsilateral and contralateral
striatum were analyzed, and the results showed no differences in fluorescence intensity.
In mice treated with MPTP, we observed an increase in positivity to neuroinflammatory
markers, due to the neuroinflammation caused by MPTP-mediated neurotoxic effect. By
contrast, the levels of these markers were subjected to a decrease following EPO injection,
likely due to the neuroprotective effect of EPO (Figure 8, Figure S5C).



Antioxidants 2021, 10, 121 15 of 21

Figure 9. EPO counteracts the expression of neuroinflammation markers in brains of PD affected mice. anti-Glial Fibrillary
Acidic Protein (GFAP) (A), mouse macrophage (MOMA) (B) and ionized calcium-binding adapter molecule 1 (IBA1) (C) ex-
pression in the striatum was studied via immunofluorescence (see Section 2) in non-treated mice (NT), mice treated with
MPTP (MPTP), and MPTP-treated mice after EPO injection (MPTP + EPO). Scale bar: 100 µm. Data of immunofluorescence
quantification are expressed as box and whisker plot of 3 animals for each condition (n = 3 mice each condition; 3 slides per
mouse; 2 images per slide) and results are represented as mean of optical density/pixels. (*** p < 0.001, **** p < 0.0001 vs. NT;
## p < 0.01 vs. MPTP; #### p < 0.0001 vs. MPTP). Fluorescence quantification was performed with the software Image-J (NIH).

4. Discussion

By focusing on the protection afforded by EPO to the dopaminergic function, in
this study we investigated the mechanisms underlying EPO-induced neuroprotection
in vitro and in vivo. The mitochondrial redox imbalance is well known to represent a
major factor responsible for mitochondrial dysfunction, especially in the pathogenesis of
PD [60]. Here, we show that EPO restores cell viability in both protective and restorative
layouts and contributes to the dopaminergic recovery, as shown by restored TH and
NURR1 mRNA and protein levels. EPO treatment also rescues the PD-induced damage
to mitochondria as shown by transmission electron microscopy, Mitotracker assay and
PINK1 expression. Functional tests reveal that EPO acutely rescues the mitochondrial
respiration, and markedly enhances the glycolytic rate, as shown by an increase in ECAR.
These factors contribute synergistically to improve the cell ATP level. In PD mice, EPO
intrastriatal infusion markedly improves the behavioral outcomes. In this study, EPO was
administered in the left striatum, i.e., at the same site where Er-NPCs were injected in a
previous study [38,40], in order to validate EPO’s therapeutic efficacy at the striatum level.
As a matter of fact, the functional recovery is associated with molecular markers such as
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rescued TH and NURR1 levels, together with a reduction in neuroinflammation markers
associated with PD-driven neurodegeneration.

The role of EPO is currently being investigated for its neuroprotective effects. The
discovery that EPO is produced in the brain tissue, which also expresses high levels of
EPOR, gave rise to a previously unknown cellular neuroplasticity mechanism that syner-
gizes the regulation of the redox equilibrium [61,62]. Administration of rh-EPO or EPO
analogs in PD rodent models has, indeed, revealed marked neuroprotective and curative
effects [28,35]. In humans, two pilot studies investigated safety and efficacy of rhEPO
administration. In the first, administration of 60 IU/kg bw of the Cuban rhEPO, subcuta-
neously once a week for five weeks in 10 PD patients improved motor function, cognitive
status and mood [36]. In the second single-blind randomized trial, rh-EPO (40,000 IU each;
twice a week for 5 weeks) to 13 PD patients ameliorated non-motor symptoms 12 months
after administration [25]. Moreover, it has been demonstrated that a non-hematopoietic
form of EPO, isolated from skimmed goat milk, is able to exert protective effects against
oxidative stress [41,42].

In the in vitro part of this study, PD was recapitulated in cultured SH-SH5Y cells
challenged by MPP+ [45]. We opted not to grow cells in the presence of retinoic acid
because most literature studies using SH-SY5Y cells as a model for PD were performed in
undifferentiated cells. Moreover, the cell differentiation effect exerted by retinoic acid in
the context of PD has led to controversial results, because while some of them indicated
increased susceptibility to dopaminergic (DAergic) neurotoxin [63], others showed de-
creased susceptibility to this neurotoxin without changes in DAergic markers [64]. EPO
at concentrations of as low as 4 U/mL were revealed to rescue the damage induced by
MPP+ on several cell mechanisms. Although the present study was designed for a 24 h
time duration, the effect of EPO appears to persist for up to 48 h. Some experiments were
designed to test whether the effects driven by EPO are attributable to neuroprotective
or restorative mechanisms. Specifically, the condition where MPP+ and EPO are added
simultaneously at t = 0 to the culture medium reflects the situation occurring when EPO
is administered at the start of the pathological state, i.e., the EPO neuroprotective effect.
By contrast, the condition wherein EPO is added 24 h after MPP+ reflects the situation
occurring when EPO is administered after the onset of the pathology, i.e., the EPO curative
effect. The observation that both layouts rescue the damage inferred by MPP+ support
previous reports [24].

The protection afforded by EPO appears to be specific for PD. Indeed, the cell vi-
ability recovery is simultaneous with the rescue of the dopaminergic markers, TH and
NURR1 [58,65], both in vitro and in vivo. Furthermore, EPO administration in vivo re-
duces the expression of the neuroinflammation markers GFAP, MOMA and IBA1 [4,40].
Finally, EPO injection in PD mice improves the behavioral tests, a phenomenon supported
by converging results from immunohistochemical analyses.

Several studies performed in PD rodent models highlighted EPO as a possible neuro-
protective agent in vivo [37,38]. EPO administration could rescue the expression of TH in
rats in which parkinsonism was induced with rotenone or 6-hydroxydopamine, together
with decreased levels of tumor necrosis factor alpha in the same brain areas affected by
PD [32]. This suggests that EPO could exert its protective effects by contrasting neuroin-
flammation [37,38,66,67]. This effect has been previously proposed when investigating the
effects of EPO, when released by a class of neural precursors cells in a murine model of PD
with MPTP [37,38]. Recently it has been reported that EPO reduces neurodegeneration in
a 6-OHDA mouse model of PD by inducing the expression of anti-apoptotic (Bcl-2) and
anti-oxidant (glutathione peroxidase) factors within the striatum [68]. The same authors
show a clear protective effect when EPO is administered into the striatum where it atten-
uates the neurodegeneration caused by 6-OHDA [68]. In agreement with such evidence,
here we show that a single administration of rhEPO promotes the functional recovery
by hampering the histopathological features, such as the dopaminergic loss and neuroin-
flammation within the striatum. Remarkably, EPO has been proposed in the treatment of
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severely ill SARS-CoV2 patients to improve cell respiration in the lungs, brainstem, spinal
cord and respiratory muscles, to counteract the severe inflammatory state caused by the
cytokine storm, and to favor neuroprotection and neuroregeneration both in the CNS and
the peripheral nervous system [69–71].

As for the underlying mechanisms, the effects of EPO are likely mediated by EPO
binding to the truncated isoform of EPOR, which has been identified in murine dopaminer-
gic neurons [17]. Indeed, this isoform is expressed in SH-SY5Y cells, and its expression is
markedly upregulated in EPO-treated cells [72].

Other potential mechanisms underlying the protective action of EPO in our model
may involve the mitochondria. Several studies previously reported that EPO is involved in
mitochondrial biogenesis. In an Alzheimer’s Disease in vitro model, EPO administration
could counteract the oxidative stress and consequent apoptosis in PC12 cells damaged
by soluble oligomers of Aβ peptide [42,73]. Furthermore, EpoL—a rhEPO variant with
low glycosylation and deprived of hematopoietic effect—displays a more powerful neuro-
protective profile against oxidative stress with respect to the canonical EPO isoforms in
an in vitro model of PD using PC12 cells [41]. Moreover, a study on ischemic disease in
non-hematopoietic cells reported increased recovery of cell function through mitochon-
drial activity stimulation by an endogenous EPO inducer, indicating that EPO could be a
potential therapeutic strategy for ischemic diseases [74]. Since MPP+ is known to damage
mitochondrial respiration via inhibition of complex I of the electron transport chain [75],
we questioned whether EPO plays a neurotrophic role at the mitochondrial level.

To address this question, we show that EPO preserves mitochondrial morphology in
cells challenged by MPP+. Specifically, we demonstrate that the mitochondrial uptake of
Mitotracker dye is upregulated in EPO-treated cells compared to MPP+ only-treated cells
with decreased uptake. This observation is confirmed by TEM semiquantitative analysis
and by decreased PINK1 expression, which indicate reduction in the number of damaged
mitochondria. The experiments reported in Figure 7 assessing cell metabolism, show that
the mitochondrial respiration is only slightly restored in EPO-treated cells. It is thus likely
that the protection afforded by EPO may not be completely due to rescued mitochondrial
activity but may also be mediated by higher recruitment of anaerobic mechanisms. In fact,
although treatment with MPP+ already stimulates glycolysis compared to non-EPO-treated
cells, the rise in ECAR is further potentiated by EPO. As EPO partially prevents the marked
reduction in ATP levels 4 h after MPP+ challenge, we believe that this may be attributed
to an enhanced glycolytic rate that compensates for a dysfunctional respiratory chain.
This unexpected finding can be related to recent observations concerning the glycolytic
processes in PD pathogenesis [76,77]. Some studies indeed are focusing on the potential
beneficial effects of alpha adrenergic receptors inhibitors in PD patients, such as meclizine
and terazosin, that are already used to treat other diseases, for their role in enhancing the
glycolytic response [77–79]. This observation is further enhanced by the known correlation
of EPO to the glycolytic process in muscle tissue [80], and the well-characterized role of
EPO during hypoxia [7,14,62,81–83]. The data reported here represent the first evidence of
the relevance of anerobic metabolic pathways in a neurodegenerative context. Moreover,
we describe for the first time how the protective effect of EPO against neurodegenerative
diseases such as PD, may be ascribable to the EPO capability of restoring mitochondria
metabolism and morphology. Further studies are needed to validate the role of EPO
on anerobic metabolic pathways and mitochondrial health in vivo. The effects of EPO
administration on the Substantia Nigra also need to be assessed, along with EPO’s efficacy
when injected in other sites, such as the Substantia Nigra, or a more translatable route of
administration such as intraperitoneal injection or gastric gavage.

5. Conclusions

In conclusion, both the in vivo and in vitro experiments reported here suggest that
EPO exerts a neuroprotective effect against MPTP-induced PD and has a specific role in
the recovery of dopaminergic markers. EPO appears to act through the preservation of
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redox equilibrium. This action is exerted both at the mitochondrial and the glycolytic
process levels, with a clear improvement in cell wellness. For these reasons, treatment of
Parkinson’s disease with EPO could be a potentially useful to fight oxidative stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-392
1/10/1/121/s1, Figure S1: Specificity of EPO antibody. The EPOR antibody used recognizes both
the 55kDa and 37kDa isoform, as shown by Western blot analysis. Figure S2: Full blots for Western
Blot analysis. Figure S3: Effect of EPO on cellular metabolism. Figure S4: Parkinsonism induction by
MPTP administration in mice. Figure S5: Percentage of cells positive to GFAP (A), MOMA (B) and
IBA1 (C).
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production. Rom. J. Physiol. 2000, 37, 3–14.
62. Bartesaghi, S.; Marinovich, M.; Corsini, E.; Galli, C.L.; Viviani, B. Erythropoietin: A novel neuroprotective cytokine. Neurotoxicology

2005, 26, 923–928. [CrossRef] [PubMed]
63. Lopes, F.M.; Schröder, R.; da Frota, M.L.; Zanotto-Filho, A.; Müller, C.B.; Pires, A.S.; Meurer, R.T.; Colpo, G.D.; Gelain, D.P.;

Kapczinski, F.; et al. Comparison between proliferative and neuron-like SH-SY5Y cells as an in vitro model for Parkinson disease
studies. Brain Res. 2010, 1337, 85–94. [CrossRef] [PubMed]

64. Cheung, Y.T.; Lau, W.K.; Yu, M.S.; Lai, C.S.; Yeung, S.C.; So, K.F.; Chang, R.C. Effects of all-trans-retinoic acid on human SH-SY5Y
neuroblastoma as in vitro model in neurotoxicity research. Neurotoxicology 2009, 30, 127–135. [CrossRef] [PubMed]

65. Nutt, J.G.; Wooten, G.F. Clinical practice. Diagnosis and initial management of Parkinson’s disease. N. Engl. J. Med. 2005,
353, 1021–1027. [CrossRef] [PubMed]

66. Aalling, N.; Hageman, I.; Miskowiak, K.; Orlowski, D.; Wegener, G.; Wortwein, G. Erythropoietin prevents the effect of chronic
restraint stress on the number of hippocampal CA3c dendritic terminals-relation to expression of genes involved in synaptic
plasticity, angiogenesis, inflammation, and oxidative stress in male rats. J. Neurosci. Res. 2018, 96, 103–116. [CrossRef]

67. Zhang, X.; Li, Q.Y.; Xiao, B.G. Anti-inflammatory effect of erythropoietin therapy on experimental autoimmune encephalomyelitis.
Int. J. Neurosci. 2012, 122, 255–262. [CrossRef]

68. Thompson, A.M.; Farmer, K.; Rowe, E.M.; Hayley, S. Erythropoietin modulates striatal antioxidant signalling to reduce neurode-
generation in a toxicant model of Parkinson’s disease. Mol. Cell. Neurosci. 2020, 109, 103554. [CrossRef]

69. Ehrenreich, H.; Weissenborn, K.; Begemann, M.; Busch, M.; Vieta, E.; Miskowiak, K.W. Erythropoietin as candidate for supportive
treatment of severe COVID-19. Mol. Med. 2020, 26, 58. [CrossRef]

70. Hadadi, A.; Mortezazadeh, M.; Kolahdouzan, K.; Alavian, G. Does recombinant human erythropoietin administration in critically
ill COVID-19 patients have miraculous therapeutic effects? J. Med. Virol. 2020, 92, 915–918. [CrossRef]

71. Soliz, J.; Schneider-Gasser, E.M.; Arias-Reyes, C.; Aliaga-Raduan, F.; Poma-Machicao, L.; Zubieta-Calleja, G.; Furuya, W.I.;
Trevizan-Baú, P.; Dhingra, R.R.; Dutschmann, M. Coping with hypoxemia: Could erythropoietin (EPO) be an adjuvant treatment
of COVID-19? Respir. Physiol. Neurobiol. 2020, 279, 103476. [CrossRef]

72. Held, M.A.; Greenfest-Allen, E.; Su, S.; Stoeckert, C.J.; Stokes, M.P.; Wojchowski, D.M. Phospho-PTM proteomic discovery of
novel EPO- modulated kinases and phosphatases, including PTPN18 as a positive regulator of EPOR/JAK2 Signaling. Cell Signal.
2020, 69, 109554. [CrossRef] [PubMed]

73. Ma, R.; Xiong, N.; Huang, C.; Tang, Q.; Hu, B.; Xiang, J.; Li, G. Erythropoietin protects PC12 cells from beta-amyloid(25–35)-
induced apoptosis via PI3K/Akt signaling pathway. Neuropharmacology 2009, 56, 1027–1034. [CrossRef] [PubMed]

74. Hsu, P.L.; Horng, L.Y.; Peng, K.Y.; Wu, C.L.; Sung, H.C.; Wu, R.T. Activation of mitochondrial function and Hb expression in
non-haematopoietic cells by an EPO inducer ameliorates ischaemic diseases in mice. Br. J. Pharm. 2013, 169, 1461–1476. [CrossRef]
[PubMed]

75. Zhu, J.H.; Gusdon, A.M.; Cimen, H.; Van Houten, B.; Koc, E.; Chu, C.T. Impaired mitochondrial biogenesis contributes to
depletion of functional mitochondria in chronic MPP+ toxicity: Dual roles for ERK1/2. Cell Death Dis. 2012, 3, e312. [CrossRef]
[PubMed]

76. Requejo-Aguilar, R.; Lopez-Fabuel, I.; Jimenez-Blasco, D.; Fernandez, E.; Almeida, A.; Bolaños, J.P. DJ1 represses glycolysis and
cell proliferation by transcriptionally up-regulating pink1. Biochem. J. 2015, 467, 303–310. [CrossRef]

77. Cai, R.; Zhang, Y.; Simmering, J.E.; Schultz, J.L.; Li, Y.; Fernandez-Carasa, I.; Consiglio, A.; Raya, A.; Polgreen, P.M.; Narayanan,
N.S.; et al. Enhancing glycolysis attenuates Parkinson’s disease progression in models and clinical databases. J. Clin. Investig.
2019, 129, 4539–4549. [CrossRef]

78. Foltynie, T. Glycolysis as a therapeutic target for Parkinson’s disease. Lancet Neurol. 2019, 18, 1072–1074. [CrossRef]
79. Hong, C.T.; Chau, K.-Y.; Schapira, A.H.V. Meclizine-induced enhanced glycolysis is neuroprotective in Parkinson disease cell

models. Sci. Rep. 2016, 6, 25344. [CrossRef]
80. Mille-Hamard, L.; Billat, V.L.; Henry, E.; Bonnamy, B.; Joly, F.; Benech, P.; Barrey, E. Skeletal muscle alterations and exercise

performance decrease in erythropoietin-deficient mice: A comparative study. BMC Med. Genom. 2012, 5, 29. [CrossRef]
81. Marti, H.H. Erythropoietin and the hypoxic brain. J. Exp. Biol. 2004, 207, 3233–3242. [CrossRef]
82. Jelkmann, W. Erythropoietin. Front. Horm. Res. 2016, 47, 115–127. [CrossRef] [PubMed]
83. Bernaudin, M.; Bellail, A.; Marti, H.H.; Yvon, A.; Vivien, D.; Duchatelle, I.; Mackenzie, E.T.; Petit, E. Neurons and astrocytes

express EPO mRNA: Oxygen-sensing mechanisms that involve the redox-state of the brain. Glia 2000, 30, 271–278. [CrossRef]

http://doi.org/10.1007/s10571-006-9053-9
http://doi.org/10.1002/cne.20828
http://doi.org/10.1186/s12974-017-0830-9
http://doi.org/10.1016/j.neuron.2011.06.003
http://doi.org/10.1016/j.neuro.2005.01.016
http://www.ncbi.nlm.nih.gov/pubmed/15927257
http://doi.org/10.1016/j.brainres.2010.03.102
http://www.ncbi.nlm.nih.gov/pubmed/20380819
http://doi.org/10.1016/j.neuro.2008.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19056420
http://doi.org/10.1056/NEJMcp043908
http://www.ncbi.nlm.nih.gov/pubmed/16148287
http://doi.org/10.1002/jnr.24107
http://doi.org/10.3109/00207454.2011.648761
http://doi.org/10.1016/j.mcn.2020.103554
http://doi.org/10.1186/s10020-020-00186-y
http://doi.org/10.1002/jmv.25839
http://doi.org/10.1016/j.resp.2020.103476
http://doi.org/10.1016/j.cellsig.2020.109554
http://www.ncbi.nlm.nih.gov/pubmed/32027948
http://doi.org/10.1016/j.neuropharm.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19268480
http://doi.org/10.1111/bph.12197
http://www.ncbi.nlm.nih.gov/pubmed/23530756
http://doi.org/10.1038/cddis.2012.46
http://www.ncbi.nlm.nih.gov/pubmed/22622131
http://doi.org/10.1042/BJ20141025
http://doi.org/10.1172/JCI129987
http://doi.org/10.1016/S1474-4422(19)30404-1
http://doi.org/10.1038/srep25344
http://doi.org/10.1186/1755-8794-5-29
http://doi.org/10.1242/jeb.01049
http://doi.org/10.1159/000445174
http://www.ncbi.nlm.nih.gov/pubmed/27348128
http://doi.org/10.1002/(SICI)1098-1136(200005)30:3&lt;271::AID-GLIA6&gt;3.0.CO;2-H

	Introduction 
	Materials and Methods 
	SH-SY5Y Cells Culture 
	MTT Assay 
	Immunocytochemistry 
	RNA Extraction and Real Time PCR 
	Western Blot 
	Mitotracker Analysis 
	Transmission Electron Microscopy (TEM) and Quantification 
	Cell Respiration and Glycolytic Process 
	ATP Assay 
	Animals and Study Approval 
	Induction of Parkinsonism, Treatments and Groups of Animals 
	Behavioral Tests 
	Horizontal Grid Tests 
	Vertical Grid Tests 
	Sacrifice and Brain Dissection 
	Immunohistochemistry and Quantitative Analysis 
	Statistical Analysis 

	Results 
	EPO Restores Cell Viability in an in Vitro Model of PD 
	EPO Administration Promotes PD-Specific Phenotypic Recovery in Vitro 
	EPO Rescues MPP+-Induced Mitochondrial Dysfunction and Stimulates Glycolysis 
	EPO Promotes Functional and Dopaminergic Recovery in Parkinsonian Mice 

	Discussion 
	Conclusions 
	References

