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Abstract: Astrocytes specifically synthesize and release endozepines, a family of regulatory peptides
including octadecaneuropeptide (ODN). We have previously reported that ODN rescues neurons
and astrocytes from 6-OHDA-induced oxidative stress and cell death. The purpose of this study was
to examine the potential implication of miR-34b, miR-29a, and miR-21 in the protective activity of
ODN on 6-OHDA-induced oxidative stress and cell death in cultured rat astrocytes. Flow cytometry
analysis showed that 6-OHDA increased the number of early apoptotic and apoptotic dead cells while
treatment with the subnanomolar dose of ODN significantly reduced the number of apoptotic cells
induced by 6-OHDA. 6-OHDA-treated astrocytes exhibited the over-expression of miR-21 (+118%)
associated with a knockdown of miR-34b (−61%) and miR-29a (−49%). Co-treatment of astrocytes
with ODN blocked the 6-OHDA-stimulated production of ROS and NO and stimulation of Bax and
caspase-3 gene transcription. Concomitantly, ODN down-regulated the expression of miR-34b and
miR-29a and rescued the 6-OHDA-associated reduced expression of miR21, indicating that ODN reg-
ulates their expression during cell death. Transfection with miR-21-3p inhibitor prevented the effect
of 6-OHDA against cell death. In conclusion, our study indicated that (i) the expression of miRNAs
miR-34b, miR-29a, and miR-21 is modified in astrocytes under 6-OHDA injury and (ii) that ODN
prevents this deregulation to induce its neuroprotective action. The present study identified miR-21
as an emerging candidate and as a promising pharmacological target that opens new neuroprotective
therapeutic strategies in neurodegenerative diseases, especially in Parkinson’s disease.
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1. Introduction

Parkinson’s disease (PD) is mainly characterized by the loss of dopaminergic neurons
in the mesencephalic substantia nigra pars compacta (SNpc), which project toward the
striatum. This neuronal degeneration leads to a dopamine deficit in the striatum, which
is responsible for the motor symptoms (resting trembles, muscular hypertonia, akinesia,
and bradykinesia) encountered by Parkinson’s patients. The development of PD is the
result of the interaction between genetic factors [1] and environmental neurotoxins [2,3],
which are responsible for a marked oxidative stress and mitochondrial respiratory chain
dysfunction, leading to the apoptotic death of dopaminergic nigrostriatal neurons and
the development of a neuroinflammatory response that promotes neuronal loss and the
progression of the disease.

Current therapies for PD fail to prevent disease progression and the efficacy of these
treatments declines over time, highlighting the importance of developing therapies based
on neuroprotection and neuro-restoration. Neuroprotection therapy consists of creating
and/or modifying the pathophysiological environment of the nigrostriatal region into
an environment that preserves the functionality of dopaminergic neurons [4]. Neuro-
restoration may involve the repopulation of dopaminergic neurons by transplanting fetal
dopaminergic neurons or endogenous neuroprogenitor cells [5,6]. A neuroprotective ap-
proach is to identify neurotrophic and/or neuroprotective factors [4,7] that are capable
of arresting or limiting processes leading to cell death such as oxidative stress and neu-
roinflammation. Because of their ability to act directly on the apoptotic mechanisms of
dopaminergic neurons in the SNpc and insight into their mode of action, endogenous
neurotrophic factors represent serious candidates for the development of neuroprotective
strategies [4,8–10]. Indeed, some endogenous neuroprotective neuropeptides, i.e., glial cell
line-derived neurotrophic factor and activity-dependent neurotrophic factor (ADNF), are
already in use in clinical trials [7,10].

Astrocytes play an important role in supporting and maintaining the functions of
neurons [11]. It is most important to identify new factors expressed by astrocytes that can
prevent both oxidative stress and the neuroinflammation responsible for apoptosis-induced
neuron degeneration in PD. In this context, octadecaneuropeptide (ODN), which is a neu-
rotrophic factor, is exclusively produced by astrocytes in the central nervous system (CNS)
in mammals [12] and rescues neurons and glial cells from neurotoxicity induced by several
substances such as hydrogen peroxide (H2O2) [13], 6-hydroxydopamine (6-OHDA) [14,15],
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [16]. Thus, ODN could be a
promising therapeutic candidate. ODN is a peptide generated through the proteolytic cleav-
age of diazepam-binding inhibitor (DBI), a precursor of endozepine-family peptides [12,17].
ODN acts through two types of receptors, the former central-type benzodiazepine recep-
tors (CBR) associated with the GABA-A receptor complex [18,19] and a still-unknown G
protein-coupled receptor (GPCR) positively coupled either to phospholipase C [20–23] or
adenylyl cyclase [23] and MAPK-ERK transduction pathways [14,24].

There is evidence that endozepine production is induced during injuries involv-
ing oxidative neurodegeneration such as inflammation and neurodegenerative diseases.
Clinical studies have shown that endozepine, ODN, and DBI levels are increased in the
cerebrospinal fluid in patients suffering from neurological disorders including PD [12,25].
Mass spectrometry analyses have also revealed that moderate oxidative stress increases the
release of ODN from cultured astrocytes [26]. In fact, the deficiency of ODN due to DBI
gene knockout results in both an exacerbation of oxidative assaults in neuronal cultured
cells [26] as well as the increased sensitivity of dopaminergic neurons in the SNpc and
ventral tegmental area to MPTP neurotoxicity in PD mouse model [16]. These data imply
that ODN may be an endogenous peptide with neuroprotective properties preventing
neuronal cell death.

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression by
targeting messenger RNA (mRNA) and inhibiting protein translation [27,28]. MiRNAs
have been implicated as regulators of various cellular and physiological processes such
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as development, the control of cell growth, differentiation, proliferation, and a variety of
other biological processes [29]. Moreover, miRNAs have also emerged as key mediators in
the etiology of a variety of pathological processes such as neurological disorders including
PD [30,31]. Specifically, miRNAs identified in astrocytes have been shown to play a crucial
role in the regulation of gene expression in response to PD [32]. Among all miRNAs,
miR-21, miR-29a, and miR-34b, expressed notably by astroglial cells, have been shown
to be involved in the pathophysiology of PD [33–36] by regulating cytokine production,
inflammatory responses, oxidative stress, and cell apoptosis [33,37].

Although there is clear evidence that ODN exerts a strong protective activity against
6-OHDA-induced apoptosis on cultured neurons and glial cells, a role for miRNAs in the
neuroprotective effects of ODN is not well known and has not been shown previously.
The purpose of the present study was to examine the potential protective action of ODN
when used after the occurrence of insults induced by 6-OHDA in cultured astrocytes and to
investigate the effects of the peptide in expression levels of miR-21, miR-29a, and miR-34b.

2. Materials and Methods
2.1. Animals

Adult Wistar rats were purchased from Pasteur Institute of Tunis (Tunis, Tunisia)
or provided by the Biological Resources Service at HeRacLeS research infrastructure, In-
serm US 51, CNRS UAR 202 (Rouen, France), maintained in a temperature-controlled
room (22 ± 2 ◦C) under a 12 h light-dark photoperiod cycle and with free access to food
and water. The approval of these experiments was obtained from the Medical Ethics
Committee for the Care and Use of Laboratory Animals of the Pasteur Institute of Tunis
(approval number: FST/LNFP/Pro152012) and our Institutional Animal Use and Care
Committee (CENOMAX, Agreement of the Ministry of Research n◦54, Agreement n◦:
# 2021020814212189).

2.2. Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), D(+)-glucose, F-12, L-glutamine, fetal
bovine serum (FBS), N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES) buffer
solution, antibiotic–antimycotic solution, and trypsin-EDTA were purchased from Gibco
(Invitrogen, Grand Island, NY, USA). 6-OHDA, fluorescein diacetate–acetoxymethyl ester
(FDA-AM), bovine serum albumin (BSA), lactate dehydrogenase (LDH) assay kit, and in-
sulin were obtained from Sigma-Aldrich (St. Louis, MO, USA). Dimethylsulfoxide (DMSO),
2′,7′-dichlorodihydrofluorescein diacetate, and acetyl ester (H2DCFDA) were from Invit-
rogen; nitrogen monoxide dye 4-amino-5-methylamino-2′,7′-difluorofluorecein diacetate
(DAF-FM DA) was from Molecular Probs (Eugen, OR, USA). Flumazenil and barbadin were
obtained from MedChemExpress (Nonmouth Junction, NJ, USA). Rat ODN (QATVGDVNT-
DRPGLLDLK) was synthesized by using the standard fluorenylmethyloxycarbonyl (Fmoc)
procedure as previously described [21].

2.3. Cell Culture

Secondary cultures of astrocytes were prepared from 1- or 2-day-old Wistar rats
of both sexes as previously described [38] with minor modifications. Briefly, cerebral
hemispheres from 1- or 2-day-old Wistar rats of both sexes were collected in DMEM/F12
culture medium (2:1; v/v) supplemented with 2 mM glutamine, 1 ‰ insulin, 5 mM HEPES,
0.4% glucose, and 1% of the antibiotic–antimycotic solution (Gibco, Thermo Fisher Scientific
Inc., Waltham, MA, USA—Ref. 15240062). Tissues were mechanically dissociated with a
syringe fitted with a 1 mm needle and filtered through a 100 µm sieve. Dissociated cells
were suspended in culture medium supplemented with 10% FBS, plated in 75 cm2 (Greiner
Bio-One GmbH, Frickenhausen, Germany) at a density of 17 × 106 cells/mL, and incubated
at 37 ◦C in a 5% CO2/95% O2 atmosphere. When the cultures were confluent, microglial
cells were isolated by gentle shaking (100 rpm, 1 h) on an orbital agitator at 37 ◦C [39]
and plated on 6-well plates at a density of 42,000 cells/cm2. The astrocytes that remained
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in the flask were isolated by shaking the flasks on an orbital agitator overnight (250 rpm,
18 h). Adhesive cells (mostly astrocytes) were detached by trypsinization, harvested, and
plated on hydrophilic surface of 6-well plates, 24-well plates, or 96-well plates at a density
of 42,000 cells/cm2. All experiments were performed on 5-to-7-day-old secondary cultures
and cell purity was checked by staining with antibodies against glial fibrillary acidic protein
(GFAP) [40,41].

2.4. Cell Treatment

Cultured astrocytes were pre-incubated in the presence or absence of 6-OHDA (120 µM)
in serum-free culture medium for 48 h; after that, ODN (10−10 M) was administered for an
additional 24 h period. When pharmacological substances were used, they were added 30 min
before starting incubation with ODN in complete medium.

2.5. Crystal Violet Assay for Viability

Cultured astroglial cells were incubated at 37 ◦C with fresh serum-free culture medium
in the absence or presence of test substances. At the end of the incubation, cells were rinsed
three times with PBS (0.1 M, pH 7.4, 37 ◦C), incubated with formaldehyde (4%, v/v) for
10 min, washed twice with PBS, and then incubated with crystal violet solution (1%, w/v)
for 10 min. Cells were examined and images were acquired with an Eclipse Ts2 microscope
(Nikon, Champigny-sur-Marne, France) equipped with a 3 CCD Sony DXC950 camera
interfaced with the Visiolab computerized program (Biocom, Les Ulis, France).

2.6. Measurement of Cell Survival

The proportion of surviving cultured cells was quantified by measuring FDA fluores-
cence. Cultured cells were incubated at 37 ◦C for 1 h with fresh serum-free culture medium
in the absence or presence of 6-OHDA with or without ODN. At the end of the incubation,
cells were incubated in the dark with FDA-AM (15 µg/mL, 8 min, 37 ◦C), rinsed twice with
PBS (0.1 M, pH 7.4, 37 ◦C), and lysed with Tris/HCl solution containing 1% sodium dode-
cyl sulphate (SDS). Fluorescence intensity (λ excitation = 485 nm and λ emission = 538 nm)
was measured using an FL800TBI fluorescence microplate reader (Bio-Tek Instruments,
Winooski, VT, USA) or a FlexStation 3 (Molecular Devices, Sunnyvale, CA, USA).

2.7. Measurement of Cellular Cytotoxicity

Cultured astrocytes were incubated at 37 ◦C with fresh serum-free culture medium in
the absence or presence of test substances. At the end of the incubation, membrane integrity
was assessed as a function of the amount of cytoplasmic LDH released into the medium
with an LDH assay kit according to the manufacturer’s instructions. LDH activity was
measured at 340 nm with a spectrophotometric microplate reader (Bio-Rad Laboratories,
Philadelphia, PA, USA).

2.8. Measurement of Intracellular Formation of Reactive Oxygen Species and Nitric Oxide

ROS was detected by measuring the fluorescence of dichlorofluorescein (DCFH) de-
rived from the hydrolysis and oxidation of the non-fluorescent compound DCFH2-DA. NO
was detected by measuring the fluorescence by the probe DAF-FM DA. Cells seeded into
24-well plates were exposed to 6-OHDA with or without ODN, and at the end of incubation,
cells were exposed to fresh medium containing 10 µM cell permeant DCFH2DA or DAF-FM
DA in serum-free loading medium for 30 min at 37 ◦C and then washed twice with PBS.
Fluorescence was measured with excitation at λ = 485 nm and emission at λ = 538 nm using
a microplate reader (Bio-Tek FL800TBI, Instruments, Winooski, VT, USA).

2.9. Flow Cytometric Detection of Apoptosis and Necrosis

Annexin V-FITC/propidium iodide (PI) double staining was used to assess the percent-
age of apoptotic cells induced by each treatment with the Annexin V/dead cells apoptosis
kit (BMS500-FI-300, Invitrogen). Cultured astrocytes seeded into 12-well plates at a density
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of 0.14 × 106 cells/mL were incubated at 37 ◦C with fresh serum-free culture medium in the
absence or presence of test substances. At the end of the incubation, cells were washed with
PBS (0.1 M, pH 7.4), trypsinized, centrifuged (200× g, 5 min), and stained with Annexin
V-FITC/PI according to the manufacturer’s instructions. Events were analyzed for each
sample using the BD FACSCanto II flow cytometer (BD Biosciences, Franklin Lakes, NJ,
USA). Data were processed with BD FACSDiva 7 software (BD Biosciences). Four cell
subpopulations were evaluated: viable cells (AV−/PI−), early apoptotic cells (AV+/PI−),
late apoptotic and/or secondary necrotic cells (AV+/PI+), and necrotic/damaged cells
(AV−/PI+).

2.10. Total RNA Extraction and Quantitative RT-PCR

Cultured astrocyte cells seeded into 6-well plates were incubated at 37 ◦C with fresh
serum-free culture medium in the absence or presence of test substances. At the end of treat-
ment, cells were washed with PBS (0.1 M, pH 7.4). Total RNA was extracted and purified by
using a NucleoSpin kit (Macherey-Nagel, Hoerd, France). cDNA was synthetized from 1 µg
of total RNA with SensiFAST kit (cDNA Synthesis Kit). PCR amplifications were performed
with an ABI PRISM 7500 Sequence Detection System (Applied Biosystems, Courtaboeuf,
France). Quantitative RT-PCR was performed on cDNA with OZYME kit (One Green FAST
qPCR Premix) forward and reverse primers (Table 1). The relative amount of cDNA in each
sample was calculated using the comparative cycle threshold (Ct) method, in which the
number of targets is given by 2−∆∆Ct using GAPDH as an internal control.

Table 1. Sequences of the primers used for real-time PCR experiments.

Gene GenBank Accession Number Sequence

Caspase-3
NM_012922.2

Forward 5-AATTCAAGGGACGGGTCATG-3
Reverse 5-GCTTGTGCCGTACAGTTTC-3

Bax
NM_017059.2

Forward 5-TGCAGAGGATGATTGCTGATGT-3
Reverse 5-CAGCTGCCACACGGAAGAA-3

Bcl-2
NM_016993.2

Forward 5-GGCTGGGATGCCTTTGTG-3
Reverse 5-CAGCCAGGAGAAATCAAACAGA-3

CD 86
NM_020081.2

Forward 5-GTGGAAAGGGGCTGTTGATTGG-3
Reverse 5-TTCTGCCTCTCAGCCAGTTACC-3

CD 206
NM_001106123.2

Forward 5-GAACGAGAGGTCACAGAGCAGT
Reverse 5-TACCCCTCACATCTCCCTCACA

GAPDH
NM_017008.4

Forward 5-CAGCCTCGTCTCATAGACAAGATG-3
Reverse 5-CAATGTCCAACTTTGTCACAAGAGAAA-3

MicroRNA was extracted and purified by using the mirVana™ kit (Thermo Fisher,
Waltham, MA, USA) according to the manufacturer’s protocol. Total RNA amount was
quantified with the Nanodrop™ One Spectrophotometer and with Qubit™ 4 Fluorometer.
Reverse transcription and quantitative PCR was performed using the TaqMan® (MicroRNA
Reverse Transcription Kit) and TaqMan® (Fast Advanced Master Mix) from Thermo Fisher.

TaqMan specific probes was used for miR-34b-5p, miR-29a-5p, and miR-21-3p (002617,
002447, and 002493, Thermo Fisher). U6 snRNA (001973, Thermo Fisher) was used as an
internal control for normalization, and quantitative RT-PCR was performed on QuantStu-
dio™ 5 (TaqMan, Applied Biosystems, Foster City, CA, USA). Relative quantification of
gene expression was based on the comparative cycle threshold (Ct) method, in which the
number of targets is given by 2−∆∆Ct.
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2.11. MicroRNA Transfection and 6-OHDA Treatment

Astrocyte transient transfections were performed using the Lipofectamine™ RNAiMAX
Transfection Reagent (Invitrogen) under the manufacturer’s instructions. Cells seeded in
6-well plates (0.3 × 106) were transfected for 24 h with 25 nM miR-21-3p inhibitor (MH13039,
Stem Loop Sequence: 5′-GACAGCCCAUCGACUGCUGUUG-3′, Thermo Fisher) or non-
target miR (miR scramble, 4464058, Thermo Fisher). Astrocyte cells were then incubated at
37 ◦C for 48 h with fresh complete medium in the absence or presence of 6-OHDA (120 µM).
At the end of the incubation, cells were washed with PBS (0.1 M, pH 7.4). miRNA levels were
evaluated by qPCR.

2.12. Western Blot Analysis for Caspase-3 Protein Expression

Whole-protein extracts were mixed with a sample buffer mix containing N-PER™
(Reagent for Neuronal Protein Extraction) and Phosphatase I, II, and III inhibitor cocktails
(Thermo Fisher) under the manufacturer’s instructions. The homogenate was centrifuged
(10,000× g, 4 ◦C, 10 min) to collect the proteins contained in the supernatant. Proteins were
measured by using the Bradford reagent method and normalized. Proteins were finally
denatured in 50 mM Tris–HCl (pH 7.5) containing 20% glycerol, 0.7 M 2-mercaptoethanol,
0.004% (w/v) bromophenol blue, and 3% (v/v) SDS at 95 ◦C for 5 min.

Protein samples (25 µg) were subjected to 12% SDS/polyacrylamide gel electrophore-
sis (SDS-PAGE) and the gel was transferred onto a nitrocellulose membrane (Bio-Rad
Laboratories, Hercules, CA, USA). The membrane was first incubated at room temperature
for 1 h in a blocking solution containing 5% skim milk in 50 mM Tris-buffered saline
solution completed with 0.1% Tween 20 (TBST). The membranes were then incubated
with primary antibodies against caspase-3 (1:1000 dilution, Diagomics, Blagnac, France)
or glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:50,000 dilution; mAB High
Dilution, ABclonal, Woburn, MA, USA) overnight at 4 ◦C. The day after, membranes
were washed with TBST and then incubated in TBS containing 5% skim milk with an
HRP anti-rabbit secondary antibody for caspase-3 and anti-mouse secondary antibody
for GAPDH (1:5000 dilution; Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h at room
temperature and then washed three times with TBST. Again, proteins were revealed using
a chemiluminescence detection with Calrity™ Western ECL Substrate kit (Bio-Rad Lab-
oratories) and measured with an image analysis system and software, Image Lab 6.0.1
(Bio-Rad Laboratories).

2.13. Rat Cytokine Antibody Array

The effect of ODN on 6-OHDA-induced production of cytokine was measured by
using a rat Cytokine Antibody Array Kit (Abcam, Cambridge, UK, ab133992). Cells were
incubated at 37 ◦C with fresh serum-free culture medium in the absence or presence of
6-OHDA (120 µM) with or without ODN. At the end of the incubation, 2 mL of culture
media from astrocyte cells culture was collected and then centrifuged at 200× g for 10 min.
The cytokine membranes were blocked with blocking buffer in room temperature for 1 h.
The blocking buffer was removed from the membranes and 2 mL of cultured media was
subjected to membrane containing array of antibodies and anti-cytokines. The membrane
was first incubated at 4 ◦C for 24 h in a blocking buffer. Following this step, the membrane
was washed with washing buffers (I and II) five times and then incubated with 1X biotin-
conjugated anti-cytokines overnight at 4 ◦C. Membranes were washed again with washing
buffers (I and II) five times and incubated with 1X HRP-conjugated streptavidin for 2 h at
room temperature. Membranes were washed again with washing buffers (I and II) five
times. Membranes were transferred to a plastic sheet and 500 µL of equal volumes of
detection buffers C and D was added and incubated for 2 min before imaging. Finally,
array images were measured with an image analysis system and software, Image Lab
(Bio-Rad Laboratories).
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2.14. Detection of Cytokine Release by ELISA

Sample cell supernatants (100 µL) were evaluated for release of MCP-1, IL-10, and
VEGF using Abcam Rat ELISA Kit (ab219045, ab214566, ab100786). Quantification of this
protein release was performed according to the manufacturer’s guidelines. Data were
quantified at 450 nm using a FlexStation 3 (Molecular Devices, Sunnyvale, CA, USA).

2.15. Bioinformatics Analysis

For network visualization and functional analysis, we used miRNet 2.0 (https://www.
mirnet.ca/miRNet/). miRNA–target interaction data were downloaded from miRTar-
Base and KEGG databases to examine miRNA regulatory network and analytics to gain
functional insights.

2.16. Statistical Analysis

Data are expressed as the means ± SEMs from three independent experiments. Statis-
tical analysis of the data was performed by using ANOVA followed by Bonferroni’s test. A
p value of 0.05 or less was considered statistically significant.

3. Results
3.1. Delayed Administration of ODN Protects Astroglial Cells from 6-OHDA Toxicity

We have previously shown that the incubation of cultured astrocytes with increasing
concentrations of 6-OHDA (10–200 µM) provoked a dose-dependent decrease in the propor-
tion of surviving cells in a study [15]. The concentration of 120 µM 6-OHDA, which killed
50% of cells, was used in all subsequent experiments in order to investigate the potential
protective effect of the neuropeptide ODN when added 48 h after the 6-OHDA-induced in-
jury. The administration of graded concentrations of ODN (10−14 to 10−8 M) to the culture
medium suppressed the detrimental action of 6-OHDA in astrocyte survival within 24 h
(Figure 1Aa). At a subnanomolar concentration (10−10 M), ODN significantly prevented
6-OHDA-induced astroglial cell death. The incubation of astrocytes with ODN alone did
not affect cell survival regardless of the time or the dose.

In control conditions or incubated with 10−10 M ODN, cells exhibited the typical
shapes of healthy astrocytes (Figure 1Ab). In contrast, incubation with 6-OHDA (120 µM,
72 h) caused cell shrinkage and the appearance of long thin processes with the loss of the
astrocytic network (Figure 1Ab). Strikingly, the administration of ODN 48 h after the onset
of 6-OHDA administration prevented the morphological alterations evoked by 6-OHDA
after 24 h of treatment and restored cell density (Figure 1Ab). The addition of subnanomolar
concentrations of ODN (10−10 M) to the culture medium significantly abolished the action
of (120 µM) 6-OHDA on the loss of membrane integrity and LDH leakage (Figure 1Ac).
As indicated in the Supplementary Materials (Figure S1), the level of LDH release into
a medium is significantly reduced in cell cultures co-treated with 6-OHDA and ODN
compared to cells treated with 6-OHDA alone. Concurrently, ODN reduced the increase
in LDH leakage induced by 6-OHDA (−48%, ### p < 0.001 vs. 6-OHDA-treated astrocytes;
Figure S1).

To examine whether ODN could block 6-OHDA-induced intracellular ROS accumula-
tion, astrocyte cells were labeled with CM-H2DCFDA, a probe that forms the fluorescent
DCF compound upon oxidation by ROS. The incubation of cells with 6-OHDA for 72 h
induced a 236.5% increase in DCF fluorescence intensity. The addition of low concentrations
of ODN (10−14 or 10−10 M) to the culture media 48 h after 120 µM 6-OHDA incubation
significantly counteracted 6-OHDA-induced intracellular ROS up-production (Figure 1B).
At higher concentrations (10−8 M), the protective effects of ODN against 6-OHDA evoked
astrocyte cell death and intracellular ROS (Figure 1B) and NO (Figure 1C) accumulation
was declined.

https://www.mirnet.ca/miRNet/
https://www.mirnet.ca/miRNet/
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Figure 1. ODN protects cultured astroglial cells from the toxicity induced by 6-OHDA. (Aa) Effect 
of increasing doses of ODN (10−14 to 10−8 M) on the survival of cultured astrocytes after 72 h of incu-
bation in the presence or absence of 6-OHDA (120 µM); the ODN was administered during the last 
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Figure 1. ODN protects cultured astroglial cells from the toxicity induced by 6-OHDA. (Aa) Effect
of increasing doses of ODN (10−14 to 10−8 M) on the survival of cultured astrocytes after 72 h of
incubation in the presence or absence of 6-OHDA (120 µM); the ODN was administered during the
last 24 h. (Ab) Phase-contrast images illustrating the protective effect of ODN (10−10 M) on morpho-
logical changes in astrocytes. (Ac) Effect of ODN (10−10 M) on the release of lactate dehydrogenase.
(B,C) Effect of ODN on 6-OHDA-induced intracellular ROS and NO accumulation. (D,E) Cells were
pre-incubated with flumazenil (1 µM) or barbadin (100 µM) for 30 min with medium alone or with
120 µM 6-OHDA, without or with ODN (10−10 M and 10−8 M). Cell survival was quantified by
measuring FDA fluorescence intensity; the results are expressed as percentages of control. Each
value is the mean (±SEM) of at least 12 different wells from 3 independent experiments. We used
ANOVA followed by Bonferroni’s test: *** p < 0.001; **** p < 0.0001 vs. control. # p < 0.05; ### p < 0.001;
#### p < 0.0001 vs. 6-OHDA-treated cells; ns: not statistically different vs. 6-OHDA-treated cells.

Pharmacological studies have indicated that the neuroprotective effect of ODN on
astrocytes and neurons is mediated by its metabotropic receptor [14,23]. Herein, to ver-
ify whether the desensitization of receptors could be involved in the attenuation of the
protective effect of ODN at the dose 10−8 M, a pharmacological study was conducted by
using selective antagonists of ODN receptors. Cultured astrocytes were pre-incubated
with flumazenil (1 µM), a specific antagonist of the CBR-GABA-A receptor, for 30 min
(Figure 1D) and with barbadin (100 µM), an inhibitor of GPCR internalization, for 30 min
(Figure 1E) with medium alone or with 120 µM 6-OHDA, without or with ODN (10−10 M
and 10−8 M). The results show that the pre-incubation of astrocytes with flumazenil did not
impair the protective effect of low concentrations of ODN (10−10 M), and ODN was found
to be protective at doses of 10−8 M (Figure 1D). By blocking the activity of the metabotropic
receptor with barbadin, the protective effect of the ODN at 10−10 M is suppressed without
affecting the attenuation of the ODN effect at 10−8 M (Figure 1E).

3.2. ODN Exerts Its Protective Action against 6-OHDA Toxicity by Attenuating Apoptotic
Signaling Pathway

To further distinguish the features of apoptotic cells from those of necrotic cells,
astrocytes were double-stained by annexin V and PI and flow cytometry analysis was
performed to assess viable, early-phase apoptotic, late-phase apoptotic, and necrotic cells.
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As shown in Figure 2A, untreated astrocyte cultures revealed the following results—Q1:
12.4% necrotic (AV−, PI+), Q2: 7.4% late-phase apoptotic (AV+, PI+), Q3: 17.1% early-phase
apoptotic (AV+, PI−), and Q4: 63.1% viable events (AV−, PI−). However, the analysis of
cells treated with 6-OHDA (120 µM, 72 h) showed a significant increase in the number of
late-phase apoptotic cells (23.5%) and a reduction in the proportion of viable cells (53.3%).
In agreement with its trophic action, ODN exhibited an increase in the proportion of viable
cells (75.2%) and a concomitant decrease in constitutive apoptosis.
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Figure 2. Effects of ODN on the expression of pro- and anti-apoptotic genes and on the level of
cleaved caspase. (Aa,b). Cultured astrocytes were incubated for 72 h in the presence or absence
of 6-OHDA (120 µM) and ODN (10−10 M) was administered during the last 24 h. The cells were
double-stained with annexin V (FITC-A, AV) and propidium iodide (PE-A, PI) and divided into
4 quartiles: living cells (Q4, AV−/PI−), early apoptotic cells (Q3, AV+/PI−), late apoptotic cells (Q2,
AV+/PI+), and necrotic cells (Q1, AV−/PI+). (Ba,b,c) Cultured astrocytes were incubated for 54 h in
the presence or absence of 6-OHDA (120 µM) and ODN (10−10 M) was administered during the last
6 h. mRNA levels of Bax, Bcl-2, and caspase-3 were quantified by RT-PCR and normalized to GAPDH
expression used as an internal control. (Bd) Densitometric analysis of cleaved caspase-3 protein
levels in astrocytic cells cultured for 72 h in the presence or absence of 6-OHDA (120 µM). ODN
(10−10 M) was administered during the last 24 h. Photographs illustrate caspase-3 expression after
immunoblotting and graphs display the relative abundance of proteins measured by densitometry
of the bands obtained in immunoblots and standardized with GAPDH. Each value is the mean
(±SEM) of at least 6 different wells from 3 independent experiments. We used ANOVA followed by
Bonferroni’s test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 vs. control. # p < 0.05; ## p < 0.01;
### p < 0.001; #### p < 0.0001 vs. 6-OHDA-treated cells.
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To better understand the mechanism by which ODN attenuates 6-OHDA-induced
cell apoptosis, we examined the effect of ODN on the expression of the anti-apoptotic
gene Bcl-2 and of the proapoptotic gene Bax by means of real-time PCR. The exposure of
astrocytes to 120 µM 6-OHDA for 54 h produced a decrease (−34.0%, **** p < 0.0001) in
Bcl-2 mRNA levels (Figure 2Ba) and a concomitant increase (+38.0%, **** p < 0.0001) in
Bax mRNA levels (Figure 2Bb). The addition of ODN (10−10 M) to the culture medium
within the last 6 h had no effect on Bcl-2 and Bax mRNA levels but totally suppressed
the effect of 6-OHDA on Bcl-2 and Bax expressions. Furthermore, ODN also prevented
the 6-OHDA-induced stimulation of caspase-3 gene expression (−75.0 ± 2.3%, ## p < 0.01)
(Figure 2Bc) and cleavage of caspase-3 (−53.0 ± 1.8%, ## p < 0.01) (Figure 2Bd).

3.3. Effect of ODN on 6-OHDA-Induced Production of Cytokines

Since 6-OHDA provokes an inflammatory response that facilitates neurodegeneration [42],
we investigated the effect of ODN on the production of cytokines and chemokines in 6-OHDA-
treated astrocytes. For this, we screened the cytokine/chemokine chips as a means of identifying
the key proteins and pathways on the neuroinflammation process.

Protein array analysis was used to detect 34 proteins including pro- and anti-inflammatory
cytokines and neurotrophic factors. The protein array analysis identified 13 differentially
expressed proteins in 6-OHDA treated astrocytes compared to control cells (Figure 3Aa). The ex-
pression levels of pro-inflammatory cytokines such as CINC 2a, which is also called macrophage
inflammatory protein 2-α (MIP2-α); cytokine-induced neutrophil chemoattractant 3 (CINC 3);
and TNF-α increased in cells treated with 6-OHDA (120 µM, 72 h). However, the levels of the
neurotrophin vascular endothelial growth factor (VEGF), monocyte chemoattractant protein-1
(MCP-1), and lipopolysaccharide-induced CXC chemokine (LIX, also called small-inducible
cytokine B5) decreased. The analysis of the cluster heat map from cells subjected to ODN
treatment revealed 19 differentially expressed proteins and showed that ODN had slightly
modified the levels of proteins compared to control cells and attenuated the effect of 6-OHDA
in the overproduction of pro-inflammatory factors (Figure 3Ab).

We next quantified, by ELISA, the levels of MCP-1 (Figure 3B), interleukin-10 (IL-10)
(Figure 3C), and VEGF (Figure 3D) released from astrocytes. The levels of MCP-1 and
VEGF were particularly low after 120 µM 6-OHDA treatment whereas the levels of IL-10
remained unchanged. The addition of ODN (10−10 M) to the culture medium 48 h after
6-OHDA pretreatment restored the levels of MCP-1 and VEGF proteins to control levels
and increased IL-10 content above control levels.

Since the secretion of pro-inflammatory cytokines/chemokines such as MCP-1 and
IL-10 promotes microglial activation and proliferation [43] and considering the impor-
tant role of microglial cells in the neuroinflammatory response, we examined whether a
conditioned medium collected from untreated astrocytes and 6-OHDA-treated astrocytes
with or without ODN could modulate microglial activation and polarization. By using
RT-PCR, we showed that the treatment of microglial cultured cells for 6 h with a condi-
tioned medium from 120 µM 6-OHDA-treated astrocytes enhanced the expression of CD86
(+54.0%, * p < 0.05), a marker of the pro-inflammatory M1 phenotype (Figure 3Ea), and
reduced mRNA levels of CD206 (−36.0%, * p < 0.05), a marker of the anti-inflammatory M2
phenotype (Figure 3Eb). In contrast, a conditioned medium collected from ODN + 6-OHDA
co-treated astrocytes abolished the effect of 6-OHDA on CD86 up-regulation and CD206
down-regulation in microglial cells.
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Figure 3. Effects of ODN on the release of cytokines and chemokines on cultured astrocytes.
(A) Cultured astrocytes were incubated for 72 h in the presence or absence of 6-OHDA (120 µM) and
ODN (10−10 M) was administered during the last 24 h. (Aa) Representative images of the levels of
release of 34 proteins in the culture supernatant. The outlined areas represent technical replicates
of MCP-1 (gray), IL-10 (blue), VEGF (red), CNTF (green), positive control (black), negative control
(purple), and empty well (yellow). (Ab) Heat map representation. The secretions of MCP-1 (B), IL-10
(C), and VEGF (D) were quantified using ELISA kits. (E) Microglial cells were treated for 6 h with
the supernatant from cultured astrocytes previously incubated for 72 h in the presence or absence of
6-OHDA (120 µM) and ODN (10−10 M) during the last 24 h. (Ea,b) After 6 h, mRNA levels of CD86
and CD206 were quantified by RT-PCR and normalized to GAPDH expression used as an internal
control. Each value is the mean (±SEM) of at least 6 different wells from 2 independent experiments.
We used ANOVA followed by Bonferroni’s test: * p < 0.05; *** p < 0.001; **** p < 0.0001 vs. control.
## p < 0.01; ### p < 0.001; #### p < 0.0001 vs. 6-OHDA-treated cells.

3.4. Bioinformatics Analysis of the microRNAs Implicated in Parkinson’s Disease

In the quest to identify miRNAs most associated with PD, a bioinformatics analysis
performed using the miRNet 2.0 database [44] revealed the dysregulation of 119 miRNAs in
the context of PD (Figure 4A). In order to explore the potential therapeutic effect of certain
miRNAs against the toxicity of 6-OHDA and the effectiveness of ODN to modulate their
expression in order to potentially counter the deleterious effects of 6-OHDA in cultured
astrocytes, we selected three miRNAs candidates, i.e., miR-34b-5p, which regulates the
expression of 125 different mRNAs, and miR-29a-5p and miR-21-3p, which target 97 and
83 mRNAs, respectively (Figure 4B). According to our bioinformatics analysis, these three
miRNAs were found to converge on target mRNAs, as illustrated in the network (Figure 4B).
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Indeed, the gene transcripts of PETN, AUMECR1L, and SH3GLB1 were under the dual
influence of miR-29a-5p and miR-21-3p, those of XIAP and C18orf32 were under the
influence of miR-34b-5p and miR-29a-5p, and the mRNA of the ZNF546 gene was regulated
by miR-34b-5p and miR-21-3p (Figure 4B). It is noteworthy that miR-21-3p controls, at least
in part, the expression of Fas ligand (FasL) transcripts [45], which are released intensively
from astrocytes in cultures exposed to 6-OHDA and weakly in the presence of ODN
(Figure 3Ab). Furthermore, miR-34b-5p seems to play a role in the expression levels of
Bcl-2, which were themselves regulated by 6-OHDA and ODN (Figure 4B).
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Figure 4. Bioinformatics analysis of the miRNAs most implicated in PD. (A) Diagram illustrating the
dysregulated expression of miRNAs in patients with PD. (B) Diagrams illustrating the interactions
between the 3 selected miRNAs, MiR-21-3p (red), miR-34b-5p (green), and miR-29a-5p (blue), and
their target mRNAs in humans. The interactions between functional networks are positioned at the
interfaces of the three networks for each selected miRNA. Shown: FASL mRNA (black arrow), Bcl2
mRNA (brown arrow).
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3.5. ODN Regulates the Expression of miRNAs, and miR-21 Inhibitor Reduces Cell Death against
6-OHDA on Cultured Astrocytes

Herein, we examined the effect of ODN on some miRNA expressions. Because miR-
NAs, particularly miR-34b and miR-21-3p, are known to be related in the pathogenesis of
PD [33,46], we wondered whether these miRNAs were involved in the protective action of
ODN against 6-OHDA neurotoxicity in astrocytes. We first examined the expression levels
of these miRNAs in 6-OHDA-treated astrocytes. Quantitative RT-PCR results showed
that incubation with 120 µM 6-OHDA had induced a significant reduction in miR-34b-5p
(−61.0 ± 1.2%, ** p < 0.01) (Figure 5Aa) and miR-29a-5p (−49.0 ± 4%, **** p < 0.0001)
(Figure 5Ab) levels associated with an increase in miR-21-3p expression (+118 ± 2.7%,
*** p < 0.001) (Figure 5Ac). The addition of ODN (10−10 M) 48 h after 6-OHDA administra-
tion had suppressed the effect of 6-OHDA on miR-34b-5p and miR-29a-5p down-regulation
and miR-21-3p over-expression (Figure 5Aa,b,c).

Cells 2024, 13, x FOR PEER REVIEW 14 of 23 
 

 

effect of miR-21-3p inhibitor on 6-OHDA-induced cell injuries. The transfection of astro-
cytes with miR-21-3p inhibitor, which had no effect by itself on cell survival, significantly 
promoted cell viability in 6-OHDA-treated cultured astrocytes (Figure 5Ba). In addition, 
miR-21-3p inhibitor prevented the decrease in Bcl-2 mRNA levels induced by 6-OHDA 
and up-regulated Bcl-2 gene expression above control values (Figure 5Bb). Furthermore, 
astrocytes transfected with miR-21-3p inhibitor exhibited caspase-3 gene transcription at a 
comparable level to that of cells that had not been exposed to 6-OHDA (Figure 5Bc).  

 
Figure 5. ODN regulates the expression of miRNAs and miR-21 inhibitor reduces cell death against 
6-OHDA on cultured astrocytes. (Aa,b,c) Cultured astrocytes were pre-incubated for 48 h in the 
absence or presence of medium alone or with 120 µM 6-OHDA and then incubated for 6 h with 
ODN (10−10 M) alone or with 120 µM 6-OHDA. Extraction of miRNA was performed and miR-34b-
5p, miR-29a-5p, and miR-21-3p mRNA levels were quantified by RT-PCR. Data were corrected us-
ing the U6 signal as an internal control and the results are expressed as percentages of controls. Each 
value is the mean (± SEM) of at three different wells from independent experiments. We used 
ANOVA followed by Bonferroni’s test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; # p < 0.05; ## 
p < 0.01; #### p < 0.0001. (B) Cultured astrocytes were transfected with scramble miRNA alone or with 
miR-21-3p inhibitor (25 nM). (Ba) Cell survival was quantified by measuring FDA fluorescence in-
tensity and the results were expressed as percentages of control. (Bb,c) Bcl-2 and caspase-3 mRNA 
levels were quantified by RT-PCR. Data were corrected using the GAPDH signal as an internal con-
trol and the results were expressed as percentages of controls. Each value is the mean (± SEM) from 
at least 12 different wells from 3 independent cultures. We used ANOVA followed by Bonferroni’s 
test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 vs. Control. # p < 0.05; ## p < 0.01; ### p < 0.001; #### 
p < 0.0001 vs. 6-OHDA-treated cells. 

3.6. Inhibition of miR-21-3p Reduces Cytokines and Activates Chemotaxis on Cultured Astro-
cytes 

Figure 5. ODN regulates the expression of miRNAs and miR-21 inhibitor reduces cell death against
6-OHDA on cultured astrocytes. (Aa,b,c) Cultured astrocytes were pre-incubated for 48 h in the
absence or presence of medium alone or with 120 µM 6-OHDA and then incubated for 6 h with ODN
(10−10 M) alone or with 120 µM 6-OHDA. Extraction of miRNA was performed and miR-34b-5p,
miR-29a-5p, and miR-21-3p mRNA levels were quantified by RT-PCR. Data were corrected using the
U6 signal as an internal control and the results are expressed as percentages of controls. Each value
is the mean (±SEM) of at three different wells from independent experiments. We used ANOVA
followed by Bonferroni’s test: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; # p < 0.05; ## p < 0.01;
#### p < 0.0001. (B) Cultured astrocytes were transfected with scramble miRNA alone or with miR-
21-3p inhibitor (25 nM). (Ba) Cell survival was quantified by measuring FDA fluorescence intensity
and the results were expressed as percentages of control. (Bb,c) Bcl-2 and caspase-3 mRNA levels
were quantified by RT-PCR. Data were corrected using the GAPDH signal as an internal control and
the results were expressed as percentages of controls. Each value is the mean (±SEM) from at least
12 different wells from 3 independent cultures. We used ANOVA followed by Bonferroni’s test: *
p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 vs. Control. # p < 0.05; ## p < 0.01; ### p < 0.001;
#### p < 0.0001 vs. 6-OHDA-treated cells.

To determine whether the regulation of miR-21-3p expression plays a crucial role in the
protective action of ODN from cell death induced by 6-OHDA, we next examined the effect
of miR-21-3p inhibitor on 6-OHDA-induced cell injuries. The transfection of astrocytes with
miR-21-3p inhibitor, which had no effect by itself on cell survival, significantly promoted
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cell viability in 6-OHDA-treated cultured astrocytes (Figure 5Ba). In addition, miR-21-3p
inhibitor prevented the decrease in Bcl-2 mRNA levels induced by 6-OHDA and up-
regulated Bcl-2 gene expression above control values (Figure 5Bb). Furthermore, astrocytes
transfected with miR-21-3p inhibitor exhibited caspase-3 gene transcription at a comparable
level to that of cells that had not been exposed to 6-OHDA (Figure 5Bc).

3.6. Inhibition of miR-21-3p Reduces Cytokines and Activates Chemotaxis on Cultured Astrocytes

To confirm that miR-21-3p could be involved in the mechanism of action of ODN, the
effect of miR-21-3p inhibitor was examined on the 6-OHDA-induced neuroinflammation
response. The same protein array as above was used to screen 34 cytokines and chemokines
released from cultured astrocytes transfected with miR-21-3p inhibitor exposed or not to
6-OHDA. The analysis of the cluster heat map of different cultured media indicates that
transfection with miR-21-inhibitor slightly regulated the basal production of cytokines
and chemokines compared to astrocytes transfected with non-targeting miR inhibitor
(control) and identified 28 differentially expressed proteins in 6-OHDA-treated astrocytes
(Figure 6Aa,b). As shown in Figure 6B,C, transfection with miR-21-3p inhibitor prevented
the effect of 6-OHDA in terms of the decrease in VEGF levels and enhanced the production
of IL-10, suggesting that the repression of miR-21-3p expression could account for the
protective action of ODN against 6-OHDA-provoked cell death.
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4. Discussion 

Figure 6. Inhibition of miR-21-3p reduces cytokines and activates chemotaxis on cultured astrocytes.
Cultured astrocytes were transfected for 24 h with either an miR-21-3p inhibitor or a control miRNA
(scramble), then treated in the presence or absence of 6-OHDA (120 µM) for 48 h. (Aa) Representative
images of the levels of release of 34 proteins in the culture supernatant. The outlined areas represent
technical replicates of VEGF (red), IL-10 (blue), CNTF (green), positive control (black), negative
control (purple), and empty well (yellow). (Ab) Heat map representation. (B,C) Secretion of VEGF
and IL-10 was performed by Elisa kit. Each value is the mean (±SEM) from at least 12 different wells
from 3 independent cultures. We used ANOVA followed by Bonferroni’s test: ** p < 0.01; *** p < 0.001
vs. Control. # p < 0.05; #### p < 0.0001 vs. 6-OHDA-treated cells.
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4. Discussion

Emerging evidence have shown that miRNAs, post-transcriptional regulators of gene
expression, play a pivotal role in neuronal protection, plasticity, damage, and development.
For instance, miR-223, miR-153, and miR-22 [46,47] have been proposed as biomarkers for
PD. Furthermore, it has been demonstrated that the neuropeptide ODN exerts protective
effects against 6-OHDA neurotoxicity in neuronal cultures and in Parkinsonian mice,
suggesting that it may represent a promising new therapeutic tool for PD [15,16]. In
this in vitro study, we found that the addition of ODN 48 h after the administration of
6-OHDA decreased ROS production, the over-expression of pro-inflammatory genes, and
apoptosis in cultured astroglial cells. ODN prevented the down-regulation of miR-34b and
miR-29a-5p expression and over-expression of miR-21-3p induced by 6-OHDA. Finally,
the down-regulation of miR-21-3p significantly decreased ROS and pro-inflammatory
cytokine production, increased anti-inflammatory cytokine expression and the survival of
6-OHDA-treated astrocytes, and decreased apoptosis.

Our results corroborate that 6-OHDA hinders neuronal cell viability [48,49]. Indeed,
6-OHDA treatment disrupted plasma membrane integrity and increased both LDH leakage
as well as intracellular levels of ROS and NO in cultured astrocytes. The incubation of cul-
tured astrocytes with subnanomolar concentrations of ODN dose-dependently prevented
the deleterious action of 6-OHDA on LDH release, intracellular ROS accumulation and
over-production, and cell viability. Although the beneficial effect of ODN against astrocyte
cell death had been reported previously [15,50], this was the first demonstration that ODN
is still effective when administered 48 h after the onset of 6-OHDA-induced damages, sug-
gesting that the protective activity of ODN could be exploited for the post-injury treatment
of brain insults. Consistent with this observation, it has been shown that the administration
of ODN at the subacute period after stroke (3 to 7 days) improves functional recovery
and motor recovery over the following month in experimental stroke mice [51]. Studies
measuring the infarct volume in ODN precursor-deficient mice have demonstrated the
major role of endogenous ODN in reducing neuronal damages induced by stroke [51].
Mass spectrometry, radioimmunoassay, and q-RT PCR analyses reveal that under moderate
oxidative stress, ODN biosynthesis and release are increased from cultured astrocytes [26].
This induction of endogenous ODN production by astrocytes in response to exposure to
oxidative insults is responsible for (i) the stimulation of endogenous antioxidant systems
and thus the rapid resorption of ROS, (ii) the prevention of damages to biomacromolecules,
and (iii) protection from apoptosis cell death. In contrast, the blockage of ODN precursor
expression by DBI siRNA induces morphological alterations with the loss of membrane
integrity and the formation of apoptotic bodies and increases the vulnerability of oxidative
stress, inducing astrocyte cell death [26]. Furthermore, the deficiency of the ODN precursor,
in an in vivo model of PD, increased brain sensitivity to MPTP neurotoxicity [16]. That
ODN might directly act on nigrostriatal dopaminergic neurons is actually a matter of
speculation. Thus, the protective effect of ODN on dopaminergic neurons in vivo may
result from both a direct effect on neurons and an indirect effect through the protection of
glial cells and release of neuroprotective compounds from ODN-activated astrocytes.

ODN exerts its effects by binding to either CBR that is associated with the GABA-A
receptor complex [18] or a still-unidentified GPCR [13,41]. Dose-response experiments
indicate that ODN was neuroprotective at low concentrations (in the nanomolar range)
while, at higher doses, this action was totally abolished. Such a bell-shaped concentration-
response curve has already been observed with ODN with regard to cell proliferation [52],
neuronal cell protection [14], and antioxidant enzyme activities in cultured astrocytes [13].
As a matter of fact, the concentrations of ODN required to prevent the deleterious effects
of 6-OHDA on astrocytes were in the same range as those that activate the GPCR [23].
In fact, the selective CBR antagonist flumazenil did not impair the protective effect of
ODN at a low concentration. Therefore, the attenuation of ODN action at high doses
could be accounted for by the desensitization of the ODN metabotropic receptor related
to the internalization process [23]. In support of this hypothesis, the inhibition of GPCR
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endocytosis with β-arrestin/β2-adaptin inhibitor barbadin [53,54] totally abrogated the
antiapoptotic activity of ODN from 6-OHDA cell damage on astroglial cells, indicating
that the neuroprotective effect of ODN is mediated via a GPCR. Given that β-arrestin-
mediated endocytosis contributes to cAMP-PKA-MAPK transduction pathway activation
by many GPCRs [53], the inhibitory effect of barbadin on β-arrestin receptor/complex
clustering most likely contributes to the blockade of ODN metabotropic receptor-mediated
PKA/MAPK-ERK1/2 activation in astrocytes, which could lead to the abrogation of the
protective effect of ODN following barbadin treatment

It is widely accepted that the over-production of ROS induces cell death by multi-
ple mechanisms including the damaging of mitochondria, leading to the activation of
mitochondria-dependent apoptotic pathways [55,56]. It has been previously shown that
ODN is able to prevent the 6-OHDA provoked alteration of mitochondrial integrity in
cultured astrocytes [15], and it is well known that mitochondrial membrane permeability
is under the control of pro- and anti-apoptotic factors that belong to the Bcl-2 family [57].
Herein, we show that 6-OHDA exerted opposite effects on the expression of Bax, a pro-
apoptotic member of the Bcl-2 family, and Bcl-2, an anti-apoptotic factor. The observation
that ODN stimulated Bcl-2 expression and totally suppressed the increase in Bax expression
induced by 6-OHDA indicates that the peptide is able to control the balance between
the pro- and anti-apoptotic factors Bax and Bcl-2 even when administered in a delayed
manner after damage induction. As a consequence, the addition of ODN 48 h after the
onset of 6-OHDA prevented the stimulatory effect of 6-OHDA on caspase-3 expression
and activation. The activation of caspases leading to apoptosis can be divided into two
phases corresponding to the early apoptosis occurring during the initiation phase of the
apoptosis pathway—phase I—and late apoptosis, representing the final stages of apoptosis
when cells engage actively in cell death signaling—phase II of apoptosis or necroptosis [58].
In agreement with its trophic action [51,59], ODN increased the number of viable cells and
reduced the proportion of cells, in the early apoptosis phase, compared to that of untreated
cells. The addition of ODN to 6-OHDA-treated cells induced a significant decrease in the
proportion of apoptosis and necroptosis astroglial cells to a level similar to that observed
in cells that had not been exposed to 6-OHDA. Altogether, these observations indicate
that ODN prevents apoptotic cell death by inhibiting (i) both the over-expression of the
pro-apoptotic protein Bax as well as the repression of the anti-apoptotic protein Bcl-2 and
(ii) the drop of the mitochondrial membrane potential responsible for the stimulation of
caspase-3 activity.

Inflammation is another key player involved in the neurotoxic action of 6-OHDA
that can impede neuronal cell survival [60], and 6-OHDA-induced neurodegeneration
is accompanied by microglial activation and neuroinflammation [61]. Accordingly, our
analysis of the present study shows that the production of the neuroinflammatory markers
TNFα, IL-6, and CINC-2 was enhanced in 6-OHDA-treated astrocytes. One difficulty
in gaining a complete view of the mechanisms involved in the protective effect of ODN
against 6-OHDA comes from the fact that ODN did not prevent the increase in the levels
of these pro-inflammatory mediators while totally abolishing the induction of others such
as IL-1β and IL-13 after 6-OHDA treatment. Interestingly, ODN prevented the action of
6-OHDA on the decreases in protein levels of anti-inflammatory mediator IL-10 and the
trophic factor VEGF. Astroglial cells have previously been shown to be a source of trophic
factors such as nerve growth factor (NGF), VEGF, and brain-derived neurotrophic factor
(BDNF) [62,63]. VEGF stimulates neurite outgrowth in different types of neurons and
supports their survival [64]. VEGF is also known to protect neurons and to promote the
proliferation of both neuronal cell progenitors as well as glial cells [65]. In vivo studies have
shown that ODN is able to reduce both the number of GFAP-positive reactive astrocytes as
well as the expression of pro-inflammatory genes in the SNpc of MPTP-treated animals [16].
Furthermore, ODN-knockout mice are more sensitive to MPTP-induced inflammation
and have exhibited an increase in the number of activated GFAP-positive cells and IL-6
expression levels [16]. These data suggest that the peptide could block cytokine over-
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production and dampen the inflammation processes through a modulation of astrocytic
activation to a protective–reactive astrocytic status. Activated astrocytes produce and
release a panel of protective antioxidant and neurotrophic factors that can reduce microglial
activation and neuroinflammation [66]. In fact, we observed that the administration of a
conditioned culture medium from ODN-treated astrocytes, but not from naive astrocytes,
decreased the 6-OHDA-induced expression of CD86 and M1 pro-inflammatory microglial
phenotype marker and suppressed the inhibitory effect of 6-OHDA on the expression
of the M2 anti-inflammatory microglial phenotype marker CD206 in cultured microglial
cells [67,68]. These data suggest that ODN could offer protection via the inhibition of mi-
croglial M1 polarization evoked by 6-OHDA. In this context, it has been demonstrated that
the blockading of microglial activation by minocycline offers protection against 6-OHDA
and MPTP-induced neurodegeneration in Parkinsonian mice [69–71]. It is well known that
microglial phenotype regulation is dependent on interaction with molecules released by
surrounding cells (neurons or astrocytes) through membrane-bound pattern recognition
receptors [72]. When microglia are exposed to anti-inflammatory growth factors such
as colony-stimulating factor 1 (CSF-1), neurotrophic factors, neurotrophins, or glial cell-
derived factors, their phenotype may change from M1 to M2 [67]. Thus, we assume that
the significant amounts of IL-10, IL-4, MCP-1, L-selectin, the CNTF, TIMP1, and CINC3
detected on media from ODN-treated astrocytes exposed to 6-OHDA were, at least in part,
responsible for the shifting effect of ODN on polarization to an M2 phenotype.

A previous study showed that 6-OHDA induces apoptotic effects on astrocytes while
ODN treatment reduces cell death [15]. In the present study, we further examined the
impact of ODN on specific miRNAs. Our findings highlight the regulatory role of ODN
on miRNA expression, specifically in the context of apoptotic and inflammatory path-
ways. ODN treatment restored the dysregulated miRNA involved in apoptosis caused
by 6-OHDA. In ODN treatment against 6-OHDA, we showed that miR-34b and miR-
29a-5p were up-regulated in comparison with the 6-OHDA group. MiR-34b-5p has been
found to target genes involved in the oxidative stress response known to generate ROS
expressions such as heme oxygenase (HO-1) and nuclear factor erythroid 2-related factor 2
(NRF2) [73], reinforcing the importance of the antioxidant mechanism by reducing ROS
accumulation. MiR-29a-5p can promote neurite outgrowth to repair brain injury [74], in-
crease endothelial cell permeability and BBB dysfunction, and reduce pro-inflammatory
action via suppressing NLRP3 expression [75].

On the other hand, in our study, miR-21-3p exhibited an increase in expression after
6-OHDA treatment. This miRNA has been shown to promote the expression of pro-
inflammatory cytokines such as TNF-α and IL-6 and to increase apoptosis by targeting
Bcl-2 [76,77]. However, ODN treatment was able to counteract this inflammatory response
by activating anti-inflammatory cytokines such as IL-10. These results provide insights
into the molecular mechanisms underlying the protective effects of ODN and its potential
therapeutic interest in pathological conditions involving apoptosis and inflammation. The
administration of ODN has the potential to reduce the expression of miR-21-3p, indicating
that inhibiting miR-21-3p may influence the expression of Bcl-2, which could potentially
counteract the pro-apoptotic impact triggered by 6-OHDA.

Treatment with miR-21-3p inhibitor reduced cytokine and chemokine release. In
particular, the incubation of cells with 6-OHDA induced a total decrease in VEGF levels
while the miR-21-3p inhibitor allowed high VEGF levels in cells exposed to 6-OHDA. EGF
is recognized for its role in promoting the proliferation and survival of astrocytes [78].
Moreover, the combined treatment of miR-21-3p inhibitor and 6-OHDA resulted in a
heightened release of IL-10 compared to treatment with 6-OHDA alone. This suggests that
the miR-21-3p inhibitor enhances the anti-inflammatory effect of 6-OHDA by promoting
the release of IL-10. In addition, the combination of the miR-21-3p inhibitor and 6-OHDA
treatment resulted in an elevated release of the ciliary neurotrophic factor (CNTF). The
CNTF can stimulate the secretion of multiple growth factors and cytokines from astrocytes,
including BDNF, NGF, and IL-6 [79,80]. These factors play pivotal roles in neuronal survival,
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growth, and immune responses in the brain. The increase in CNTF release suggests that
the miR-21-3p inhibitor, in combination with 6-OHDA, influences astrocytic functions and
their ability to release important neurotrophic factors. miR-21-3p has been identified as a
regulator of FASL [81], which is a transmembrane protein associated with apoptosis and
cell death processes [82]. In our data, we observed a reduction in FASL levels when we
transfected the cells with miR-21-3p inhibitor before treatment with 6-OHDA. Collectively,
these results highlight the role of miR-21-3p in modulating apoptosis in astrocytes exposed
to 6-OHDA.

5. Conclusions

In summary, our results demonstrate that ODN at low doses exerts a protective
effect during the late apoptosis phase but also modulates the release of cytokines and
chemokines from astrocytes, probably after binding to its GPCR. These findings contribute
to a better understanding of the mechanisms involved in neuroinflammatory processes and
may have implications for the development of therapeutic strategies targeting microglial
polarization in neurological disorders, especially in Parkinson’s disease. ODN plays a role
in the regulation of some microRNAs, creating a complex interaction between miR-21-3p,
astrocytes, and neuroinflammation, highlighting the therapeutic potential of targeting
miR-21-3p in neurodegenerative conditions. Altogether, our data bring additional evidence
that miRNA open new perspectives for the gene therapy of neurodegenerative diseases
associated with oxidative stress and inflammation.
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Abbreviations

6-OHDA 6-hydroxydopamine
ADNF Activity-dependent neurotrophic factor
CNTF Ciliary neurotrophic factor
DBI Diazepam-binding inhibitor
FDA Fluorescein diacetate
GPCR G protein-coupled receptor
H2O2 hydrogen peroxide
LDH Lactate dehydrogenase
MCP-1 Monocyte chemoattractant protein-1
miRNA microRNA
MPTP -methyl-4-phenyl-1,2,3,6-tetrahydropyridine
ODN Octadecaneuropeptide
PD Parkinson’s disease
ROS Reactive oxygen species
SNpc Substantia nigra pars compacta
VEGF Vascular endothelial growth factor

References
1. Singleton, A.B.; Farrer, M.J.; Bonifati, V. The genetics of Parkinson’s disease: Progress and therapeutic implications. Mov. Disord.

2013, 28, 14–23. [CrossRef] [PubMed]
2. Gao, J.; Nalls, M.A.; Shi, M.; Joubert, B.R.; Hernandez, D.G.; Huang, X.; Hollenbeck, A.; Singleton, A.B.; Chen, H. An exploratory

analysis on gene-environment interactions for Parkinson disease. Neurobiol. Aging 2012, 33, 2528.e1. [CrossRef]
3. Blesa, J.; Trigo-Damas, I.; Quiroga-Varela, A.; Jackson-Lewis, V.R. Oxidative stress and Parkinson’s disease. Front. Neuroanat. 2015,

9, 91. [CrossRef] [PubMed]
4. Airavaara, M.; Voutilainen, M.H.; Wang, Y.; Hoffer, B. Neurorestoration. Park. Relat. Disord. 2012, 18 (Suppl. S1), S143–S146.

[CrossRef] [PubMed]
5. Altarche-Xifro, W.; di Vicino, U.; Muñoz-Martin, M.I.; Bortolozzi, A.; Bové, J.; Vila, M.; Cosma, M.P. Functional Rescue of

Dopaminergic Neuron Loss in Parkinson’s Disease Mice After Transplantation of Hematopoietic Stem and Progenitor Cells.
eBioMedicine 2016, 8, 83–95. [CrossRef]

6. Voutilainen, M.H.; Arumäe, U.; Airavaara, M.; Saarma, M. Therapeutic potential of the endoplasmic reticulum located and
secreted CDNF/MANF family of neurotrophic factors in Parkinson’s disease. FEBS Lett. 2015, 589 Pt A, 3739–3748. [CrossRef]

7. Lindholm, P.; Voutilainen, M.H.; Laurén, J.; Peränen, J.; Leppänen, V.M.; Andressoo, J.O.; Lindahl, M.; Janhunen, S.;
Kalkkinen, N.; Timmusk, T.; et al. Novel neurotrophic factor CDNF protects and rescues midbrain dopamine neurons in vivo.
Nature 2007, 448, 73–77. [CrossRef]

8. LeWitt, P.A.; Taylor, D.C. Protection against Parkinson’s disease progression: Clinical experience. Neurotherapeutics 2008,
5, 210–225. [CrossRef] [PubMed]

9. Sarkar, S.; Raymick, J.; Imam, S. Neuroprotective and Therapeutic Strategies against Parkinson’s Disease: Recent Perspectives.
Int. J. Mol. Sci. 2016, 17, 904. [CrossRef]

10. Lindholm, P.; Saarma, M. Cerebral dopamine neurotrophic factor protects and repairs dopamine neurons by novel mechanism.
Mol. Psychiatry 2022, 27, 1310–1321. [CrossRef]

11. Lee, H.G.; Wheeler, M.A.; Quintana, F.J. Function and therapeutic value of astrocytes in neurological diseases. Nat. Rev. Drug
Discov. 2022, 21, 339–358. [CrossRef] [PubMed]

12. Tonon, M.C.; Vaudry, H.; Chuquet, J.; Guillebaud, F.; Fan, J.; Masmoudi-Kouki, O.; Vaudry, D.; Lanfray, D.; Morin, F.;
Prevot, V.; et al. Endozepines and their receptors: Structure, functions and pathophysiological significance. Pharmacol. Ther. 2020,
208, 107386. [CrossRef] [PubMed]

13. Hamdi, Y.; Kaddour, H.; Vaudry, D.; Leprince, J.; Zarrouk, A.; Hammami, M.; Vaudry, H.; Tonon, M.C.; Amri, M.;
Masmoudi-Kouki, O. Octadecaneuropeptide ODN prevents hydrogen peroxide-induced oxidative damage of biomolecules in
cultured rat astrocytes. Peptides 2015, 71, 56–65. [CrossRef] [PubMed]

14. Kaddour, H.; Hamdi, Y.; Vaudry, D.; Basille, M.; Desrues, L.; Leprince, J.; Castel, H.; Vaudry, H.; Tonon, M.C.; Amri, M.; et al.
The octadecaneuropeptide ODN prevents 6-hydroxydopamine-induced apoptosis of cerebellar granule neurons through a
PKC-MAPK-dependent pathway. J. Neurochem. 2013, 125, 620–633. [CrossRef] [PubMed]

15. Kaddour, H.; Hamdi, Y.; Amri, F.; Bahdoudi, S.; Bouannee, I.; Leprince, J.; Zekri, S.; Vaudry, H.; Tonon, M.C.; Vaudry, D.; et al.
Antioxidant and Anti-Apoptotic Activity of Octadecaneuropeptide against 6-OHDA Toxicity in Cultured Rat Astrocytes. J. Mol.
Neurosci. 2019, 69, 1–16. [CrossRef] [PubMed]

16. Bahdoudi, S.; Ghouili, I.; Hmiden, M.; Rego, J.L.D.; Lefranc, B.; Leprince, J.; Chuquet, J.; Rego, J.C.D.; Marcher, A.B.;
Mandrup, S.; et al. Neuroprotective effects of the gliopeptide ODN in an in vivo model of Parkinson’s disease. Cell Mol.
Life Sci. 2018, 75, 2075–2091. [CrossRef] [PubMed]

https://doi.org/10.1002/mds.25249
https://www.ncbi.nlm.nih.gov/pubmed/23389780
https://doi.org/10.1016/j.neurobiolaging.2012.06.007
https://doi.org/10.3389/fnana.2015.00091
https://www.ncbi.nlm.nih.gov/pubmed/26217195
https://doi.org/10.1016/S1353-8020(11)70045-1
https://www.ncbi.nlm.nih.gov/pubmed/22166416
https://doi.org/10.1016/j.ebiom.2016.04.016
https://doi.org/10.1016/j.febslet.2015.09.031
https://doi.org/10.1038/nature05957
https://doi.org/10.1016/j.nurt.2008.01.007
https://www.ncbi.nlm.nih.gov/pubmed/18394564
https://doi.org/10.3390/ijms17060904
https://doi.org/10.1038/s41380-021-01394-6
https://doi.org/10.1038/s41573-022-00390-x
https://www.ncbi.nlm.nih.gov/pubmed/35173313
https://doi.org/10.1016/j.pharmthera.2019.06.008
https://www.ncbi.nlm.nih.gov/pubmed/31283949
https://doi.org/10.1016/j.peptides.2015.06.010
https://www.ncbi.nlm.nih.gov/pubmed/26143507
https://doi.org/10.1111/jnc.12140
https://www.ncbi.nlm.nih.gov/pubmed/23286644
https://doi.org/10.1007/s12031-018-1181-4
https://www.ncbi.nlm.nih.gov/pubmed/30343367
https://doi.org/10.1007/s00018-017-2727-2
https://www.ncbi.nlm.nih.gov/pubmed/29264673


Cells 2024, 13, 1188 20 of 22

17. Guidotti, A.; Forchetti, C.M.; Corda, M.G.; Konkel, D.; Bennett, C.D.; Costa, E. Isolation, characterization, and purification to
homogeneity of an endogenous polypeptide with agonistic action on benzodiazepine receptors. Proc. Natl. Acad. Sci. USA 1983,
80, 3531–3535. [CrossRef] [PubMed]

18. Farzampour, Z.; Reimer, R.J.; Huguenard, J. Endozepines. Adv. Pharmacol. 2015, 72, 147–164.
19. Dumitru, I.; Neitz, A.; Alfonso, J.; Monyer, H. Diazepam Binding Inhibitor Promotes Stem Cell Expansion Controlling

Environment-Dependent Neurogenesis. Neuron 2017, 94, 125–137. [CrossRef]
20. Montégut, L.; Abdellatif, M.; Motiño, O.; Madeo, F.; Martins, I.; Quesada, V.; López-Otín, C.; Kroemer, G. Acyl coenzyme A

binding protein (ACBP): An aging- and disease-relevant “autophagy checkpoint”. Aging Cell 2023, 22, e13910. [CrossRef]
21. Bouyakdan, K.; Martin, H.; Liénard, F.; Budry, L.; Taib, B.; Rodaros, D.; Chrétien, C.; Biron, É.; Husson, Z.; Cota, D.; et al. The

gliotransmitter ACBP controls feeding and energy homeostasis via the melanocortin system. J. Clin. Investig. 2019, 129, 2417–2430.
[CrossRef]

22. Roy, S.C.; Sapkota, S.; Pasula, M.B.; Bheemanapally, K.; Briski, K.P. Diazepam Binding Inhibitor Control of Eu- and Hypoglycemic
Patterns of Ventromedial Hypothalamic Nucleus Glucose-Regulatory Signaling. ASN Neuro 2023, 15, 17590914231214116.
[CrossRef]

23. Hamdi, Y.; Kaddour, H.; Vaudry, D.; Douiri, S.; Bahdoudi, S.; Leprince, J.; Castel, H.; Vaudry, H.; Amri, M.; Tonon, M.C.; et al. The
stimulatory effect of the octadecaneuropeptide ODN on astroglial antioxidant enzyme systems is mediated through a GPCR.
Front. Endocrinol. 2012, 3, 138. [CrossRef]

24. Hamdi, Y.; Kaddour, H.; Vaudry, D.; Bahdoudi, S.; Douiri, S.; Leprince, J.; Castel, H.; Vaudry, H.; Tonon, M.C.; Amri, M.; et al. The
octadecaneuropeptide ODN protects astrocytes against hydrogen peroxide-induced apoptosis via a PKA/MAPK-dependent
mechanism. PLoS ONE 2012, 7, e42498. [CrossRef]

25. Ferrarese, C.; Appollonio, I.; Frigo, M.; Meregalli, S.; Piolti, R.; Tamma, F.; Frattola, L. Cerebrospinal fluid levels of diazepam-
binding inhibitor in neurodegenerative disorders with dementia. Neurology 1990, 40, 632–635. [CrossRef]

26. Ghouili, I.; Bahdoudi, S.; Morin, F.; Amri, F.; Hamdi, Y.; Coly, P.M.; Walet-Balieu, M.L.; Leprince, J.; Zekri, S.;
Vaudry, H.; et al. Endogenous Expression of ODN-Related Peptides in Astrocytes Contributes to Cell Protection against Oxidative
Stress: Astrocyte-Neuron Crosstalk Relevance for Neuronal Survival. Mol. Neurobiol. 2018, 55, 4596–4611. [CrossRef]

27. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
28. Krol, J.; Loedige, I.; Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay. Nat. Rev. Genet. 2010,

11, 597–610. [CrossRef]
29. Tsujimura, K.; Shiohama, T.; Takahashi, E. microRNA Biology on Brain Development and Neuroimaging Approach. Brain Sci.

2022, 12, 1366. [CrossRef]
30. Hébert, S.S.; Horré, K.; Nicolaï, L.; Papadopoulou, A.S.; Mandemakers, W.; Silahtaroglu, A.N.; Kauppinen, S.; Delacourte, A.;

De Strooper, B. Loss of microRNA cluster miR-29a/b-1 in sporadic Alzheimer’s disease correlates with increased BACE1/beta-
secretase expression. Proc. Natl. Acad. Sci. USA 2008, 105, 6415–6420. [CrossRef]

31. Sonntag, K.C. MicroRNAs and deregulated gene expression networks in neurodegeneration. Brain Res. 2010, 1338, 48–57.
[CrossRef] [PubMed]

32. Bai, Y.; Su, X.; Piao, L.; Jin, Z.; Jin, R. Involvement of Astrocytes and microRNA Dysregulation in Neurodegenerative Diseases:
From Pathogenesis to Therapeutic Potential. Front. Mol. Neurosci. 2021, 14, 556215. [CrossRef] [PubMed]

33. Kabaria, S.; Choi, D.C.; Chaudhuri, A.D.; Mouradian, M.M.; Junn, E. Inhibition of miR-34b and miR-34c enhances α-synuclein
expression in Parkinson’s disease. FEBS Lett. 2015, 589, 319–325. [CrossRef] [PubMed]

34. Oliveira, S.R.; Dionísio, P.A.; Guedes, L.C.; Gonçalves, N.; Coelho, M.; Rosa, M.M.; Amaral, J.D.; Ferreira, J.J.; Rodrigues, C.M.P.
Circulating Inflammatory miRNAs Associated with Parkinson’s Disease Pathophysiology. Biomolecules 2020, 10, 945. [CrossRef]
[PubMed]

35. Bai, X.; Tang, Y.; Yu, M.; Wu, L.; Liu, F.; Ni, J.; Wang, Z.; Wang, J.; Fei, J.; Wang, W.; et al. Downregulation of blood serum
microRNA 29 family in patients with Parkinson’s disease. Sci. Rep. 2017, 7, 5411. [CrossRef] [PubMed]

36. Mao, H.; Ding, L. Downregulation of miR-21 suppresses 1-methyl-4-phenylpyridinium-induced neuronal damage in MES23.5
cells. Exp. Ther. Med. 2019, 18, 2467–2474. [CrossRef] [PubMed]

37. Ma, X.; Buscaglia, L.E.B.; Barker, J.R.; Li, Y. MicroRNAs in NF-kappaB signaling. J. Mol. Cell Biol. 2011, 3, 159–166. [CrossRef]
38. Zarei-Kheirabadi, M.; Mirsadeghi, S.; Vaccaro, A.R.; Rahimi-Movaghar, V.; Kiani, S. Protocol for purification and culture of

astrocytes: Useful not only in 2 days postnatal but also in adult rat brain. Mol. Biol. Rep. 2020, 47, 1783–1794. [CrossRef]
39. Buonfiglioli, A.; Efe, I.E.; Guneykaya, D.; Ivanov, A.; Huang, Y.; Orlowski, E.; Krüger, C.; Deisz, R.A.; Markovic, D.; Flüh, C.;

et al. let-7 MicroRNAs Regulate Microglial Function and Suppress Glioma Growth through Toll-like Receptor 7. Cell Rep. 2019,
29, 3460–3471. [CrossRef]

40. Lamacz, M.; Tonon, M.C.; Smih-Rouet, F.; Patte, C.; Gasque, P.; Fontaine, M.; Vaudry, H. The endogenous benzodiazepine receptor
ligand ODN increases cytosolic calcium in cultured rat astrocytes. Brain Res. Mol. Brain Res. 1996, 37, 290–296. [CrossRef]

41. Douiri, S.; Bahdoudi, S.; Hamdi, Y.; Cubì, R.; Basille, M.; Fournier, A.; Vaudry, H.; Tonon, M.C.; Amri, M.; Vaudry, D.; et al.
Involvement of endogenous antioxidant systems in the protective activity of pituitary adenylate cyclase-activating polypeptide
against hydrogen peroxide-induced oxidative damages in cultured rat astrocytes. J. Neurochem. 2016, 137, 913–930. [CrossRef]

42. Pajares, M.; Rojo, I.A.; Manda, G.; Boscá, L.; Cuadrado, A. Inflammation in Parkinson’s Disease: Mechanisms and Therapeutic
Implications. Cells 2020, 9, 1687. [CrossRef] [PubMed]

https://doi.org/10.1073/pnas.80.11.3531
https://www.ncbi.nlm.nih.gov/pubmed/6304714
https://doi.org/10.1016/j.neuron.2017.03.003
https://doi.org/10.1111/acel.13910
https://doi.org/10.1172/JCI123454
https://doi.org/10.1177/17590914231214116
https://doi.org/10.3389/fendo.2012.00138
https://doi.org/10.1371/journal.pone.0042498
https://doi.org/10.1212/WNL.40.4.632
https://doi.org/10.1007/s12035-017-0630-3
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1038/nrg2843
https://doi.org/10.3390/brainsci12101366
https://doi.org/10.1073/pnas.0710263105
https://doi.org/10.1016/j.brainres.2010.03.106
https://www.ncbi.nlm.nih.gov/pubmed/20380815
https://doi.org/10.3389/fnmol.2021.556215
https://www.ncbi.nlm.nih.gov/pubmed/33815055
https://doi.org/10.1016/j.febslet.2014.12.014
https://www.ncbi.nlm.nih.gov/pubmed/25541488
https://doi.org/10.3390/biom10060945
https://www.ncbi.nlm.nih.gov/pubmed/32585840
https://doi.org/10.1038/s41598-017-03887-3
https://www.ncbi.nlm.nih.gov/pubmed/28710399
https://doi.org/10.3892/etm.2019.7853
https://www.ncbi.nlm.nih.gov/pubmed/31555359
https://doi.org/10.1093/jmcb/mjr007
https://doi.org/10.1007/s11033-020-05272-2
https://doi.org/10.1016/j.celrep.2019.11.029
https://doi.org/10.1016/0169-328X(95)00330-U
https://doi.org/10.1111/jnc.13614
https://doi.org/10.3390/cells9071687
https://www.ncbi.nlm.nih.gov/pubmed/32674367


Cells 2024, 13, 1188 21 of 22

43. Hinojosa, A.E.; Garcia-Bueno, B.; Leza, J.C.; Madrigal, J.L. CCL2/MCP-1 modulation of microglial activation and proliferation.
J. Neuroinflamm. 2011, 8, 77. [CrossRef] [PubMed]

44. Chang, L.; Zhou, G.; Soufan, O.; Xia, J. miRNet 2.0: Network-based visual analytics for miRNA functional analysis and systems
biology. Nucleic Acids Res. 2020, 48, W244–W251. [CrossRef] [PubMed]

45. Marega, L.F.; Teocchi, M.A.; Dos Santos Vilela, M.M. Differential regulation of miR-146a/FAS and miR-21/FASLG axes in
autoimmune lymphoproliferative syndrome due to FAS mutation (ALPS-FAS). Clin. Exp. Immunol. 2016, 185, 148–153. [CrossRef]

46. Manna, I.; Quattrone, A.; De Benedittis, S.; Vescio, B.; Iaccino, E.; Quattrone, A. Exosomal miRNA as peripheral biomarkers in
Parkinson’s disease and progressive supranuclear palsy: A pilot study. Park. Relat. Disord. 2021, 93, 77–84. [CrossRef] [PubMed]

47. Wu, L.; Xu, Q.; Zhou, M.; Chen, Y.; Jiang, C.; Jiang, Y.; Lin, Y.; He, Q.; Zhao, L.; Dong, Y.; et al. Plasma miR-153 and miR-223
Levels as Potential Biomarkers in Parkinson’s Disease. Front. Neurosci. 2022, 16, 865139. [CrossRef] [PubMed]

48. Xu, Z.; Yang, D.; Huang, X.; Huang, H. Astragaloside IV Protects 6-Hydroxydopamine-Induced SH-SY5Y Cell Model of
Parkinson’s Disease via Activating the JAK2/STAT3 Pathway. Front. Neurosci. 2021, 15, 631501. [CrossRef] [PubMed]

49. Chen, Q.X.; Zhou, L.; Long, T.; Qin, D.L.; Wang, Y.L.; Ye, Y.; Zhou, X.G.; Wu, J.M.; Wu, A.G. Galangin Exhibits Neuroprotective
Effects in 6-OHDA-Induced Models of Parkinson’s Disease via the Nrf2/Keap1 Pathway. Pharmaceuticals 2022, 15, 1014. [CrossRef]

50. Masmoudi-Kouki, O.; Namsi, A.; Hamdi, Y.; Bahdoudi, S.; Ghouili, I.; Chuquet, J.; Leprince, J.; Lefranc, B.; Ghrairi, T.;
Tonon, M.C.; et al. Cytoprotective and Neurotrophic Effects of Octadecaneuropeptide (ODN) in in vitro and in vivo Models of
Neurodegenerative Diseases. Front. Endocrinol. 2020, 11, 566026. [CrossRef]

51. He, Y.; Li, J.; Yi, L.; Li, X.; Luo, M.; Pang, Y.; Wang, M.; Li, Z.; Xu, M.; Dong, Z.; et al. Octadecaneuropeptide Ameliorates
Cognitive Impairments Through Inhibiting Oxidative Stress in Alzheimer’s Disease Models. J. Alzheimers Dis. 2023, 92, 1413–1426.
[CrossRef] [PubMed]

52. Gandolfo, P.; Patte, C.; Thoumas, J.L.; Leprince, J.; Vaudry, H.; Tonon, M.C. The endozepine ODN stimulates [3H]thymidine
incorporation in cultured rat astrocytes. Neuropharmacology 1999, 38, 725–732. [CrossRef] [PubMed]

53. Beautrait, A.; Paradis, J.S.; Zimmerman, B.; Giubilaro, J.; Nikolajev, L.; Armando, S.; Kobayashi, H.; Yamani, L.; Namkung, Y.;
Heydenreich, F.M.; et al. A new inhibitor of the β-arrestin/AP2 endocytic complex reveals interplay between GPCR internalization
and signalling. Nat. Commun. 2017, 8, 15054. [CrossRef] [PubMed]

54. Sundqvist, M.; Holdfeldt, A.; Wright, S.C.; Møller, T.C.; Siaw, E.; Jennbacken, K.; Franzyk, H.; Bouvier, M.; Dahlgren, C.;
Forsman, H. Barbadin selectively modulates FPR2-mediated neutrophil functions independent of receptor endocytosis. Biochim.
Biophys. Acta Mol. Cell Res. 2020, 1867, 118849. [CrossRef] [PubMed]

55. Filomeni, G.; De Zio, D.; Cecconi, F. Oxidative stress and autophagy: The clash between damage and metabolic needs. Cell Death
Differ. 2015, 22, 377–388. [PubMed]

56. Checa, J.; Aran, J.M. Reactive Oxygen Species: Drivers of Physiological and Pathological Processes. J. Inflamm. Res. 2020,
13, 1057–1073. [CrossRef] [PubMed]

57. Patel, P.; Mendoza, A.; Robichaux, D.J.; Wang, M.C.; Wehrens, X.H.T.; Karch, J. Inhibition of the Anti-Apoptotic Bcl-2 Family
by BH3 Mimetics Sensitize the Mitochondrial Permeability Transition Pore Through Bax and Bak. Front. Cell Dev. Biol. 2021,
9, 765973. [CrossRef] [PubMed]

58. Brauchle, E.; Thude, S.; Brucker, S.Y.; Schenke-Layland, K. Cell death stages in single apoptotic and necrotic cells monitored by
Raman microspectroscopy. Sci. Rep. 2014, 4, 4698. [PubMed]

59. Namsi, A.; Nury, T.; Khan, A.S.; Leprince, J.; Vaudry, D.; Caccia, C.; Leoni, V.; Atanasov, A.G.; Tonon, M.C.; Masmoudi-Kouki,
O.; et al. Octadecaneuropeptide (ODN) Induces N2a Cells Differentiation through a PKA/PLC/PKC/MEK/ERK-Dependent
Pathway: Incidence on Peroxisome, Mitochondria, and Lipid Profiles. Molecules 2019, 24, 3310. [CrossRef] [PubMed]

60. Barnum, C.J.; Chen, X.; Chung, J.; Chang, J.; Williams, M.; Grigoryan, N.; Tesi, R.J.; Tansey, M.G. Peripheral administration of the
selective inhibitor of soluble tumor necrosis factor (TNF) XPro®1595 attenuates nigral cell loss and glial activation in 6-OHDA
hemiparkinsonian rats. J. Park. Dis. 2014, 4, 349–360. [CrossRef]

61. Parra, I.; Martínez, I.; Ramírez-García, G.; Tizabi, Y.; Mendieta, L. Differential Effects of LPS and 6-OHDA on Microglia’s
Morphology in Rats: Implications for Inflammatory Model of Parkinson’s Disease. Neurotox. Res. 2020, 37, 1–11. [CrossRef]
[PubMed]

62. Linnerbauer, M.; Rothhammer, V. Protective Functions of Reactive Astrocytes Following Central Nervous System Insult. Front.
Immunol. 2020, 11, 573256. [CrossRef] [PubMed]

63. Wu, N.; Sun, X.; Zhou, C.; Yan, J.; Cheng, C. Neuroblasts migration under control of reactive astrocyte-derived BDNF: A promising
therapy in late neurogenesis after traumatic brain injury. Stem Cell Res. Ther. 2023, 14, 2. [CrossRef] [PubMed]

64. Li, J.; Chen, S.; Zhao, Z.; Luo, Y.; Hou, Y.; Li, H.; He, L.; Zhou, L.; Wu, W. Effect of VEGF on Inflammatory Regulation, Neural
Survival, and Functional Improvement in Rats following a Complete Spinal Cord Transection. Front. Cell Neurosci. 2017, 11, 381.
[CrossRef] [PubMed]

65. Nowacka, M.M.; Obuchowicz, E. Vascular endothelial growth factor (VEGF) and its role in the central nervous system: A new
element in the neurotrophic hypothesis of antidepressant drug action. Neuropeptides 2012, 46, 1–10. [CrossRef] [PubMed]

66. Takahashi, S.; Mashima, K. Neuroprotection and Disease Modification by Astrocytes and Microglia in Parkinson Disease.
Antioxidants 2022, 11, 170. [CrossRef] [PubMed]

67. AJurga, M.; Paleczna, M.; Kuter, K.Z. Overview of General and Discriminating Markers of Differential Microglia Phenotypes.
Front. Cell Neurosci. 2020, 14, 198.

https://doi.org/10.1186/1742-2094-8-77
https://www.ncbi.nlm.nih.gov/pubmed/21729288
https://doi.org/10.1093/nar/gkaa467
https://www.ncbi.nlm.nih.gov/pubmed/32484539
https://doi.org/10.1111/cei.12800
https://doi.org/10.1016/j.parkreldis.2021.11.020
https://www.ncbi.nlm.nih.gov/pubmed/34839044
https://doi.org/10.3389/fnins.2022.865139
https://www.ncbi.nlm.nih.gov/pubmed/35655754
https://doi.org/10.3389/fnins.2021.631501
https://www.ncbi.nlm.nih.gov/pubmed/33833662
https://doi.org/10.3390/ph15081014
https://doi.org/10.3389/fendo.2020.566026
https://doi.org/10.3233/JAD-221115
https://www.ncbi.nlm.nih.gov/pubmed/36911940
https://doi.org/10.1016/S0028-3908(98)00231-7
https://www.ncbi.nlm.nih.gov/pubmed/10340310
https://doi.org/10.1038/ncomms15054
https://www.ncbi.nlm.nih.gov/pubmed/28416805
https://doi.org/10.1016/j.bbamcr.2020.118849
https://www.ncbi.nlm.nih.gov/pubmed/32916203
https://www.ncbi.nlm.nih.gov/pubmed/25257172
https://doi.org/10.2147/JIR.S275595
https://www.ncbi.nlm.nih.gov/pubmed/33293849
https://doi.org/10.3389/fcell.2021.765973
https://www.ncbi.nlm.nih.gov/pubmed/34926454
https://www.ncbi.nlm.nih.gov/pubmed/24732136
https://doi.org/10.3390/molecules24183310
https://www.ncbi.nlm.nih.gov/pubmed/31514417
https://doi.org/10.3233/JPD-140410
https://doi.org/10.1007/s12640-019-00104-z
https://www.ncbi.nlm.nih.gov/pubmed/31478124
https://doi.org/10.3389/fimmu.2020.573256
https://www.ncbi.nlm.nih.gov/pubmed/33117368
https://doi.org/10.1186/s13287-022-03232-0
https://www.ncbi.nlm.nih.gov/pubmed/36600294
https://doi.org/10.3389/fncel.2017.00381
https://www.ncbi.nlm.nih.gov/pubmed/29238292
https://doi.org/10.1016/j.npep.2011.05.005
https://www.ncbi.nlm.nih.gov/pubmed/21719103
https://doi.org/10.3390/antiox11010170
https://www.ncbi.nlm.nih.gov/pubmed/35052674


Cells 2024, 13, 1188 22 of 22

68. Zhang, Y.; Park, Y.S.; Kim, I.B. A Distinct Microglial Cell Population Expressing Both CD86 and CD206 Constitutes a Dominant
Type and Executes Phagocytosis in Two Mouse Models of Retinal Degeneration. Int. J. Mol. Sci. 2023, 24, 14236. [CrossRef]

69. Du, Y.; Ma, Z.; Lin, S.; Dodel, R.C.; Gao, F.; Bales, K.R.; Triarhou, L.C.; Chernet, E.; Perry, K.W.; Nelson, D.L.; et al. Minocycline
prevents nigrostriatal dopaminergic neurodegeneration in the MPTP model of Parkinson’s disease. Proc. Natl. Acad. Sci. USA
2001, 98, 14669–14674. [CrossRef]

70. He, Y.; Appel, S.; Le, W. Minocycline inhibits microglial activation and protects nigral cells after 6-hydroxydopamine injection
into mouse striatum. Brain Res. 2001, 909, 187–193. [CrossRef]

71. Wu, D.C.; Jackson-Lewis, V.; Vila, M.; Tieu, K.; Teismann, P.; Vadseth, C.; Choi, D.K.; Ischiropoulos, H.; Przedborski, S. Blockade
of microglial activation is neuroprotective in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse model of Parkinson disease.
J. Neurosci. 2002, 22, 1763–1771. [CrossRef]

72. Kettenmann, H.; Hanisch, U.K.; Noda, M.; Verkhratsky, A. Physiology of microglia. Physiol. Rev. 2011, 91, 461–553. [CrossRef]
73. Huang, R.; Ma, J.; Niu, B.; Li, J.; Chang, J.; Zhang, Y.; Liu, P.; Luan, X. MiR-34b Protects against Focal Cerebral Ischemia-

Reperfusion (I/R) Injury in Rat by Targeting Keap1. J. Stroke Cerebrovasc. Dis. 2019, 28, 1–9. [CrossRef] [PubMed]
74. Ma, R.; Wang, M.; Gao, S.; Zhu, L.; Yu, L.; Hu, D.; Zhu, L.; Huang, W.; Zhang, W.; Deng, J.; et al. miR-29a Promotes the Neurite

Outgrowth of Rat Neural Stem Cells by Targeting Extracellular Matrix to Repair Brain Injury. Stem Cells Dev. 2020, 29, 599–614.
[CrossRef] [PubMed]

75. Zhang, A.; Lu, Y.; Yuan, L.; Zhang, P.; Zou, D.; Wei, F.; Chen, X. miR-29a-5p Alleviates Traumatic Brain Injury- (TBI-) Induced
Permeability Disruption via Regulating NLRP3 Pathway. Dis. Markers 2021, 2021, 9556513. [CrossRef] [PubMed]

76. Fabbri, M.; Paone, A.; Calore, F.; Galli, R.; Gaudio, E.; Santhanam, R.; Lovat, F.; Fadda, P.; Mao, C.; Nuovo, G.J.; et al. MicroRNAs
bind to Toll-like receptors to induce prometastatic inflammatory response. Proc. Natl. Acad. Sci. USA 2012, 109, E2110–E2116.
[CrossRef] [PubMed]

77. Sims, E.K.; Lakhter, A.J.; Anderson-Baucum, E.; Kono, T.; Tong, X.; Evans-Molina, C. MicroRNA 21 targets BCL2 mRNA to
increase apoptosis in rat and human beta cells. Diabetologia 2017, 60, 1057–1065. [CrossRef] [PubMed]

78. Jin, K.; Zhu, Y.; Sun, Y.; Mao, X.O.; Xie, L.; Greenberg, D.A. Vascular endothelial growth factor (VEGF) stimulates neurogenesis
in vitro and in vivo. Proc. Natl. Acad. Sci. USA 2002, 99, 11946–11950. [CrossRef] [PubMed]

79. Meyer, M.; Matsuoka, I.; Wetmore, C.; Olson, L.; Thoenen, H. Enhanced synthesis of brain-derived neurotrophic factor in the
lesioned peripheral nerve: Different mechanisms are responsible for the regulation of BDNF and NGF mRNA. J. Cell Biol. 1992,
119, 45–54. [CrossRef]

80. Hu, Z.; Deng, N.; Liu, K.; Zhou, N.; Sun, Y.; Zeng, W. CNTF-STAT3-IL-6 Axis Mediates Neuroinflammatory Cascade across
Schwann Cell-Neuron-Microglia. Cell Rep. 2020, 31, 107657. [CrossRef]

81. Sayed, D.; He, M.; Hong, C.; Gao, S.; Rane, S.; Yang, Z.; Abdellatif, M. MicroRNA-21 is a downstream effector of AKT that
mediates its antiapoptotic effects via suppression of Fas ligand. J. Biol. Chem. 2010, 285, 20281–20290. [CrossRef] [PubMed]

82. Waring, P.; Müllbacher, A. Cell death induced by the Fas/Fas ligand pathway and its role in pathology. Immunol. Cell Biol. 1999,
77, 312–317. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms241814236
https://doi.org/10.1073/pnas.251341998
https://doi.org/10.1016/S0006-8993(01)02681-6
https://doi.org/10.1523/JNEUROSCI.22-05-01763.2002
https://doi.org/10.1152/physrev.00011.2010
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.08.023
https://www.ncbi.nlm.nih.gov/pubmed/30539753
https://doi.org/10.1089/scd.2019.0174
https://www.ncbi.nlm.nih.gov/pubmed/31885334
https://doi.org/10.1155/2021/9556513
https://www.ncbi.nlm.nih.gov/pubmed/34876932
https://doi.org/10.1073/pnas.1209414109
https://www.ncbi.nlm.nih.gov/pubmed/22753494
https://doi.org/10.1007/s00125-017-4237-z
https://www.ncbi.nlm.nih.gov/pubmed/28280903
https://doi.org/10.1073/pnas.182296499
https://www.ncbi.nlm.nih.gov/pubmed/12181492
https://doi.org/10.1083/jcb.119.1.45
https://doi.org/10.1016/j.celrep.2020.107657
https://doi.org/10.1074/jbc.M110.109207
https://www.ncbi.nlm.nih.gov/pubmed/20404348
https://doi.org/10.1046/j.1440-1711.1999.00837.x
https://www.ncbi.nlm.nih.gov/pubmed/10457197

	Introduction 
	Materials and Methods 
	Animals 
	Chemicals 
	Cell Culture 
	Cell Treatment 
	Crystal Violet Assay for Viability 
	Measurement of Cell Survival 
	Measurement of Cellular Cytotoxicity 
	Measurement of Intracellular Formation of Reactive Oxygen Species and Nitric Oxide 
	Flow Cytometric Detection of Apoptosis and Necrosis 
	Total RNA Extraction and Quantitative RT-PCR 
	MicroRNA Transfection and 6-OHDA Treatment 
	Western Blot Analysis for Caspase-3 Protein Expression 
	Rat Cytokine Antibody Array 
	Detection of Cytokine Release by ELISA 
	Bioinformatics Analysis 
	Statistical Analysis 

	Results 
	Delayed Administration of ODN Protects Astroglial Cells from 6-OHDA Toxicity 
	ODN Exerts Its Protective Action against 6-OHDA Toxicity by Attenuating Apoptotic Signaling Pathway 
	Effect of ODN on 6-OHDA-Induced Production of Cytokines 
	Bioinformatics Analysis of the microRNAs Implicated in Parkinson’s Disease 
	ODN Regulates the Expression of miRNAs, and miR-21 Inhibitor Reduces Cell Death against 6-OHDA on Cultured Astrocytes 
	Inhibition of miR-21-3p Reduces Cytokines and Activates Chemotaxis on Cultured Astrocytes 

	Discussion 
	Conclusions 
	References

