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HIGHLIGHTS

« IGF-II improves mitochondrial
dynamics through Mitofilin.

« IGF-II rebalances the cell cycle,
reducing apoptosis and cell death.

« IGF-II stimulates cellular mechanisms
to protect DNA integrity.

« IGF-II regulates transcription factors,
such as Checkpoint kinase 1.

« The neuroprotective effect is due to
its continuous presence in the
medium.
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ABSTRACT

Introduction: One of the hallmarks of Parkinsons Disease (PD) is oxidative distress, leading to mitochon-
drial dysfunction and neurodegeneration. Insulin-like growth factor II (IGF-II) has been proven to have
antioxidant and neuroprotective effects in some neurodegenerative diseases, including PD.
Consequently, there is growing interest in understanding the different mechanisms involved in the neu-
roprotective effect of this hormone.

Objectives: To clarify the mechanism of action of IGF-II involved in the protective effect of this hormone.
Methods: The present study was carried out on a cellular model PD based on the incubation of dopamin-
ergic cells (SN4741) in a culture with the toxic 1-methyl-4-phenylpyridinium (MPP*), in the presence of
IGF-II. This model undertakes proteomic analyses in order to understand which molecular cell pathways
might be involved in the neuroprotective effect of IGF-II. The most important proteins found in the pro-
teomic study were tested by Western blot, colorimetric enzymatic activity assay and immunocytochem-
istry. Along with the proteomic study, mitochondrial morphology and function were also studied by
transmission electron microscopy and oxygen consumption rate. The cell cycle was also analysed using
7AAd/BrdU staining, and flow cytometry.

Results: The results obtained indicate that MPP*, MPP*+IGF-II treatment and IGF-II, when compared to
control, modified the expression of 197, 246 proteins and 207 respectively. Some of these proteins were
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found to be involved in mitochondrial structure and function, and cell cycle regulation. Including IGF-II in

the incubation medium prevents the cell damage induced by MPP*, recovering mitochondrial function

and cell cycle dysregulation, and thereby decreasing apoptosis.

Conclusion: IGF-Il improves mitochondrial dynamics by promoting the association of Mitofilin with mito-

chondria, regaining function and redox homeostasis. It also rebalances the cell cycle, reducing the amount

of apoptosis and cell death by the regulation of transcription factors, such as Checkpoint kinase 1.

© 2023 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Parkinson’s disease (PD), which is the most common body
movement disorder, is a neurodegenerative disease affecting 3 %
of the aged population [1]. This disease is characterised by the pro-
gressive loss of nigral dopaminergic neurons (DA), leading to core
motor symptoms such as bradykinesia, resting tremor or rigidity.
This DA degeneration is mediated, among others, by oxidative
stress, protein misfolding and aggregation, mitochondrial dysfunc-
tion and neuroinflammation [2]. A clearer understanding of the
vulnerability mechanisms of DA neurons and/or their connections
would be important to the development of novel laboratory strate-
gies and therapies. In this study, we have used a previously estab-
lished cellular model of PD based on the administration of the
neurotoxin MPP* to SN 4741 cells in culture [3,4].

The common role of oxidative stress and mitochondrial dys-
function in apoptosis and cell death appears clear in the pathogen-
esis of the neurodegenerative disorders [5,6|. However, cell cycle
entry could also play a key part in neurodegeneration, as suggested
by the numerous hallmarks of cell cycle activation described in a
variety of neurodegenerative disorders, including PD [7,8]. Further-
more, oxidative-DNA damage and mitochondrial dysfunction are
involved in neuronal cell cycle activation in PD [9]. Thus, after
oxidative injury, DNA damage response is activated, inducing
DNA replication and cell cycle entry, and thus, to DNA repair. How-
ever, dysregulation during this process in pathological conditions
can result in an aberrant cell cycle and apoptosis [8]. Mitochondrial
ATP production is also impaired by DNA damage and other damag-
ing stimuli, leading to the activation of AMP-activated protein
kinase, which, in turn, triggers defects at G;/S transition and G,/
M arrest [7].

In recent years, the role of the pleiotropic hormone Insulin-like
Growth Factor II (IGF-II) in modulating processes, such as learning
and memory, neurogenesis, synaptic plasticity and modulation of
neurotransmitter release, has been increasingly understood
[10,11]. Also, its reported role as a key neuroprotective factor in
pathological conditions has gradually attracted interest to this
molecule specially as a therapeutic approach in neurodegenerative
diseases [12-14].

At present, IGF-II has shown neuroprotective and antioxidant
effects in aging situations [15], stress conditions mediated by glu-
cocorticoids [16,17], autism [18], schizophrenia [19,20], Alzhei-
mer’s disease [21] and PD [3]. This hormone, broadly distributed
in the central nervous system, mediates its functions by interacting
with its specific receptor, IGF-Il/Mannose 6-Phosphate receptor
(IGF-IIr), as well as with the insulin-like growth factor I receptors
and all insulin receptors. The expression of these receptors is ele-
vated in adult brain areas, including the substantia nigra [22].

Recently, our group has shown the IGF-II neuroprotective effect
against oxidative damage to work mainly, but not exclusively,
through its interaction with the specific IGF-IIr, in neuronal cell
cultures [3,16,17,23]. It was demostrated that inclusion of IGF-II
in the treatment of cells leads to the recovery of oxidative balance,
mitochondrial morphology and function, and restoration of cellular
bioenergetics; although a greater understanding of these IGF-II

neuroprotective mechanisms and their connections is still needed.
A complete evaluation of these mechanisms, together with a struc-
tural and functional analysis of proteins involved in the mecha-
nisms described above, could provide a comprehensive map of
the proteins interactions associated with the neuroprotective
effect of this hormone in order to improve the knowledgement of
IGF-II action mechanisms and evaluate its potential use in PD
treatment.

This study looks at the molecular mechanisms leading to the
neuroprotective effect of IGF-II, based on the previous results
obtained in an mouse model of Parkinson’s disease after chronic
administration of MPTP [3] for five weeks.

Material and methods
Cell culture

The cell line SN4741 (RRID:CVCL S466) is an embryonic cell line
expressing dopaminergic neurons from mouse substantia nigra [4]
(kindly provided by Prof. Ernest Arenas, Karolinska Institute, Stock-
holm). These neurons were maintained at 37 °C and a 5 % CO,
atmosphere in D-MEM high-glucose (Thermo Fisher Scientific,
Waltham, MA, USA) supplemented with 10 % FBS and 1 % peni-
cillin/streptomycin (Thermo Fisher Scientificc, Waltham, MA,
USA). For the experiments, cells were seeded and incubated in
plates for 24 h (up to 70-80 % confluence).

Cellular treatment

The treatments were performed with toxic MPP* (400 uM) (Cas
n° 36913-39-0, SIGMA), IGF-II (25 ng/mL) (Lilly Laboratories
[Madrid, Spain]), and the inhibitor of tyrosine kinase effect of the
IGF-I receptor and Insulin receptor, BMS-536924 (BMS) (1 uM)
(Cas n° 468740-43-4, TOCRIS) and 5 pg/mL anti-IGF-IIR (AB)
(R&D Systems, USA Catalog # 2447-GR). BMS was dissolved in
DMSO and modified Locke solution (the concentration of DMSO
was always less than 0.001 %). The remaining compounds were dis-
solved in modified Locke’s solution (NaCl 137 mM, CaCl, 5 mM, KCI
10 mM, glucose 25 mM, Hepes 10 mM, pH 7.4)) with L-glutamine
(2 mM). The concentrations of IGF-II and MPP* were chosen from
previous viability experiments with different concentrations of
the drugs [17,23]. The concentrations of BMS and AB were chosen
based on the provider’s recommendation after checking that this
concentration did not trigger any apoptotic process in our cells
(data not shown).

The exposure to drugs consisted in a two phases paradigm.
Firstly, cells were washed with PBS and incubated with either
MPP*, MPP*+IGF-II, MPP*+IGF-II + BMS (or AB) or IGF-II in Lockés
solution for two hours [16]. Secondly, after this time, MPP* was
removed from the medium and cells were maintained in Lockés
solution (MPP" treated cells), or in the presence of IGF-II (MPP*+-
IGF-II and control + IGF-II cells (CO + IGF-II)), or IGF-II + BMS or
antibody (MPP*+IGF-II + BMS or antibody) diluted in Lockés solu-
tion for two additional hours. Untreated control cells (CO) were
maintained in Lockés solution with the same media changes as
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the other groups. All the experiments were carried out after the
second two-hour period.

Transmission electron microscopy (TEM)

Cells were cultured in plates, and after the treatments with
MPP* or IGF-1I or MPP*+IGF-II, they were removed and fixed with
2.5 % glutaraldehyde in 0.1 M cacodylate buffer at pH 7.4 for 4 h
and then in 1 % osmium in cacodylate buffer for 1 h at 4 °C. The
remaining protocol was performed as previously described [24].
Ultrathin sections (60-70 nm) were obtained, mounted on 150-
mesh copper grids and stained with UranyLess (Electron Micro-
scopy Sciences) and lead citrate. The samples were observed with
a FEI NOVA NanoSEM 450 microscopy. To understand effects on
mitochondrial size and shape, mitochondria were analysed using
Image ] software (National Institute of Health; https://rsbweb.
nih.gov/ij/) considering six mitochondrial indexes [25]: surface
area (mitochondrial size); external perimeter; aspect ratio ((major
axis)/(minor axis)) of each mitochondrion; circularity (4m*(area)/
(perimeter?)); roundness (4*(area)/m*(major axis)); and form fac-
tor ((perimeter?)/(4n*surface area)). The analyses were performed
on 100 mitochondria for each experimental group using Image ]
software.

Seahorse study

Mitochondrial oxygen consumption rate

The mitochondrial oxygen consumption rate (OCR) was set in
real-time using the Seahorse Bioscience XF24 analyser (Agilent
Technologies, Santa Clara, CA, USA). For this, cells were seeded in
24-well plates (20,000 cells/well) and incubated with Agilent Sea-
horse XF Base Medium (without phenol red and bicarbonate) con-
taining pyruvate (1 mM) and glucose (25 mM). The OCR
measurement was performed using the instruction provided with
the commercial Seahorse XF cell Mito Stress test kit (Agilent Tech-
nologies, USA) [26,27]. OCRs were normalised according to protein
concentration measured by Bradford assay (Thermo Scientific™
Pierce™ Bradford Protein Assay Kits, USA) [28].

Proteomic analysis

Protein extraction and preparation

Protein extraction was performed on frozen cells after their
lysis in modified RIPA buffer (1 % NP-40; 150 mm NaCl; 1 % SDS
and protease inhibitor cocktail) and homogenization by a G19 nee-
dle and incubation 30 min in ice. Lysates were cleared by centrifu-
gation and samples were precipitated in pure acetone for one hour
at —80 °C. Each replicate was centrifuged for 30 min at 14,000 g
and protein pellets were washed in pure acetone and centrifuged
for 5 min at 14,000 g at 4 °C. Lastly, pellets were resuspended in
50 mM NH4HCO5 and protein concentration was determined by
Bradford assay. Extraction was performed on two samples for each
condition (control, MPP*, IGF-II-MPP", IGF-1I) each sample contain-
ing 10° cells from three different wells.

For each replicate, solution digestion was performed using
50 pg of proteins. Proteins were reduced and alkylated and subse-
quently digested with trypsin solution (Promega, Madison, WI,
USA), buffered in 50 mM NH4HCOs, overnight at 37 °C using an
enzyme-to-protein ratio of 1:50 (w/w) [24]. All the reagents were
purchased from Sigma-Aldrich (Germany) unless otherwise stated.

Liquid chromatography and mass spectrometry (LC-MS/MS)
LC-MS/MS was performed on an UHPLC ultimate 3000 system
coupled to a Q Exactive Hybrid Quadrupole-Orbitrap Mass Spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA) [24]. Chro-
matographic separation of peptides took place in a reverse-phase
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C18 column (50 mm x 2.1 pm ID, 1.8 pum, Zorbax) and elution
was performed using a binary system of solvent. Mobile phase A
consisted of 0.1 % formic acid in ultrapure water. Mobile phase B
was 0.1 % formic acid in acetonitrile. For separation, a linear binary
gradient was applied: 2-3 % B for 5 min, to 28 % B for the next
59 min, and then 90 % B for 7 min. The column was maintained
at 30 °C and the flow rate used was 0.3 mL/min. The precursor
ion detection was carried out in an m/z-range from 200 to 2000,
and the acquisition range for fragment ions was m/z from 200 to
2000. Data acquisition was controlled by Xcalibur 2.0.7 Software
(Thermo Fisher Scientific, USA) [24].

Data analysis

The MS/MS ion search was performed by the MASCOT server
(v.2.7.0; Matrix Science), converting raw ms/ms using default set-
tings of msConvert ProteoWizard (v.3.0.19239) to MGF file. Param-
eters set for identification included: i) cRAP and Uniprot (2018_05)
restricted to Mus musculus (Taxon ID: 10,090) were selected for
database search; ii) trypsin as the enzyme with 1 as the maximum
missed cleavage; iii) mass error tolerances for precursor and frag-
ment ions set to 10 ppm and 0.02 Da, respectively; iv) peptide
charge (2+, 3+, 4+); v) protein mass no restriction; vi)
carbamidomethyl cysteine was set as fixed modification, while
deamidation of asparagine and glutamine and oxidation of
methionine were considered as dynamic modification. Label-free
quantification was performed using emPAI reported by MASCOT.
Only peptides confident identified, with a false discovery rate
<1 % and proteins with at least two unique peptides were
exported. Relative abundance (emPAI) was calculated in each sam-
ple by dividing the emPAI value by the sum of all emPAI values.
Proteins were considered up- or down-regulated when the log,
fold change is more than 1 or less than —1, respectively.

Protein-protein interaction network and functional enrichment
analysis of the network obtained were carried out using STRING
v.11.0 [29]. The Venn diagram was built using Venny (v.2.1.
https://bioinfogp.cnb.csic.es/tools/venny/index.html).

Cell cycle

The analysis was performed using the FITC-BrdU Flow Kit (BD
Biosciences, Cat. #559619), according to the manufacturer’s proto-
col. In overview, BrdU solution was carefully added directly to
Lockés solution, and incubated for 1 h at 37 °C. fixed and perme-
abilised with a BD Cytofix/Cytoperm buffer for 30 min at room
temperature, and treated with 300 pg/mL DNase for 1 h at 37 °C
to expose BrdU-labelled DNA. Cells were subsequently stained
with FITC-conjugated anti-BrdU antibody for 20 min, and with 7-
AAD dye for 15 min, both at room temperature. The analysis was
performed on an Accuri™ C6 flow cytometer using BD Accuri™ C6
software (BD Biosciences, Franklin Lakes, NJ, USA).

Apoptosis

We used Nicoletti stain, a classical method for apoptosis detec-
tion. This method is based on a selective stain of DNA with Propid-
ium lodide (PI) and analysis by flow cytometer. Briefly, after
different experimental treatments, the cells were washed with
Locke solution and resuspended in a PI hypotonic solution
(0.1 % sodium citrate (wt/v), 1 % Triton X-100 (v/v) and PI
(50 pg/ml Sigma-Aldrich; CAS:25535-16-4)) and incubated
30 min in the dark at room temperature. The analysis was per-
formed on an Accuri™ C6 flow cytometer with 488 nm laser and
610/20 nm detector using BD Accuri™ C6 software (BD Biosciences,
Franklin Lakes, NJ, USA).


https://rsbweb.nih.gov/ij/
https://rsbweb.nih.gov/ij/
https://bioinfogp.cnb.csic.es/tools/venny/index.html

S.-Y. Romero-Zerbo, N. Valverde, S. Claros et al.
Western blot

Mitofilin/Mic60 was detected by Western blot analysis. In short,
the lysed samples from cells in different conditions (control, MPP+,
IGF-1I-MPP+, IGF-II) were centrifuged at 300 g for 5 min at 4 °C,
supernatants were collected, and protein was measured using a
Nanodrop ND-1000/10S UV-VIS spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). The proteins (50 pg per well),
with a mixture of Laemmli buffer and B-mercaptoethanol, were
heated at 95 °C for 5 min and electrophoresed using 4-15 %
Mini-PROTEAN® TGX™ precast gels, as per the standard procedure
and manufacturer’s instructions (Bio-Rad Laboratories, Hercules,
CA, USA). After electrophoresis, proteins were transferred to
0.2 um nitrocellulose membranes using a Trans-Blot Turbo Trans-
fer System (Bio-Rad Laboratories, USA). The membranes were
blocked in 5 % fat free milk dissolved in Tris buffer saline -Tween
(TBST) for 1 h at room temperature and incubated overnight at
4 °C with the following specific primary antibodies diluted in
TBST/5% fat free milk: rabbit anti-B-actin at 1/1500 dilution (from
Cell Signaling Technology, USA) and rabbit anti-mitofilin at 1/2000
dilution (Prointech Group, USA). Next, goat anti-rabbit IgG HRP-
conjugated at 1/1500 dilution (Bio-Rad Laboratories, USA) in the
same buffer, and SuperSignal™ West Pico PLUS chemiluminescent
substrate (Thermo Fisher, USA), following the instructions pro-
vided by the supplier, was used to visualise protein bands. All
membranes were washed three times for 5 min in TBST between
each stage. Protein-specific signals were detected by chemilumi-
nescence using a ChemiDoc™ XRS + Imaging System (Bio-Rad Lab-
oratories, USA) and quantification of band intensities was carried
out with Image Lab™ Software (Bio-Rad Laboratories, USA).

Measurement of enzyme activity

After the various treatments, cells were homogenised in
ice-cold Tris-HCI buffer pH 7.4 with 0.01 % digitonin, followed by
centrifuging (5 min, 4 °C, 2000 g) to remove cell debris. The super-
natant was used to measure enzymatic activity and protein
concentration using Bradford assay.

The measurement of succinate dehydrogenase (EC 1.3.5.1)
(SDH) activity was performed using a Cobas Mira autoanalyser at
600 nm and 37 °C in presence of succinate solution that catalyses
its oxidation to fumarate and carries electrons from Coenzyme Q2
following the methodology already described [30,31]. One unit of
SDH activity represented the oxidation of 1 pmol of succinate in
1 min at 37 °C.

Immunocytochemistry

Before seeding, sterile glass coverslips were placed on the bot-
tom of the wells of 12-well plates and pre-coated with 100 pg/
mL of poly-D-lysine (Sigma). After treatments, the fixed cells
(methanol —20 °C for 20 min) were incubated with two primary
antibodies overnight at 4 °C diluted in PBS/3% BSA: anti p- Check-
point kinase 1 (Chk1) at 1/1700 dilution (Cell Signaling Technol-
ogy, USA) and anti-mitofilin at 1:150 dilution (Proteintech). After
incubation with primary antibodies, coverslips were incubated
with secondary antibody (Alexafluor™ 488 goat anti-mouse (2
drops/mL, Thermo Fisher Scientific, USA) and 4,6-Diamidino-2-
phenylindole (DAPI) at 1:1000 dilution for 1 h at room temperature
in the dark. Fluoromount (Sigma-Aldrich) was used for the mount-
ing of slides. In the experiments regarding mitofilin, before fixa-
tion, cells were dyed with the mitochondrial marker MitoTracker
Deep Red FM (MTR) (Molecular Probes, Invitrogen) (30 min at
37 °C). Anti-mouse Alexafluor™ 488, MTR and DAPI were excited
by laser light at 405 and 641 nm wavelength.
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All the images were acquired using the confocal microscope
system LEICA Stellaris 8 (Wetzlar, Germany) and analysed by using
LAS AF Lite software (Leica Microsystems AG, Wetzlar, Germany).
The co-localisation index of mitofilin was calculated as green over
red fluorescence ratio per cell. CHK1 quantification was expressed
as fluorescence intensity arbitrary units (AU) per cell. Both co-
localisation and quantification were measured using Image]
software [3].

Statistical analysis

GraphPad software (GraphPad Prism 9.4.1.681 Serial number:
GPS-1321494-Lit##-##### Machine ID: 9D691B583EA licensed
to Malaga University) was used for statistical analysis. The statisti-
cal tests applied were one-way ANOVA followed by the post-hoc
Newman-Keuls multiple comparison test when comparing three
or more groups and T-Student when comparing only two groups.
Statistical significance was set at p < 0.05. For data in which the
measured units were arbitrary, the values represent the percentage
relative to the control value.

Results and discussion

We have recently shown the neuroprotective effect of IGF-II
against oxidative damage [3,17,23]. This study confirms that con-
tinuous presence of IGF-II in the medium is essential for its antiox-
idant protective effect, as it is observed that when removing IGF-II
from the medium after the damage is induced, cells do not fully
recover to control levels (Figure S1). Furthermore, it shows that
in a mice model of PD based in the administration of MPTP, IGF-
II can stop the oxidative damage induced by the toxin but does
not revert it. This could be due to the fact that living neurons do
not behave like the cells in culture [3,16]. The mechanism underly-
ing this effect is mediated by different factors and is mainly
focused on the maintenance of mitochondrial structure and oxida-
tive balance [23] improving cell cycle dysregulation and reducing
the number of apoptotic cells [32].

Proteomic analysis

Proteomics is the complete evaluation of the structure and
function of proteins [33] that could provide a comprehensive
map of proteins interactions linked with the neuroprotective effect
of IGF-IL

A proteomic analysis was performed of treated cells (i.e., MPP",
MPP*+IGF-II and IGF-II) compared to control cells. In total, 627 dif-
ferent proteins were identified, with 1 % false discovery rate
(Table S1). 503 were identified in the control cells, 515 in MPP*,
471 in MPP*+ IGF-II cells and 510 in IGF-II group. The Venn dia-
gram highlights 382 proteins common among all experimental
conditions, whereas 32, 28, 12 and 24 polypeptides were “unique”
for control, MPP*, MPP*+IGF-II and IGF-II, respectively (Figure S2A).
To reveal the differential expressed proteins (DEPs), a MS-based
label-free quantification was performed on the 382 common pro-
teins [24]. Each group of treated cells was compared to control
cells, and only proteins with a log, fold change of +1 were consid-
ered DEPs. In this protein group, the “unique” proteins found in
each experimental condition were added. The results obtained
indicate that MPP*, MPP*+IGF-II treatment and IGF-II, compared
to control cells, modified the expression of 197 proteins (i.e., 95
and 102 proteins were respectively up- and down-regulated) 246
proteins (i.e., 121 and 125 proteins were respectively up- and
down-regulated) and 207 proteins (i.e., 116 and 91 proteins were
respectively up- and down-regulated) (Figure S2B and Table S2).
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For DEPs, a gene ontology (GO) enrichment analysis was per-
formed to describe the biological processes, cellular components,
and molecular functions of these proteins (Table S3).

The cells treated with MPP*, compared to control cells, showed
an over-expression of proteins involved in nucleosome assembly,
replication and in proteasome, a multi-subunit enzyme complex
that plays a key role in the regulation of proteins controlling cell-
cycle progression and apoptosis [34,35]. Moreover, proteomic
analysis identified all six minichromosomal maintenance proteins
(i.e., Mcm 2-7) being some of them (i.e., Mcm2; Mcm4 and Mcm5)
were down-regulated in MPP*. This Mcm complex is a protein fam-
ily necessary for the initiation and progression of DNA replication
in the cell cycle, and their expression is correlated with the cellular
proliferative status [36]. The effect on their expression could be an
early or an acute response to MPP* determining an interruption of
cell proliferation in these cells [37]. Interestingly, in the same cells,
the relative composition of the 26S proteasome complex appeared
to be modified compared to control cells (Table S2) and modulated
by IGF-IL. Both an increase and a decrease in proteasome abun-
dance, and/or an altered assembly can lead to intracellular protein
accumulation, a pathological feature of some neurodegenerative
diseases, such as PD [38-41]. The IGF-II would act on this effect
throughout the modulation of cellular proliferative processes
[19,20,42,43] and proteasome processing [44-47], although deeper
studies would be necessary to assess this point specifically.

The treatment with the combination of IGF-II and MPP" led to
a biological process enrichment in fumarate and in glutamic/as-
partic metabolic processes compared to control cells (Table S3).
Moreover, it has previously been proved that GOT1 down-
regulation (aspartate aminotransferase) is a key metabolic gene
in Alzheimer’s and Parkinson’s disease [48]. Interestingly, fuma-
rate is an intermediate metabolite of the tricarboxylic acid cycle
obtained from succinate, in a reaction catalysed by succinate
dehydrogenase (SDH) and converted to L-malate by fumarate
hydratase in mitochondria [49]. The proteomic results of this
study (Tables S1 and S2) show an up- and down-regulation of
SDHA subunit and fumarate hydratase respectively, in accor-
dance with IGF-II stimulus, which can compensate the inhibitory
effect of MPP* on complex I and 11 [3,50,51], maintaining the rate
of tricarboxylic acid cycle [52]. The effect of IGF-II could be medi-
ated by the increase in Nrf2 described by our group and others
[3,53,54]. To determine if the changes found in proteomic in
SDHA subunit level interfere with the enzyme activity, we mea-
sured SDH activity by spectrophotometric enzyme assay (Fig-
ure S3). MPP* treatment induced a significant reduction of the
enzyme activity compared to control cells that was recovered
in the presence of IGF-II. Interestingly, we have found a decrease
in SDH activity in presence of MPP" compared to control cells
without a decrease in proteomic levels of SDHA subunit, this
could be due to post-translational modifications (e.g., phosphory-
lation) which it has been demonstrated to regulate complex II
activity [55]; again, more deep studies would be necessary to
clarify this point specifically.

Moreover, an up-regulation of mitofilin, a protein essential for
maintaining mitochondrial morpho-functionality [56,57] and
involved in Parkinsons disease pathogenesis [56,57]. In this
study, ultrastructural analysis has demonstrated that the pres-
ence of IGF-II protected mitochondria from MPP* toxicity, and
this could be due to an increase in the mitofilin level shown
below.

In IGF-II vs control cells, the DEPs were significantly enriched
for transcription and translation. These findings agree with previ-
ous studies demonstrating that IGF-II stimulates transcription
and protein synthesis by phosphorylation of FOXO and mTOR [3].
However, the transcription and translation processes require an
energy supply, supported by the up-regulation of metabolic pro-
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cesses such as glycolysis. In support of this, an up-regulation of
phosphofructokinase (ATP-dependent 6-phosphofructokinase), a
limiting enzyme of glycolysis, was found. Moreover, GO analysis
(Table S3) revealed a rise in the proteasome complex, which is
probably involved in removal of misfolded protein or protein
aggregates, thus preventing cell damage [46,58].

Mitochondrial ultrastructure and function

Ultrastructural analysis reveals that IGF-II attenuates the dele-
terious mitochondrial effects induced by MPP’. Untreated cells
(i.e., control cells) showed the presence of many mitochondria sur-
rounding the nucleus and the mitochondria membranes, and mito-
chondrial cristae were found to be well-organised (Fig. 1A arrows).
In MPP*-treated cells, many mitochondria showed clear signs of
damage, such as reduced matrix density, destroyed cristae archi-
tecture and swelling; their number per cell was also reduced, con-
firming previous data [3] (Fig. 1B arrows). Cells treated with both
MPP* and IGF-II showed an improvement in mitochondrial mor-
phology, with the majority of mitochondria/cell displaying intact
outer and inner membranes and preserved cristae (Fig. 1C arrows).

The analyses of mitochondrial size parameters highlighted a
significant increase of mitochondrial area and perimeter in MPP*
treated cells compared to control cells, confirming TEM observa-
tions (Fig. 1 table). The values of aspect ratio and roundness were
similar in control and treated cells (i.e., MPP*, MPP*+IGF-II). Circu-
larity was significantly increased in all treated groups, whereas
changes in form factor was significant only in MPP*-treated cells.
All the ultrastructural analyses together indicate that IGF-II treat-
ment can reduce the deleterious effects induced by MPP* and
related to mitochondrial function [59].

Related to the structural changes seen in mitochondria and
detected by proteomic analyses (Table S2), as commented above,
this study also considered mitofilin. The immunocytochemistry
images obtained in the study showed a co-localisation of mitofilin
and mitochondria (Fig. 2A), as this protein is anchored to the inner
membrane [60]. We have found a statistically significant reduction
of co-localisation index in cells treated with MPP* vs CO cells,
which points to a de-co-localisation of mitofilin in mitochondria
inducing mitochondrial dysfunction. Co-administration of IGF-II
reversed this situation. In the presence of BMS to inhibit IGF-I
and insulin receptors, the co-localisation index decreases com-
pared to MPP*+IGF-II treated cells, supporting the interaction of
IGF-II with other receptors than IGF-IIr as responsible for this effect
(Fig. 2A). Also, mitofilin expression was measured by Western blot
(Fig. 2B), where a decrease (16 %) in its levels in MPP* treated cells
was found, whereas IGF-II increased the levels of mitofilin by 10 %
compared to control cells, although neither variation reached sta-
tistical significance. Interestingly, IGF-II increased the levels of
mitofilin by 26 % compared to MPP*-treated cells (p < 0.05), more
in-depth studies would be necessary to further clarify this point.
This decrease in mitofilin may be due to increased oxidative dam-
age produced by MPP", as previously shown [3]. The decrease in
mitofilin could be responsible for modifications in the cell cycle,
which in turn would increase cell death by apoptotic processes
[61] (see below). IGF-II promotes mitochondrial integrity by recov-
ering the amount and location of mitofilin in mitochondria (Fig. 2),
re-establishing mitochondrial redox homeostasis and function
(Fig. 3).

In order to study mitochondrial function, the basal OCR, ATP
production, proton leak, maximal respiratory capacity and SRC
were measured in control, in MPP" and IGF-II + MPP* treated cells
(Fig. 3). The study found a 28 % decrease in basal OCR in MPP*-
treated cells compared to control, and incubation of MPP*-
treated cells in the presence of IGF-II reduces the OCR decrease
to only 13 %, showing a protective effect against the damage
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Mitochondrial .size and co MPP* MPP+IGE-II
shape descriptors

Mitochondrial area (um?) 0.31£0,01 0.39 £ 0.02* 0.28 £ 0.01
External perimeter (um) 2.08£0.03 2.29+0.04* 1.96 + 0.05
Aspect ratio (AU) 1.28 £0.02 1.24 £0.02 1.29+0.02
Circularity (0 - 1) (AU) 0.87 £0.004 0.90 £ 0.005* 0.89 £ 0.005*
Roundness (0 - 1) (AU) 0.80+0.01 063245 (0,02 0.80+0.01
Form factor (AU) 1.15+0.02 1.11+0.01* 1.13+£0.005

Fig. 1. Representative transmission electron microscopy (TEM) images of mitochondria in untreated cells (CO) or cells treated with MPP* or MPP*+IGF-II. Scale bar: 500 nm.
Table below shows morphological parameters of mitochondria analysed on TEM images. Data are expressed as mean * SEM. *p < 0.05 vs CO. The analyses were performed on

100 mitochondria for each experimental group using Image ] software.

induced by MPP" (Fig. 3B). Regarding ATP production, in cells trea-
ted with MPP*, a 30 % decrease in ATP production was found com-
pared to control cells; again, IGF-II protects cells from MPP*
damage, limiting ATP production to a decrease of only 11 % com-
pared to control cells (Fig. 3C). Similarly, maximal respiratory
capacity and SRC decrease in MPP*-treated cells (24 % and 18 %
compared to control respectively) and again are recovered when
incubated in the presence of IGF-II (10 % and 3 % of decrease com-
pared to control respectively) (Fig. 3E and F respectively). Con-
versely, proton leak decreases by 25 % in cells treated with MPP*
without any recovery seen when incubated in the presence of
IGF-II (Fig. 3D). The findings of this study on the toxic effect of
MPP" on OCR, ATP production, proton leak, maximal respiratory
capacity and SRC in treated cells agree with other authors
[62,63]. With the exception of proton leak, IGF-II avoids the dam-
age induced by MPP" in all studied parameters agreeing with pre-
vious results from our group [23]. The protective effect found for
IGF-II could be due to the recovery of ATP production, along with

the recovery of OCR; also, IGF-II recovers the damage on SCR allow-
ing mitochondria to produce more energy when needed and
restore mitochondrial homeostasis, agreeing with previous results
[3,23]. When these experiments were performed in the presence of
BMS, the inhibitor of insulin and IGF-I receptor, the effect of IGF-II
was maintained, indicating that the effect of this hormone is medi-
ated through its specific IGF-II receptor (Fig. 3). Furthermore, the
involvement of the specific IGF-II receptor in these effects has also
been previously demonstrated by our group [3] using the selective
agonist LEU[27]IGF-II, where we found almost identical effects on
mitochondrial function and ROS production in both, IGF-II and
LEU[27]IGF-II treated cells.

Finally, it has to be highlighted that no changes were observed
compared to control cells in those treated only with IGF-II (Figures
S4 and S5), so the effects are only present when damage has been
produced, in this case by MPP".

The mechanism by which IGF-II induce these effects could be
related to the above-mentioned recovery on the amount and loca-
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Fig. 2. A) Representative immunocytochemistry of mitofilin expression and colocalization index, calculated as green over red fluorescence ratio per cell, in untreated cells
(CO) or cells treated with MPP*, MPP*+IGF-1I or MPP*+IGF-II + BMS. The analyses were performed on 50 cells for each experimental group, using Image ] software. B)
Representative western blot and quantification after normalising with B-actin; data were combined from 3 to 4 independent experiments and presented as mean + SEM
(*p < 0.05 vs CO, #p < 0.05 vs MPP*,&p < 0.05 vs MPP*+IGF-II). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
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Fig. 3. A) Oxygen consumption rate time course (OCR); B) Basal situation, assessed after two hours of the first treatment period; C) ATP production; D) Proton leak; E) Spare
respiratory capacity (SRC); and F) Maximal respiration. Values represent mean = SEM of at 5 to 6 experiments per situation performed in triplicate. (*p < 0.05 vs CO, #p < 0.05
vs MPP*, &p < 0.05 vs MPP*+IGF-II).

tion of mitofilin in mitochondria, a protein involved in mitochon- effects have also been seen in other mitochondrial functional stud-
drial crista morphology and function; these mitofillin protective ies [56,61,64]. Also, this increase in mitochondrial function (ATP
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production and OCR) provides enough energy to promote the G,/M
change to continue the normal cell cycle [65] as shown in the
experiments on the cell cycle.

Cell cycle analysis and apoptosis

As shown in proteomic studies, both MPP* and IGF-II modulate
protein expression involved in the cell cycle. Fig. 4A shows a repre-
sentative plot of BrdU/7-AAD cell cycle analysis and the percentage
of cells in sub-Gy, Go/G1, S and G,/M phases.

Go/G1 and S phases were found to be decreased by 1.6-fold and
1.3-fold respectively in MPP + -treated cells compared to control. In
opposition, the proportion of cells in the G,/M phase significantly
increased (5-fold) compared to control after treatment with
MPP’, as previously described, meaning a G,/M arrest [66]. IGF-II
counteracts the damage caused by MPP* promoting the G2/M cell
cycle progression. Furthermore, we have performed apoptosis
experiment in which MPP* produces a statistically significant
increase in apoptosis compared to control cell. The inclusion of
IGF-II in the incubation media decreases apoptosis and this effect
is mediated exclusively by the IGF-IIr as we did not see differences
when the insulin and IGF-I receptors were blocked with BMS; also,
the apoptosis returns to values similar to those of MPP* when the
IGF-IIr was blocked with the antibody against it (AB) (Fig. 4B). Fur-
thermore, the involvement of the specific IGF-II receptor in these
effects has also been previously demonstrated by our group [3]
using the selective agonist LEU[27]IGF-II, where we found almost
identical effects on cell death, in both IGF-II and LEU[27 |IGF-II trea-
ted cells.
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In the cell cycle analysis, it was shown that a significant number
of MPP*-treated cells entered the cell cycle and duplicated their
nuclear DNA. Moreover, MPP" treatment induced an important
increase in the number of apoptotic cells, as also previously
reported [66], while IGF-II demonstrated to reduce both cell cycle
entry and apoptosis (Fig. 4). All together, the results suggest that
apoptotic death is a consequence of entry into the cell cycle and
the arrest of G,/M as a consequence, at least partially, of a decrease
in mitofilin. Several studies have provided evidence that cell-cycle
activation may play a key role in neuronal apoptosis [32,66,67] and
mitosis and apoptosis are highly conserved mechanisms that share
molecular mediators and are activated concomitantly [68,69];
therefore, the prevention of neurons from entering the cell cycle
or delaying entry could have a neuroprotective role [7,69]. Which
could be the effect of IGF-II. This may be associated to the increase
in mitochondrial function (ATP production and OCR) as we previ-
ously showed in this work. Finally, it has to be highlighted that
no changes in cell cycle and apoptosis were observed compared
to control cells in those treated only with IGF-II (Figures S6A and
B, respectively), so all effects are produced only when damage is
induced; in this case by MPP".

Another important factor in the regulation of the cell cycle is
Chk1, an enzyme that phosphorylates downstream effectors to
trigger a pleiotropic response that includes energy consumption,
transcription regulation, cell-cycle arrest or delay, DNA repair, or
cell death if the injury is too heavy to be repaired [70]. After its
activation by phosphorylation, Chk1 induces cell-cycle delay and/
or blocks replication (in G, or S phases) when DNA is damaged
[71,72]. In this study, Chk1 expression was assessed by immunocy-
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Fig. 4. A) Representative plot of by flow cytometry of BrdU/7AAD cell cycle in untreated cells (CO) or cells treated with MPP “or MPP*+IGF-II and analysis of percentage of
different subpopulations of the cell cycle. B) Percentage of apoptotic cells after different treatments. Values represent the mean + SEM of at 4 to 5 experiments per situation
(* p<0.05 vs CO, # p < 0.05 vs MPP*, &p < 0.05 vs MPP*+IGF-II).
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Fig. 5. Immunocytochemistry of Chk1 expression and quantification of immunofluorescence levels in untreated cells (CO) or cells treated with MPP*, MPP*+IGF-II or
MPP*+IGF-II + BMS. The analyses were performed on 50 cells for each experimental group, using Image ] software. (#p < 0.05 vs MPP"). Values represent the mean + SEM of at

4 to 5 experiments per situation.

tochemistry (Fig. 5); administering MPP* produce no statistically
significant changes in the expression of Chk1 (10 % less than con-
trol). The addition of IGF-II in the incubation media leads to a sta-
tistically significant increase in the expression of Chk1, close to
30 %, compared to control cells. This effect could be attributed to
the specific interaction between IGF-II and its specific IGF-IIr, as
the blocking of insulin and IGF-I receptors by BMS does not pro-
duce any change in the percentage of increase of Chk1 caused by
IGF-IL. On the other hand, distribution of Chk1 within the nucleus
differs between the situations studied; immunofluorescence
images show that Chk1l expression was near nuclear membrane
in cells treated with MPP*, maybe associated with condensed chro-
matin due to cellular apoptotic processes. Instead, in cells that
were co-administered with IGF-II or were not treated (control
cells), it was located throughout the nucleoplasm. The increase in
Chk1 expression after IGF-II treatment found in this study could
be interpreted as a neuroprotective response to prevent damage
from neurotoxic agents based on the ability to interfere with the
cell cycle (death and/or division) [70,73,74|. Some studies have
also postulated that Chk1 inhibition could be neuroprotective in
some neurodegenerative diseases, such as Alzheimefs disease
[75], although there are some discrepancies depending on the type
of neurone involved (embryo or adult) [76]. The neuroprotective
effect of IGF-II could also be attributed to the increase in Chk1
levels that in turn would phosphorylate SOD [77], preventing fur-
ther DNA oxidative damage, in accordance with previous results
from our group [17]. Again, the results obtained in control cells

treated only with IGF-II showed no change in cell cycle and expres-
sion of Chk1 compared to untreated cells (Figure S6C), supporting
the idea that the effects of this hormone are induced only by its
interaction with MPP",

Limitations

This study was performed in a cellular model based on a sub-
stantia nigra embryonic cell line, and not in adult cells, so, some
differences could arise when compared with adult cells. Further-
more, all the experiments were performed in the absence of
antioxidants and protective factors in the incubation medium,
which is necessary to obtain accurate results concerning the IGF-
II/IGF-IIr effects, but it does not simulate real physiological condi-
tions for the cells.

Our results suggested that the neuroprotective effects of IGF-II
are mediated by IGF-IIr, but it cannot be ruled out its interaction
with other receptors (i.e., Insulin and IGF-I receptors), which
should be analysed in further studies.

Conclusions

In our experiments, IGF-II stimulates cellular mechanisms to
protect DNA integrity, as shown by the increase of Chk1 found
when IGF-II is present in the incubation medium. Besides, IGF-II
also improves mitochondrial function by promoting mitofilin asso-
ciation with mitochondria, recovering function and redox home-
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ostasis, avoiding ROS formation and maintaining integrity and
function of proteins; this would result in a regulation of transcrip-
tion factors decreasing apoptosis and cell death induced by MPP*.
Furthermore, all these antioxidant and protective effects are
mediated mainly by the interaction of IGF-II with IGF-IIr and are
due to its continuous presence in the medium.
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