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Investigation of Oxidative Stress and Mitochondrial Damage on Rat Derived Neural Stem Cells in 3D
Organoid Models

Abstract

Our goal was to investigate mitochondrial damage in a three-dimensional (3D) neural stem cell (NSC) organoid
model using oxidative stress-induced NSCs as primary research method. To create an in vitro organoid model, we
utilized NSCs that were exposed to oxidative stress by treating them with hydrogen peroxide (H.O») at a
concentration of 75 pM, leading to mitochondrial damage. Markers for oxidative stress, differentiation, and
neurodegenerative diseases were analyzed to characterize organoid models by assessing gene expression and
protein levels via histology, immunofluorescence staining, spectrophotometry, and Real-Time PCR. To determine
extent of mitochondrial damage in organoid models, we compared mitochondrial membrane potential and total
mitochondrial ratio. We independently evaluated mitochondrial damage in both spontaneously self-organized
organoid model and oxidative stress organoid models. The 3D NSC organoid model was established through
histological and immunofluorescent analyses, which revealed a well-organized cellular structure. Due to
intentionally induced oxidative stress, cell distribution varied. We found that H,O» reduced cell viability and
stimulated proliferation at specific concentrations. The cells in oxidative stress model showed strong expression
of neural markers MAP2 and TUBB3 compared to controls, as well as positive expression of Alzheimer's marker
TAU on 28" day. The model also displayed mitochondrial membrane changes and increased mitophagy during
culture process. Overall, we successfully developed an organoid model using multipotent NSCs, which
demonstrated H>O,'s crucial role in directing cell differentiation and behavior. The model exhibited expected
matrix rearrangement, resembling typical organoids, suggesting its potential as an Alzheimer's model and utility

in related research studies.
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Introduction

Stem cells exhibit capacity to proliferate indefinitely and differentiate into a variety of cell types, from
initial stages of development until end of life. They are specialized cells that possess unique characteristics that
distinguish them from other cell groups, including ability to self-renew and differentiate into different cell types,
as well as their capacity to form clones (Sangkum, 2016). These cells are the primary components of all tissues
and organs in body and possess the ability to divide and self-renew continuously, as well as to differentiate into
various organs and tissues. Recent advances in neural stem cell research have established widely accepted notion
that adult neural stem cells (aNSCs) are specifically located in subventricular zone (SVZ) of lateral ventricular
wall and subgranular zone (SGZ) of hippocampal dentate gyrus. (Gage 2000; Zhao et al. 2008). In adult brain's
SVZ, a population of quiescent aNSCs is believed to reside beneath ependymal layer and make contact with the
ventricle through their apical surface. These cells have been characterized as expressing LeX, CD133, GFAP, and
Nestin, and are negative for differentiated cell markers such as CD24, O4, NeuN, and S100p. A similar subset of
GFAP+, S100B-, Sox2+, Nestin+ radial cells, known as silent NSCs, are present in SGZ region of dentate gyrus.
The characteristics of aNSCs have been well-defined and these cells have capable of differentiating into all

subtypes of oligodendrocytes and into nervous system cell types and repopulate damaged areas of nervous system.

Neurodegenerative diseases cause a great threat to human health (Gitler et al. 2017). These disorders are
generally correlated with aging and oxidative stress due to becoming increasingly common in number of elderly
population in recent years (Jaul, 2017). Although there are some theories on aging at cellular level, it is not known
about how microscopic failures cause macroscopic damages of tissues, organs, and ultimately the organism. 3D
cell culture techniques are becoming increasingly common (Langharns, 2018; Ekert et al. 2014; Finnberg et al.
2017). Recent advances in stem cell and mammalian developments in biology have also significantly increased
use of these techniques in literature (Zakrzewski et al. 2019; Chen et al. 2014). 3D cultivation of both pluripotent
and differentiated cells reveal critical natural features missing in standard two-dimensional (2D) cultivation.
Unlike 2D standard culture technique 3D culture conditions can create various cellular phenotypes depending on
to niche microenvironment, polarity, and ECM interplay. Cell-derived tissue and organ-like structures that contain
one or more cell types are called organoids. Totipotent cells such as embryonic stem cells, pluripotent IPS cells or
multipotent featured stem cells can be used when creating organoid cultures. Neural stem/precursor cells are
involved in brain development and self-renewal processes in adult mammalian brain. In addition, these cells can

differentiate into neurons, astrocytes, and oligodendrocytes in vitro (McKay, 1997).

Neurodegenerative disorders like Alzheimer's, Parkinson's, and amyotrophic lateral sclerosis are linked
to oxidative stress and mitochondrial damage. This damage arises from an imbalance between free radicals and
the body's antioxidant defenses, either due to increased free radicals or decreased antioxidant enzymes. Enzymes
such as iron-sulfur and flavoproteins can reduce oxygen to highly toxic superoxide radicals, causing cell damage.
Oxidative stress significantly affects biological processes, especially apoptosis, and is a major factor in many
diseases. It leads to excessive reactive oxygen species, resulting in mitochondrial DNA mutations, respiratory
chain impairment, membrane permeability changes, and Ca*?> homeostasis disturbances. These alterations
contribute to the mentioned neurodegenerative conditions by exacerbating neuronal dysfunction. In our
investigation, oxidative stress induced rat derived NSCs (rNSC) were used to create organoid models by using 3D

cell culture techniques. We aimed to evaluate oxidative stress caused by mitochondrial damage in organoid models.



Materials And Methods

This research was performed in line with the principles of the Declaration of Helsinki and was ethically
approved by the Non-Interventional Clinical Research Ethics Committee of Kocaeli University, as evidenced by
documentation number KU GOKAEK-2020/47. rNSCs were sourced from the Cell Collection at the Center for

Stem Cell and Gene Therapies Research and Application, Kocaeli University.
rNSC cell culture

In rNSC culture process, the medium used was DMEM F12 supplemented with neural supplement
(StemPro; 1X), heparin (0.02%), B27 (1X), glutamax (1%), EGF (epithelial growth factor; 10 ng/ml), FGFb
(fibroblast growth factor basic; 20 ng/ml), and penicillin/streptomycin (Gibco; 1%). The medium was replaced
every two days until the neurospheres reached an adequate size, at which point they were collected and
mechanically dissociated into a single-cell suspension. The single cells were then replanted in culture flasks for

subculturing.
Characterization of NSCs

The phenotypes of NSCs were confirmed through microscope examination (Olympus IX71) and their
capacity for differentiation was assessed. To promote spontaneous differentiation, the cells were seeded onto
surface-coated 6-well plates and cultured in a differentiation medium comprised of DMEM F12 supplemented
with N2 supplement (1%), B27 supplement (1%), EGF (10 ng/ml), glutamax (1%), and penicillin/streptomycin

antibiotic solution (1%) for a period of one week. The culture medium was replaced every three days.
Immunofluorescent staining

To perform immune staining, the samples were subjected to fixation in 4% paraformaldehyde (PFA) for
a period of 15 min, followed by permeabilization with 0.1% Triton X-100. The cells were incubated with
Superblock serum for 30 min, and a primer antibody (diluted at a ratio of 1:100) was applied overnight at a
temperature of 4 °C. Subsequently, a PBS wash was carried out to remove the primer antibody, and the cells were
incubated with secondary antibodies for 90 min. Finally, the slides were mounted using DAPI-containing mounting
medium (Santa Cruz Biotechnology). Afterwards, samples were imagined under a lazer scanned confocal
microscope (Leica DMI 4000, Germany) (Tokuc et al. 2021). The antibodies utilized for immunofluorescent

staining in terms of cell-specific markers were given in Table 1.

Table 1: Primary antibodies utilized for immunofluorescent staining

Antibody Supplier Cat. no.
Nestin Biorbyt Orb-86833

Glial Fibrillary Acidic Protein (GFAP) Santa Cruz Biotechnology Sc-33673
Neural/Glial Antigen (NG2) Abcam Ab-50009




S100 Abcam Ab-868

Examination of gene expression

The acquisition of total RNA was conducted using the High Pure RNA Isolation Kit (Roche Applied
Science in Mannheim, Germany) (Oz Oyar et al. 2022). The RNA was extracted from cells by lysing them with
lysis buffer, followed by purification through a column, according to manufacturer's guidelines. The synthesis of
single-strand cDNA was then carried out using the Transcriptor High Fidelity cDNA Synthesis Kit (Roche Applied
Science in Mannheim, Germany). The expression levels of the genes were determined through the use of the
LightCycler 480 DNA SYBR Green I Master and gene-specific primers, along with LightCycler 480 real-time
PCR instrument from Roche Diagnostics. This process was conducted in accordance with the manufacturer's

protocol and utilized primers were given in Table 2.

Table 2: Primers used for INSC Characterization

Genes Sequences (5°-3°)

TCCTGGAACAGCAAAACAAG
Glial Fibrillary Acidic Protein (GFAP)

CAGCCTCAGGTTGGTTTCAT

TCGGAAGCTGATTGCAGAGA
Tyrosine Hydroxylase (TH)

TTCCGCTGTGTATTCCACATG

CCCTTAGTCTGGAGGTGGCTA

Nestin
GGTGTCTGCAACCGAGAGTT
AGAGCCATTCTGGTGGAC
Beta III Tubulin (TUBB3)
GCCAGCACCACTCTGACC

AGAGAAGCTGTGCTATGTTG
Actin Beta (ACTp)

GTACTCCTGCTTGCTGATCC

TCCAGTTTGTTGATTGTGTCCT
Neurofilament Light Polypeptide (NF-L)

TGAACGAAGCTCTAGAGAAGCA

CGGATGAAGAGAGGCATGTT
Superoxide Dismutase (SOD1)

CCACCTTTGCCCAAGTCATCT

Heme Oxygenase (HO1) GGTGTCCAGGGAAGGCTTTAAG

GTGCAGCTCCTCAGGGAAGTAG

GCAGACAAGCCTTCAGCAGTAA
Ki-67

TGGTACCATTGTCATCAATTTCAGT

GTCCCTTCTACACTTACCTCTTG
Brain Derived Neurotrophic Factor (BDNF)

CTTTGTTTCACCCTTTCCACTCCT




CACCCCAACTGAAGGTGACT
Ciliary Neurotrophic Factor (CNTF)

ACCTTCAAGCCCCATAGCTT

Hydrogen peroxide treatment on NSCs

NSCs were subjected to preconditioning by exposing them to varying concentrations of hydrogen
peroxide. Initially, the cells were single cell suspended and seeded onto 96 well plates. Thereafter, a medium
containing hydrogen peroxide at concentrations ranging from 5 pM to 150 uM was added onto the cells, and a 30-
min incubation was performed at 37 °C. Following the incubation, the medium containing hydrogen peroxide was

replaced with the standard culture medium.

Determination of appropriate hydrogen peroxide concentration

Cell viability assay

The process of cell plating was executed at a concentration of 10,000 cells per well in a 96-well plate
using a medium containing hydrogen peroxide. The plate was then incubated for 30 min at a temperature of 37 °C.
The medium was then replaced with standard culture medium, and the cells were cultured for 24 h. The cell
viability was assessed using a WST-1 kit (Roche Diagnostics, Québec, Canada). To accomplish this objective, 10
ul of the WST-1 cell proliferation and viability assessment solution were added to the cells in the 96-well plates
that were cultured. The cells were then incubated for 2 h at a temperature of 37 °C. The absorbance data were

acquired using a spectrophotometer (Molecular Devices, VersaMax) with a wavelength of 450 nanometers.

p-Galactosidase (B-Gal) staining and spectrophotometric analysis

In order to evaluate the impact of hydrogen peroxide concentrations on B-galactosidase staining, a 96-
well plate was utilized. Each well contained 10,000 cells and was seeded with hydrogen peroxide-containing
medium. The cells were then incubated at 37°C for 30 min, followed by the addition of standard culture medium
to wells. The cells were cultured for 24 h at 37°C, after which a histochemical analysis was conducted using the
Senescence Cells Histochemical Staining Kit (Sigma). The purpose of this analysis was to determine effects of
various hydrogen peroxide concentrations on the cells. Briefly, cells were collected and suspended in a medium,
which was then centrifuged in a cytocentrifuge (Hettich ROTOFIX 32) to adhere them to slide surface. The cells
were then fixed with a 1X fixation solution. Subsequently, the samples were incubated overnight at 37°C with a
staining solution to provide visual data for choosing optimal concentration of hydrogen peroxide. Additionally, to
evaluate B-Gal activity associated with cell senescence, the cells were fixed in a 1X fixation solution for 15 min at
room temperature and incubated overnight at 37°C (without CO2) with staining solution. The absorbance data

were collected by a spectrophotometer at 400 nm (Molecular Devices, VersaMax).

TMRM staining for detection of changes in mitochondrial membrane potential

Mitochondrial membrane potential were assessed using a TMRM staining solution (Thermo Scientific,
Cat no: M200360). Basically cells were plated at determined density in a 96 well culture plate with hydrogen

peroxide containing medium and incubated for 30 min in a 37 °C. After that medium replaced with the standard



medium and cells cultured for 24 h at 37 °C. After that cell containing medium was collected with centrifuge
excess medium removed and cells stained with TMRM dye for 30 min in a 37 °C. The changes in Mitochondrial

membrane potential were evaluated with flow cytometer analysis.
Generation of organoids with stress induced NSCs

NSCs preconditioned with 75 uM hydrogen peroxide for 30 min were mixed with 10 pL matrigel
(Matrigel Matrix Growth Factor Reduced, BD) per well and plated to a non-adhesive 96-well plate. Incubation
was carried out at 37 °C for 2 h. At the end of the time, 100 uL of differentiation medium was added to the wells
in order to remove the matrigen droplets from the bottom and start the culture. Organoids were cultured in non-
adhesive 96-well plate for 28 days. During this period, ectodermal differentiation was induced by B27 in cells.

The medium was consistently altered every three days in experimental set-ups.
Characterization of an in vitro 3D NSC organoid model
Cryosectioning

Organoids were harvested at 14" day and 28" day to perform immunocytochemistry analyses, for this
purpose samples washed two times with phosphate-buffered saline (PBS; Sigma-Aldrich) and fixation was
performed with 4% PFA for 15 min. Samples were washed with PBS one more time to eliminate fixative and
placed in 30% sucrose overnight at 4 °C. After taht to kept organoids more stabile for sectioning embedding
solution with 7.5% gelatin and 10% sucrose was added to the organoids and kept at 37 °C for 20 min. Samples
were taken into metal cassettes and fast freezing was performed by keeping them on the mixture prepared with dry
ice and 100% alcohol for 1-2 min. Organoids were sliced 15 um thickness by using a cryostat, LEICA CM1520
(Leica Biosystems, Wetzlar, Germany, http://www2.leicabiosystems.com). Cryosections were mounted on

positive charged slides and stored at 20°C.
Hematoxylin and eosin staining

Prior to staining, sections were rehydrated with decreasing alcohol series for 4 min each. Sections were
placed in haematoxylin solution for 5 min and washed in tap water for 4 min. After that sections were placed in
bluing solution for 15 s and stained with eosin solution for up to 3 min. Finally sections were dehydrated by
increasing ethanol series and mounted using Entellan (Sigma Aldrich Cat no: 107961). Gross images were obtained
by using Leica DMI 4000 microscope (Leica Biosystems, Wetzlar, Germany, http://www2.leicabiosystems.com)

(Ergen at al. 2022).

Immunofluorescent staining

Slides were placed in 96% ethanol for 20 min. Sections were then taken into 50 Mm pH 6.0 citrate solution
and microwave irradiated antigen retrieval procedure was performed for 20 min. Slides were permeabilized in
0.1% Triton-X up to 7 min and blocked with protein block solution (Abcam Cat no: ab64226) for 10 min. Sections
were incubated with primary antibodies diluted in antibody diluent solution (Invitrogen Ref no: 003118) at 4°C
overnight. Slides were washed three times with PBS-T for 10 min each and incubated with secondary antibody for

90 min at 37°C. After that samples were washed with PBS-T and mounted with DAPI containing mounting


http://www2.leicabiosystems.com/

medium (Santa Cruz Biotechnology). Afterwards, samples were imagined under a lazer scanned confocal
microscope (Leica DMI 4000, Germany). The cell-specific markers used for organoid characterization given in
Table 3.

Table 3: Primer antibodies used in immune staining for organoid charazterization

Antibody Supplier Cat. no.
Beta III Tubulin (TUBB3) Biorbyt Orb-100281
S100 Abcam Ab-868
Neural/Glial Antigen (NG2) Abcam Ab-50009
Microtubule Associated Protein (MAP2) Abcam Ab-11267
Tau Abcam Ab-131354
Glial Fibrillary Acidic Protein (GFAP) Santa Cruz Biotechnology Sc-33673
Tyrosine Hydroxylase (TH) Santa Cruz Biotechnology Sc-73152

Organoid p-Galactosidase staining

Organoids were subjected to a 1X fixation solution for a period of 20 min at room temperature. Following
this, the organoids were washed with PBS three times for a duration of 10 min each. Afterwards, the organoids
were incubated overnight at 37 °C without CO» using fresh senescence-associated -Gal staining solution. The
following day, microscopic imaging was conducted, and the organoids were disintegrated using mammalian
extraction buffer (M-PER, Thermo Scientific). Finally, absorbance readings were obtained using a

spectrophotometer (Molecular Devices, VersaMax) at 400 nm.

Superoxide dismutase (SOD) analysis

SOD enzyme activity was analyzed by using a SOD analysis kit (EnzyChrom Superoxide Dismutase
Assay Kit, BioAssay Systems). The organoids were taken into Eppendorf, 100 ul PBS was added and the integrity
of the structure was disrupted with an insulin injector to obtain a cell suspension. Samples were added to 96 well
as 20 ul per well. Next a working solution containing WST-1 and Xanthine enzyme was added on samples and
reaction was started by adding Xanthine oxidase enzyme on the samples. SOD enzyme activity was analyzed by

making spectrophotometric measurements at 400 nm wavelength at 0 and 60 min.



Tetramethylrhodamine methyl ester (TMRM) staining of organoid

Prior to staining, cryosections were brought to room temperature and rehydrated with decreasing alcohol
series for 4 min each. 10 uyM TMRM containing dye solution was added to the samples and staining was carried
out at 37 °C for 30 min. To obtaine visual datas, excess dye was removed and slides were mounted with DAPI

containing mounting medium (Santa Cruz Biotechnology).
Quantification of total mitochondria by mitotracker red staining

Mitotracker red is a fluorescent dye that shows deposition in the mitochondrial membrane by binding to
thiol-reactive chloromethyl groups. Prior to staining, cryosections taken to the room temperature and rehydrated
with decreasing alcohol series for 4 min each. 500 nM mitotracker red (Thermo Scientific Cat no: M22425)
containing dye solution was added to the samples and staining was carried out at 37 °C for 30 min. At the end of
the period, the dye was removed and slides were mounted with DAPI (Santa Cruz Biotechnology) and made ready
for analysis. Afterwards, samples were imagined under a lazer scanned confocal microscope (Leica DMI 4000,

Germany).
Gene expression analysis

The RNA extraction process was carried out using the QIAGEN RNeasy Mini kit for the 1%, 14", and
28™ day organoid models. The organoids were broken down using the lysis buffer provided in the kit, and then the
RNA was isolated using column purification, as per the manufacturer's instructions. The Transcriptor High Fidelity
cDNA Synthesis Kit (Thermo Scientific) was used to synthesize single-strand cDNA, and the LightCycler 480
DNA SYBR Greenl Master from Roche Applied Science along with gene-specific primers on a LightCycler 480
real-time PCR instrument from Roche Diagnostics was used to determine gene expression levels. The process was

carried out according to the manufacturer's protocol, and the gene-specific primers used were given in Table 4.

Table 4: Primers used in RT-PCR for organoid characterization

Gene Sequences (5°-3°)
AGCAGAGCCTCAGCATCTGTTCTT
NADPH Oxidase 4 (NOX4)
TGGTTCTCCTGCTTGGAACCTTCT
AAAGAGGAAAAAGGGCTCCA
P22PHOX
TAGGCTCAATGGGAGTCCAC
Neurotrophic Factor (NRF2) AGAGCCATTCTGGTGGAC
GCCAGCACCACTCTGACC
CTACCTATTCCTGCAGCTTC
RAGE
CTGATGTTGACAGGAGGGCTTTCC
AGTTCCTGGACATCCTGGTG
Dual Oxidase 1 (DUOX1)
GTCAGCTCCTCCTTGTCCTG




CGGATGAAGAGAGGCATGTT
Superoxide Dismutase (SOD1)

CCACCTTTGCCCAAGTCATCT

GGTGTCCAGGGAAGGCTTTAAG
Heme Oxygenase (HO1)

GTGCAGCTCCTCAGGGAAGTAG

CTTGCTCCTTTAGCCACCAC
Monocarboxylate transporter 4 (MCT4)
GAAACTGGCAAGTCCCAAAA
TGACAGAGATGGCCATCTC
Indian Hedgehog (IHH)
AAACTCGCGCCTCTTGCCTA

TTTCACAGAGCAGCAGTGGATGC
Sonic Hedgehog (SHH)

TTAAATGCCTTGGCCATCTC
CTCTACAGGCACACTCGTAGC
Notch 1
AACGCCTACCTCTGCTTCTG
AGAGAAGCTGTGCTATGTTG
Actin Beta (ACTp)
GTACTCCTGCTTGCTGATCC

Nucleotide-binding oligomerization domain-containing TTCTGCCTTACGAGGGTTACTCTCT

protein 2 (NOD2) ATGGTCCTCAGCTTAGCAGTGAAC
GTGAAGACATGCTGGTGGTC
WNT3A
GGGCACCTTGAAGTAGGTGT
TGTGGTCACAGACCTTCTGC
Noggin (NOG)
GTGAGGTGCACAGACTTGGA

Determination of total protein in organoids with bicinchoninic acid (BCA) method

Total protein concentration in the organoid models were analyzed by using the BCA Analysis Kit
(SMART BCA Protein Assay Kit). First organoids were taken into eppendorf, 100 pul PBS was added and the
integrity of the structure was disrupted with an insulin injector to obtain a cell suspension. Samples were added to
96 well as 25 pl per well. Then bicinchoninic asid containing working solution was added and incubation was
performed at 37 °C for 30 min. The analysis was carried out by making spectrophotometric measurements at a

wavelength of 562 nm.
Statistical analysis

The IBM SPSS 20.0 software package (SPSS Inc., Chicago, IL, USA) was utilized to conduct a statistical analysis.
The Normal distribution was assessed using the Kolmogorov-Smirnov test. Numerical variables that followed a
normal distribution were reported as the mean + standard deviation, while those that did not were reported as the
median (25" percentile-75" percentile). A one-way analysis of variance (ANOVA) was used to determine
differences between groups for numerical variables following a normal distribution. A p-value of less than 0.05

was considered statistically significant (Tekin et al. 2024; Furat Rencber et al. 2018; Rende et al. 2024).




Results
Characterization of INSC

NSC’s were exhibited neurosphere structures, which are characteristic features of NSCs and they
maintained their phenotype during serial passages. The cells differentiated into neuron, astrocyte and
oligodendrocyte after 7 days of culture. The formation of the neurosphere structures and generation of several cell

types indicated that this cells possessed the NSC character.

Fig. 1. Characterization of INSC. NSCs were analyzed by bright field microscopy (a). The differentiation capacity of NSC'’s into
neural (e) and glial cell lines (a, ¢, d) were determined with immune staining. The nuclei were stained with DAPI (blue b-e). Scale
bar: 50, 100, and 200 um.

Determination of appropriate hydrogen peroxide concentration

The optimum H»O, dose for preconditioning cell to oxidative stress was determined as a 75 uM H,0,. To
determine optimum H>O, dose WST-1 assay, SA-B-gal Staining and RT-PCR analyses were performed. For WST-
1 assay briefly, NSCs were treated for 30 min with H,O; at concentrations ranging from 5 uM to 150 uM. As a
result low and high dose H>O, caused cell death (5uM, 150uM). B-gal staining was performed for all hydrogen
peroxide doses and intensifying staining was observed at increasing concentration values. 75 pM H»O; dose
showed intense staining compared to other doses. Results obtained from f-gal staining indicated that H,O»
concentrations above 75 uM caused lethal effect on cells. The expression pattern of differentiation markers,
oxidative stress markers, cell survival markers and proliferation marker was analyzed with real time PCR (Fig. 2).
The expression of differentiation markers increased at 10 uM H,O; concentration, decreased at 20 uM and then
exhibited a secondary increase profile at 75 uM and 100 pM. Oxidative stress related markers showed similar
expression profile with differentiation markers which expressions increased 10 uM H,O, concentration, decreased
at 20 uM and then exhibited a secondary increase profile at 75 pM and 100 pM. When expression levels of BDNF
and CNTF were examined, 10 puM H,O» caused a great amount a stress in cell and there was an increased expression
of cell survival genes associated with stress. The expression level of these markers decreased at 20 uM H»0,
concentration and increased again for 50 and 75 uM H>O, concentrations. The expression pattern of profilferation
marker increased at 10 uM H»O» concentration, decreased at 20 uM and then exhibited a secondaty increase profile
at 75 puM H»0, concentration. The results showed that 75 uM H»O, concentration was appropriate value for

preconditioning studies.
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Fig. 2. Determination of appropriate H.O, concentration for oxidative stress induction. WST-1 assay performed after 30 min of
H.O, application to rNSC's at varying concentration values (a). Beta galactosidase staining to sNKHs after 30 min of H,O»
application at varying concentration values, Scale bar: 50 um (b). Differentiation, oxidative stress, cell survival and proliferation

gene expressions (c). (*: p < 0.05).
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Formation of organoids created with stress induced NSCs

This protocol outlines the generation of 3D cerebral organoid formation from rNSC’s and their following
analysis. These method is easy to perform in a standart tissue culture systems using basic equipments. Furthermore,
organoids can be examined at various timepoints to study a variety of developmental stages. Begining of this
protocol first cells were preconditioned with 75 uM H,0,. After that cells were mixed with growth factor reduced
matrigel and cultured in non adhesive 96 well culture dish. Organoids were cultured in standart culture conditions

up to 28 day. During this period, ectodermal differentiation was induced by B27 supplement.

NSCs was quickly expanded their number once placed in Matrigel and by the time 9-16 the entire
organoid was diffucult to examine with standart tissue-culture microscope. Organoids were systematically
examined during the culture. In early stages of culture, cells in the control organoid model showed a tendency to

form clusters. But there is no such a thing was observed organoids who created with preconditioned cells.

Fig. 3. rNSC organoid models in culture. 1% day in culture (a, b), 14" day in culture (c, d), 28" day in culture (e, f). 1st day in
culture (g, h), 14" day in culture (1, j), 28" day in culture (k, I). Scale Bar: 50, 100, and 200 pm.

Histological and cytological analysis of NSC organoid

Organoids were created by using oxidative stress induced rNSC cells and cultured in differentiation
medium. During the culture period it was seen that surface structures on the organoids occured between D9 and
D10. Histologic exemination of organoids revealed a spesific cellular dispersion and neuroepithelial structures
consist with the develoment of organoids. When immunofluorescent stains have been used to further evaluate
organoid models at 14" day, it was seen that most of cells in organoids were positive for p3-tubulin, MAP2 and
NG-2 consist with neural differentiation. Moreover, many of the cells in organoids were also positive for Tau

marker.

13



Additional experiments were carried out on 28" day organoid models. 28" day organoids showed some
simillarity to those at 14" day, but tented to be larger and these often showed increased complexity and in 28 day
organoids cells showed additional positivity for GFAP, S100. Furthermore, in both 14" day and 28" day organoids

were negative for tyrosine hydroxylase.

28.DAY Control
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Fig. 4. Morphologies of the control and oxidative stress organoid models. 14" day organoid models hematoxylin and eosin staining
(a). 28" day organoid models hematocylin and eosin staining (b). Characterization of control and oxidative stress organoid models
with immune staining (c). Scale bar: 50, 100, and 200 um.

Gene expression in NSC organoids

To further characterize organoids, expression of various markers such as oxidative stress, autophagy and
apoptosis, cell survival in 1% day, 14" day and 28" day organoids created with oxidative stress induced NSCs.
Differentiation markers (SHH, IHH and Wnt-3a) analysis showed significantly increased expression in 28" day
organoids. Oxidative stress markers (SOD1, HO1, DUOX1 and MCT-4) combined analysis indicated that

significant over expression profile at 14™ day and 28" day time points for HO1. SOD1 oxidative stress marker
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showed increased expression only 14" day, for DUOX1 marker incerased expression profile seen only in 28" day.
To analyse mitochondrial biogenesis and mitochondrial ROS homeostasis MCT-4 and NRF2 markers were used.
NRF2 expression showed significant increased expression at 28" day. Besides MCT-4 expression showed
increased expression both time points. NOD2 marker, which is involved in autophagy and apoptosis, supports
cellular survival and provides the expression of antiapoptotic proteins. NOD2 expresison showed significant
increased expression at 28" day. NOX4 one of the NOX family subunits, function as oxygen sensors and catalyze
the reduction of oxygen to various ROS. NOX4 expression analysis showed significant decreased expression at

14th day time point.
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Fig. 5. The evaluation of gene expression of control and oxidative stress organoid models. 3-Actin was used as the reference

gene (*: p < 0.05).
Detection of oxidative stress in organoid models by SOD analysis

In order to reveal the SOD activity in the organoid models, briefly organoids were collected on the 1%,
14™ and 28" days of the culture and level of SOD in the models were analyzed using the SOD analysis kit
(EnzyChrom Superoxide Dismutase Assay Kit). As a result, in 1st day organoids it was determined that oxidative
stress-induced SOD activity was high in organoids created with H,O, applied cells, and SOD activity was not
observed in the organoid model created with healthy cells (Fig. 6). In the organoid models on the 14" day, a
necrotic region was occured due to cellular localization in the control group model, resulting increase in SOD
activity compared to the 1% day. It was determined that the SOD activity of the H,O, applied model increased
compared to the 1% day and the SOD activity of this group was higher then the control group (Fig. 6). In the 28"
day organoid models, there was a decrease in SOD activity in both groups. It was determined that the SOD activity
of the control group was above the SOD level of the organoid model of the experimental group, the reason of this

the increase in the oxygen-free zone created by the cells located in the center of the model (Fig. 6).
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Fig. 6. 1%, 14", and 28" day SOD activity of control and oxidative stress organoid models (*: p <0.05).
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BCA assay in NSC organoids

BCA analysis was implemented to reveal total protein concentrations in the organoid models. As a result
of the BCA analysis, the protein amount of the organoids formed by the cells treated with H>O; increased by 5.03%
compared to the organoid model of the control group. Likewise, when the organoid models on the 14" day were
compared with the control organoid model on the 1% day, the protein amount of the organoid model formed by the

cells treated with H,O» an increase by 43.66% (Fig. 7).

It was observed that there was a 52.25% decrease in total protein amount in the 28" day control organoid
model compared to the 1% day organoid. It was observed that the amount of protein in the 28" day H,O, organoid
model decreased by 85% compared to the 14" day H,O, organoid model, because of the decrease in the effect of

oxidative stress-induced stimulation (Fig. 7).
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Fig. 7. 1%, 14", and 28™ day BCA analysis of control and oxidative stress organoid models (*: p <0.05).

Mitochondrial Membrane Potential Measurement

TMRM staining

Cationic fluorescent dye tetramethylrhodamine methyl ester (TMRM) staining was performed to detect
the mitochondrial membrane potential change in the organoids. When TMRM staining of the 1st day organoid
models was examined, it was observed that the staining was weaker in the experimental group compared to the
control. TMRM staining of organoid models on the 14" day was similar among the groups. When the TMRM
staining of the control and experimental group organoids on the 28" day was examined, it was observed that the
sections taken from the experimental group organoids treated with H,O; were stained more intensely compared

with control group (Fig. 8).
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Fig. 8. 1%, 14" and 28" day control and oxidative stress organoid models TMRM staining. 15! day organoid models TMRM staining
(a). 14" day organoid models TMRM staining (b). 28" day organoid models TMRM staining (c). Scale bar: 50 pm.

Mitotracker red staining

To assess the total number of the mitochondria, mitotracker red staining was performed. 1*' day control
organoid models showed strong positivity compered to model using oxidative stress-treated cells. 14" day
organoid models showed similar level of mitotracker staining. When looking at the mitotracker staining in the
organoid models on the 28" day, it was seen that the organoids created by using cells exposed to H,O, was more

intensely stained with the dye that stains the mitochondria in the cell compared to the control group (Fig. 9).
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Control
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Fig. 9. 1%, 14" and 28" day control and oxidative stress organoid models mitotracker red staining. 1% day organoid models
mitotracker red staining (a). 14" day organoid models mitotracker red staining (b). 28" day organoid models mitotracker red

staining (c). Scale bar: 50 pm.

Discussion

Aging has a significant impact on the development of neurodegenerative diseases, which are caused not
only by mutations at the gene level but also by changes in cellular compartments. One of these compartments is
mitochondria, which play a crucial role in energy metabolism within cells. Abnormal mitochondrial DNA and
gene expression patterns have been linked to neurodegenerative diseases. Although there are theories on aging at
the cellular level, there is little known about how microscopic failures lead to tissue and organ dysfunction and
ultimately affect the entire organism. It is crucial to recognize that interdependence between cells plays a
significant role in tissue death. Contrary to what 2D cell cultures suggest, it is not only the cells but the entire
tissue that ages under physiological conditions. To better understand the complexity of tissue aging, organoid
cultures can be used. These cultures are created by spontaneous growth of high-potency cells on an appropriate
support matrix structure, and they mimic in vivo physiological structures in in vitro conditions. Organoid cultures
can reveal critical cell-cell and cell-matrix interactions that 2D cell culture techniques fail to predict. Tissue
engineering and organnoid technologies hold promise for understanding the development of neurodegenerative

diseases as well as other diseases.

Our study aimed to determine the optimal dosage that would induce stress in NSCs. The effects of
preconditioning increased in a dose-dependent manner up to a specific threshold, beyond which they decreased,
possibly due to the depletion of the cells' intrinsic cytoprotective capacity. NSCs possess a sophisticated
antioxidant defense system that regulates reactive oxygen species. These cells have enzymatic defenses against
H,0:, such as catalase and glutathione peroxidase (Simonian and Coyle, 1996), which are upregulated when cells
are exposed to low concentrations of H,O», making them more susceptible to subsequent cytotoxic doses (Valen
et al. 1998; Lee and Um 1999; Tang et al. 2007; Sharma et al. 2008). However, under oxidative stress conditions,

the cellular antioxidant defense system may become compromised (Conklin, 2000). The accumulation of free
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radicals can overwhelm these mechanisms, rendering cells more susceptible to lipid peroxidation, DNA, and
protein damage (Berlett and Stadtman, 1997; Cadet et al. 2001). For example, studies have shown that an excess
of H>O» can reduce glutathione (GSH) activity (Su et al. 1999; Spector et al., 2002; Hammerschmidt and Wahn,
2004). Based on the analysis of WST-1, it was found that 75 uM of H,O, concentration is the optimal level for
achieving the desired outcome in cells. It is worth noting that 100 uM of H»>O, concentration is commonly used in
studies, as reported in the literature (Konyalioglu et al. 2013; Abdanipour et al., 2018). However, it should be
mentioned that using 100 uM of H,O, concentration may cause a decrease in cell viability over time, as previously
reported in the literature (Konyalioglu et al. 2013). To exhibit the alteration in the mitochondrial membrane
potential brought on by oxidative stress, cells were reared with 75 uM H>O; and stained with the TMRM dye.
Consequently of the flow cytometric investigation, it was disclosed that the cells of the control group were more
dyed with TMRM dye as compared to the cells that were administered with 75 uM H,0O,. Considering that TMRM
is a dye that collects in the membranes of healthy mitochondria as opposed to the membranes of depolarized

mitochondria (Floryk and Housték, 1999; Morganti et al. 2019).

In our investigation, hematoxylin and eosin staining was performed to characterize organoid models, and
the results revealed distinct cell distribution profiles within the models. On 14" day organoids, cells in the control
group organoid models showed a more aggregated profile, resembling neurosphere-like cell clusters, whereas cells
in the experimental group organoid models were concentrated at the edge of the model. At 28™ day, the differences
in cellular distribution between the groups became more pronounced. Neurosphere-like cell clusters observed in
the control group's organoid models suggested the maintenance of stem cell characteristics of NSCs in the model,
while the distribution of cells in the experimental group was interpreted as an oxidative stress-induced stimulation
leading to cell differentiation. Several studies have shown an increase in cell migration capacity when low
concentrations of H>O; are applied for preconditioning neural progenitor cells in 2D culture conditions (Sharma et

al. 2008).

Our study revealed that the immunofluorescent staining on the 28" day was more intense than that on the
14" day. In particular, the staining for GFAP and NG2, which are glial cell markers, was more intense in the
experimental groups compared to the control. In terms of neuronal cell markers, Tubulin Beta III staining was
most intense in the experimental group on the 28™ day. Given that WNT3A gene expression was also high, this
result was expected. To determine the potential of our organoid model for neurodegenerative disease research, we
examined the markers for Parkinson's and Alzheimer's diseases. Our findings showed that TH, the Parkinson's
disease marker, was not expressed in the organoid models. However, Tau, one of the Alzheimer's disease markers,
was positive in the organoid models as a result of immunofluorescent staining, and the staining was weaker in the
experimental group only on the 28" day compared to the control group. The difference in staining profiles in this
group can be attributed to the high WNT3A expression, as it is known that increased WNT3A gene expression
reduces neurodegeneration caused by beta amyloid fibrils, which are seen in Alzheimer's pathology, and thus

affects the course of the disease (De Ferrari et al. 2003; Arrazola et al. 2015).

The activity of SOD enzyme was assessed in organoid models as a marker of oxidative stress. Since the
concentration of antioxidants in the environment increases in response to the balancing of oxidative agents caused
by stress in the cell, it was concluded that H»O» had the desired effect on the cell. In the 1% day organoid models,

the SOD enzyme activity was only observed in the experimental group, indicating that H>O» had the desired effect
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in the cell. It was determined that the increased SOD enzyme activity in the 14" day control organoid model
compared to the 1st day was due to the formation of an oxygen-free zone due to the central localization of the cells
in the model. The increase in SOD activity in the 14" day experimental group suggests that the effects of oxidative
stress-induced cellular stimulation are ongoing, and the cellular distribution profile revealed by hematoxylin and
eosin staining supports this result. In the 28" day organoid models, there was a decrease in SOD activity in both
groups, indicating that the oxidative stress created by H»O; loses its effectiveness on cells. The assessment of
mitochondrial membrane potential was carried out using TMRM staining in organoid models. The control group
showed more prominent staining on the 1st day due to the cationic nature of TMRM dye, which accumulates in
healthy mitochondria. By 14" day, both groups revealed similar staining patterns, suggesting an increase in cell
number and healthy cells, along with an increase in SOD enzyme activity and total protein content in both groups.
However, on the 28" day, the experimental group demonstrated more intense TMRM staining than the control
group. This difference may be attributed to the deterioration of cells in the control group resulting from oxidative

stress, as SOD enzyme activity was higher in the control group on the 28" day.

After performing the TMRM staining process, we conducted Mitotracker Red staining to determine the
total amount of mitochondria in the organoid models. The results revealed that in the 1* day organoid models, the
experimental group showed weaker staining compared to the control group, potentially due to the oxidative stress
induced on the cells, which led to mitophagy and a decrease in the number of mitochondria in the cells (Dolman
et al. 2013; Barbour and Turner, 2014). This reduction in mitochondrial biogenesis and mitophagy is associated
with various diseases, including Alzheimer's, Type 1 Diabetes Mellitus, and aging (Wallace, 1999; Jornayvaz and
Shulman, 2010). In contrast, the staining in the 14" day organoid models was comparable between both groups,
possibly due to the absence of stressors affecting the cells forming the organoid models. However, in the 28% day
organoid models, the experimental group exhibited more intense staining with Mitotracker Red dye than the
control group. This intensity may be attributed to mitophagy caused by oxidative stress resulting from a change in
the mitochondrial membrane potential due to oxygen deprivation caused by cellular distribution in the 28" day

control organoid model.

The examination of gene expression levels in organoid models revealed that the SHH gene, which is a
component of the Hedgehog signaling pathway and is known to provide stimulation of antioxidative effects such
as preventing ROS formation under oxidative stress conditions, preventing mitochondrial damage, and increasing
ATP production, was found to be high in the 28" day experimental group (He et al. 2017; Chen et al. 2018). This
expression of SHH supports the intense mitotracker staining observed in the same group. These results indicate
that a cellular response against oxidative stress occurred in the organoid structure of the experimental group on the
28™ day. The expression profile of the WNT3A gene, which is involved in cellular differentiation processes,
indicates neural differentiation (Muroyama et al., 2004). The high expression level of the experimental group on
the 28" day indicates that the oxidative stress created for this experimental group directs neuronal differentiation.
At the same time, the increase in WNT3A gene expression level reduces the neurodegeneration caused by beta
amyloid fibrils seen in Alzheimer's pathology and thus affects the course of the disease (De Ferrari et al. 2003;
Arrdzola et al. 2015). The high expression level of WNT3A gene in the 28™ day experimental group explains the
reason for the weak staining of the Tau Alzheimer marker compared to the control. The Notchl gene belongs to
the Typel transmembrane protein family and has been found to play a role in cellular differentiation processes,

particularly in the increased expression of this gene during glial cell differentiation. The results suggest that the
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control group exhibits higher levels of glial cell differentiation on 28" day, as the expression level of the control
group is higher than the experimental group. The administration of H>O; appears to stimulate specific cell
differentiation, as the results imply that it triggers the expression of the Notchl gene. The observation of similar
expression of the Noggin gene in both groups, which directs neural and glial cell differentiation through the
expression of BMP profiles, indicates that the spontaneous cell differentiation that occurs is successful. These
findings support the conclusion that H,O, administration stimulates specific cell differentiation. (Hojo et al. 2000;

Grandbarbe et al. 2003; Morell et al. 2015).

The outcomes of the oxidative stress markers SOD1 and HO1 genes for the experimental groups were
found to be higher than those of the control groups, indicating that the intended increase in oxidative stress through
the use of H,O, was successful. The opposing expression profile of RAGE in comparison to SOD1 and HO1
supports these results. The biochemical analysis kit used to analyze SOD further corroborates the gene expression
findings. Peak expression was observed in the experimental group on 14" day, after which it began to decrease.
The high expression of DUOX1 in the experimental group on 28" day suggests a significant accumulation of ROS
in the model. A number of studies have also shown that DUOX1 stimulates cell migration in various cell types,
especially immune cells, in response to environmental changes (Balta et al. 2020; Kennedy et al. 2010). When the
researchers examined the influence of oxidative stress on the expression of the MCT-4 gene, they discovered a
direct correlation. The upregulation of the MCT-4 gene typically indicates mitochondrial damage. The NRF2 gene
is crucial for the maintenance of mitochondrial biogenesis and mitochondrial reactive oxygen species (ROS)
homeostasis, and reduced NRF2 gene expression has been associated with a decrease in the number of
mitochondria, disruption of mitochondrial biogenesis, and mitophagy processes (Chen et al. 2012; Barbour and
Turner, 2014). The higher expression profile observed on the 28" day in the experimental group in comparison to
the control group confirms the mitotracker red staining. NOD2, which has a role in autophagy and apoptosis,
contributes to cellular survival by inducing the expression of antiapoptotic proteins. Furthermore, NOD2, much
like NRF2, has been found to be involved in mitophagy processes (Lupfer et al. 2013; Maurya et al. 2015; Levy
et al. 2020). The subunits NOX4 and P22phox, both part of the NOX family, function as oxygen sensors and
catalyze the reduction of oxygen into various reactive oxygen species (ROS). These ROS are involved in cellular
signal transduction and differentiation. Research has indicated that an increase in NOX4 expression is correlated
with increased oxidative stress and mitochondrial dysfunction, while a decrease in the gene's expression suggests
a reduction in stress. (Vendrov et al. 2015). The finding of low NOX4 expression in the experimental groups on
the 14th day was interpreted as being due to the high antioxidant levels in these groups. This is because an increase
in antioxidant levels creates a balance with the oxidants, leading to a decrease in cellular stress and a decrease in

NOX4 expression.

The results of the BCA analysis for evaluating the total protein content in organoid models showed that
the protein levels in the experimental groups were greater than those in the control groups. Moreover, the peak
value achieved on 14" day decreased due to the degradation and destruction of the matrigel, which served as the
support structure. This decrease in protein amount is also suggestive of the reorganization of the microenvironment
that we anticipate observing in organoids. As this regulation involves the ongoing secretion of proteases and tissue-
specific structural proteins, it is expected to fluctuate over time. In conclusion, H>O; plays a crucial role in guiding
specific cell differentiation processes and influencing cell behavior. These findings were validated through gene

expression analysis, histological examination, and immunofluorescent and biochemical assessments. The effects
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of hydrogen peroxide on cells varied depending on the concentration levels, and at the specified dose, it promoted
cell growth by facilitating cell differentiation. The organoid model developed in this study demonstrates potential
for use in Alzheimer's disease treatment. The model showcases the migration and differentiation of natural killer
cells, and initial characterization of the differentiated cells has been conducted. Further research is required to

provide a comprehensive description of the organoid model and its constituent cells.
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