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ARTICLE INFO ABSTRACT

Edited by Harm J. Heusinkveld Current guidelines for developmental neurotoxicity (DNT) evaluation are based on animal models. These have
limitations so more relevant, efficient and robust approaches for DNT assessment are needed. We have used the

Keywords: human SH-SY5Y neuroblastoma cell model to evaluate a panel of 93 mRNA markers that are frequent in

Developmental neurotoxicity
in vitro
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Live-cell imaging
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Neuronal diseases and functional annotations and also differentially expressed during retinoic acid-induced
differentiation in the cell model. Rotenone, valproic acid (VPA), acrylamide (ACR) and methylmercury chlo-
ride (MeHg) were used as DNT positive compounds. Tolbutamide, D-mannitol and clofibrate were used as DNT
negative compounds. To determine concentrations for exposure for gene expression analysis, we developed a
pipeline for neurite outgrowth assessment by live-cell imaging. In addition, cell viability was measured by the
resazurin assay. Gene expression was analyzed by RT-qPCR after 6 days of exposure during differentiation to
concentrations of the DNT positive compounds that affected neurite outgrowth, but with no or minimal effect on
cell viability. Methylmercury affected cell viability at lower concentrations than neurite outgrowth, hence the
cells were exposed with the highest non-cytotoxic concentration. Rotenone (7.3 nM) induced 32 differentially
expressed genes (DEGs), ACR (70 uM) 8 DEGs, and VPA (75 uM) 16 DEGs. No individual genes were significantly
dysregulated by all 3 DNT positive compounds (p < 0.05), but 9 genes were differentially expressed by 2 of them.
Methylmercury (0.8 nM) was used to validate the 9 DEGs. The expression of SEMA5A (encoding semaphorin 5A)
and CHRNA?7 (encoding nicotinic acetylcholine receptor subunit «7) was downregulated by all 4 DNT positive
compounds. None of the DNT negative compounds dysregulated any of the 9 DEGs in common for the DNT
positive compounds. We suggest that SEMA5A or CHRNA?7 should be further evaluated as biomarkers for DNT
studies in vitro since they also are involved in neurodevelopmental adverse outcomes in humans.

1. Introduction Grandjean and Landrigan, 2006). Developmental neurotoxicity can be
defined as an adverse alteration in the function and structure of the

The number of children being diagnosed with neurodevelopmental developing nervous system caused by chemical exposure during preg-
disabilities has increased over the past decades (Boyle et al.,, 2011; nancy (Aschner et al., 2017). Neuronal development starts as early as 2
Zablotsky et al., 2019). One reason for this increase may be related to weeks after gestation with a highly controlled and structured timeframe
chemical exposure during pregnancy (National Research Council, 2000; and coordination of molecular and cellular events that arguably
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approach methods; NPC, Neural progenitor cells; PBS, Phosphate buffered saline; PenStrep, Penicillin/streptomycin; RA, all-trans retinoic acid; SEMA5A, Semaphorin
5A; VPA, Valproic acid.

* Corresponding author.
E-mail address: anna.forsby@dbb.su.se (A. Forsby).
1 Both authors contributed equally

https://doi.org/10.1016/j.neuro.2023.05.011

Received 13 January 2023; Received in revised form 5 May 2023; Accepted 17 May 2023

Available online 18 May 2023

0161-813X/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:anna.forsby@dbb.su.se
www.sciencedirect.com/science/journal/0161813X
https://www.elsevier.com/locate/neuro
https://doi.org/10.1016/j.neuro.2023.05.011
https://doi.org/10.1016/j.neuro.2023.05.011
https://doi.org/10.1016/j.neuro.2023.05.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuro.2023.05.011&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M.G. Hinojosa et al.

continues throughout the lifespan. Thus, the developing brain is highly
sensitive to chemical exposure and the timepoint of exposure may lead
to different adverse outcomes, depending on the crucial event taking
place at the particular developmental stage. In this sense, the moment of
the exposure is relevant, as exposure in the first trimester of pregnancy
can lead to abnormalities on the brain and spinal cord that might even
lead to abortion (Rice and Barone, 2000). In addition, several chemicals
are known to cross the placenta, depending on their physicochemical
characteristics and, consequently, increase fetal exposure (Myren et al.,
2007). Therefore, there is an emerging need to screen chemicals for DNT
assessment.

There are about 86,000 chemicals registered for commercial use in
the USA (EPA, 2022) and more than 21,000 chemicals registered under
the Registration, Evaluation, Authorization and Restriction of Chemicals
(REACH) in Europe (ECHA, 2018). Despite the large number of chem-
icals on the market, only about 200 chemicals have been tested for DNT
according to regulatory guidelines (Martin et al., 2022). The current
DNT test guidelines, that were established by the Organization for
Economic Co-operation and Development (OECD TG426) and by the
Environmental Protection Agency (EPA) (OPPTS 870.6300) are entirely
based on in vivo experiments, which are time-consuming, expensive, and
require many animals, i.e. factors that limit the screening of compounds
(EPA, 1998; OECD, 2007). New approach methodologies (NAMs),
including in vitro and in silico methods, can provide useful and more
relevant information for human DNT risk assessment and regulatory
decision-making (Crofton et al., 2014; Fritsche et al., 2017; Sachana
et al., 2021). Established in vitro test batteries are not only cheaper and
faster but can also enable investigations on key neurodevelopmental
processes (Masjosthusmann et al., 2020). Such tests may include studies
on proliferation, migration, neural differentiation, neurite outgrowth,
synapse formation and function and neuroinflammation, as well as other
cellular endpoints such as, epigenetics, apoptosis, oxidative stress and
energy metabolism (Aschner et al., 2017; Bal-Price et al., 2018b; Frit-
sche et al., 2015). In addition, toxicogenomics is a useful tool to identify
mRNA biomarkers that are important for neuronal development (Attoff
et al., 2017; de Leeuw et al., 2022; Hogberg et al., 2010; Krug et al.,
2013). The number of relevant alternative cell models for DNT studies
has increased, including neuronal progenitor cells derived from primary
tissue, human embryonic stem cell (hESC) lines, human induced
pluripotent stem (iPS) cell lines, as well as human neuronal cell lines (e.
g. Koch et al., 2022; Krug et al., 2013; Martinez et al., 2020; Schwartz
et al., 2015).

The objective of this study was to evaluate mRNA markers that are
important for neuronal development in vitro by using the human neu-
roblastoma SH-SY5Y cell model. By exposing these cells to chemicals
during 6 days of retinoic acid (RA)-induced differentiation, we aimed to
identify a set of genes that can be used as biomarkers for in vitro DNT
screening. In addition, we developed a method for assessment of neurite
outgrowth by live-cell fluorescence imaging and a pipeline for automatic
image analysis. Four well-known DNT-positive and 3 DNT-negative
chemicals were selected for test method evaluation. The choice of test
compounds was based on their different molecular targets and diverse
modes of action in humans or in animal models. The crop protection
chemical and mitochondrial complex I inhibitor rotenone, the antiepi-
leptic, antimigraine and mood stabilizing pharmaceutical and histone
deacetylase (HDAC) inhibitor valproic acid (VPA), and the environ-
mental and food pollutants and electrophilic chemicals acrylamide
(ACR) and methylmercury (MeHg) were used as positive compounds
(Aaseth et al., 2020; Fathe et al., 2014; LoPachin et al., 2007; Schmitz
et al., 2021). Three chemicals with no known effect on the developing
nervous system were used as negative compounds; tolbutamide (anti-
diabetic drug), clofibrate (controlling blood lipids), and D-mannitol
(diuretic with poor intestinal uptake) (Krebs et al., 2020; Martin et al.,
2022).
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2. Materials and methods
2.1. Materials

For information, see Supplementary 1 Table S1. Information con-
cerning the compounds tested can be found in Supplementary 1
Table S2.

2.2. Cell culture

Human neuroblastoma SH-SY5Y cells (used between passage number
50-70) were cultured as previously described (Attoff et al., 2016), and
screened for mycoplasma contamination bi-monthly. The cells were
cultured in minimum essential medium (MEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM L-glutamine, non-essential amino acids
(added according to the supplier’s recommendations), 100 pg/mL
streptomycin and 100 U/mL penicillin (PenStrep). For routine culture,
SH-SY5Y cells were passaged once a week using TrypLE Express Enzyme
and seeded in 75 cm? cell culture flasks at 27,000 cells/cm? and the
medium was changed after 3 days. For differentiation studies, the
SH-SY5Y cells were seeded in routine culture medium at 12,500
cells/cm?. After 24 h, the medium was exchanged to differentiation
medium consisting of Dulbeccos Modified Eagles Medium/Nutrient
Mixture F-12 Ham (DMEM/F12) supplemented with PenStrep, 1 mM
L-glutamine, N2 supplement (added according to the supplier’s recom-
mendations), and 1 uM RA. The cells were incubated in a humidified
COy (5%) incubator at 37 °C. All cell culture media and supplements
were purchased from Gibco except for RA that was purchased from
Merck (see Supplementary Table S1 for details).

2.3. Exposure

All information about the tested compounds, solvents and concen-
trations are listed in Supplementary 1 Table S2. Stock solutions of
rotenone and methylmercury (II) chloride were prepared in dimethyl
sulfoxide (DMSO) and stored in aliquots at — 20C, while the aliquots of
tolbutamide and clofibrate were freshly prepared in DMSO prior use.
The final concentration of DMSO in the control and exposed cells was
adjusted to 0.1%. Acrylamide, valproic acid sodium salt and D-mannitol,
were freshly dissolved in DMEM/F12 supplemented with PenStrep and
L-glutamine followed by filter sterilization for each experiment. The
final concentrations were then prepared in complete differentiation
medium. The scheme for exposure and differentiation is illustrated in
Fig. 1. All cell culture media and supplements were purchased from
Gibco except for DMSO that was purchased from Merck (see Supple-
mentary Table S1 for details).

Remove half medium and Check for
Add chemicals add chemicals at 2x cell viability/
Seed out diluted in concentration (1x for neurite
12500 differentiation MeHg) in fresh outgrowth/
cells/cm? medium differentiation medium RT-qPCR
T T
| Day -1 | | Day 0 I Day 3 Day 6
Routine cell
culture Chemical exposure Chemical exposure
medium

Fig. 1. Overview of the experimental set up for studying cell viability, neurite
outgrowth and mRNA expression after 6 days of differentiation and chemical
exposure in SH-SY5Y cells. For cell viability and neurite outgrowth, cells were
seeded in 96-well plates and in 60 mm petri dishes for RT-qPCR. At day 3, the
cells were exposed to 1x concentration of MeHg since no elimination from the
cell culture was expected, which may be possible for the other compounds
(however not measured).
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2.4. Cell viability

The resazurin assay was used to determine the metabolic activity,
reflecting the amount of viable cells after exposure (O’Brien et al.,
2000). A 20x solution was prepared by dissolving resazurin sodium salt
(Merck) in phosphate buffered saline (PBS), and 0.1 M NaOH. The stock
solution was filter sterilized and stored at 4 °C protected from light. The
experimental set up is illustrated in Fig. 1. SH-SY5Y cells were seeded in
clear 96-well plates at 12,500 cells/cm? in 100 uL. After 24 h, the
exposure and differentiation were initiated by exchanging the medium
to 100 pL of chemicals diluted in differentiation medium (Supplemen-
tary 1 Table S2). The medium was changed after 3 days by removing
50 uL from each well, followed by addition of 50 pL fresh medium
containing 2x concentration of test compounds except for MeHg, which
was 1x since no elimination of MeHg from the cell culture was expected
(Morel et al., 1998). The choice of adding 50 uL. 2x concentration in
50 L old exposure medium was based on the assumption that the free
concentrations of the test compounds decrease during exposure because
of e.g. conjugation to glutathione and other macromolecules in the cell
system, binding of highly lipophilic compounds to the plastic and
B-oxidation in the mitochondria (Fennell and Friedman, 2005; Galasko,
2017; Methaneethorn, 2018; Proenca et al., 2021; Rozman et al., 2010).
After another 3 days of exposure and differentiation, 50 uL from each
well were removed and 50 pL of 2x resazurin solution were added fol-
lowed by 2 h incubation at 37 °C and 5% CO». Resorufin fluorescence
was then measured from the top at excitation 540 nm and emission
590 nm using a SpectraMax M2E (Molecular Devices, USA).

2.5. Neurite outgrowth

Live-cell imaging was performed in black 96-well plates with p-clear
bottom (Greiner) that were pre-coated with 1 ug/mL poly-D-lysine dis-
solved in sterile water, using the same cell seeding density, differentia-
tion, and exposure procedure as for cell viability explained in 2.4
(Fig. 1). The concentrations used were adjusted, based on the cell
viability results (Supplementary 1 Table S2). After 6 days of differenti-
ation and exposure, the cells were stained by adding 20 pL of 1 uM
calcein-AM and 1 uM Hoechst-33342 to each well without removing the
exposure medium, followed by a 20 min incubation at 37 °C and 5% CO»
to allow for full hydrolysis of the AM group from calcein. Both calcein-
AM and Hoechst-33342 were purchased from Invitrogen. Before imag-
ing, 130 uL of fresh DMEM/F12 were added to each well to dilute
extracellular calcein-AM. The fluorescence of intracellular calcein and
Hoechst-33342 was imaged at 6 positions per well in an inverted ZEISS
Axio Observer 7 widefield microscope (Carl Zeiss Microscopy BmbH,
Jena, Germany) equipped with an ORCA-Fusion CMOS camera
(C15440-200P, Hamamatsu Photonics, Japan), using a Plan-
Apochromat 20x/0.8 M27 objective. Images were depicted for 50 ms
exposure time in 2 channels using a 405/493/575/654/761 beam
splitter. Calcein in channel 1 was detected at 488 nmey,/520 nmey (for
GFP) and Hoechst-33342 in channel 2 was detected at 361 nmey/
497 nmey (for DAPI) using the ZEN Blue 3.1 software. CellProfiler
version 3.1.9 was used for quantitative image analysis. Neurite
outgrowth was defined on a population basis at a ratio of total neurite
area (stained by calcein-AM) to total nuclei area (stained by Hoechst-
33342) per imaged field. In order to enhance the neurite pixels, the
“Speckles” algorithm was used that identified objects based on size and
intensity. The total area of neurite objects was then divided by the total
area of nuclei objects. The CellProfiler pipeline is available in the Sup-
plementary file 2.

2.6. RNA extraction and cDNA synthesis
Cells were seeded in 60 mm in diameter dishes at a density of 12,500

cells/cm? in 5 mL routine culture medium. Twenty-four hours after
seeding, the routine culture medium was removed and replaced with
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differentiation medium containing the chemical to be tested (Fig. 1). The
concentrations used were based on the results from the neurite
outgrowth and cell viability assays: rotenone, 7.3 nM; VPA, 75 uM; ACR,
70 uM; MeHg, 0.8 nM; clofibrate, 200 uM; D-mannitol, 1 mM and
tolbutamide, 100 uM (Supplementary 1 Table S2).

After 3 days of exposure, half of the medium was removed and
2.5 mL of a freshly prepared 2x concentration (1x for MeHg) solution in
differentiation medium was added, assuming some elimination of the
free concentrations during the exposure (see Section 2.4). After totally 6
days of exposure, the medium was removed and the cells were washed
with 5 mL PBS and then detached with 1 mL TrypLE Express Enzyme for
2 min at 37 °C. The cells were resuspended in 4 mL routine culture
medium and then put in a 15 mL centrifuge tube followed by centrifu-
gation for 5 min at 300 g. The supernatant was removed, and the pellets
were stored at — 80 °C until RNA extraction. The RNA extraction was
performed using the RNAeasy Plus Mini kit according to the manufac-
turer’s instructions (Qiagen). mRNA concentration was determined
using a NanoPhotometer P-class (Implen GmbH). One pg of RNA was
used to prepare matching cDNA by using the iScript cDNA synthesis Kit
(Bio-Rad). The cDNA was subsequently diluted to 10 ng/uL in RNAse
free water and stored at — 80 °C. The quality of each sample was
assessed using experimental control assays for genomic DNA (PrimePCR
DNA Contamination Control SYBR Green Assay), reverse transcription
(PrimePCR Reverse Transcription Control SYBR Green Assay), RNA
quality (PrimePCR RNA Quality SYBR Green Assay) and PCR perfor-
mance (PrimePCR Positive Control SYBR Green Assay). All quality
control primers were purchased from Bio-Rad. The quality control re-
actions were performed in an iQ5 Real-Time PCR Detection System (Bio-
Rad) using SsoAdvanced Universal SYBR Green Supermix.

2.7. Selection of mRNA markers important for neurodevelopment

In 2020, we published a study in which the whole cell transcriptome
was determined by RNA-sequencing in SH-SY5Y cells after 3, 6 and 9
days of RA-induced differentiation. Differentially expressed genes
(DEGs) were identified by using the DESeq2 package in Bioconductor
(Attoff et al., 2020). The raw RNA-sequencing data have been deposited
at European Nucleotide Archive (ENA) (accession ID: PRJEB23591).
Downstream analyses were carried out with the use of QIAGEN In-
genuity Pathway Analysis (IPA), a commercially available software that
can analyze big gene expression pattern. Compared to other gene
enrichment analysis tools available, IPA is continuously curated with
scientific-based observed data (Kramer et al., 2014). Core analyses with
the adjusted p-value < 0.05 cut off limits were executed in order to
identify DEGs at days 3, 6 and 9 of RA-induced differentiation. The DEGs
were then annotated in IPA and a cutoff on the absolute log2 fold change
(FC) > 1 was set. These analyses culminated with the final identification
of 2017 DEGs for the comparison of days 3 vs day 0, 3219 DEGs for the
comparison of day 6 vs day 0, and 3726 DEGs for the comparison day 9
vs day 0. A Venn diagram of the obtained data revealed a total of 1753
common DEGs between days 3, 6 and 9 of RA-induced differentiation
(Fig. 2). These 1753 common DEGs were subsequently used for canon-
ical pathway analysis and resulted in 238 DEGs that were part of the
“Neurotransmitters and others canonical pathway”. Next, an overlay
between our 238 DEGs and 55 annotations part of “Diseases and Func-
tions related to nervous system” available in IPA (Supplementary 1
Table S3) was carried out. The 238 DEGs were ranked based on the
frequency of appearance in the 55 annotations (Supplementary file 3)
using a script written in Python version 3.10.5 (Supplementary file 4).

The final list resulted in 95 genes including 2 housekeeping genes,
used for normalization, to fit 4 samples on one 384 well primePCR plate
(see below and Supplementary 1 Fig. S2. The 93 genes selected included
7 genes added based on relevance for DNT and interest from previous
research. Therefore, the top 86 genes from the IPA analysis were
selected and the mean raw counts were checked for each gene after 6
days of differentiation from RNA-seq data. All genes below mean 20
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Day 3

DEGs in common after 3,6 and 9
days of differentiation (n=1753)

|

DEGs part of neurotransmitters
and other canonical pathways
(n=238)

4

Selection of the top 86 DEGs for
validation (based on their
contribution to 55 Diseases and
functions related to nervous
system).

a)

b)

Fig. 2. Identification of DEGs used as markers of DNT a) Venn diagram indi-
cating the common DEGs expressed in SH-SY5Y cells during 3, 6 and 9 days of
RA-induced differentiation b) Flow chart illustrating the selection of 89 markers
that are important for neuronal development and expressed in 3, 6, and 9 days
-differentiated SH-SY5Y cells. The selection was performed using IPA software.

counts were removed because of low read out probability after exposure
to chemicals and the next gene on the list was subsequently added and
the mean counts were checked. The additional 7 genes were selected,
based on the following conditions. Both mRNA and protein expression of
brain derived neurotrophic factor (BDNF) and cAMP response element-
binding protein 1 (CREB1) were previously investigated in SH-SY5Y
cells that were exposed to ACR during 9 days of differentiation (Attoff
et al., 2020). CYP26A1 metabolizes RA, which was used to differentiate
the SH-SY5Y, and is of importance for neuronal patterning and differ-
entiation (Langton and Gudas, 2008; Uehara et al., 2007). Growth
associated protein 43 (GAP43), also referred to as ‘growth’ or ‘plasticity’
protein, was chosen since it is highly expressed during neuronal devel-
opment, axonal outgrowth and regeneration (McGuire et al., 1988;
Widmer and Caroni, 1990). Growth differentiation factor 15 (GDF15) is
used as a clinical marker for disease progression, such as Alzheimer’s
and Parkinson’s disease, and cellular stress, and has been shown to
promote neuroprotection in embryonic midbrain dopaminergic rat
neurons (Jiang et al., 2021; Strelau et al., 2000). In addition, GDF15 has
been shown to regulate proliferation and migration in the developing
hippocampus in mice (Carrillo-Garcia et al., 2014). Dysregulation and
polymorphism of CHRNA7, the gene expressing the o7 nicotinic
acetylcholine receptor (nAChR) subunit, have been associated with ASD
(Bacchelli et al., 2015; Yasui et al., 2011). Nuclear receptor subfamily 3
group C member 1 (NR3C1) encodes for the glucocorticoid receptor, and
its genetic variation has been associated with attention deficit hyper-
activity disorder (ADHD) pathogenesis and cortical brain volumes
(Bandeira et al., 2021). Description about each protein coding gene is
listed in Supplementary 1 Table S4.

2.8. Quantitative reverse transcription polymerase chain reaction

The effects of rotenone, VPA, ACR, tolbutamide, mannitol, and clo-
fibrate on the 95 selected genes, including 2 housekeeping genes, were
analyzed using RT-qPCR. Primer pre-casted white 384-well plates were
designed and purchased from Bio-Rad (see Supplementary 1 Table S4 for
specific primer details and Supplementary 1 Fig. S2 for plate design).
Ten ng of cDNA in 10 pL was added to each reaction according to the
Bio-Rad PrimePCR instruction manual. On each 384-well plate, 2 bio-
logical replicates including control and treated samples were added. The
reactions were performed using a CFX384 Real-Time PCR Detection
System (Bio-Rad) using SsoAdvanced Universal SYBR Green Supermix.
For MeHg, the 9 overlapping DEGs between rotenone, VPA and ACR
were purchased as mono-primers from Bio-Rad. The qPCR of MeHg
exposed cells was assessed in a well in a clear semi-skirted 96-well plate
with 10 ng of cDNA in a total volume of 20 pL containing the primer and
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SsoAdvanced Universal SYBR Green Supermix per reaction by using an
iQ5 Real-Time PCR Detection System (Bio-Rad). Raw data were
analyzed using Microsoft Excel. Each gene in all samples were normal-
ized against 2 housekeeping genes: heat shock protein 90ab
(HSP90AB1) and ribosomal protein large P1 (RPLP1) which have pre-
viously been identified to be stably expressed during 3, 6 and 9 days of
differentiation (Attoff et al., 2020). The cycle of quantification (Cq) for
each gene was subtracted with the mean Cq of the 2 housekeeping genes
in each sample, referred to as ACq. Relative fold change (FC) expression
for each gene was calculated subtracting the ACq of the treated sample
with the ACq of the corresponding control sample, referred to as AACq,
and was further calculated by taking 2 to the power of negative AACq, i.
e. 2744C4 (Livak et al., 2013).

2.9. Data analysis

GraphPad Prism 9.2.0 was used for statistical analysis of the data. For
the curve fit analysis of the cell viability and neurite outgrowth results,
the values were normalized, setting 0% as Y= 0, and the negative con-
trol (cells exposed to only vehicle) to 100%. After this, the dose-response
curve was set as log(inhibitor) vs. response with variable slope, setting
the constants top = 100 and bottom = 0. The results of the experiments
were analyzed by interpolating the concentration giving 20% effect
(ECy, i.e. X at Y=80) from the curves obtained. Cell viability and
neurite outgrowth results were analyzed against control samples set to
100%, by using the non-parametric, uncorrected Dunn’s multiple com-
parisons test followed by the Kruskal-Wallis test, assuming non-gaussian
distribution of the control group and un-equal SD in groups. When ECyg
for neurite outgrowth did not differ from the ECy for cell viability, the
approximate highest non-cytotoxic concentration was estimated. RT-
gPCR results were analyzed using paired parametric multiple t-test
comparing the treated ACq values with control ACq values with a p-
value set to 5%. Input data for all heatmaps are presented as log2 FC
expression. The venn diagram was created using the VennDiagram
package running in RStudio version 1.1.456. All data are deposited at
https://su.drive.sunet.se/index.php/s/axn6QqnLmAo0X24K.

3. Results
3.1. Neurite outgrowth and cell viability

Developmental neurotoxicity endpoints should be assessable at non-
cytotoxic concentrations. Here, we developed a protocol for assessment
of neurite outgrowth in live cells by using high content fluorescence
imaging and an automated protocol for image analysis (Fig. 3). Neurite
outgrowth was analyzed as a DNT endpoint, and the objective was to
choose a concentration of each compound for gene expression analysis
that attenuated neurite outgrowth but was not affecting cell viability. To
assess these endpoints, SH-SY5Y cells were exposed to each compound
in a wide range of concentrations during 6 days of differentiation, where
after neurite outgrowth and cell viability were determined (Fig. 4). The
concentrations for further studies on gene expression were chosen from
the concentration-effect curves.

Rotenone impaired neurite outgrowth at 33 nM and higher concen-
trations, but did not alter cell viability significantly up to 100 nM. At
10 uM 100% cell death was induced after 6 days of exposure (Fig. 4a).
The ECy for rotenone, at which 20% reduction in neurite outgrowth was
estimated, was determined to 7.3 nM and used to expose for gene
expression analysis. Furthermore, VPA attenuated neurite outgrowth
significantly at 254 uM and with no statistically significant effect on cell
viability until 660 uM and higher (Fig. 4c). As there was a slight decrease
in neurite outgrowth at 9-85uM and non-significant decrease in
viability at 100 pM, we used 75 uM as the approximate highest con-
centration affecting neurite outgrowth but not cell viability for gene
expression analysis. Concerning MeHg, the cell viability was affected at
a slightly lower concentration than the concentration that attenuated
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Fig. 3. Automated neurite outgrowth analysis using CellProfiler. SH-SY5Y cells were stained with Hoechst-33342 (a) and calcein-AM (b), overlay in (c), after 6
days of differentiation and exposure. The pixel area of total nuclear staining (d) and speckles (neurites) (e, f) were identified and quantified in CellProfiler. The data
were analyzed by taking the total pixel area speckles over total pixel area nuceli. The images are representative of a control sample (cells cultured in differentia-

tion medium).

neurite outgrowth after 6 days of exposure (Fig. 4e). Hence, the highest
non-cytotoxic concentration, 0.8 nM, was used for the gene expression
analysis. The 2 DNT-negative compounds clofibrate and tolbutamide did
neither show effect on neurite outgrowth, nor on cell viability (Fig. 4b
and f). Hence, the highest concentrations tested for both compounds
were used for the exposure for gene expression analysis. D-mannitol
decreased the cell viability significantly at 0.1 M and 0.5 M (Fig. 4d).
The highest, non-cytotoxic concentration 1 mM was selected for gene
expression analysis. All concentrations used for exposure in the tran-
scriptomic analyses are listed in Table 1.

3.2. RNA sequencing analysis of differentiated SH-SY5Y cells identified
markers for neuronal development

Differentiated human neuroblastoma SH-SY5Y cells were used as a
model for neuronal development. We performed a new pathway and
network analysis on genes that were differentially expressed in SH-SY5Y
cells during 3, 6 and 9 days of differentiation from previous published
RNA-sequencing data (Attoff et al., 2020). From the IPA analysis a final
selection of 86 genes were made, based on the number of annotations
relevant to neuronal function that each gene was involved in, ranked
from occurrence in 51 of 55 annotations (NTRK2) to 12 annotations
(SLITI) (Supplementary file 3 and Supplementary 1 Fig. S1). The
expression of the 86 most annotated genes on day 3, 6 and 9 in relation
to undifferentiated SH-SY5Y cells, together with the expression of 7
additional genes that are relevant for DNT, is presented as log2 FC in
alphabetical order in Fig. 5.
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3.3. The expression of selected biomarkers was dysregulated by known
neurotoxic compounds

In order to evaluate the selected genes as potential biomarkers for
DNT, their expression was analyzed after exposure of the differentiating
SH-SY5Y cells with rotenone, VPA and ACR (positive for DNT) and 3
DNT negative compounds (clofibrate, D-mannitol and tolbutamide) at
non-cytotoxic concentrations. After exposure for 6 days during differ-
entiation, the cells were harvested and the selected markers were
investigated using RT-qPCR. Rotenone significantly altered the expres-
sion of 32 genes (11 upregulated and 21 downregulated) (p < 0.05)
whilst VPA dysregulated 16 (4 upregulated and 12 downregulated) and
ACR 8 genes (all downregulated), respectively. Surprisingly, the nega-
tive compounds also dysregulated a few genes; 3 genes were down-
regulated by tolbutamide, 1 wupregulated by clofibrate and 4
downregulated by D-mannitol (Fig. 6).

An overlap analysis of the DEGs (p < 0.05) shows that there was no
overlap in DEGs between all the 3 positive compounds (Fig. 6¢). How-
ever, TP53 (encoding the transcription factor tumor protein 53), NTRK1
(encoding neurotrophic tyrosine kinase receptor 1), NRXN1 (encoding
neurexin 1), DPYSL3 (encoding dihydropyrimidinase like 3), EDNRA
(encoding endothelin receptor type A) and CHRNA7 were dysregulated
by both rotenone and VPA whilst CNR1 (encoding cannabinoid receptor
1) and SEMAS5A (encoding semaphorin 5A) were in common between
VPA and ACR and OPRDI1 (encoding opioid receptor delta 1) was in
common for rotenone and ACR. There were thus 9 DEGs identified that
may be useful as future DNT markers.

The 9 DEGs that were shared between 2 of the positive compounds
(rotenone, VPA or ACR) were validated in another qPCR set-up after
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Fig. 4. Cell viability and neurite outgrowth after 6 days of exposure during differentiation in SH-SY5Y cells. Cells were exposed to the positive compounds a)
rotenone c) valproic acid e) methylmercury (II) chloride and the negative compounds b) clofibrate d) D-mannitol e) tolbutamide. The data are presented as the mean
of 2-6 biological replicates, each performed in 5-6 technical replicates. The results were analyzed using the non-parametric Kruskal-Wallis multiple comparison test.
The bars represent the mean +SD. *p < 0.05, **p < 0.01, ***p < 0.001 cell viability, #p < 0.05, ##p < 0.01, ###p < 0.001 neurite outgrowth, both in comparison

to negative controls, set to 100%.

exposure with MeHg, which is referred to as the ‘gold standard’ DNT-
positive compound. The gene expression of MeHg-exposed SH-SY5Y
cells were analyzed using single (mono)-primer quantitative RT-PCR
(Fig. 7).

The 4 DNT-positive compounds downregulated CHRNA7, DPYSL3,
NTRK1, OPRD1, SEMA5A and TP53, however not all statistically
significantly. EDNRA was downregulated after MeHg exposure whilst
being upregulated by the other compounds. NRXN1 was downregulated
by VPA and ACR, but was not altered by rotenone and MeHg. Also,
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MeHg and rotenone downregulated CNR1 but was upregulated after
VPA exposure and not affected by ACR (Fig. 7). The dysregulation
observed after MeHg exposure did not show any statistically significant
up- or downregulation, which can be explained by the fact that only 2
biological replicates were tested. However, the downregulation of 6 of
the genes were consistent between all compounds.
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Table 1
Concentrations used for gene expression analyses and the criteria for concen-
tration selection.

Compound Concentration  Criteria

Rotenone 7.3 M ECy affecting neurite outgrowth

Valproic acid 75 uM Approximate highest non-cytotoxic
concentration found in this study.

Acrylamide® 70 uM Previously determined highest non-
cytotoxic concentration, which
significantly attenuated neurite outgrowth
by approximately 40% (Attoff et al., 2016;
Attoff et al., 2020).

Methylmercury (II) 0.8 nM Approximate highest non-cytotoxic

chloride concentration found in this study.

Clofibrate 200 M Highest concentration tested, considered
solubility features. Did neither change cell
viability, nor neurite outgrowth.

D-mannitol 1 mM Highest concentration that did neither
affect cell viability, nor neurite outgrowth.

Tolbutamide 100 uyM Highest concentration tested, considered

solubility features. Did neither change cell
viability, nor neurite outgrowth.

? Not tested by live cell imaging or cell viability in this study.
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Fig. 5. Mapping of the final set of 93 differentially expressed genes (DEGs)
during retinoic acid induced differentiation of SH-SY5Y cells. Heatmap of the
93 selected genes showing the differential expression after 3, 6 and 9 days of
differentiation in relation to undifferentiated cells (day 0). The 86 genes that
were top ranked in number of occurrences in the annotation part of diseases
and functions related to nervous system, based on RNAseq data and IPA anal-
ysis, and 7 genes (bold) selected based on previous research. Color coding refers
to the log2 FC expression.

4. Discussion
To overcome the large number of animals, the cost and long time to

perform a regulatory DNT study, well-established and robust NAMs,
such as cell-based in vitro test assays and in silico modeling can to be
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considered for DNT screening (Bal-Price et al., 2018a; Fritsche et al.,
2018a, 2018b; Smirnova et al., 2014). Here we used the human neu-
roblastoma SH-SY5Y cell line as a model for immature neurons,
resembling neuroblasts at an early gestational stage (Budday et al.,
2015; Noctor et al., 2004; Tau and Peterson, 2010). Upon treatment with
RA, the SH-SY5Y cells differentiate into more mature neuronal pheno-
types (Korecka et al., 2013; Kovalevich and Langford, 2013; Pahlman
et al., 1984). By exposing SH-SY5Y cells with chemicals during differ-
entiation we can elucidate effects on cellular, molecular and transcrip-
tional levels that affect mechanisms that are important for neuronal
development (Attoff et al., 2020). These mechanisms can be studied in a
6-day differentiation protocol requiring only one medium exchange step
at day 3 and no addition of growth factors compared to other neuronal in
vitro models (Kobolak et al., 2020; Pistollato et al., 2020). This study
aimed to evaluate the SH-SY5Y cell line for the development of a robust
and cost-effective candidate test system to be used for in vitro DNT
evaluation. Ninety-three mRNA markers for diseases and functions in
the nervous system were selected using transcriptomic approaches at
concentrations attenuating neurite outgrowth, but with no or minimal
effect on cell viability. In this study, an automated live cell imaging
protocol has successfully been developed using Hoechst-33342 and
calcein-AM staining. The protocol presents a time and cost-effective way
to measure neurite outgrowth avoiding fixation of cells and staining
with primary and secondary antibodies.

Rotenone is a mitochondrial complex I inhibitor pesticide, known to
cause neurodegeneration and parkinsonian-like symptoms (Saravanan
et al., 2005). In addition, other studies have shown that rotenone also
affects the developing brain by inhibiting neuronal differentiation and
migration (Pamies et al., 2018; Schmitz et al., 2021). In this study,
rotenone attenuated neurite outgrowth at 2 orders of magnitude lower
concentration than the concentration affecting cell viability. This spe-
cific effect of rotenone on neurites has been observed previously in
differentiating dopaminergic LUHMES cells, in differentiated SH-SY5Y
cells (Delp et al., 2021) and in differentiated NT2 neuronal precursor
cells (Schmitz et al., 2021). Other studies have shown that rotenone is
more toxic to developing neurons compared to mature neurons (Krug
et al., 2013; Pamies et al., 2018). Taken together, these results support
our findings from the differentiating SH-SY5Y neuroblasts that neurite
outgrowth is a very sensitive endpoint during rotenone exposure, which
may be attributed to its dopaminergic phenotype (Delp et al., 2021;
Kovalevich and Langford, 2013; Lopes et al., 2010). In this study, gene
expression analysis was performed on SH-SY5Y cells that were exposed
to 7.3 nM of rotenone, i.e. estimated ECy for neurite outgrowth, during
differentiation. The exposure of rotenone resulted in 32 DEGs (p < 0.05)
out of the 93 genes studied, indicating that rotenone affected expression
of the most genes compared with the other compounds studied. Several
of the DEGs affected by rotenone are linked to proteins that are associ-
ated to intracellular calcium homeostasis (ENDRA, CHRM2, S1PR3,
RYR1, CDH23, CHRNA7, CHRM1, NRXN1, CACNAIE) and neurite
outgrowth (SEMA4A, EFNB2, DPYSL3, TUBA4A). In agreement to this,
RNA-seq performed on 2, 4 and 8 weeks differentiated iPSC-derived
“brain” spheres after 24 h of rotenone exposure showed a down-
regulation of the “Calcium Reabsorption pathway” at all 3 timepoints
(Pamies et al., 2018).

Valproic acid is a pharmaceutical drug, primarily used to treat epi-
lepsy, migraine and bipolar disorder. However, it is classified as a potent
teratogen and causes DNT. Prenatal exposure to VPA is associated with
an increased risk of ASD compared to children of mothers who did not
use VPA (Christensen et al., 2013; Rasalam et al., 2005; Taleb et al.,
2021). In addition, VPA causes transcriptomic alterations by inhibiting
histone deacetylase (Phiel et al., 2001). In our study, VPA attenuated
neurite outgrowth in a concentration dependent manner, but the cell
viability was also affected at only slightly higher concentrations. Pre-
vious findings have observed contradicting results regarding the effect
on neurite outgrowth during VPA exposure, where it has been either
inhibited or enhanced. The variances in response to VPA in different test



M.G. Hinojosa et al. Neurotoxicology 97 (2023) 65-77

APLNR ||
APOE . + +
BONF
BMP7

CACNATE

CACNA1G
CACNA2D2

CNR1 1 |
CREB1
DPYSL3 1 1 TP53, NTRK1,

EDNRA NRXN1, DPYSL3,

EFNB2
EIF4EBP1 [ 1 o EDNRA, CHRNA7

ERBB3
FGF1 - | |
GABRG3

GAL I
GFRA1
GFRA2{ | | 25
GNG7

VPA

GRM7-{
ITGB4
Kengti— | |
NLGN1
NLGN3-{ [ 1 \ CNR1,

NR3C1 [
NRXN1 | OPRO1 | 5 ] SEMASA

NTNG2 ] 1 /
NTRK1 [

NTRK2- 1 /
OPRD1 | c) —_ ACR

PARK2-
PDGFRA
PDLIM7
RAPGEF4
RASD2-
0.10 RHOQ
RND2
0.08 RYR1-L
RYR2

S1PR3 |
0.06 SEMA3F |

p-value

SEMASA—]
0.04 SEMASA—
TGFB1
0.02 P53
TUBAGA

0 VCAN

-2

I o o
o N

Fig. 6. The effect of rotenone, valproic acid (VPA), acrylamide, tolbutamide, clofibrate and D-mannitol on gene expression in SH-SY5Y cells during differentiation.
RT-qPCR analysis of 93 markers after 6 days of exposure to non-cytotoxic concentrations. The 53 genes presented here were differentially expressed by one or more
compounds. The results of 3-4 biological replicates were analyzed using a paired parametric multiple t-test, *p < 0.05, **p < 0.005. The heat map intensity in a)
displays results with p < 0.1, illustrating that some genes were close to be statistically differentially expressed by all DNT compounds. The heatmap intensity in b)
displays the log2 FC expression of the significantly dysregulated genes (p < 0.05). c¢) Venn diagram illustrating the overlap in differentially expressed genes
(p < 0.05) between rotenone, ACR and VPA.
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Fig. 7. Validation of the DEGs in common by MeHg. a) RT-qPCR analysis by mono-primers of 9 DEGs after exposing SH-SY5Y cells for 6 days with 0.8 nM MeHg
during differentiation. The data are presented as the mean of the log2 FC expression of 2 biological replicates (n = 2). b) RT-qPCR analysis from 384-well pre-casted
primePCR plates of the 9 DEGs in common after exposure to rotenone, VPA and ACR. The data are presented as the mean + SD of the log2 FC expression of 3—4
biological replicates. The results of 2-4 biological replicates were analyzed using a paired parametric multiple t-test, *p < 0.05, **p < 0.005.

systems might be related to epigenetic modifications in terms of atten- dysregulated 16 genes in SH-SY5Y cells, including downregulation of
uated deacetylation (Phiel et al., 2001; Shafique and Winn, 2021). Six BDNF expression. Brain-derived neurotrophic factor has been suggested
days of exposure to 75uM VPA during differentiation significantly as a key event (KE) for DNT in the adverse outcome pathway (AOP) ID
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13 (www.aopwiki.org/aops/13) by Sachana and coworkers (Sachana
et al., 2018) and was a centrally located KE in the AOP network for
neurotoxicity developed by Spinu et al. (Spinu et al., 2022). In addition,
VPA downregulated TP53, which can be explained by the fact that VPA
inhibits HDACs that interacts with several transcription factors. In 2015,
Paradis and Hales showed that VPA exposure of murine limb cultures
resulted in a concentration dependent increase of p53 acetylation
(Paradis and Hales, 2015). Furthermore, VPA also downregulated genes
that are involved in axonal outgrowth (NTNG2, NRXN1 and SEMAS5A).
Meganathan et al. showed that NTNG2 (encoding Nerin G2) and NRXN1
(encoding Neurexin 1) were upregulated in human embryonic stem cell
(hESC) exposed to 2 mM VPA during 14 days of differentiation (Mega-
nathan et al., 2015). Similarly, upregulation of NRXN1 and down-
regulation of SEMA5A was observed in an early neurogenesis hESC
model exposed to 1.2 mM VPA during 10 days of differentiation (Krug
et al.,, 2013). The fact that NTNG2 and NRXNI1 were upregulated,
compared to the downregulation seen in differentiating SH-SY5Y cells,
might be explained by differences in concentrations and test systems as
discussed above for effects of VPA on DNT endpoints.

Acrylamide is a known neurotoxic compound formed in food stuff
during heat treatment as a result of the Maillard reaction (Mottram
et al.,, 2002; Stadler et al., 2002). Acrylamide reaches the fetus via
placental transfer and has also been detected in breast milk (Sorgel et al.,
2002; Von Stedingk et al., 2011). In vitro studies have shown that ACR
attenuates neuronal differentiation, sustains proliferation and alters
expression of genes in the RA and CREB signaling pathways (Attoff et al.,
2016; Attoff et al., 2020). In our previous study, ACR decreased neurite
outgrowth after exposure during 3 and 6 days of differentiation in
SH-SY5Y cells that were exposed to concentrations 10,0000 times lower
than the lowest cytotoxic concentration (Attoff et al., 2016). In agree-
ment with this, previous findings have observed that non-cytotoxic
concentrations of ACR inhibited neurite outgrowth and neural
network formation during differentiation (de Leeuw et al., 2022; Frimat
et al., 2010). Thus, the specific effect of ACR on neurite outgrowth in
differentiating neuronal cultures is robust and the concentration
selected for gene expression analysis in the present study was based on
previous findings (Attoff et al., 2016, 2020). Eight genes (NTRK2;
Neurotrophic Receptor Tyrosine Kinase 2, receptor of BDNF; CNRI,
FGF1, OPRD1, RASD2, BMP7, SEMAS3F and SEMAS5A; Semaphorin 3 F
and 5A, respectively) were significantly dysregulated after exposure to
70 uM ACR during 6 days of differentiation. Surprisingly, BDNF
expression was not statistically significantly downregulated, as earlier
observed in SH-SY5Y cells after 9 days of exposure during differentiation
at both mRNA and protein levels of BDNF (Attoff et al., 2020). The
reason may be the shorter duration of exposure (6 days instead of 9 days)
and one less repeated dosing, or simply that only 3 biological replicates
were analyzed, giving less statistical power. Still, the p-value was 0.07, i.
e. close to being statistically significant at the 95% level. The down-
regulation of NTRK2 also agrees with our previous finding in SH-SY5Y
cells exposed to 70 uM ACR during 9 days of differentiation (Attoff
et al., 2020). Hence, the SH-SY5Y cell model is not only robust and well
characterized in terms of neurite outgrowth, it also provides reproduc-
ible transcriptomic results after exposure during differentiation. The fact
that it was shown in several studies that ACR attenuates BDNF signaling
and can be classified as a DNT inducing compound with high proba-
bility, is further supported in a recently published quantitative AOP
model (Spinu et al., 2022).

Accidental exposure to environmental MeHg has been associated
with severe neurotoxic effects in the developing brain (Aaseth et al.,
2020; Grandjean et al., 1997). Prenatal exposure to MeHg causes neural
tube defects and mental retardation (Grandjean and Herz, 2011).
However, the specific mode of action remains unclear, but interference
with thiol moieties in proteins is the most accepted mechanism for
neurotoxicity (Rabenstein et al., 1982). Despite the unknown primary or
most sensitive target, MeHg has been widely used as a positive control
compound for DNT studies, including neurite outgrowth inhibition
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(Attoff et al., 2017; Krug et al., 2013; Stiegler et al., 2011). Similar to
VPA, MeHg attenuated neurite outgrowth in the same concentration
dependent pattern as cell viability, which agrees with previous findings
(Stiegler et al., 2011). Because of the strong association with adverse
neurodevelopment, we used MeHg for validation of the 9 DEGs that
were commonly dysregulated by ACR, rotenone and VPA.

Our hypothesis was that compounds that cause DNT should affect
expression of genes that are involved in annotations for neuronal func-
tion and disease, and were significantly involved during differentiation
of the SH-SY5Y cells, in a similar pattern. However, there was no com-
mon overlap in DEGs between rotenone, VPA and ACR at p < 0.05. Yet,
there were 6 DEGs in common between VPA and rotenone (TP53,
NTRK1, NRXN1 DPYSL3, EDNRA, CHRNA7), 1 DEG in common between
ACR and rotenone (OPRD1) and 2 DEGs in common between VPA and
ACR (CNR1 and SEMAS5A). These 9 genes were studied by exposing SH-
SY5Y cells during 6 days of differentiation to 0.8 nM, i.e. a concentration
of MeHg that corresponded to the approximately highest non-cytotoxic
concentration in this study. For comparison, this concentration is about
10 times lower than 2-8.5 ug/L that has been detected in human um-
bilical cord blood (Lozano et al., 2022). Comparing the log2 FC
expression between the 9 genes after exposure to MeHg in 2 independent
experiments in a different qPCR set-up, we can see that most genes
follow the same dysregulation pattern as after exposure to rotenone,
VPA and ACR except for EDNRA and NRXN1 that were downregulated
and upregulated by MeHg, respectively, whilst being up- and down-
regulated, respectively, by the other compounds. Similarly, CNRI was
downregulated by MeHg, rotenone and ACR whilst being upregulated by
VPA.

Rotenone, VPA, ACR and MeHg are all classified as known DNTs, but
they are neither chemically related, nor sharing known similar molec-
ular mode(s) of action. It is therefore logical that they regulate different
developmental mechanisms and signaling pathways, which can explain
the variance in gene expression and lack of overlap in DEGs. Never-
theless, expression of SEMA5A was significantly downregulated by both
ACR and VPA and the same expression pattern was seen for rotenone
(p = 0.06) and MeHg. In this regard, SEMA5A is a member of the sem-
aphorin family, which encodes membrane proteins with a semaphorin
domain. Semaphorins play an important role in axonal guidance and
synaptogenesis during neuronal development where it has been shown
to act both as an attractor and repellant for neurite outgrowth,
depending on which receptor it interacts with (Van Battum et al., 2015;
Sadanandam et al., 2010). In addition, SEMA5A has previously been
suggested as a susceptibility gene for ASD where mRNA downregulation
has been detected in B lymphocytes microdeletions in patients diag-
nosed with ASD (Melin et al., 2006; Mosca-Boidron et al., 2015; Weiss
etal., 2009). It is generally hypothesized that ASD is caused by increased
connectivity between specific brain regions in combination with
decreased connectivity within other brain regions (Delmonte et al.,
2013; McFadden and Minshew, 2013; Xu et al., 2019). Increased con-
nectivity would lead to increased spine density whilst reduced connec-
tivity between regions are believed to appear due to deficient axonal
outgrowth, which might be caused by impaired SEMAS5A-cued axonal
guidance (Hutsler and Zhang, 2010; Poelmans et al., 2013). Yet, there is
still a lack of evidence in linking the findings on SEMAS5A function to
DNT.

The expression of CHRNA7, encoding the a7 subunit of nAChR, was
significantly downregulated by both rotenone and VPA. The same
expression pattern was seen for ACR (p = 0.068) and MeHg, suggesting
that CHRNA7 may be another candidate marker for DNT. In this regard,
CHRNA? is widely expressed in both the peripheral and central nervous
system and has genetically been linked to multiple neuronal disorders
such as schizophrenia, autism, and ADHD (Stephens et al., 2009; Wil-
liams et al., 2012). In the brain, a7nAChRs are found both presynapti-
cally in GABAergic and glutamatergic neurons (Biirli et al., 2010; Cheng
and Yakel, 2014). Activation of nAChR leads to positive modulation of
NMDA receptor-dependent synaptic plasticity (Yang et al., 2013). Thus,
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a downregulation of CHRNA?7 expression might lead to loss of synaptic
plasticity.

The negative control compounds tolbutamide and clofibrate did
neither cause any significant effect on neurite outgrowth, nor cell
viability at the tested concentrations. D-mannitol induced cytotoxicity
after exposure to 100 and 500 mM but did not affect neurite outgrowth.
As a pharmacologically and metabolically inert compound (Turina et al.,
2008), D-mannitol is used clinically as a diuretic drug to relieve edema
by osmosis. Administration of D-mannitol can cause hyperosmolarity
which can lead to impaired cellular metabolism (Grauso et al., 2019;
Mao et al., 2008). Considering the inertness of D-mannitol and that 2x
the final concentrations were added at the repeated exposure, the final
concentration might have been slightly higher on day 3-6, than indi-
cated in our experiments. This might explain why cell viability was
decreased at the high concentrations since resazurin assay measured
metabolic activity. In addition, the therapeutic concentrations in plasma
has been reported in a range between 1 and 41 mM i.e. approximately
100 times lower than the highest concentrations tested here (Norlén
et al., 2009). Nevertheless, D-mannitol has previously been successfully
used as a negative control compound for DNT in NPC test systems and is
listed as a negative model compound for DNT (Aschner et al., 2017;
Attoff et al., 2017; Krug et al., 2013; Martin et al., 2022). Despite being
considered as negative control compounds, D-mannitol dysregulated 4
genes (APLNR, CACNA1G, RYR2 and TUBA4A), clofibrate 1 gene
(KCNJ11) and tolbutamide 3 genes (EIF4EBP1, GABRG3 and GFRAI)
after exposure for 6 days during differentiation. From them, EIF4EBP1
(encoding a translation repressor protein) and TUBA4A (encoding an
a-tubulin protein in microtubule) were also dysregulated by rotenone
and GFRA1 (encoding the receptor for glial cell line-derived neuro-
trophic factor) by VPA. Otherwise, no overlapping DEGs with the posi-
tive DNT compounds were observed. Importantly, none of the negative
control compounds affected the expression of the 2 biomarker candi-
dates SEMA5A and CHRNA?7 found in the study, nor the DNT biomarker
BDNF or its receptor NTRK2. The choice of negative control compounds
for DNT studies in vitro is difficult because the lack of placental and
blood-brain barriers. However, out of the 3 negative control compounds
selected in this study, clofibrate can be considered the most suitable for
the SH-SY5Y cells.

Applying a transcriptomics approach, in combination with func-
tional data has been done previously, with the aim to identify bio-
markers that can be used for DNT assessment in vitro. Krug et al.
evaluated 5 hESC systems mirroring different phases of neuronal
development, as alternative NAMs for DNT and reproductive toxicity.
Not only did the test systems differ in their transcriptomic responses, but
VPA and MeHg displayed different gene expression changes with little
overlap (Krug et al., 2013). Recently, de Leeuw et al. (2022) presented a
test system where human NPCs differentiate during 10 days into a
neuron-astrocyte co-culture. Following exposure to ACR, VPA, chlor-
pyrifos, fluoxetine or MeHg transcriptomic analysis revealed that each
compound dysregulated gene ontology terms in a unique combination.
Similar to our findings, overlap in DEGs were found between a subset of
the compounds but no overlap in DEGs were observed between all (de
Leeuw et al., 2022).

5. Conclusions

The different effects of rotenone, VPA, ACR and MeHg on neurite
outgrowth and gene expression further indicate that DNT is mediated by
more than one mechanism. The developmental stage of the test system,
timing and the duration of exposure may also affect the DNT outcome.
No list of “fingerprint” mRNA biomarkers for future DNT screening was
obtained among the 93 markers studied, which could be explained by
the differences in mechanisms of toxicity between the positive DNT
chemicals. However, SEMA5A and CHRNA7 were identified as prom-
ising biomarkers because they were dysregulated by all 4 positive DNT
compounds, they have documented connection to developmental
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disorders and the expression was not altered by any of the negative
control compounds. Hence, SEMA5A and CHRNA?7 should be further
investigated as DNT biomarkers and may also be considered in future
DNT AOP frameworks.
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