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Melatonin attenuates dimethyl sulfoxide— and Zika virus-induced
degeneration of porcine induced neural stem cells
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Abstract

Domestic pigs have become increasingly popular as a model for human diseases such as neurological diseases. Drug discov-
ery platforms have increasingly been used to identify novel compounds that combat neurodegeneration. Currently, bioactive
molecules such as melatonin have been demonstrated to offer a neuroprotective effect in several studies. However, a neurode-
generative platform to study novel compounds in a porcine model has not been fully established. In this study, characterized
porcine induced neural stem cells (iNSCs) were used for evaluation of the protective effect of melatonin against chemical and
pathogenic stimulation. First, the effects of different concentrations of melatonin on the proliferation of porcine iNSCs were
studied. Second, porcine iNSCs were treated with the appropriate concentration of melatonin prior to induced degeneration
with dimethyl sulfoxide or Zika virus (ZIKV). The results demonstrated that the percentages of Ki67 expression in porcine
iNSCs cultured in 0.1, 1, and 10 nM melatonin were not significantly different from that in the control groups. Melatonin at
1 nM protected porcine iNSCs from DMSO-induced degeneration, as confirmed by a dead cell exclusion assay and mito-
chondrial membrane potential (A¥m) analysis. In addition, pretreatment with melatonin reduced the percentage of dead
porcine iNSCs after ZIKV infection. Melatonin increased the AWm, resulting in a decrease in cell degeneration. However,
pretreatment with melatonin was unable to suppress ZIKV replication in porcine iNSCs. In conclusion, the present study
demonstrated the anti-degenerative effect of melatonin against DMSO- and ZIKV-induced degeneration in porcine iNSCs.
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Introduction et al. 2016). With progress in stem cell technology, pig or

porcine stem cells can be isolated from different organs and

The pig is a promising animal model for several human dis-
eases, especially xenotransplantation. The similarities in the
anatomy and functions of pig organs with humans make this
species a bioreactor for generating biological compounds
or tissues for human medicine (Yang et al. 2013; Bourret
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tissues, such as the placenta (Bharti et al. 2016), adipose
tissue (Zhang et al. 2016), and embryos (Rasmussen et al.
2011). In general, porcine neural stem cells (NSCs) can be
directly isolated from brain tissue (Zheng et al. 2010). How-
ever, to be able to obtain brain tissue, the animal has to be
euthanized, which does not meet the criteria of the 3Rs rule
of animals used for research. Moreover, brain-derived NSCs
exhibit limited cell proliferation after prolonged passage
(Wright et al. 2006). Therefore, directed reprogramming of
somatic cells toward NSCs is an alternative procedure for
providing NSCs for basic and preclinical research. Porcine
neural stem cells not only are beneficial as human disease
models but can also be used for drug discovery and vaccine
development in veterinary medicine. Yang and colleagues
(2013) transplanted porcine neural progenitors into induced
spinal cord injury rats, and the results demonstrated that the
cells survived after transplantation and the rats recovered
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from the injury. In addition to brain tissue, researchers suc-
cessfully derived porcine NSCs from different sources,
including the transdifferentiation of mesenchymal stem cells
(MSCs) (Subbarao et al. 2015) and pluripotent stem cells
(PSCs) (Kim et al. 2019; Chakritbudsabong et al. 2021a;
Setthawong et al. 2021) and the directed reprogramming
of somatic cells toward neural stem cells known as induced
neural stem cells (iNSCs).

Several exogenous chemical substances, such as pes-
ticides, drugs, or pathogens, might cause oxidative
stress—induced degeneration of neural cells, resulting in
neuropathological conditions (Niedzielska et al. 2016; Liang
et al. 2019). For example, heavy metals such as mercury
affect the development of neural tissues (Abbott and Nigus-
sie 2021). Exposure of neural stem cells to mercury leads to
increased lipid peroxidase, reactive oxygen species (ROS),
and the subsequent degeneration of cells (Abbott and Nigus-
sie 2021). Dimethyl sulfoxide (DMSO), a chemical widely
used for cryopreservation of several cell types, including
neural stem cells, impairs the oligodendrocyte cell fate of
adult neural stem cells (O'Sullivan et al. 2019). Although
DMSO is widely used for cryopreservation of several cell
types, including stem cells, it has been reported that DMSO
has some toxic effect on MSCs (Lee and Park 2017). DMSO
was shown to decrease the cell viability and osteogenic dif-
ferentiation of human gingiva-derived stem cells (Lee and
Park 2019). Therefore, DMSO can be used to study the
induced degeneration of stem cells. Despite chemical tox-
icity, some pathogens, especially viruses, harmfully affect
the nervous system. For example, human immunodeficiency
virus (HIV) is associated with chronic inflammation and
the depletion of neural stem cells (Hill ef al. 2019), while
Zika virus (ZIKV) impairs neural development and severely
causes microcephaly in humans (Ferreira and Garcez 2019;
Ledur et al. 2020). In addition, pigs have been demonstrated
to be a potential reservoir animal for ZIKV. The neonatal pig
can be experimentally infected with ZIKV and shows signs
of viremia and viruria (Darbellay et al. 2017). Therefore, it
is of interest to use ZIKV for the pathogenic induction of
porcine iNSC degeneration.

Melatonin, or N-acetyl-5-methoxytryptamine, produced
in the pineal gland, shows antioxidant and neuroprotective
effects. Melatonin supports the elimination of triglycer-
ides, increases high-density lipoprotein (HDL), and pos-
sibly prevents the onset of Alzheimer’s disease (Cardinali
et al., 2014). Researchers have discovered that melatonin
suppresses free radicals in neural cells through the G pro-
tein-coupled melatonin receptors type 1 (MT1) and type 2
(MT?2) (Liu et al. 20164, b). Supplementation with mela-
tonin in induction media increases the neural differentia-
tion of mouse neural stem cells (Shu et al. 2016). Melatonin
improves the cell proliferation and neural differentiation of
PC12 cells (Liu et al. 2016a, b) and reduces mitochondrial

degeneration of murine fibroblasts through AMPK-PPAR
gamma-dependent mechanisms (Guven et al. 2016). In pigs,
the effect of melatonin has been studied in the reproductive
organs. Melatonin reduces free radicals, enhances prolifera-
tion and maturation of oocytes and granulosa cells, increases
ovarian vascularization, and improves in vitro fertilization
rates (Chen ef al. 2017; Wang et al. 2017).

A neurotoxicity platform has been developed in human
models using human pluripotent stem cell-derived neural
stem cells. However, such a platform is still lacking in the
pig. Therefore, it is of interest to develop a platform for
investigating the protective effect of melatonin on porcine
iNSC degeneration after induction with DMSO or Zika virus
under in vitro culture conditions.

Materials and methods

Cellline and ethics statement Porcine iNSC, VSMUi-002E
is a cell line that has been derived from the directed repro-
gramming of skin fibroblasts to neural stem cells (Chakrit-
budsabong ef al. 2021b). The cell line was provided by assis-
tant professor Sasitorn Rungarunlert, Faculty of Veterinary
Science, Mahidol University, Thailand. All procedures
involving the use of biological materials, including ZIKYV,
were approved by the Institutional Biosafety Committee of
the Faculty of Veterinary Science, Mahidol University, Thai-
land (IBC/MUVS-B-003/2563).

Preparation of Zika virus Zika virus strains SV0127/14
and SV0010/15 were kindly provided by the Armed Forces
Research Institution of Medical Sciences and Ministry of
Public Health, Thailand. Both ZIKV strains were propagated
in Vero cells, which were derived from an African green
monkey kidney. The cytopathic effect (CPE) was observed
on days 2-3 postinfection. The supernatant from the ZIKV
cultures was collected and centrifuged to remove cell debris.
The titers of ZIKV in the culture supernatants, represented
as plaque-forming units (PFU), were evaluated using a
plaque assay in a Vero cell monolayer. The ZIKV culture
supernatant was aliquoted and stored as the ZIKV stocks
at— 80 °C until use. The multiplicity of infection (M.O.1.)
was calculated based on the plaque assay results before per-
forming the experiment.

In vitro culture of porcine induced neural stem cells Frozen
porcine iNSCs were thawed and cultured on a Matrigel-
coated culture dish. The growth medium consisted of
DMEM/F12 (Gibco, Thermo Fisher Scientific, Waltham,
MA, Cat. No. 11320033), N2 (Gibco, Thermo Fisher Sci-
entific, Cat. No. 17502048), B27 (Gibco, Thermo Fisher
Scientific, Cat. No. 17504044), 20 ng/ml epidermal growth
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factor (EGF; Gibco, Thermo Fisher Scientific, Cat. No.
PHGO311L), 20 ng/ml basic fibroblast growth factor (bFGF;
Invitrogen, Carlsbad, CA, Cat. No. RP-8627), and penicil-
lin/streptomycin (Gibco, Thermo Fisher Scientific, Cat. No.
15140122) (Rasmussen et al. 2011). The growth medium
was replaced daily. Cells were cultured at 37 °C and 5% CO,
in a humidified atmosphere. Confluent porcine iNSCs were
propagated by subculturing with TrypLE Select (Gibco,
Thermo Fisher Scientific, Cat. No. 12563011) and replated
onto the new culture dish. The porcine iNSC *15 cell line at
passages 15-20 was used in the present study.

Differentiation of porcine induced neural stem cells Porcine
iNSCs were allowed to grow in growth medium for 4 d or
until they reached 90% confluency. Then, the confluent por-
cine iNSCs differentiated spontaneously in differentiation
medium consisting of DMEM/F12, B27, N2, and penicillin/
streptomycin without growth factor supplementation (Rung-
siwiwut et al. 2013). The cells were allowed to differentiate
for 3 wk before detection of neural differentiation markers.

Gene expression analysis Total RNA was extracted by
using a GenelJet RNA extraction kit (Thermo Fisher Sci-
entific, Cat. No. K0731) according to the manufacturer’s
instructions. RNA was reverse transcribed to cDNA by
using the SuperScript®III Reverse Transcription system
(Thermo Fisher Scientific, Cat. No. 18080093) according
to the manufacturer’s instructions. PCR was performed to
amplify genes of interest using KOD One™ PCR Master
Mix-Blue (Toyobo, Osaka, Japan, Cat. No. KMM-201).
The primer sequences used were based on a previous study,
which included Pax6, Sox2, and Nestin, with GAPDH used
as a housekeeping gene (Table 1). The PCR conditions con-
sisted of 30 cycles at a predenaturation temperature of 98 °C
for 3 min, a denaturation temperature of 98 °C for 10 s, an
annealing temperature for 60 s, and an extension tempera-
ture of 68 °C for 18 s. Finally, the PCR products were run
on 2% agarose gels and visualized with Quick-Load® Low
Molecular Weight DNA Ladder (New England Biolab Inc.,
England, Cat. No. N0474).

Immunocytochemistry staining Cells were fixed with 4%
paraformaldehyde for 15 min. Fixed cells were permea-
bilized with 0.1% Triton X-100 in PBS, blocked with 5%
fetal bovine serum in PBS for 1 h, and subsequently incu-
bated with primary antibodies. For the detection of neural
stem cell and differentiation markers, the primary antibod-
ies used in the present study were antibodies against Pax6,
Sox2, Nestin, f-tubulin III, and glial fibrillary acid protein
(GFAP). For cell proliferation detection, cell proliferation
was assessed by using a mouse anti-Ki67 primary antibody.
Cells were incubated overnight at 4 °C and then incubated
with compatible fluorochrome-conjugated secondary anti-
bodies. Diamidino-2-phenylindole (DAPI) was used as a
counterstain for nuclear detection. The results were visual-
ized by fluorescence microscopy.

Detection of porcine induced neural stem cell degenera-
tion Detection of degenerative porcine iNSCs was carried
out by propidium iodide (PT)/Hoechst counter-staining and
the trypan blue exclusion method. Cells were counted to
calculate the degenerated proportion.

Treatment of porcine induced neural stem cells with mela-
tonin Confluent porcine iNSCs were allowed to grow
in growth medium supplemented with 0.1, 1, or 10 nM
melatonin (Sigma-Aldrich, Cat. No. M5250). Cells were
cultured for 24 h and later subjected to subsequent experi-
ments. For detection of proliferation, cells were fixed and
immunostained for Ki67. To study the protective effect of
melatonin in DMSO- (PanReac AppliChem, Darmstadt,
Germany, Cat. No. A3672,0100) or ZIKV-induced degen-
eration, the growth medium was removed, and the culture
was washed with PBS, followed by replacement with growth
media containing DMSO or ZIKV as described below.

Induction of degeneration of porcine induced neural stem
cells with dimethyl sulfoxide Porcine iNSCs were subjected
to degeneration induced by DMSO. DMSO concentrations
of 1, 5, and 10% (v/v) were added to the culture medium.
Cells were cultured with DMSO for 30 min before determi-
nation of degeneration. The experimental protocol is shown
in Fig. 3A.

Table 1. Reverse transcription—

_ ; Gene Primer sequences Amplicon size  Reference
polymerase chain reaction
primers GAPDH  Forward — 5" GTCGGTTGTGGATCTGACCT 3’ 207 Kim er al. 2018
Backward — 5' TTGACGAAGTGGTCGTTGAG 3’
Pax6 Forward — 5" AGAGAAGACAGGCCAGCAAC 3" 169 Choi et al. 2020
Backward — 5" GGCAGAGCACTGTAGGTGTT 3’
Sox2 Forward — 5" CTACAGCATGTCCTACTCGC 3’ 274 Setthawong et al. 2019
Backward — 5" GGGCAGTGTACCGTTGATG 3’
Nestin Forward — 5" GGCAGTGGTTCCAAGGCT 3' 162 Kim et al. 2019

Backward — 5" GGCTGGCATAGGTGTGTCAA 3’
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Induction of degeneration of porcine induced neural stem
cells with Zika virus Porcine iNSCs were allowed to grow
until reaching confluency before supplementation with mela-
tonin in their growth medium. The concentrations of mela-
tonin used in the present study were 0.1, 1, and 1 nM. Cells
were cultured in melatonin-containing culture medium for
24 h before ZIKV infection at M.O.I.=0.1 for 2 h. After
incubation for 72 h, the live/dead cells were evaluated using
the trypan blue exclusion method. The experimental protocol
is shown in Fig. 4A.

Mitochondrial membrane potential assay Porcine iNSCs
were evaluated for mitochondrial membrane potential
(A¥m) using the TMRE-Mitochondrial Membrane Potential
Assay Kit (Cat. No. ab113852, Abcam, UK) according to the
manufacturer’s recommendation. Fluorescence intensity was
evaluated by using a microplate reader (Synergy HT, BIO-
TEK, Winooski, VT) with Ex/Em =549/575 nm.

Plaque assay To determine the titer of the virus, the plaque
assay was adapted from a previous report (Kato ez al. 2017).
In brief, Vero cells (9.5x 10° cells/well) were plated in
12-well cell culture plates and inoculated with serial dilu-
tions of viruses. After 4 d of inoculation, the cells were fixed
with 4% formaldehyde in PBS and then stained with a 1%
crystal violet solution. The titer was determined using the
number of plaques and the viral dilution and then reported
in PFU/ml.

Statistical analysis The data are shown as the mean+S.D.
The differences among the groups were analyzed by one-
way ANOVA. A p value <0.05 was considered a significant
difference.

Results

Characterization of the porcine induced neural stem
cells Prior to performing the experiments, the porcine
iNSCs were characterized by morphological appearance,
expression of genes and proteins that represent neural stem
cells and differentiation ability. The results demonstrated
that porcine iNSCs exhibited the characteristics of typical
neural stem cells, including a radial shape with two or more
processes, as shown in Fig. 1A. Under standard culture con-
ditions, the porcine iNSCs expressed Pax6, Sox2, and Nes-
tin, as confirmed by gene expression analysis (Fig. 1B). The
immunocytochemistry staining results demonstrated that
porcine iNSCs expressed Nestin, Pax6, and Sox2 (Fig. 1C).
In addition, after spontaneous differentiation, the porcine
iNSCs differentiated into neurons and supporting cells, as
confirmed by B-tubulin III and glial fibrillary acid protein
(GFAP) immunostaining (Fig. 1D).

Effect of melatonin on the proliferation of porcine induced
neural stem cells Porcine iNSCs were cultured in culture
medium supplemented with different concentrations of mel-
atonin for 24 h prior to detection of cell proliferation. The
results revealed that the expression of Ki67, a proliferation
marker, was detected in all groups (Fig. 2A). The percent-
age of Ki67 expression in porcine iNSCs cultured at 0.1, 1,
and 10 nM melatonin was not significantly different from
that in the control groups (35+3.4,39+2.7,41+5.2, and
32 +6.0%, respectively, p > 0.05).

Effect of dimethyl sulfoxide on the degeneration of por-
cine induced neural stem cells The degeneration of por-
cine iNSCs was induced by supplementation with DMSO
in the growth medium for 30 min. Morphological changes
were observed in the porcine iNSCs cultured in 1, 5, and
10% (v/v) DMSO. DMSO at a concentration of 10% (v/v)
caused notable differences in the cell morphology, includ-
ing shrunken processes of the cells and detachment from the
surface of the culture dish (Fig. 2B). Although the processes
of the porcine iNSCs cultured in 5% DMSO had shrunk, the
cells remained attached to the culture dish (Fig. 2B). The
results of the propidium iodide and Hoechst 33,342 stain-
ing demonstrated that the highest number of degenerated
cells was found in the 10% (v/v) DMSO treatment, while 1%
DMSO showed no notable difference in degenerated cells in
comparison with the control group (Fig. 2C). Therefore, 5%
DMSO was selected for subsequent experiments.

Protective effect of melatonin against dimethyl sulfoxide-
induced cell degeneration Porcine iNSCs were cultured
in growth medium supplemented with melatonin for 24 h
and subsequently treated with 5% DMSO for 30 min. After
incubation with DMSO, the results showed that dead and
floating cells could be observed in all groups (Fig. 3B). The
percentage of live cells in the 1 nM (70.65 +3.86%) and
10 nM melatonin (74.81 +2.64%) pretreated group was sig-
nificantly higher compared to that in the non-treated group
(55.90+8.48%), p <0.05, respectively (Fig. 3C).

Protective effect of melatonin against Zika virus—induced cell
degeneration In our preliminary experiment, we found that
the porcine iNSCs survived ZIKV infection at an M.O.I. of
0.1 (data not shown). Therefore, we selected an M.O.I. of
0.1 for studying the protective effect of melatonin against
ZIKV-induced cell degeneration. Porcine iNSCs were pre-
treated with 0.1, 1, and 10 nM melatonin for 24 h prior to
infection with ZIKV for 2 h. After infection with ZIKV for
72 h, the results showed that dead and floating cells could be
observed in all groups (Fig. 4B). The percentage of live cells
in all melatonin-treated groups was not significantly different
from that in the control group but was significantly higher
than that in the ZIKV group (42.80+7.52%), particularly
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Figure 1. Characterization of A

porcine induced neural stem

cells. Phase contrast imaging

demonstrated the morphol-

ogy of porcine induced neural OIE
stem cells. Cells grew as a i [ e
cluster, and cell processes \f
were observed (A4). RT-PCR =
results demonstrated the mRNA N
expression of Pax6, Sox2, and

Nestin. GAPDH was used as

the housekeeping gene (B).

Immunocytochemistry staining

results confirmed the expression C

of Nestin, Pax6, and Sox2 (C).
After spontaneous differen-
tiation, the expression of the
neuronal marker f-tubulin III
and the astrocyte marker GFAP
in porcine iNSCs was detected
by immunocytochemistry
staining (D). Scale bar in A and
C=100 pm, D=200 um. RT-
PCR, reverse transcription—pol-
ymerase chain reaction; mRNA,
messenger ribonucleic acid;
GFAP, glial fibrillary acidic
protein; DAPI, 4',6-diamidino-
2-phenylindole.

BIII tubulin

in 1 nM (79.30 +3.90%) and 10 nM melatonin-treated cells
(69.50+4.03%) (p <0.05), as shown in Fig. 4C.

The protective effect of melatonin on mitochondrial
membrane potential after DMSO- and ZIKV-induced cell
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degeneration The results demonstrated that after DMSO-
induced cell degeneration, the A¥Ym of porcine iNSCs
pretreated with different concentrations of melatonin were
slightly higher than those without melatonin pretreatment
(Fig. 3D). In addition, porcine iNSCs pretreated with 1 or
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Figure 2. Effect of different concentrations of melatonin on the pro-
liferation of porcine induced neural stem cells. Confluent porcine
iNSCs were cultured with different concentrations of melatonin for
24 h before detection of the Ki67-positive cells. The expression of
Ki67 (green), a proliferation marker, was detected in all groups of
porcine iNSCs (A). The percentage of Ki67 expression in porcine
iNSCs cultured at 0.1, 1, and 10 nM was not significantly differ-
ent from that in the control groups (35+3.4, 39+2.7, 41 +£5.2, and
32 +6.0%, respectively, p > 0.05). Dimethyl sulfoxide—induced degen-
eration of porcine iNSCs in a concentration-dependent manner. Nota-

10 nM melatonin prior to infection with ZIKV showed a
significantly higher (p <0.05) A¥Wm than that of the ZIKV
group (Fig. 4D).

Melatonin prevents ZIKV-induced cell death The plaque
assay results are shown in Fig. 4E. Pretreatment of the por-
cine iNSCs with melatonin before ZIKV infection showed
no significant difference in virus titer in comparison with the
untreated group (p > 0.05). However, cells pretreated with
melatonin showed higher viral titers than ZIKV-infected

Merge

ble morphological changes, including shrunken processes of the cells
and detachment from the surface of the culture dish, were observed
in porcine iNSCs cultured in 5 and 10% (v/v) DMSO (B). Porcine
iNSCs cultured in 5% DMSO were shrunken, and the cells remained
attached to the culture dish (B). The results of the propidium iodide
and Hoechst 33,342 staining demonstrated that the highest number of
degenerated cells was found in 10% (v/v) DMSO, while 1% DMSO
showed no notable difference in degenerated cells in comparison with
the control group (C). Scale bar=100 um. DAPI, 4',6-diamidino-
2-phenylindole; PI, propidium iodide.

cells, especially 1 nM melatonin, which exhibited the high-
est viral titer (Fig. 4E).

Discussion

To date, neural stem cells have been intensively used for
studying the pathophysiology of neural diseases, drug
discovery and cellular therapy (Liu et al. 2012). The pig
is considered a suitable animal model for studying some
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Figure 3. Protective effect
of melatonin on dimethyl
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human neural diseases because the anatomy and function
of particular organs are similar to those of humans (Lind
et al. 2007). Recently, researchers were able to isolate
and culture stem cells from different sources, including
tissue-specific stem cells, induced pluripotent stem cells,
and induced neural stem cells (iNSCs) (Vierbuchen et al.
2010, Their et al. 2012). In this study, before perform-
ing the experiments, the porcine iNSCs were subjected to
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characterization. The results demonstrated that the cells
exhibited a bipolar cell morphology with 1 or 2 promi-
nent nuclei. The porcine iNSCs expressed Pax6, Sox2, and
Nestin, which are neural stem cell markers, and B-tubulin
III and GFAP, cellular markers of differentiation. Fur-
thermore, the proliferation ability of the porcine iNSCs
used in the present study was confirmed by positive immu-
nostaining for the nuclear protein Ki67, which is related
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to cellular proliferation and used as a cell proliferation
marker (Schliiter ef al. 1993). Although we did not include
the characteristics of NSCs derived from porcine brain
tissue as a control in the present study, the stemness of
porcine iNSCs in the present study was similar to that
of porcine neural progenitor cells derived from epiblasts
(Rasmussen et al. 2011) or embryonic germ cells (Choi
et al. 2020). The characterization results of the porcine
iNSCs make these cell types good candidates for the
replacement of brain tissue—derived neural cells, as brain
tissue—derived neural cells may lose their proliferation and
stem cell characteristics after prolonged in vitro culture
(Liu et al. 2012).

In the present study, the protective effect of melatonin
on porcine iNSCs was evaluated by culturing the cells
in growth medium supplemented with different concen-
trations of melatonin. Our results demonstrated that the
maximum concentration of melatonin at 100 nM was not
toxic to porcine iNSCs, which was in agreement with a
previous study (Serrano et al. 2019). It has been stated
elsewhere that melatonin plays an important role in neural
stem cell proliferation through melatonin receptor (MT) 1
and extracellular signal-regulated kinase (ERK) 1/2 phos-
phorylation (Yu et al. 2017). Although there were no sig-
nificant differences in the cell proliferation rate among the
different concentrations of melatonin in the present study,
1 nM melatonin tended to enhance porcine iNSC prolifera-
tion. Therefore, 1 nM melatonin was selected for the fol-
lowing reasons. First, the nanomolar concentration range
of melatonin used in the present study is considered the
physiological concentration, and it can elevate the mRNA
expression of neural stem cell markers, including Pax6,
Sox2, and Nestin, similar to a previous report (Sharma et
al. 2008). Second, an antiproliferative effect might occur,
as a higher concentration of melatonin (1 mM) inhibits
proliferation and increases the apoptosis of canine mam-
mary gland carcinoma cells (Serrano et al. 2019).

Dimethyl sulfoxide (DMSO) is generally known as an
effective cryoprotectant and is widely used for cryopreserva-
tion of many cell types, including neural stem cells (Milose-
vic et al. 2005), at a concentration of 10% (v/v). In addition
to using DMSO as a cryoprotectant, it has been reported
that DMSO enhances the differentiation of human-induced
pluripotent stem cells toward hepatocytes, pancreatic pro-
genitor cells, insulin-secreting p-cells, and cardiomyocytes
(Li et al. 2018). The results of the present study confirm
that 1% v/v DMSO did not stimulate the degeneration of
porcine iNSCs. DMSO dramatically increased the degenera-
tion of porcine iNSCs in a concentration-dependent manner.
We selected 5% v/v of DMSO for the subsequent experi-
ments. The degenerative process of porcine iNSCs begins
with morphological changes, including the shortening of
cell processes, formation of a round shape, and detachment

from the surface of the culture dish. DMSO might alter the
extracellular membrane of the cells, the cell’s membrane
structure, resulting in cell adaptation to the surface with pas-
sive and active adhesion. Cells can enter the degenerative
phase if DMSO is not washed out or the cell membrane
structure is not secured (Okano et al. 1995). Under the con-
ditions of the present study, the results demonstrated that
melatonin protects against the DMSO-induced degenera-
tion of porcine iNSCs. Moreover, the porcine iNSCs that
survived after DMSO-induced degeneration could further
spontaneously differentiate into neurons, as confirmed by
expression of B-tubulin III and GFAP, an astrocyte marker
(Machado et al. 2020). It has been demonstrated that mela-
tonin increases neural stem cell differentiation via MT recep-
tor-mediated activation of the phosphoinositide 3-kinase/Akt
signaling pathway, resulting in upregulation of Nestin and
MAP?2, which are neural differentiation markers (Shu et al.
2016). From the results of the present study, it is implied
that melatonin not only promotes survival but also maintains
the differentiation ability of porcine iNSCs. Mitochondrial
membrane potential (A¥Wm) plays an important role in the
maintenance of cell viability and homeostasis (Zorova et
al. 2018). A decrease in A¥m causes mitochondrial dys-
function and results in the degeneration of cells. The results
of the present study demonstrated that 1 nM of melatonin
showed a protective effect against DMSO-induced degenera-
tion by increasing the A¥Wm. Thus, pretreatment of porcine
iNSCs with 1 nM of melatonin can be beneficial for other
degenerative induction in vitro studies.

The pandemic of ZIKV infection has received the atten-
tion of scientists because it impairs fetal neural develop-
ment, resulting in microcephaly (Han ef al. 2021). A study
in human iPSC-derived neural stem cells demonstrated a
high rate of neural cell death (Tang et al. 2016). There is
evidence that pigs can be infected by the Zika virus and
might be the reservoir of the disease (Nunez-Avellaneda et
al. 2021). Therefore, the pig can be a model for the develop-
ment of new therapeutics and an understanding of the patho-
genesis of ZIKV. In the second experiment of our study,
we examined whether melatonin can rescue ZIKV-induced
degeneration of porcine iNSCs. We found that at 72 h postin-
fection, melatonin protected against ZIKV-induced degen-
eration. Thereafter, the cells tended to degenerate and detach
from the culture dish. This in vitro phenomenon was also
observed in another study (Yang et al. 2020). ZIKV infection
induces neural cell apoptosis by activating the protein that
modulates Bax and triggers programmed cell death (Han et
al. 2021). ZIKV infection induces neural cell apoptosis by
activating the protein that modulates Bax and triggers pro-
grammed cell death (Han ez al. 2021). In the present study,
although melatonin was unable to suppress ZIKV replica-
tion, as demonstrated by the plaque assay results, melatonin
at concentrations of 1 and 10 nM showed a protective effect
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against ZIK'V-induced degeneration by increasing the A¥m.
Therefore, our in vitro model of pretreatment of porcine
iNSCs with melatonin might be beneficial for exploring the
molecular mechanism of the replication of ZIKV and how
the virus uses neural stem cells as the cell reservoir.

In conclusion, our study demonstrated that melatonin is a
potential anti-degeneration supplement for porcine iNSCs.
Melatonin protects porcine iNSCs against DMSO- and
ZIKV-induced degeneration.
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