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A B S T R A C T   

Melatonin entrainment of suprachiasmatic nucleus-regulating circadian rhythms is mediated by MT1 and MT2 
receptors. Melatonin also has neuroprotective and mitochondrial activating effects, suggesting it may affect 
neurodevelopment. We studied melatonin’s pharmacological effects on autism spectrum disorder (ASD) neuro
pathology. Deciduous tooth-derived stem cells from children with ASD were used to model neurodevelopmental 
defects and differentiated into dopaminergic neurons (ASD-DNs) with or without melatonin. Without melatonin, 
ASD-DNs had reduced neurite outgrowth, mitochondrial dysfunction, lower mitochondrial Ca2+ levels, and Ca2+

accumulation in the endoplasmic reticulum (ER) compared to control DNs from typically developing children- 
derived stem cells. Melatonin enhanced IP3-dependent Ca2+ release from ER to mitochondria, improving 
mitochondrial function and neurite outgrowth in ASD-DNs. Luzindole, an MT1/MT2 antagonist, blocked these 
effects. Thus, melatonin supplementation may improve dopaminergic system development in ASD by modulating 
mitochondrial Ca2+ homeostasis via MT1/MT2 receptors.   

1. Introduction 

Autism spectrum disorder (ASD) is a neurodevelopmental disorder 
with social and communication impairments and repetitive behaviors 
[1]. Various genetic and environmental risk factors for ASD have been 
identified [2,3]. ASD’s neuropathology hypotheses include mitochon
drial dysfunction [4], dopaminergic dysregulation [5,6], and intracel
lular Ca2+ dysregulation [7]. Mitochondrial dysfunction has been linked 
to impaired neurite development in dopaminergic neurons (DNs) using 
stem cells derived from children with ASD [8]. However, ASD neuro
pathology mechanisms and effective treatments remain unknown. 

Melatonin (MLT)-related sleep and circadian rhythm disturbances 
contribute to ASD neuropathology [9,10]. The hypothalamic 

suprachiasmatic nucleus (SCN) controls melatonin release, inducing 
sleep [11,12]. MLT activates G protein-coupled receptors (GPCRs), MT1 
and MT2, providing feedback to entrain circadian rhythms [13]. 
MLT-timed administration enhances sleep quality in patients with ASD 
[14]. MLT impacts pathological conditions through antioxidant, neu
roprotective, and mitochondrial activation effects [15]. MT1 and MT2 
are extensively present in the brain [16]. MLT may aid brain develop
ment and lessen ASD symptoms. Yet, the mechanisms and significance of 
MLT’s impact on neurodevelopment are unclear. 

Stem cells from human exfoliated deciduous teeth (SHEDs) can 
differentiate into dopaminergic neurons (DNs) due to their neural crest 
origin and neuroplasticity [17–20]. Since the midbrain dopaminergic 
system is involved in many brain functions [21], patient-derived SHEDs 
are a promising cellular model for studying dopamine-related 
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neuropathology [22]. Here, we used DNs differentiated from 
patient-derived SHEDs with or without MLT to assess MLT’s effects on 
ASD neuropathology. 

2. Materials and methods 

2.1. SHED isolation, culture, and differentiation into dopaminergic 
neurons (DNs) 

The Kyushu University Institutional Review Board for Human 
Genome/Gene Research (permission number: 678-03) approved human 
sample experiments following the Declaration of Helsinki. Written 
informed consent was obtained from parents. Deciduous teeth were 
collected from three typically developing children and three with ASD, 
aged 4–7 years. 

SHEDs were isolated and cultured in alpha-modified Eagle’s Medium 
(Nacalai Tesque, Kyoto, Japan) with 15% fetal bovine serum (Sigma- 
Aldrich, St. Louis, MO, USA), 100 μM L-ascorbic acid 2-phosphate (Wako 
Pure Chemical Industries, Osaka, Japan), 250 μg/mL fungizone (Thermo 
Fisher Scientific, Waltham, MA, USA), 100 U/mL penicillin, and 100 μg/ 
mL streptomycin (Nacalai Tesque) at 37 ◦C in a 5% CO2 atmosphere [8, 
23]. 

SHED differentiation to DNs was performed using a two-step pro
cedure [8,23]. In the first step, 1.5 × 105 SHEDs were seeded in a 
six-well culture plate (Corning, Corning, NY, USA) and cultured. After 
24 h, cells were cultured in Dulbecco’s Modified Eagle’s Medium 
(first-step; #08456-65; DMEM, Nacalai Tesque), supplemented with 20 
ng/mL epidermal growth factor (PeproTech, East Windsor, NJ, USA), 20 
ng/mL basic fibroblast growth factor (Peprotech), and 1% N-2 supple
ment (Thermo Fisher Scientific, Waltham, MA, USA) for 2 d at 37 ◦C 
under 5% CO2. In the second step, the medium was replaced with a 
neurobasal medium (Thermo Fisher Scientific) supplemented with 2% 
B27 supplement (Thermo Fisher Scientific), 1 mM dibutyryladenosine 3, 
5-cyclic monophosphate (Nacalai Tesque), 0.5 mM 3-isobutyl-1-me
thyl-xanthine (Wako Pure Chemical Industries), and 200 μM ascorbic 
acid (Nacalai Tesque). Cells were incubated for 5 d at 37 ◦C under 5% 
CO2. 

2.2. Melatonin (MLT), luzindole (LZD), and xestospongin C (XestC) 
treatment 

MLT (1 μM; Sigma-Aldrich) and LZD (10 μM; Wako Pure Chemical 
Industries), were added to the second-step medium used for DN 

differentiation. XestC (5 μM; Cayman Chemical Company, Ann Arbor, 
MI, USA) was added on the last day of DN differentiation, and cells were 
incubated for 4 h at 37 ◦C under 5% CO2 before analysis. 

2.3. Analyses of neuronal morphology by immunocytochemistry 

DNs were cultured on cover glass and fixed with 4% para
formaldehyde in 0.1 M sodium phosphate buffer (pH 7.4) for 10 min at 
25 ◦C and subsequently permeabilized with 0.1% Triton X-100 in 
phosphate-buffered saline (PBS) for 5 min at 25 ◦C. Cells were blocked 
with 2% BSA in PBS for 20 min at 25 ◦C and subsequently incubated with 
the following primary antibodies for 90 min at 25 ◦C: mouse monoclonal 
anti-tyrosine hydroxylase (TH; #66334-1-Ig; Proteintech, Rosemont, IL, 
USA), and mouse monoclonal anti-β-tubulin III (#T8578; Sigma- 
Aldrich). Cells were subsequently incubated with Alexa Fluor- 
conjugated secondary antibodies (Thermo Fisher Scientific) for 1 h at 
25 ◦C in the dark. Nuclei were counterstained with 1 μg/mL 4′,6-dia
midino-2-phenylindole dihydrochloride (DAPI; Dojindo, Kumamoto, 
Japan) in PBS for 5 min at 25 ◦C. The cover glass was then mounted on 
slides using ProLong Diamond mounting medium (Thermo Fisher Sci
entific). Fluorescence images were acquired using CFI Plan Apochromat 
Lambda 20 × , 60 × , and 100 × objective lenses on a Nikon C2 confocal 
microscope (Nikon, Tokyo, Japan). 

To measure the maximum neurite length and total number of neurite 
branches, TH- and DAPI-stained pictures were acquired, and 30 cells 
were analyzed using the Neurite Outgrowth module in MetaMorph 
software version 7.8 (Molecular Devices, San Jose, CA, USA). 

2.4. Quantitative and semi-quantitative reverse transcription polymerase 
chain reaction (RT-PCR) 

Total RNA was extracted from cells using RNeasy Mini Kit (Qiagen, 
Hilden, Germany). First-strand cDNA was synthesized using RevaTra 
Ace qPCR RT Master Mix (Toyobo, Osaka, Japan). MT2 expression was 
analyzed using GoTaq qPCR Master Mix (Promega, Madison, WI, USA), 
and QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific) 
was used for quantitative real-time PCR. Relative expression of target 
genes was analyzed using the comparative threshold cycle method via 
normalization to 18S rRNA levels. The primer set sequences were: MT2, 
5′-TGC TCA GGA ACC GCA AGC TC-3′ (forward) and 5′-GTA GGG GTA 
GAA GGC CAC CA-3′ (reverse); 18S rRNA, 5′-CGG CTA CCA CAT CCA 
AGG AA-3′ (forward) and 5′-GCT GGA ATT ACC GCG GCT-3′ (reverse). 

To analyze MT1 expression, semi-quantitative PCR was performed 
using GoTaq (Promega). Amplified target gene fragments were electro
phoresed using agarose gel electrophoresis and detected using Gel Green 
(Biotium, Fremont, CA, USA). Fluorescence images were acquired using 
SK-470 fluorescence microscope (BIO CRAFT, Tokyo, Japan). Fluores
cence intensity of each target gene was measured using ImageJ software. 
Relative expression of target genes was normalized to that of 18S rRNA. 
The primer set sequences were: MT1, 5′-GCG TCC TCA TCT TCA CCA TC- 
3′ (forward) and 5′-ACG GAT AAA TGG CCA CCA CC-3′ (reverse); 18S 
rRNA, 5′-CGG CTA CCA CAT CCA AGG AA-3′ (forward) and 5′-GCT GGA 
ATT ACC GCG GCT-3′ (reverse). 

2.5. Measurement of mitochondrial membrane potential (MMP) 

MMP was measured using MMP indicator JC-1 (Wako Pure Chemical 
Industries) after differentiation into DNs. DNs were incubated with 1 μM 
JC-1 for 10 min. TrypLE Express (Thermo Fisher Scientific) detached 
cells from the culture plates, and a FACSCalibur (BD Biosciences, 
Franklin Lakes, NJ, USA) measured JC-1 red and green signals. The 
geometric means of red and green fluorescence were measured using 
Cell Quest 3.3 (BD Biosciences), and the ratio of red/green fluorescence 
was calculated. 

Abbreviations 

ASD autism spectrum disorder 
DNs dopaminergic neurons 
ER endoplasmic reticulum 
GPCR G protein-coupled receptor 
Gαi G protein α subunit i isoform 
Gαq/11 G protein α subunit q/11 isoform 
Gβγ G protein β and γ subunits 
IP3 inositol 1,4,5-trisphosphate 
IP3R inositol 1,4,5-trisphosphate receptor 
LZD luzindole 
MLT melatonin 
mtCU mitochondrial calcium uniporter channel complex 
PIP2 phosphatidylinositol 4,5-bisphosphate 
PLCβ phospholipase C β subfamily 
RuR ruthenium red 
SHEDs stem cells from human exfoliated deciduous teeth 
XestC xestospongin C  
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2.6. Analysis of intracellular adenosine triphosphate (ATP) levels 

The CellTiter-Glo Luminescent Cell Viability Assay (Promega) 
measured intracellular ATP levels after cells were harvested in ice-cold 
PBS. The luminescence signal was measured using SpectraMax iD3 
Microplate Reader (Molecular Devices). 

2.7. Analyses of mitochondrial and endoplasmic reticulum (ER) Ca2+

levels 

To measure Ca2+ level per mitochondrion, cells were cultured in 
μ-dishes (ibidi, Munich, Germany), followed by incubation with 10 μM 
Rhod-2 AM (Dojindo) and 20 nM MitoTracker Green (Thermo Fisher 
Scientific) for 45 min. Fluorescent images were acquired using a Nikon 
C2 confocal microscope, and the Rhod-2 AM fluorescence intensity was 
divided by MitoTracker Green intensity. 

To measure ER Ca2+ levels, cells were incubated with 1 μM Mag- 
Fluo-4 AM (AAT Bioquest, Sunnyvale, CA, USA) for 45 min. Fluores
cence images were acquired using a Nikon C2 confocal microscope 
(Nikon). NIS-Elements software (Nikon) was used to measure the fluo
rescent intensity of five images per case. 

2.8. Measurement of inositol 1,4,5-trisphosphate (IP3) 

IP3 was measured using IP3 ELISA kit (Elabscience, Houston, TX, 
USA), following the manufacturer’s instructions. Cells (2 × 106) were 
dissolved in 200 μL PBS and sonicated 20 times with Bioruptor UCD- 
3000 (CosmoBio, Tokyo, Japan) at 4 ◦C for 20 s. Subsequently, the 
cells were centrifuged at 17,500×g for 10 min at 4 ◦C, and the super
natants were collected. The IP3 ELISA kit used 50 μL supernatant; 
absorbance was measured at 450 nm using ARVO X3 (PerkinElmer, 
Waltham, MA, USA). 

2.9. Statistical analyses 

Statistical analyses were performed using Student’s t-tests or one- 
way ANOVA with Prism9 (GraphPad, San Diego, CA, USA). Values are 
presented as the mean ± standard error of the mean (SEM). Statistical 
significance was set at p < 0.05. 

3. Results 

3.1. Melatonin was effective in ASD-DN development 

Control-SHEDs and patient-derived SHEDs were differentiated to 
DNs (Ctrl-DNs and ASD-DNs, respectively). Western blot analysis 
showed similar protein expression of DN markers in both groups without 
MLT (Fig. S1). In this condition, ASD-DNs had lower neurite length and 
branch number than Ctrl-DNs (Fig. 1A, Fig. S2). MLT stimulated neurite 
outgrowth in ASD-DNs (Fig. 1A, Fig. S2). To investigate MT1 and MT2 
receptor involvement, luzindole (LZD) [24], a non-selective MT1/MT2 
antagonist was used (Fig. 1A, Fig. S2). LZD blocked MLT’s effect on 
neurite outgrowth (Fig. 1A, Fig. S2). RT-PCR analysis showed similar 
MT1 and MT2 signals in Ctrl- and ASD-DNs (Fig. 1B, Fig. S3). Thus, MLT 
activated MT1 and MT2, aiding ASD-DN neurite growth. 

3.2. Melatonin was effective in Ca2+-mediated mitochondrial activation 
in ASD-DNs 

To assess MLT’s effect on mitochondrial function, MMP and ATP 
levels were measured. Without MLT, both were lower in ASD-DNs than 
Ctrl-DNs (Fig. 2A, Fig. S4). MLT increased MMP and ATP levels in ASD- 
DNs, which LZD blocked (Fig. 2A, Fig. S4). Mitochondrial Ca2+ levels 
associated with oxidative phosphorylation were then measured. 
Without MLT, ASD-DNs had lower mitochondrial Ca2+ levels than Ctrl- 
DNs (Fig. 2B, Fig. S5). MLT restored mitochondrial Ca2+ levels in ASD- 
DNs, but LZD blocked this effect (Fig. 2B, Fig. S5). These data suggested 
the important role of MLT in Ca2+-mediated mitochondrial activation in 

Fig. 1. Effect of melatonin (MLT) on neurite outgrowth in patient-derived dopaminergic neurons (DNs). Stem cells from human exfoliated deciduous teeth (SHEDs) 
were differentiated into DNs in the absence or presence of MLT and luzindole (LZD). (A) DNs were visualized via immunofluorescence microscopy using anti- 
β-tubulin III and anti-TH antibodies. Nuclei were counter-stained with 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI). Control (Ctrl)-DN1 and autism 
spectrum disorder (ASD)-DN1 are shown as representative examples. Scale bars = 25 μm. Maximum neurite length and the total number of branches per DN were 
measured. The mean ± standard error of the mean (SEM) was calculated after analyzing 30 cells from three independent experiments. (B) mRNA expression levels of 
MT1 and MT2 were measured using semi-quantitative and quantitative polymerase chain reaction, respectively. The mean ± SEM was calculated after analyzing 
three Ctrl- and ASD-DNs. n.s., not significant; **p < 0.01, ***p < 0.001. 

S. Dong et al.                                                                                                                                                                                                                                    



Biochemical and Biophysical Research Communications 681 (2023) 7–12

10

ASD-DNs. To confirm this, Ca2+ entry into mitochondria was inhibited 
with RuR, an inhibitor of the mitochondrial calcium uniporter channel 
complex (mtCU) [25]. In ASD-DNs, RuR inhibited MLT-mediated 
mitochondrial Ca2+ elevation (Figs. S6 and S7). Additionally, RuR 
blocked the MLT effect on neurite outgrowth of ASD-DNs (Fig. S8). Thus, 
in ASD-DNs, mitochondrial Ca2+ levels were constitutively reduced, 
which was improved by MTL, leading to acceleration of mitochondrial 
activation and neurite outgrowth. 

3.3. Melatonin was effective in IP3-mediated Ca2+ movement from ER to 
mitochondria in ASD-DNs 

ER regulates mitochondrial Ca2+ through IP3 receptor (IP3R)- 
mediated Ca2+ movement. The impact of ER on MLT’s effects on mito
chondrial Ca2+ regulation was studied using XestC, an IP3R inhibitor 
[26]. MLT-induced mitochondrial Ca2+ increase in ASD-DNs was 
inhibited by XestC (Fig. 3A, Fig. S9A). ER Ca2+ levels were higher in 
ASD-DNs than in Ctrl-DNs without treatment but were lowered by MLT, 
and this effect was blocked by XestC (Fig. 3B, Fig. S9B). This contrasts 
with mitochondrial Ca2+ levels; the consistent decrease in 

Fig. 2. Effect of MLT on mitochondrial activity and mitochondrial Ca2+ levels in patient-derived dopaminergic neurons (DNs). SHEDs were differentiated into DNs in 
the absence or presence of MLT and LZD. (A) Mitochondrial membrane potential (MMP) and adenosine triphosphate (ATP) levels in DNs were measured. The mean 
± SEM was obtained from two (MMP) and three (ATP levels) independent experiments. (B) DNs stained with MitoTracker Green (MTG) and Rhod2 were observed 
using confocal microscopy. Scale bars = 25 μm. Fluorescence intensity of Rhod2 was divided by that of MTG to measure the Ca2+ level per mitochondrion. The mean 
± SEM was obtained from three independent experiments. n.s., not significant; *p < 0.05, **p < 0.01, and ***p < 0.001. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. Inhibition of IP3R suppressed MLT-mediated mitochondrial Ca2+ elevation in patient-derived dopaminergic neurons (DNs). SHEDs were differentiated into 
DNs in the absence or presence of MLT and xestospongin C (XestC), an IP3R inhibitor. (A) DNs stained with MTG and Rhod2 were observed using confocal mi
croscopy. Scale bars = 25 μm. Fluorescence intensity of Rhod2 was divided by that of MTG to measure the Ca2+ level per mitochondrion. The mean ± SEM was 
obtained from three independent experiments. (B) DNs were stained with Mag-Fluo-4 AM and observed using confocal microscopy. Scale bar = 25 μm. Fluorescence 
intensities of Mag-Fluo-4 AM were measured. The mean ± SEM was obtained from three independent experiments. n.s., not significant; **p < 0.01, and ***p < 0.001. 
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mitochondrial Ca2+ levels in ASD-DNs may relate to a defect in 
ER-supplied Ca2+, and MLT could improve this by promoting 
IP3R-mediated Ca2+ transfer to mitochondria. 

To further investigate, IP3 levels were measured since MT1 and MT2 
generate IP3 after activation. IP3 levels were lower in ASD-DNs than in 
Ctrl-DNs (Fig. 4A). MLT raised IP3 levels in ASD-DNs, which was 
blocked by LZD (Fig. 4A). MLT-induced reduction of ER Ca2+ levels in 
ASD-DNs was also blocked by LZD (Fig. 4B, Fig. S10). Thus, IP3 was 
decreased in ASD-DNs, which MLT may target to promote IP3R- 
mediated Ca2+ release from ER to mitochondria (Fig. 4C). 

4. Discussion 

DNs were differentiated from patient-derived SHEDs with and 
without MLT to explore MLT’s effects on ASD neuropathology. MLT 
activated MT1 and MT2, which increased IP3-dependent Ca2+ move
ment from ER to mitochondria, improving mitochondrial function and 
neurite outgrowth in ASD-DNs. 

Intracellular Ca2+ homeostasis disruption causes neuropsychiatric 
diseases, including ASD [7], but its molecular mechanisms are unknown. 
We found that mitochondrial Ca2+ levels were lower in ASD-DNs, and 
Ca2+ was accumulated in ER. The ER is essential for Ca2+ storage, 
buffering, and supply [27,28]. IP3R on the ER membrane is a major Ca2+

channel [28]. IP3R dysregulation disrupts Ca2+ levels in cells, impairing 
Ca2+-dependent responses. ASD-DNs had lower IP3 levels, which 
reduced IP3R-mediated Ca2+ release from ER, explaining the patho
logical decrease of mitochondrial Ca2+ in ASD-DNs. MLT appeared to 
improve these deficiencies through MT1 and MT2. GPCRs activate PLCβ, 
which hydrolyzes phosphatidylinositol 4,5-bisphosphate [29], via Gβγ 
dimers in a pertussis toxin (PTX)-sensitive Gαi-dependent manner [30]. 
Since both MT1 and MT2 couple with Gαi isoforms [31–34], they might 
be responsible for IP3 production in ASD-DNs. PLCβ is directly activated 
by PTX-insensitive Gαq/11 [30], and MT1 couples with Gαq/11 isoforms 
[35], potentially activating IP3 production via this pathway in ASD-DNs. 
We did not assess Gα isoform selectivity between MT1 and MT2 in 
ASD-DNs. However, the data suggest that MLT activated MT1 and MT2 
to increase PLCβ-dependent IP3 production, compensating for IP3 
insufficiency in ASD-DNs. 

Impaired IP3-dependent Ca2+ movement from ER to mitochondria 
may cause mitochondrial dysfunction and impede neurite outgrowth in 

ASD-DNs. Mitochondrial Ca2+ is necessary for TCA cycle enzymatic re
actions to power electron transport and generate ATP for neuro
development [28]. In ASD-DNs, IP3 insufficiency caused reduced 
mitochondrial Ca2+, MMP, and ATP, suggesting mitochondrial 
dysfunction. MLT improved mitochondrial function and neurite 
outgrowth in ASD-DNs, but these effects were reversed by blocking 
mitochondrial Ca2+ entry or MT1/MT2. Thus, developmental defects of 
ASD-DNs may be linked to IP3-dependent mitochondrial Ca2+ homeo
stasis disruption, which MLT-mediated MT1 and MT2 activation can 
improve. 

Nevertheless, this study has several limitations. It is impossible to 
generalize the IP3-mediated MLT’s effect on DN development to highly 
heterogeneous ASD population. Further study is required for elucidating 
the involvement of defects in PLC activation and IP3 metabolic path
ways in ASD neuropathology. Additionally, MT1 and MT2 protein 
expression in ASD-DNs is unknown. The MT1 and MT2 expression ratio 
may influence therapeutic ligand effects. Third, MLT may regulate 
cytosolic Ca2+ via IP3 production, aiding neurodevelopment in ASD- 
DNs. Fourth, MLT levels and distribution in ASD brains have not been 
fully explored. These studies are essential to understand MLT’s clinical 
role in neurodevelopment. 

In conclusion, MLT supplementation improves ASD-DN development 
by regulating IP3-mediated mitochondrial Ca2+ homeostasis via MT1 
and MT2 activation. MLT is released in sync with the circadian rhythm in 
vivo. Thus, MLT treatment of ASD-DNs in vitro may replicate the 
nocturnal environment with high MLT levels in the brain. In contrast, 
cell culture without MLT may mimic nocturnal conditions, where MLT is 
lacking in the brain due to sleep deprivation or circadian rhythm 
disruption as observed in ASD. The current data potentially contribute to 
an extended understanding of MLT on a molecular level, and to trans
lational research for children with ASD suffering from sleep deprivation. 
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