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ABSTRACT. Stem cells from human exfoliated deciduous teeth (SHED) are isolated from the dental pulp tissue
of primary teeth and can differentiate into neuronal cells. Although SHED are a desirable type of stem cells for
transplantation therapy and for the study of neurological diseases, a large part of the neuronal differentiation
machinery of SHED remains unclear. Recent studies have suggested that mitochondrial activity is involved in the
differentiation of stem cells. In the present work, we investigated the neuronal differentiation machinery of SHED
by focusing on mitochondrial activity. During neuronal differentiation of SHED, we observed increased
mitochondrial membrane potential, increased mitochondrial DNA, and elongated mitochondria. Furthermore, to
examine the demand for mitochondrial activity in neuronal differentiation, we then differentiated SHED into
neuronal cells in the presence of rotenone, an inhibitor of mitochondrial respiratory chain complex I, and
carbonyl cyanide m-chlorophenyl hydrazone (CCCP), a mitochondrial uncoupler, and found that neuronal
differentiation was inhibited by treatment with rotenone and CCCP. These results indicated that increased
mitochondrial activity was crucial for the neuronal differentiation of SHED.
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Introduction

Stem cells from human exfoliated deciduous teeth (SHED)
are isolated from the dental pulp tissue of primary teeth
(Miura et al., 2003). Exfoliated deciduous teeth are usually
discarded as medical waste; therefore, SHED can be easily
collected from exfoliated deciduous teeth with cooperation
and agreement from the patient. SHED express embryonic
stem cell markers Oct-4 and Nanog, the mesenchymal stem
cell marker stromal precursor antigen-1 (STRO-1), and the
neuronal stem cell marker Nestin and possess high prolifer-
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ation capacity; SHED also show multidifferentiation poten-
tial and can differentiate into neuronal, osteogenic,
adipogenic, and hepatogenic cells (Ma et al., 2012; Miura
et al., 2003; Yamaza et al., 2015). SHED have been shown
to be able to differentiate into neurons, astrocytes, and oli-
godendrocytes (Jarmalavičiūtė et al., 2013; Miura et al.,
2003; Nourbakhsh et al., 2011; Sakai et al., 2012). The
dopaminergic differentiation of SHED has been reported
previously, and the engraftment of dopaminergic neurons
obtained from SHED in the brain has been shown to
improve the production of dopamine and the abnormal
behaviors of Parkinsonian rats (Fujii et al., 2015; Wang et
al., 2010). Different protocols for the neuronal differentia-
tion of SHED have been established. Therefore, SHED are
promising stem cells for transplantation therapy, clinical
research, and drug discovery for neurological diseases.
However, the mechanisms underlying the neuronal differ-
entiation of SHED remain unclear.

Mitochondria play a central role in ATP production, cel-
lular Ca2+ buffering, and apoptosis. Additionally, mitochon-
drial DNA (mtDNA) mutations induce aberrations in
oxidative phosphorylation (Keogh and Chinnery, 2015),
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and embryonic stem cells (ESCs) harboring mtDNA muta-
tions have been reported to show reduced neuronal differ-
entiation (Kirby et al., 2009). Inhibition of mitochondrial
complex III, a complex required for oxidative phosphoryla-
tion, blocks the neuronal differentiation of ESCs (Pereira et
al., 2013). Furthermore, inhibition of mitochondrial com-
plex III results in high expression of Oct-4 during the neu-
ronal differentiation of ESCs (Pereira et al., 2013). These
results suggest that mitochondrial activity is involved in the
neuronal differentiation of stem cells.

In this study, to examine the demand for mitochondrial
activity in the neuronal differentiation of SHED, we ana-
lyzed the mitochondrial membrane potential (MMP), mito-
chondrial mass, mtDNA contents, and mitochondrial
morphology during neuronal differentiation. We also exam-
ined the effects of rotenone, a mitochondrial inhibitor, and
carbonyl cyanide 3-chlorophenylhydrazone (CCCP), a
mitochondrial uncoupler, on the neuronal differentiation of
SHED. Our findings will provide a platform for further
studies focusing on the use of SHED in clinical research
and drug discovery focusing on mitochondrial activity.

Materials and Methods

Ethics statement

Experiments using human samples were reviewed and approved
by the Kyushu University Institutional Review Board for Human
Genome/Gene Research and were conducted in accordance with
the Declaration of Helsinki.

Isolation and culture of SHED

An exfoliated deciduous tooth was collected from a 4-year-old
child at Pediatric & Special Needs Dentistry, Kyushu University
Hospital, with the permission of the child’s parents. The isolation
and culture of SHED were performed as described previously
(Miura et al., 2003) with small modifications. The dental pulp was
gently isolated from a residual crown and treated with 3 mg/mL
collagenase I (Washington, NJ, USA) and 4 mg/mL dispase II
(Wako Pure Chemical Industries, Osaka, Japan) in phosphate-
buffered saline (PBS) containing 2 mM CaCl2 for 60 min at 37°C.
Next, the undigested tissues and cell aggregates were removed by
filtration through a 70-μm cell strainer (Corning, NY, USA).
Single-cell suspensions were then seeded into a 6-well plate
(Corning) and cultured in alpha modification of Eagle’s medium
(α-MEM; Sigma-Aldrich, MO, USA) supplemented with 15%
fetal bovine serum (FBS; Sigma-Aldrich), 100 μM L-ascorbic acid
2-phosphate (Wako Pure Chemical Industries), 2 mM L-glutamine
(Life Technologies, NY, USA), 250 μg/mL fungizone (Life Tech-
nologies), 100 U/mL penicillin, and 100 μg/mL streptomycin
(Life Technologies) at 37°C in an atmosphere containing 5% CO2.
SHED at passages 5–10 were used in this study. For sphere forma-
tion, 2×105 SHED were cultured in 6-well plates for suspension

culture (Greiner Bio-one, Frickenhausen, Germany). After 24 h,
spheres were observed under an IX41 microscope (Olympus,
Tokyo, Japan) equipped with a digital camera NEX-5T (Sony,
Tokyo, Japan) with an NY-1S adaptor (MeCan Imaging, Saitama,
Japan).

Neural differentiation of SHED

The differentiation of SHED into neuronal cells was performed as
described previously (Miura et al., 2003). To differentiate SHED
into neuronal cells, SHED were cultured in neurobasal A medium
(Life Technologies) supplemented with 2% B27 supplement (Life
Technologies), 40 ng/mL basic fibroblast growth factor (bFGF;
Peprotech, NJ, USA), and 20 ng/mL epidermal growth factor
(EGF; Sigma-Aldrich) for 2 or 10 days at 37°C in an atmosphere
containing 5% CO2. The medium was changed after 5 days.

Immunocytochemistry

Cells cultured on coverslips were fixed with 4% paraformalde-
hyde in 0.1 M sodium phosphate buffer (pH 7.4) for 10 min at
room temperature and then permeabilized with 0.1% Triton X-100
in PBS for 5 min. For the detection of N-methyl-D-aspartate
receptor subunit 1 (NMDAR1), the permeabilization step was
skipped. The cells were blocked with 2% bovine serum albumin
(BSA; Wako Pure Chemical Industries) in PBS for 20 min and
then incubated with the following primary antibodies: anti-
STRO-1 (Millipore, CA, USA), anti-Nestin (Millipore), anti-β-
tubulin III (Sigma-Aldrich), anti-microtubule-associated protein
2 (MAP2; Sigma-Aldrich), anti-Tom20 (Santa Cruz Biotechnol-
ogy, CA, USA), and anti-NMDAR1 (Millipore). After 90 min, the
cells were incubated with Alexa Fluor-conjugated secondary anti-
bodies (Life Technologies) in the dark for 60 min. After staining
with antibodies, the nuclei were stained with 1 μg/mL 4',6-
diamidino-2-phenylindole dihydrochloride (DAPI; Dojindo,
Kumamoto, Japan). The cells were then mounted using ProLong
Diamond (Life Technologies). Fluorescent images were captured
using an Axio Imager M2 (Zeiss, Oberkochen, Germany) equip-
ped with ApoTome2 (Zeiss). The length of the cells was measured
and analyzed using MetaMorph (Molecular Devices, CA, USA).
To evaluate the cell numbers for 10 days after neuronal differen-
tiation, 5 images of the cells stained with anti-β-tubulin III and
DAPI were randomly taken from each of the 5 experiments. The
cell numbers were then analyzed using MetaMorph (Molecular
Devices).

Western blotting

The cells were washed three times with PBS and then lysed with
sample buffer (62.5 mM Tris-HCl buffer [pH 6.8] containing 2%
sodium dodecyl sulfate [SDS], 5% β-mercaptoethanol, and 10%
glycerol). The cell lysates were incubated for 95°C and analyzed
by SDS-polyacrylamide gel electrophoresis (PAGE). Subse-
quently, immunoblotting was performed using anti-β-tubulin III
(Sigma-Aldrich), anti-Nestin (Millipore), anti-Tom20 (Santa Cruz
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Biotechnology), and anti-heat shock protein 90 (HSP90; Santa
Cruz Biotechnology) antibodies. The immunoreactive bands were
detected using ECL Prime (GE Healthcare, Buckinghamshire,
UK) and analyzed using LAS-1000 pro (Fuji Film, Tokyo, Japan)
and Image Gauge software (Fuji Film).

Measurement of mitochondrial membrane potential

JC-1 is a cationic dye that accumulates in the mitochondria
depending on the MMP and forms aggregates. JC-1 shows a fluo-
rescence emission shift from green (monomer; 527 nm) to red
(aggregate; 590 nm) after forming aggregates (Reers et al., 1991).
The MMP can therefore be measured by determining the ratio of
red to green fluorescent signals. SHED were incubated with 1 μM
JC-1 (Life Technologies) for 10 min and then washed three times
with PBS. The cells were then treated with Tryple Express (Life
Technologies) to detach them from the culture plates and collected
in tubes. Next, the cells were centrifuged at 800×g for 5 min, and
the collected cells were resuspended in PBS. JC-1 aggregates and
monomers were measured using a FACSCalibur (BD Bioscience,
CA, USA). Populations of 10,000 cells were analyzed for each
sample, and JC-1 signals were detected using the FL2 and FL1
channels for aggregates and monomers, respectively. Geometric
means of red and green fluorescence were measured using Cell
Quest software (BD Bioscience), and the ratio of red/green fluo-
rescence was calculated.

To observe JC-1 aggregates and monomers using confocal
microscopy, SHED were cultured on glass-bottomed dishes (ibidi,
Munich, Germany). SHED were then incubated with 1 μM JC-1
(Life Technologies) for 10 min, and the culture medium was
changed. Fluorescent images of JC-1 aggregates and monomers
were acquired using a C2 confocal microscope (Nikon, Tokyo,
Japan).

RNA extraction and quantitative real-time polymerase
chain reaction (PCR)

Total RNA was extracted from the cells using an RNAeasy Mini
Kit (Qiagen, Hilden, Germany). First-strand cDNA was synthe-
sized using a SuperScript III First Strand Synthesis System (Life
Technologies). The sequences of primer sets used in this study
were as follows: β-tubulin III, 5'-CTCAGGGGCCTTTGGA-
CATC-3' (β-tubulin III forward) and 5'-CAGGCAGTCGCAG-
TTTTCAC-3' (β-tubulin III reverse); postsynaptic density protein
95 (PSD95), 5'-TCGGTGACGACCCATCCAT-3' (PSD95 for-
ward) and 5'-GCACGTCCACTTCATTTACAAAC-3' (PSD95
reverse); gamma-aminobutyric acid (GABA) receptor α2, 5'-
GCCAATCAATCGGAAAGGAGAC-3' (GABA receptor α2
forward) and 5'-TTCCCATCCCAAGCCCATCCTC-3' (GABA
receptor α2 reverse); and 18S rRNA, 5'-CGGCTACCACATC-
CAAGGAA-3' (18S rRNA forward) and 5'-GCTGGAATTACC-
GCGGCT-3' (18S rRNA reverse). Real-time quantitative PCR
was performed using GoTaq qPCR Master Mix (Promega, WI,
USA) and analyzed with StepOnePlus Real-Time PCR Systems
(Life Technologies). The relative expression levels of the target

genes were analyzed using the comparative the threshold cycle
(CT) method by normalizing to 18S rRNA.

Measurement of mtDNA amount by quantitative real-
time PCR

mtDNA and nuclear DNA were extracted from the cells using a
QIAamp DNA mini kit (Qiagen). Mitochondrial tRNALEU(UUR) was
detected using the following primer set: 5'-CACCCAAGAA-
CAGGGTTTGT-3' (tRNA F3212) and 5'-TGGCCATGGGTA-
TGTTGTTA-3' (tRNA R3319) (Venegas and Halberg, 2012).
Nuclear β-2-microglobulin (β2M) was detected using the primer
set 5'-TGCTGTCTCCATGTTTGATGTATCT-3' (β2M F594) and
5'-TCTCTGCTCCCCACCTCTAAGT-3' (β2M R679) (Venegas
and Halberg, 2012). Real-time PCR was performed as described
for mRNA measurement. Analysis of the relative amount of
mtDNA was performed as described previously (Venegas and
Halberg, 2012).

Measurement of living cell numbers and the
percentages of living cells

A total of 5×104 SHED were seeded into 6-well plates (Corning).
After 24 h, SHED were treated with rotenone (Sigma-Aldrich; 1–
1,000 nM) and CCCP (Wako Pure Chemical Industries; 2.5–50
μM) for 2 days. The cells were then collected by trypsinization
and stained with 0.4% trypan blue solution (Wako Pure Chemical
Industries). The cells were counted with a hemocytometer, and
living and dead cells were distinguished by trypan blue staining.
To calculate the percentage of living cells, the living cells were
divided by the total cell count (living cells and dead cells).

Detection of mitochondrial reactive oxygen species
(mtROS)

A total of 5×105 SHED were seeded into 6-well plates (Corning).
After 24 h, SHED were treated with DMSO, 100 nM rotenone
(Sigma-Aldrich), or 100 nM rotenone with 5 mM N-acetyl-L-
cysteine (NAC; Sigma-Aldrich) for 2 days. Then, the cells were
incubated with 5 μM MitoSOX Red (Life Technologies) for 10
min and washed three times with PBS. The cells were then treated
with Tryple Express (Life Technologies) to detach them from the
culture plates and collected in tubes. Next, the cells were centri-
fuged at 800×g for 5 min, and the collected cells were resuspen-
ded in PBS. The fluorescent signal of MitoSOX Red was
measured using a FACSCalibur (BD Bioscience).

Statistical analysis

Statistical analyses were performed with Wilcoxon tests using
JMP software (SAS Institute, NC, USA). Differences with P val-
ues of less than 0.05 were considered significant.
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Results

Isolation and characterization of SHED

To analyze the neuronal differentiation of SHED, SHED
were isolated from a primary tooth and were then cultured
until passage 5. The isolated SHED showed a fibroblast-
like morphology (Fig. 1A). To evaluate the stem cell prop-
erties of these SHED, we examined sphere formation
ability (Pastrana et al., 2011) and stem cell marker expres-
sion. SHED formed spheres when cultured under nonadher-
ent conditions (Fig. 1B). SHED expressed STRO-1 (a
mesenchymal stem cell marker, Fig. 1C). Moreover,
although there were differences in the expression levels
among the different cells (Fig. 1E; white arrow indicates
strong expression), all SHED expressed Nestin (a neuronal
stem cell marker, Fig. 1D). These results indicated that
SHED isolated in this study possessed stem cell character-
istics, as described previously (Miura et al., 2003).

Differentiation of SHED into neuronal cells

Next, we examined the neuronal differentiation capacity of
the cultured SHED. SHED were cultured in neuronal differ-
entiation medium (Miura et al., 2003) for 10 days. Undif-
ferentiated and neuronally differentiated SHED were
stained with antibodies against the neuronal cell marker
proteins. SHED expressed β-tubulin III and MAP2 both
before (Fig. 2A, B) and after neuronal differentiation (Fig.
2C, D). After neuronal differentiation, elongation of the

cells and neurite-like structures were observed (Fig. 2C, D;
indicated using white arrows). Moreover, the expression of
NMDAR1 was observed in neurite-like structures as puncta
after neuronal differentiation (Fig. 2E and F).

Next, the expression of the neuronal stem cell and neuro-
nal cell marker proteins β-tubulin III and Nestin were
examined using western blotting. After neuronal differen-
tiation, the expression levels of β-tubulin III and Nestin
were increased in SHED (Fig. 3A–C). In addition, real-time
PCR analysis showed that the expression levels of the neu-
ronal cell markers β-tubulin III (Fig. 3D), PSD95 (Fig. 3E),
and GABA receptor α2 (Fig. 3F) were increased after neu-
ronal differentiation of SHED. These increases in neuronal
cell markers indicated that SHED differentiated into neuro-
nal cells. In addition, Nestin is expressed during the early
stages of neuronal differentiation, e.g., neuronal stem cells,
progenitors, and immature neuronal cells (Von Bohlen Und
Halbach, 2007). Thus, the increase in Nestin expression
after neuronal differentiation suggested that neuronally dif-
ferentiated SHED in this study were in the early stage of
neuronal differentiation and were still progressing towards
neuronal linage differentiation.

Increased mitochondrial activity during neuronal
differentiation of SHED

To analyze mitochondrial activity during the neuronal dif-
ferentiation of SHED, MMP was measured by staining with
JC-1. Undifferentiated and neuronally differentiated SHED
were incubated with JC-1, and the JC-1 aggregates (red)

Fig. 1. Isolation and characterization of SHED from human exfoliated deciduous teeth. (A) Isolated SHED were observed under a phase-contrast
microscope. Scale bar=50 μm. (B) SHED were cultured on 6-well plates for suspension cell culture for 24 h. Scale bar=50 μm. (C) SHED were stained
with DAPI and anti-STRO-1 antibodies. Scale bar=25 μm. (D) SHED were stained with DAPI and anti-Nestin antibodies. Scale bar=100 μm. (E) Details
of the boxed region in (D) are shown. Scale bar=25 μm.
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and monomers (green) were detected by confocal micro-
scopy. After neuronal differentiation for 2 days, the JC-1
aggregates (red) increased when compare with that before
neuronal differentiation (Fig. 4A and B, left panel). Fur-
thermore, we analyzed the ratio of JC-1 aggregates/mono-
mers using flow cytometry. The ratio of JC-1 aggregates/
monomers was increased by 1.87-fold after neuronal differ-
entiation for 2 days (Fig. 4C–E). Moreover, after neuronal
differentiation for 10 days, the ratio of JC-1 aggregates/
monomers was increased by 2.88-fold compared with that
before neuronal differentiation (Fig. 4F).

Next, we examined the factors involved in mitochondrial
activity, mtDNA contents, and mitochondrial mass and
morphology during neuronal differentiation of SHED.
After neuronal differentiation for 2 or 10 days, the amount
of mtDNA was increased (Fig. 5A, B). Next, to evaluate

mitochondrial mass, we measured the amount of Tom20,
which is often used to measure mitochondrial mass as a
mitochondrial marker protein (Bueno et al., 2015; Burbulla
et al., 2014). There were no significant differences in the
amount of Tom20 before and after neuronal differentiation
(Fig. 5C), suggesting that mitochondrial mass was not
changed during the neuronal differentiation of SHED.
Moreover, we examined morphology of mitochondria dur-
ing neuronal differentiation of SHED (Fig. 5D–F). After
neuronal differentiation, elongated mitochondria were
observed in neurite-like structures (Fig. 5E, F; indicated
using white arrows). These results indicated that increased
MMP and mtDNA and elongated mitochondria were
involved in the neuronal differentiation of SHED.

Fig. 2. Neuronal differentiation of SHED. (A, B) Undifferentiated SHED were stained with anti-β-tubulin III (A) and anti-MAP2 (B) antibodies and
counterstained with DAPI. Scale bar=50 μm. (C–F) SHED were differentiated into neuronal cells for 10 days and were then stained with anti-β-tubulin III
(C), anti-MAP2 (D), and anti-NMDAR1 (E) antibodies and counterstained with DAPI. Neurite-like structures are indicated by white arrows. Scale bar=50
μm. (F) Details of the boxed region in (E) are shown. Scale bar=10 μm.
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Inhibition of neuronal differentiation by inhibition of
mitochondrial activity

To evaluate the involvement of mitochondrial activity in
neuronal differentiation, SHED were treated with rotenone,
a mitochondrial complex I inhibitor, and CCCP, a mito-
chondrial uncoupler, during their neuronal induction. To
examine the effects of rotenone and CCCP without reduc-
ing cell growth and viability, we examined the
concentration-dependent toxicities of rotenone and CCCP
in SHED. SHED were cultured in the presence or absence
(DMSO) of rotenone or CCCP for 2 days, and the numbers
and percentages of living cells were then measured. In the
presence of 1,000 nM rotenone and more than 7.5 μM
CCCP, the number of living cells was significantly reduced
(Fig. 6A, C). In addition, 1,000 nM rotenone and 50 μM
CCCP significantly reduced the percentages of living cells
(Fig. 6B, D). Next, we evaluated the inhibitory effects of
rotenone and CCCP on the MMP under neuronal differen-
tiation conditions. SHED were cultured in neuronal differ-
entiation medium in the presence or absence of 100 nM
rotenone and 5 and 7.5 μM CCCP for 2 days, and the MMP

was then measured using JC-1. Notably, 100 nM rotenone
and 7.5 μM CCCP markedly reduced MMP during the neu-
ronal differentiation of SHED (Fig. 6E, F). In contrast, 5
μM CCCP did not reduced the MMP (Fig. 6F). Thus, these
data showed that 100 nM rotenone and 7.5 μM CCCP
could be used without substantially reducing cell growth
and viability; accordingly, we used 100 nM rotenone and
7.5 μM CCCP for further experiments.

SHED were differentiated into neuronal cells in the pres-
ence or absence (DMSO) of 100 nM rotenone and 7.5 μM
CCCP for 10 days. The generation of neurite-like structures
was reduced in the presence of rotenone and CCCP com-
pared with that observed in the absence of these chemicals
(Fig. 7A–C; white arrows). Furthermore, measurement of
cell length revealed that the elongation of cells was inhibi-
ted by rotenone and CCCP (Fig. 7E), and the expression of
β-tubulin III and Nestin was reduced in the presence of
rotenone and CCCP (Fig. 7F–H). Because treatment with
7.5 μM CCCP resulted in reduction of number of cells after
2 days of culture (Fig. 6C), we measured the cell numbers
after neuronal differentiation for 10 days in the presence or
absence (DMSO) of 7.5 μM CCCP. Although the cell num-

Fig. 3. Expression of neuronal markers during neuronal differentiation of SHED. Total cell lysates and RNA were prepared from undifferentiated SHED
and SHED cultured for neuronal differentiation for 10 days. (A) Total cell lysates were analyzed by SDS-PAGE with subsequent immunoblotting using
anti-β-tubulin III (upper panel), anti-Nestin (middle panel) and anti-HSP90 (lower panel; as an internal control) antibodies. (B, C) The band intensities of
(A) were quantified. The relative expression of β-tubulin III (B) and Nestin (C) protein was normalized to HSP90 protein levels. The means±SEMs from
four experiments are shown in the graph. *P<0.05. (D–F) The mRNA expression levels of the neuronal cell markers β-tubulin III (D), PSD95 (E), and
GABA receptor α2 (F) were measured using real-time PCR. The relative expression of neuronal cell markers was normalized to the expression of 18S
rRNA. The means±SEMs from four experiments are shown in the graph. *P<0.05.
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bers showed reduction after treatment with 7.5 μM CCCP
(Fig. 6G; 73.0%; compared with DMSO control), similar to
our observation after 2 days of culture (71.7%; compared
with DMSO and 7.5 μM CCCP treatment in Fig. 6C), no
significant difference was observed in the cell numbers
between the DMSO and 7.5 μM CCCP treated cells
(P=0.12). Accordingly, these results showed that inhibition
of mitochondrial activity by rotenone and CCCP reduced
the neuronal differentiation of SHED.

Rotenone increases the production of mtROS (Cadenas
et al., 1977), and mtROS production reduces the neuronal
differentiation of ESCs (Pereira et al., 2013). mtROS pro-
duction increased when SHED were cultured with rotenone
(Fig. 7I). To prevent the effects of mtROS on neuronal dif-
ferentiation, we examined the role of the antioxidant NAC.
NAC significantly reduced mtROS production increased by
rotenone (Fig. 7I). However, when SHED were differenti-
ated into neuronal cells with rotenone and NAC, the reduc-

Fig. 4. Increased mitochondrial membrane potential during the neuronal differentiation of SHED. (A, B) Undifferentiated SHED (A) and SHED cultured
for neuronal differentiation for 2 days (B) were incubated with JC-1. JC-1 red (aggregates; left panel) and green (monomers; middle panel) were observed
with confocal microscopy. Merged images are shown in the right panel. Scale bar=20 μm. (C–E) Undifferentiated SHED (C) and SHED cultured for
neuronal differentiation for 2 days (D) were used for measurement of MMP by JC-1 staining. JC-1 red (left panel) and green (right panel) were analyzed
by flow cytometry. The relative differences in the ratio of red/green fluorescence were calculated, and the ratio of red/green fluorescence in the
undifferentiated SHED was set as 1. The means±SEMs from four experiments are shown in the graph (E). *P<0.05. (F) SHED were differentiated into
neuronal cells for 10 days, and the MMP was measured as described above. The means±SEMs from four experiments are shown in the graph. *P<0.05.
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tion of neurite-like structures and elongation of the cells
were observed, similar to rotenone treatment alone (Fig.
7D, E). This result indicated that the inhibitory effects of
rotenone on neuronal induction of SHED were not caused
by mtROS, but were instead caused by reduction of mito-
chondrial activity.

Discussion

In this study, we demonstrated the involvement of mito-

chondria in the neuronal differentiation of SHED. The
amount of mtDNA was increased during neuronal differen-
tiation. mtDNA contains 37 genes, 13 of which are
involved in mitochondrial oxidative phosphorylation
(Anderson et al., 1981). The amount of mtDNA is correla-
ted with mitochondrial respiratory activity and changes
depending on energy requirements (D’Erchia et al., 2015).
Our results showed that the mass of the mitochondria did
not change during neuronal differentiation, suggesting that
mtDNA content in each mitochondrion was increased and
that mitochondrial function was increased during neuronal

Fig. 5. Increased mtDNA and elongation of mitochondria during the neuronal differentiation of SHED. (A, B) mtDNA and nuclear DNA were isolated
from SHED differentiated for 2 (A) or 10 days (B). The relative amount of mtDNA was analyzed by real-time PCR. The means±SEMs from four
experiments are shown in the graph. *P<0.05. (C) Total cell lysates were prepared from undifferentiated SHED and SHED cultured for neuronal
differentiation for 10 days. Then, the lysates were analyzed by western blotting using anti-Tom20 antibodies. The relative expression of Tom20 was
normalized to HSP90 protein levels. The means±SEMs from four experiments are shown in the graph. NS, not significant. (D, E) Undifferentiated SHED
(D) and SHED cultured for neuronal differentiation for 10 days (E) were stained with anti-Tom20 (left panel) and anti-β-tubulin III (middle panel)
antibodies and counterstained with DAPI. Merged images are shown in the right panel. Scale bar=20 μm. (F) Detailed mitochondrial morphology of the
boxed region in (E) is shown. Scale bar=20 μm.
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differentiation of SHED.
Mitochondrial morphology is highly diversified and is

correlated with mitochondrial activity. Elongated mitochon-
dria possess high mitochondrial respiratory capacity, and
the opposite is also true (Picard et al., 2013). In the present
study, elongated mitochondria were observed in neurite-
like structures after neuronal differentiation of SHED.
Mitochondrial localization in axons and local ATP produc-
tion were required for the events of neuronal outgrowth,
including growth corn motility and cytoskeletal assembly
(Bernstein and Bamburg, 2003; Morris and Hollenbeck,
1993; Ruthel and Hollenbeck, 2003; Vaarmann et al.,
2016). In addition, elongated mitochondria have been
observed in the neurites of cortical neurons during neuronal
differentiation (Cho et al., 2014). Thus, our results sugges-
ted that localization and elongation of mitochondrial in

neurites are important for neuronal development of SHED.
We showed that mitochondrial activity was increased

during the neuronal differentiation of SHED and that inhib-
ition of mitochondrial activity delayed neuronal differentia-
tion. Our results were similar to the results of previous
studies of the neuronal differentiation of ESCs. Similar to
SHED, ESCs also exhibit increased mitochondrial activity
during differentiation (Pereira et al., 2013). Furthermore,
the inhibition of mitochondrial activity also reduces the
neuronal differentiation of ESCs (Pereira et al., 2013).
Interestingly, to maintain their stemness, ESCs harbor a
limited number of mitochondria and reduce their mitochon-
drial activity before differentiation (Armstrong et al., 2010;
Chen et al., 2012). The mitochondrion is a major site of
ROS generation due to oxidative phosphorylation, and high
levels of ROS damage both mitochondrial and genomic

Fig. 6. Concentration-dependent toxicities of rotenone and CCCP on SHED. (A–D) SHED were treated with rotenone (1–1,000 nM) and CCCP (2.5–50
μM) for 2 days. The cells were then stained with trypan blue solution to distinguish live and dead cells. The number of living cells is shown in (A, C), and
the percentage of living cells is shown in (B, D). The means±SEMs from four experiments are shown in the graph. *P<0.05. (E, F) SHED were
differentiated into neuronal cells for 2 days in the presence or absence of 100 nM rotenone (E) and 5 or 7.5 μM CCCP (F), and the MMP was then
measured as described in Fig. 4. The means±SEM from four experiments are shown in the graph. *P<0.05. NS, not significant. (G) The cell numbers were
measured after neuronal differentiation for 10 days in the presence or absence of 7.5 μM CCCP. The relative differences in the cell numbers were
calculated, and the DMSO control was set as 100%. Results are shown as the mean±SEM of five experiments. NS, not significant.
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Fig. 7. Inhibitory effect of rotenone and CCCP on neuronal differentiation of SHED. (A–D) SHED were differentiated into neuronal cells for 10 days in
the presence or absence (DMSO; A) of 100 nM rotenone (B), 7.5 μM CCCP (C), and 100 nM rotenone with 5 mM NAC (D). The cells were then stained
with DAPI and anti-β-tubulin III antibodies. Neurite-like structures are indicated with white arrows. Scale bar=100 μm. (E) The cell lengths in (A–D) were
measured. The dot plots show the lengths of 250 cells from five experiments, and the black bars show the means. *P<0.01. NS, not significant. (F) Total
cell lysates were prepared and analyzed by SDS-PAGE with subsequent immunoblotting using anti-β-tubulin III (upper panel), anti-Nestin (middle panel)
and anti-HSP90 (lower panel) antibodies. (G, H) Band intensities of (F) were quantified. The relative expression levels of β-tubulin III (G) and Nestin (H)
protein were normalized to HSP90 protein levels, and the means±SEMs from four experiments are shown in the graph. *P<0.05. (I) SHED were cultured
in the presence or absence of 100 nM rotenone and 100 nM rotenone with 5 mM NAC for 2 days. Then, mtROS were detected by MitoSOX Red and
analyzed by flow cytometry. The means±SEMs from four experiments are shown in the graph. *P<0.05.
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DNA (Cooke et al., 2003; Shokolenko et al., 2009). There-
fore, ESCs are thought to reduce their mitochondrial activ-
ity before differentiation to maintain the integrity of their
mitochondrial and genomic DNA (Saretzki et al., 2004,
2008). Accordingly, we speculate that SHED may also
reduce their mitochondrial activity before differentiation to
avoid DNA damage from high levels of ROS in order to
maintaining their stemness.

Metabolic changes in glycolysis and oxidative phosphor-
ylation are involved in the differentiation and reprogram-
ming of stem cells. The amounts of mtDNA and ATP levels
are reduced during the reprogramming of inducible pluripo-
tent stem cells (iPSCs) (Prigione et al., 2010; Son et al.,
2013). In contrast, lactate levels are increased during this
period (Prigione et al., 2010). In addition, inhibition of
mitochondrial activity by rotenone enhances the reprogram-
ming of somatic cells into iPSCs (Son et al., 2013), and the
inhibition of mitochondrial activity by antimycine A
increases Oct-4 expression (Pereira et al., 2013). Taken
together, these data indicate that low levels of mitochon-
drial activity tend to maintain stem cells in the undifferenti-
ated state. Thus, the results from our study suggested that
rotenone could help to maintain low levels of mitochondrial
activity in SHED, resulting in a delay in neuronal differen-
tiation.

Rotenone is an inhibitor of mitochondrial complex I.
Mammalian mitochondrial complex I is composed of 45
different proteins, the flavin mononucleotide (FMN), and
iron-sulfur clusters (Carroll et al., 2006). FMN accepts two
electrons from NADH, which are then transferred to the
reducing site of coenzyme Q (CoQ) through the ion-sulfur
clusters (Sazanov, 2007). Rotenone binds to the CoQ bind-
ing site and inhibits the activity of complex I. Dysfunction
of complex I causes mitochondrial diseases, such as Leigh
syndrome and mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like episodes (MELAS) (Horváth et
al., 2008; Martin et al., 2005; Schon and Manfredi, 2003).
Leigh syndrome is characterized by a delay in neuron
development (Johnson et al., 2016). Our experimental
model with SHED and rotenone may be a suitable tool for
studying the etiology of mitochondrial diseases and for the
identification of novel drugs for the treatment of these dis-
eases.
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