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A B S T R A C T

Leigh syndrome is a highly heterogeneous condition caused by pathological mutations in either nuclear or
mitochondrial DNA regions encoding molecules involved in mitochondrial oxidative phosphorylation, in which
many organs including the brain can be affected. Among these organs, a high incidence of poor bone health has
been recognized in primary mitochondrial diseases including Leigh syndrome. However, the direct association
between mitochondrial dysfunction and poor bone health has not been fully elucidated. Mitochondrial bio-
synthesis is a potential therapeutic target for this syndrome, as it can ameliorate the impairment of oxidative
phosphorylation without altering these gene mutations. A recent study has shown the impaired osteogenesis in
the dental pulp stem cells derived from the deciduous teeth of a child with Leigh syndrome, harboring the
heteroplasmic mutation G13513A in the mitochondrial DNA region encoding the ND5 subunit of the respiratory
chain complex I. The present study aimed to investigate whether mitochondrial biogenesis could be a ther-
apeutic target for improving osteogenesis, using the same stem cells in a patient-specific cellular model. For this
purpose, bezafibrate was used because it has been reported to induce mitochondrial biogenesis as well as to
improve bone metabolism and osteoporosis. Bezafibrate clearly improved the differentiation of patient-derived
stem cells into osteoblasts and the mineralization of differentiated osteoblasts. The mRNA expression of per-
oxisome proliferator-activated receptor-gamma coactivator-1α, ATP production, and mitochondrial Ca2+ levels
were all significantly increased by bezafibrate in the patient-derived cells. In addition, the increased amount and
morphological shift from the fragmentary to network shape associated with DRP1 downregulation were also
observed in the bezafibrate-treated patient-derived cells. These results suggest that mitochondrial biogenesis
may be a potential therapeutic target for improving osteogenesis in patients with Leigh syndrome, and bezafi-
brate may be one of the candidate treatment agents.

1. Introduction

Leigh syndrome (LS) is caused by pathological mutations in nu-
clear DNA or mitochondrial DNA (mtDNA) regions encoding factors
involved in oxidative phosphorylation (OXPHOS) [1]. Although neu-
rological symptoms, such as psychomotor retardation, are the most
prominent in LS, many other organs can also be affected [1]. Recently,

a high incidence of poor bone health has been identified in primary
mitochondrial disease, including LS [2,3]. However, the direct effects
of mitochondrial dysfunction on poor bone health have not been fully
elucidated. Genetic background responsible for LS and its clinical
phenotypes is highly heterogeneous. When attributed to mtDNA mu-
tation, individual patients or organs may vary in the ratio of mutant
and normal mtDNA [4]. In addition, the association between the
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nuclear background and mtDNA mutation of individual patients may
affect their phenotype [5]. Thus, it is difficult to comprehensively
understand the pathology and establish an effective treatment strategy
for LS.

Dysfunction of mitochondrial OXPHOS is reported to be improved
by mitochondrial biogenesis [6]. Members of the peroxisome pro-
liferator-activated receptor-gamma coactivator (PGC)-1 family, master
regulators of mitochondrial biogenesis, comprise PGC-1α, PGC-1β, and
PGC-1-related coactivator [7]. Bezafibrate (BZF), resveratrol, and 5-
aminoimidazole-4-carboxamide ribonucleoside may be potential ther-
apeutic candidates for mitochondrial diseases that directly or indirectly
target PGC-1α and improve OXPHOS by promoting mitochondrial
biogenesis [6].

Stem cells from human exfoliated deciduous teeth (SHED) are me-
senchymal stem cells present in the dental pulp of exfoliated deciduous
teeth [8]. SHED can be noninvasively collected from children and can
differentiate into neurons, osteoblasts, hepatocytes, and adipocytes
[8,9]. Thus, SHED may be used as a disease-specific or patient-specific
cellular model to elucidate the pathology and identify therapeutic tar-
gets of diseases. A recent study demonstrated the impaired osteogenesis
in SHED derived from a child with LS, harboring the G13513A mutation
in the mtDNA region encoding the ND5 subunit of respiratory chain
(RC) complex I [10].

This study aimed to investigate the effect of mitochondrial biogen-
esis on osteogenesis in this patient. For this purpose, BZF, a pan per-
oxisome proliferator-activated receptor (PPAR) agonist, was used as a
mitochondrial biogenesis inducer because BZF also has regulatory ef-
fects on bone metabolism and osteoporosis [11,12]. The effect of BZF
on mitochondrial biogenesis and osteogenesis was examined using
SHED derived from this patient as a cellular model.

2. Materials and methods

2.1. Isolation and culture of SHED

Experiments using human samples were reviewed and approved by
the Kyushu University Institutional Review Board for Human Genome/
Gene Research (permission number: 678-00) and were conducted in
accordance with the Declaration of Helsinki. Informed consent was
obtained from the patient's guardians. Deciduous teeth were collected
from a healthy control and a child with LS at 4 and 6 years of age,
respectively. SHED were isolated from dental pulp tissues as described
previously [10], and grown in a SHED culture medium consisting of
Minimum Essential Medium Eagle Alpha Modification (Sigma-Aldrich,
MO, USA) with 15% fetal bovine serum (Sigma-Aldrich), 100 µM L-as-
corbic 2-phosphate (Wako Pure Chemical Industries, Osaka, Japan),
2 mM L-glutamine (Life Technologies, NY, USA), 100 U/mL penicillin
(Life Technologies), 100 µg/mL streptomycin (Life Technologies) and
25 µg/mL Fungizone (Life Technologies) at 37 °C in 5% CO2. SHED
were used at passage 4–6.

2.2. Osteogenic differentiation of SHED

The cells (4.5× 104/cm2) were cultured in 6-well plates to con-
fluence. For osteoblast differentiation, the cells were cultured in dif-
ferentiation medium composed of the culture medium described above,
supplemented with 1.8 mM potassium dihydrogen phosphate (Nacalai
Tesque, Kyoto, Japan) and 10 nM dexamethasone (Sigma-Aldrich). LS
cells were differentiated in the presence or absence of 100 μM BZF
(Sigma-Aldrich). The cells were differentiated for 4 weeks for ex-
amination by Alizarin Red-S staining, and for 1 week for other ex-
periments. The medium was changed twice a week.

2.3. Quantitative reverse transcription polymerase chain reaction (RT-
qPCR)

Total RNA extraction and RT-qPCR were performed as described
previously [10]. The sequences of the primer sets used in this study
were as follows: alkaline phosphatase (ALP), 5′-ACGTGGCTAAGAATG
TCATC-3′ (ALP forward) and 5′-CTGGTAGGCGATGTCCTTA-3′ (ALP
reverse); and PGC-1α, 5′- GGCAGAAGGCAATTGAAGAG-3′ (PGC-1α
forward) and 5′-TCAAAACGGTCCCTCAGTTC-3′ (PGC-1α reverse); and
18S rRNA, 5′-CGGCTACCACATCCAAGGAA-3′ (18S rRNA forward) and
5′-GCTGGAATTACCGCGGCT-3′ (18S rRNA reverse). The relative ex-
pression levels of the target genes were analyzed using the comparative
threshold cycle method by normalizing to them to the levels of 18S
rRNA.

2.4. Alizarin Red-S staining

SHED were fixed with 4% paraformaldehyde (Wako Pure Chemical
Industries) in 0.1M sodium phosphate buffer (pH 7.4) for 10min at
room temperature and washed thrice with phosphate-buffered saline.
The cells were then rinsed with dH2O and stained with 1% Alizarin Red-
S (pH 4.2; Sigma-Aldrich) for 30 s. To quantify Alizarin Red-S staining,
10% (v/w) cetylpyridinium chloride (Nacalai Tesque) in 10mM sodium
phosphate buffer (pH 7.0) was used to extract Alizarin Red-S, the ab-
sorbance of which was measured at 570 nm using an Infinite 200 PRO
plate reader (Tecan, Männedorf, Switzerland).

2.5. Measurement of mitochondrial calcium levels

To measure mitochondrial calcium, the cells were cultured in 96-
well plates and stained with 10 µM Rhod-2 AM (Life Technologies) and
0.05% (w/v) Pluronic F-127 in HBSS for 45min at 37 °C. The fluores-
cence signals were measured by excitation at 552 nm and emission at
581 nm, using an Infinite 200 PRO plate reader (Tecan).

2.6. Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (MMP) was measured by
staining with JC-1 (Life Technologies) as described previously [10].
Populations of 10,000 cells were analyzed for each sample, and green
and red JC-1 signals were detected using the FL1 and FL2 channels of a
FACSCalibur (BD Bioscience, CA, USA) flow cytometer, respectively.
The geometric means of FL1 and FL2 were measured using CellQuest
software (BD Bioscience), and the FL2/FL1 ratio was calculated.

2.7. Measurement of intracellular ATP levels

The cells were harvested in ice-cold PBS. To measure intracellular
ATP levels, CellTiter-Glo Luminescent Cell Viability Assay (Promega,
WI, USA) was used to measure intracellular ATP levels. The ATP levels
were normalized to the protein content of the samples.

2.8. Immunocytochemistry

Cells cultured on coverslips were fixed with 4% paraformaldehyde
in 0.1M sodium phosphate buffer (pH 7.4) for 10min at room tem-
perature and then permeabilized with 0.1% Triton X-100 in PBS for
5min. The cells were blocked with 2% bovine serum albumin (BSA;
Wako Pure Chemical Industries) in PBS for 20min and then incubated
with anti-Tom20 antibody (1:200, #sc-11415, Santa Cruz
Biotechnology, CA, USA). After 90min, the cells were incubated with
Alexa Fluor-conjugated secondary antibodies (Life Technologies) in the
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dark for 60min. After staining with antibodies, the nuclei were stained
with 1 μg/mL of 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Dojindo, Kumamoto, Japan). The cells were then mounted using
ProLong Diamond (Life Technologies). The fluorescence images were
captured using an Axio Imager M2 (Zeiss, Oberkochen, Germany)
equipped with ApoTome2 (Zeiss). To examine the amount of mi-
tochondria, five fluorescence images of each cell were captured. The
Tom20-stained area of each image was measured using Fiji software
[13] and divided by the number of nuclei.

2.9. Western blot analysis

Total cellular protein (6 μg per lane) was fractionated by 10% SDS-
PAGE and transferred to PVDF membranes (Millipore, CA, USA).
Membranes were incubated with antibodies against active β-catenin
(1:1000, #8814S, Cell Signaling Technology, MA, USA), dynamin-re-
lated protein 1 (1:2000, DRP1; #611113, BD Biosciences, Franklin
Lakes, NJ, USA) and α-Tubulin (1:2000, #sc-32293, Santa Cruz
Biotechnology). Protein bands were visualized using ECL Prime
Western Blotting Detection Reagent (GE Healthcare, Little Chalfont,
UK), and analyzed using a LAS 1000 pro (GE Healthcare). The ratio of
the signals for DRP1/α-tubulin was used to estimate the relative protein
levels.

2.10. Statistical analysis

Statistical analyses were performed by Student's t-test using JMP
software version 12 (SAS Institute, NC, USA). P values< 0.05 were
considered to indicate statistically significant differences.

3. Results

3.1. Positive effect of BZF on in vitro osteogenesis in LS cells

As reported previously, the intensity of Alizarin red staining in os-
teoblasts differentiated from SHED derived from the patient (LS-OB)
was significantly lower than that of osteoblasts differentiated from
SHED derived from the healthy control (Ctrl-OB) [10]. However, the
intensity of Alizarin red staining of LS-OB supplemented with BZF was
significantly increased compared to that of LS-OB without BZF (Fig. 1
A). Consistently, osteogenic differentiation markers, mRNA expression
of ALP and protein expression of active β-catenin, were increased in LS-
OB supplemented with BZF to levels similar to that in Ctrl-OB (Fig. 1 B,
C). These data suggested that BZF has a positive effect on the impaired
osteogenesis of LS-OB.

3.2. Intracellular ATP production, mitochondrial Ca2+ levels, and MMP
affected by BZF in LS cells

The mitochondrial function of LS-OB supplemented with BZF was
examined. Both the intracellular ATP levels and the mitochondrial
Ca2+ levels were increased in the LS-OB supplemented with BZF to a
level similar to that in Ctrl-OB (Fig. 2 A and B). However, BZF had no
effect on MMP (Fig. 2 C). These data indicated that BZF restores the
mitochondrial function of LS-OB without alteration of MMP.

3.3. PGC-1α expression, mitochondrial biogenesis, and morphology affected
by BZF in LS cells

In LS-OB, mRNA expression of PGC-1α, a master regulator of mi-
tochondrial biogenesis, was significantly lower than that in Ctrl-OB,
and BZF restored it to a level similar to that in Ctrl-OB (Fig. 3 A).

Regarding mitochondrial morphology, fragmented mitochondria sig-
nificantly increased in LS-OB compared to those in Ctrl-OB (Fig. 3 B, C).
In LS-OB supplemented with BZF, while fragmented mitochondria were
reduced, an elongated mitochondrial network similar to that in Ctrl-OB
was observed (Fig. 3 B, C). Quantitative analysis showed a lower
amount of mitochondria per cell of LS-OB compared to that of Ctrl-OB,
which was restored by BZF to levels comparable to that in Ctrl-OB
(Fig. 3 D). In addition, increased expression of DRP1, a master molecule
of mitochondrial fission, was observed in LS-OB, which was sig-
nificantly reduced by BZF (Fig. 3 E). These data suggest that mi-
tochondrial biogenesis, associated with mitochondrial network forma-
tion by downregulation of DRP1, was promoted through the BZF-PGC-
1α pathway in LS-OB.

4. Discussion

In the present study, BZF effectively restored the attenuated osteo-
genesis of SHED derived from a child with LS, harboring the G13513A
mutation in the mtDNA. Furthermore, the expression of PGC-1α, ATP
production, and mitochondrial Ca2+ levels were all elevated by BZF,
which was associated with enhanced mitochondrial biogenesis and
network formation.

Although patient-derived stem cells will be promising cellular
models for investigating the underlying pathology and therapeutic
strategy of mitochondrial defects, the heteroplasmic state should be
considered to translate in vitro analysis to patients with mtDNA muta-
tions [14–16]. In our patient, the ratio of G13513A mutant mtDNA was
at least 50% in the peripheral blood. This ratio was maintained during
the culture of SHED derived from this patient (Suppl. Fig. A). In addi-
tion, SHED was directly differentiated into osteoblasts, which mini-
mized the potential risk factors of introducing new mtDNA mutations,
such as those associated with reprogramming [17]. The cellular model
tested in this study might thus reflect the in vivo mitochondrial dys-
function in this patient.

To test the effect of BZF on osteogenesis using SHED with these
features, 100 μM BZF was supplemented to the medium. This con-
centration has been shown to promote in vitro osteogenic differentiation
of MC3T3-E1 cell line [18]. Because BZF has not yet been clinically
applied as a therapeutic agent for mitochondrial disease, the optimum
concentration remains unknown. However, during the in vitro osteo-
genic induction of LS-SHED, BZF showed positive effects on mi-
tochondrial activation and biogenesis, associated with the induction of
PGC-1α expression. PPARs, the target of BZF, include three subtypes, α,
δ/β, and γ, which may be expressed under tissue-specific regulation
[19]. Although the PPAR subtypes were not analyzed in this study, all
subtypes can induce PGC-1α expression via the peroxisome proliferator
response element at the promoter region of the PGC-1α gene [20–22].
In this model, BZF may promote PGC-1α-mediated mitochondrial bio-
genesis by activating any of the PPAR subtypes. However, the MMP was
not improved by BZF, suggesting that BZF has no effect on the intrinsic
defect of RC complex I in this model. Increased mitochondrial ATP
production and Ca2+ levels, both of which require MMP, in BZF-treated
LS-OB might be due to the quantitative increase in expression of RC
complexes and calcium transporters associated with mitochondrial
biogenesis via the BZF-PPAR-PGC-1α pathway.

The metabolic shift from glycolysis to OXPHOS during stem cell
differentiation requires mitochondrial biogenesis as well as mitochon-
drial elongation and network formation [23]. Mitochondrial fragmen-
tation has been observed in fibroblasts derived from patients with re-
spiratory chain complex I deficiency [24]. The morphological shift from
fragmentary to network shape observed in this study suggests the BZF-
mediated association between mitochondrial biogenesis and
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morphology. PGC-1α has been shown to regulate several molecules
involved in mitochondrial fusion and fission, including DRP1 [25]. In
addition, inhibition of the mitochondrial fission by DRP1 deficiency
was essential to induce mitochondrial fusion in neurons [26]. Although
mitochondrial morphology is regulated by many molecules, the
downregulation of DRP1 might be one of the effects of the BZF-PGC-1α
pathway in accelerating mitochondrial fusion and network formation.

There are several limitations in this study, considering the geno-
type-phenotype correlation and therapeutic targets of LS. First, in vivo
administration of BZF in mouse models with mitochondrial defects has
shown variable outcomes, depending on their genetic backgrounds,
target organs and dose of BZF [27]. Second, the main organs affected in
LS are the brain, heart, liver, and kidney [1]. BZF might not always be
effective for all symptoms of LS, as the ratio of heteroplasmy and factors

involved in mitochondrial biogenesis may vary with organs in a patient.
Third, in vivo bone formation and metabolism are regulated by osteo-
blasts as well as osteoclasts [28–30]. It is impossible to conclude that
the effect of BZF on osteoblasts is sufficient to improve osteogenesis in
LS. Many experiments are necessary to resolve these questions, in-
cluding in vivo administration of BZF to mouse models of LS, and the
establishment of experimental systems to examine drugs by differ-
entiation of SHED derived from patients to other cell lineages such as
neurons, muscles, and osteoclasts.

In conclusion, the present study, by using SHED derived from a child
with LS characterized by the G13513A mutation in mtDNA, demon-
strated that PGC-1α-mediated mitochondrial biogenesis may be a
therapeutic target for improving osteogenesis in LS and that BZF may be
one of the potential candidates (Suppl. Fig. B).
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Fig. 1. Positive effect of bezafibrate (BZF) on osteogenesis
of LS cells. (A) OBs were stained with Alizarin Red-S,
which was extracted and measured by absorbance at
570 nm. Data represent the mean ± standard deviation
from three experiments. *P < 0.05. (B) The expression of
ALP mRNA in OBs was measured by RT-qPCR. The relative
difference was calculated, and the level of Ctrl-OB was set
as 1. Data represent the mean ± standard deviation from
three experiments. *P < 0.05, **P < 0.01. (C) The pro-
tein expression of active β-catenin was measured by wes-
tern blotting. The relative difference was calculated, and
the level of Ctrl-OB was set as 1. Data represent the
mean ± standard deviation from three experiments.
*P < 0.05, ***P < 0.001.
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Fig. 2. Effect of bezafibrate (BZF) on mi-
tochondrial function of LS cells. (A) The in-
tracellular ATP levels in OBs were measured
using an ATP luminescence assay. The relative
difference was calculated, and the level of Ctrl-
OB was set as 1. Data represent the mean ±
standard deviation from three experiments.
*P < 0.05. (B) Mitochondrial calcium levels
were measured by Rhod-2 AM staining. The
fluorescence intensity of Rhod-2 AM is shown
in the graph. Data represent the mean ±
standard deviation from three experiments.
*P < 0.05, **P < 0.01. a.u., arbitrary unit.
(C) MMP was measured by JC-1 staining. JC-1
red and green fluorescence signals were ana-
lyzed by flow cytometry. The relative differ-
ences in the ratio of red/green fluorescence
were calculated, and the ratio of red/green
fluorescence in Ctrl-OB was set as 1. Data re-
present the mean ± standard deviation from
three experiments. *P < 0.05; n.s., not sig-
nificant.

Fig. 3. Effect of bezafibrate (BZF) in mitochondrial bio-
genesis and morphology of LS cells. (A) The expression of
PGC-1α in OBs was measured by RT-qPCR. The relative
difference was calculated, and the level of Ctrl-OB was set
as 1. Data represent the mean ± standard deviation from
three experiments. *P < 0.05. (B) The cells were im-
munostained with anti-Tom20 antibody (a mitochondrial
marker), and counterstained with DAPI. Details of the
boxed region in the upper panels are shown in the lower
panels. Yellow arrows indicate fragmented mitochondria.
(C) The number of cells with fragmented mitochondria
was counted. The percentage to total cell number was
calculated. Data represent the mean ± standard deviation
from the analysis of thirty cells from five immunostained
images. ***P < 0.001. (D) The fluorescence intensity of
Tom20 in the stained area was measured and divided by
the number of nuclei for quantitative analysis. Data re-
present the mean ± standard deviation from the analysis
of four immunostained images. ***P < 0.001. (E) DRP1
expression in OBs was analyzed by immunoblotting. DRP1
expression was normalized to α-Tubulin expression. DRP1
expression in Ctrl-OB was set as 1. The mean ± SEM from
three experiments is shown. *P < 0.05.
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