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研究成果の概要（和文）：口唇裂口蓋裂の発症頻度は700人に1人と極めて高く、予防法の開発は急務であるが、
発症機序が十分に解明されておらず、有効な予防法は確立されていない。口唇裂口蓋裂の発症要因の一つとし
て、酸化ストレスが示唆されている。また、疫学調査で口唇裂口蓋裂予防効果が報告されている葉酸の作用とし
て、抗酸化ストレス作用が示唆されているが、詳細は不明であった。そこで本研究は、顎顔面形成に重要な働き
をする神経堤由来幹細胞を細胞モデルとして、葉酸の抗酸化ストレス作用機序解明を行った。その結果、葉酸が
ミトコンドリアからの活性酸素種産生を低下させること、またミトコンドリア機能を改善し細胞機能を回復させ
ることを明らかにした。

研究成果の概要（英文）：The incidence of cleft lip and palate is extremely high at 1 in 700 
worldwide. Although the development of preventive methods is urgently needed, the pathogenesis of 
cleft lip and palate has not been sufficiently clarified and effective preventive methods have not 
been established. Oxidative stress has previously been suggested as one of the causes of cleft lip 
and palate. Folic acid has been reported to prevent cleft lip and palate in epidemiological studies,
 possibly through its induction of antioxidative stress. Therefore, in this study, we investigated 
the ability of folic acid to cause antioxidative stress using a cellular model of neural 
crest-derived stem cells that play an important role in maxillofacial formation. We demonstrated 
that folic acid reduces reactive oxygen species production from mitochondria and improves 
mitochondrial function to restore cell function.

研究分野：細胞生物学

キーワード： 口唇裂口蓋裂　酸化ストレス　ミトコンドリア　葉酸

  ２版

令和

研究成果の学術的意義や社会的意義
これまで葉酸の抗酸化ストレス作用機序は十分に解明されていなかったが、本研究では葉酸はミトコンドリア機
能を回復させることで、抗酸化ストレス作用を発揮することを明らかにできた。葉酸摂取が口唇裂口蓋裂や神経
管閉鎖障害等の先天異常を予防することが知られているが、本研究成果を通じて、葉酸摂取による先天異常予防
を世間に再啓発できると考える。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９、ＣＫ－１９（共通） 
１．研究開始当初の背景 
口唇裂口蓋裂発症頻度は、世界的に見て 700 人に 1人と先天性異常の中で最も高い。そのた

め予防法の開発は急務であるが、母体要因と遺伝要因が複雑に相互作用する多因子疾患である
ため、発症機序は十分に解明されておらず、有効な予防法は確立されていない。口唇裂口蓋裂
の発症要因の一つとして、低酸素環境やアルコール代謝などにより発生する酸化ストレスの関
与が示唆されていた。また、世界規模の疫学調査で、葉酸の摂取が口唇裂口蓋裂を予防するこ
とが報告されているが、その予防作用として抗酸化ストレス作用が示唆されていた。しかしな
がら、葉酸の口唇裂口蓋裂における抗酸化ストレス作用機序は不明であった。 
 
２．研究の目的 
葉酸の抗酸化ストレス作用機序を明らかにし、それを応用した予防法の開拓を本研究の目標

とした。 
 
３．研究の方法 
(1) ヒト脱落乳歯由来幹細胞(SHED)の調製と培養 
健常児および口唇裂口蓋裂患児乳歯より歯髄を単離し、SHED を調製した。SHED は 15%ウシ胎

児血清(Sigma-Aldrich)、100 mM L-ascorbic acid 2-phosphate(富士フイルム和光純薬)、250 
μg/mL ファンギゾン(Thermo Fisher Scientific)、100 U/mL ペニシリン(Thermo Fisher 
Scientific)、100 μg/mL ストレプトマイシン(Thermo Fisher Scientific)を含む Eagle's 
Minimal Essential Medium, Alpha Modification(Sigma-Aldrich)を用いて 37℃、5%CO2の条件
で培養した。 
(2) 細胞増殖測定 
1 x 105個の細胞を 6 ウェルプレートに播種し 24 時間後、終濃度 0, 10, 20, 40, 80 μM で

葉酸(富士フイルム和光純薬)を培地に添加した。その 6時間後、終濃度 0, 12.5, 50, 100 μM
でピオシアニン(Sigma-Aldrich)を培地に添加し 24 時間培養を継続した。0.4%トリパンブルー
(富士フイルム和光純薬)で細胞を染色し、血球計算盤で細胞数のカウントを行った。 
(3)細胞遊走能測定 
Culture-Insert 2 Well(ibidi)を 6 ウェルプレートに設置し、2.1 x 103個の細胞をウェル内

に播種した。24 時間後、Culture-Insert 2 Well を除去し、終濃度 0, 80 μM で葉酸を添加し
て培養を継続した。6時間後、終濃度 0，100 μMでピオシアニンを添加し、48 時間培養を継続
した。ピオシアニン添加後 24、48 時間に写真を撮影し、画像を ImageJ で解析し、Culture-Insert 
2 Well で作成した間隙の閉鎖率を解析した。 
(4) 活性酸素種(ROS)測定 
ROS の測定は、CellROX Green(Thermo Fisher Scientific)を用いた。CellROX Green を終濃

度 5 μM で培地に添加し、30 分間培養を継続した。その後、Tryple Express(Thermo Fisher 
Scientific)で細胞を分散させ、フローサイトメータ FACSVerse(BD Bioscience)で蛍光シグナ
ルを解析した。 
(5)ミトコンドリア活性酸素種(mtROS)測定 
mtROS の測定には、MitoSOX Red(Thermo Fisher Scientific)を用いた。MitoSOX Red を終濃

度 10 μM で添加し、10 分間培養を継続した。その後、Tryple Express で細胞を分散させ、
FACSVerse で蛍光シグナルを解析した。 
(6)PGC-1α mRNA 発現解析 
細胞を回収し、Total RNA を RNeasy mini kit (Qiagen)で調製した。ReverTra Ace qPCR RT 

Master Mix with gDNA Remover(東洋紡)で cDNA を合成し、GoTaq qPCR Master Mix(Promega)
を用いて定量 PCR を行った。プライマーは、PGC-1α, 5’-GGCAGAAGGCAATTGAAGAG-3’(forward) 
and 5’-TCAAAACGGTCCCTCAGTTC-3’(reverse); 18S rRNA, 
5’-CGGCTACCACATCCAAGGAA-3’(forward) and 5’-GCTGGAATTACCGCGGCT-3’(reverse)を用い、
測定は StepOnePlus(Thermo Fisher Scientific)で行った。 
(7)ATP 量測定 
Tryple Express で細胞を分散させ回収後、ATP 量を CellTiter-Glo Luminescent Cell 

Viability Assay(Promega)を用いて測定した。 
(8)ミトコンドリア形態観察 
細胞を 4%パラホルムアルデヒド(富士フイルム和光純薬)で固定し、0.1% TX-100(ナカライテ

スク)で透過処理、2%BSA(富士フイルム和光純薬)でブロッキング処理を行った後、ミトコンド
リア外膜タンパク質 Tom20 の抗体(Santa Cruz Biotechnology)で細胞免疫染色を行った。2 次
抗体は、Alexa Fluor 594 標識ヤギ抗ウサギ IgG 抗体(Thermo Fisher Scientific)を用いた。
抗体で染色後、核を 4',6-diamidino-2-phenylindole(DAPI; 同仁化学研究所)で染色した。ミ
トコンドリア形態の観察は、ApoTome.2 (Zeiss)を装備した、Axio Imager M2 顕微鏡(Zeiss)
で行った。 
 
４．研究成果 
研究開始時は、口唇裂口蓋裂を自然発症する CL/Fr マウスから調製したマウス胚線維芽細胞

(MEF)を病態解析の細胞モデルとして用いる予定であった。しかし CL/Fr 由来の MEF は、コント



ロールとして用いる予定であった C57BL/6 由来の MEF と比較して長期保存に適さないことが平
成28年度に明らかになり、平成29年度からヒト脱落乳歯由来幹細胞(SHED)の利用を検討した。 
SHED は神経堤由来幹細胞の一つであり、神経細胞や骨芽細胞へ分化可能な多能性を有する幹

細胞である。SHED の調製は脱落乳歯を用いるため非侵襲的に調製可能であり、患児のみならず
健常児からの研究協力を得やすい幹細胞である。神経堤由来幹細胞は、顎顔面形成において中
心的な役割を果たす。本研究では、SHED を顎顔面形成時の細胞モデルとして解析に用いた。 

まず、健常児由来 SHED を用いて酸化ストレスの誘導条件の検討を行った。酸化ストレス誘
導は、0-100 μM ピオシアニンを用いて行い、ROS 産生と細胞増殖を指標に至適条件の検討を行
った。その結果、100 μM ピオシアニンが細胞に極度なストレスを与えずに酸化ストレスを誘
導可能な至適濃度であることがわかった(図 1A, B)。 

図 1. ピオシアニンによる酸化ストレス誘導条件の検討 (A) ROS 産生、(B) 細胞増殖能力、PYO：
ピオシアニン、Zhang, Kato et al., Biochem. Biophys. Res. Commun. 2019 から引用 
 

次に、酸化ストレス負荷時における葉酸の細胞機能回復効果について解析を行った。ピオシ
アニン添加による酸化ストレス誘導下にて葉酸を 0−80μM 添加し、細胞増殖能と細胞遊走能を
解析した。酸化ストレス負荷により低下した細胞増殖能は、葉酸の濃度依存的に回復し、80μM
で最大値を示した(図 2A)。さらに、酸化ストレス負荷により低下した細胞遊走能も、葉酸添加
により回復した(図 2B, C)。 

図 2. 酸化ストレス負荷時における葉酸による細胞機能の回復 (A) 細胞増殖能、(B, C) 細胞
遊走能、PYO: ピオシアニン、FA:葉酸、Zhang, Kato et al., Biochem. Biophys. Res. Commun. 
2019 から引用 
 
 酸化ストレスの制御にミトコンドリアは中心的な役割を果たす。葉酸の抗酸化ストレス作用
機序を解明するため、mtROS 産生、ミトコンドリア生合成、ATP 量について解析を行った。ピオ
シアニン添加により上昇した mtROS は、葉酸添加により有意に減少した(図 3A)。ミトコンドリ
アの生合成に重要な PGC-1α遺伝子の発現は、ピオシアニン添加により減少したが、葉酸添加
により有意に回復した(図 3B)。ATP 量はピオシアニン添加により減少したが、葉酸の添加によ
り有意に回復した(図 3C)。 

図 3. 葉酸添加による mtROS 産生低下とミトコンドリア活性の回復 (A)mtROS 産生、(B)PGC-1
α mRNA 発現、(C)ATP 量、PYO: ピオシアニン、FA: 葉酸、Zhang, Kato et al., Biochem. Biophys. 
Res. Commun. 2019 から引用 

deficiency disrupts the re-methylation of homocysteine to methi-
onine in one-carbon metabolism, resulting in homocysteine accu-
mulation, which is associated with various maternal and fetal
abnormalities [5]. Thus, FA supplementation in pregnant women
mainly contributes to maternal and fetal health by affecting one-
carbon metabolism. In addition, previous studies have shown that
FA exerts an antioxidant effect by functioning as a free radical
scavenger [10]. However, few studies have focused on the antioxi-
dant effect of FA during fetal development.

Stem cells from human exfoliated deciduous teeth (SHED) are
undifferentiated mesenchymal cells derived from the neural crest;
they have multipotency, including neuron and bone differentiation
potential [11]. Therefore, SHED are a potentially useful cellular
model for analyzing the antioxidant effect of FA on undifferentiated
embryonic cells. Pyocyanin (PYO) is produced by Pseudomonas
aeruginosa and is commonly used as an experimental reagent to
examine oxidative stress. PYO is reduced by accepting electrons
from nicotinamide adenine dinucleotide phosphate (NADPH) un-
der aerobic conditions in host cells, which reacts with O2 to pro-
duce a superoxide radical, generating ROS [12]. The purpose of this
study was to elucidate the association between the antioxidant
effect of FA and mitochondria in undifferentiated SHED derived
from a healthy child with typical development.

2. Materials and methods

2.1. Isolation and preparation of SHED

A human exfoliated deciduous tooth from a normal 7-year-old
individual was provided by Pediatric Dentistry and Special Need
Dentistry at Kyushu University Hospital in Japan. Written informed
consent was obtained from the child's guardians. The isolation
procedure was completed as previously described [13]. Briefly, the
pulp tissue was subjected to enzymatic dissociation in 3mg/mL
collagenase I (Worthington Biochemical, Worthington, NJ, USA) and
4mg/mL dispase II (Wako, Osaka, Japan) for 1 h and was then
maintained at 37 !C in a humidified 5% CO2 incubator in Eagle's
Minimal Essential Medium, Alpha Modification (a-MEM; Sigma-
Aldrich, MO, USA) containing 15% fetal bovine serum (Sigma-
Aldrich), 100 mM L-ascorbic acid 2-phosphate (Wako), 2mM L-

glutamine (Life Technologies, Grand Island, NY, USA), 250 mg/mL
Fungizone (Life Technologies), 100 U/mL penicillin (Life Technolo-
gies), and 100 mg/mL streptomycin (Life Technologies). Cells at not
more than 10 passages were used for subsequent analyses.

2.2. Cell proliferation assay

Cells (1" 105) were seeded in 6-well plates. After 24 h, the cells
were cultured in the presence or absence of 10e80 mM FA (Wako)
for 6 h. Then, PYO (Sigma) was added to the wells at concentrations
ranging from 0 to 100 mM. After 24 h, the cells were collected by
trypsinization and stained with 0.4% trypan blue solution (Wako).
The cells were counted using a hemocytometer.

2.3. Cell migration assay

A Culture-Insert 2 Well (ibidi, Munich, Germany) was set into a
6-well plate (Corning, Inc., Corning, NY, USA). Cells (2.1" 103) were
seeded in the Culture-Insert 2 Well (ibidi). After 24 h, the Culture-
Insert 2 Well was removed and the cells were cultured in the
presence or absence of 10e80 mM FA (Wako) for 6 h. Then, PYO
(Sigma) was added to the assigned wells at a concentration of
100 mM, and the cells were cultured for an additional 48 h. Images
of the wounded edges were obtained using an IX41 microscope
(Olympus, Tokyo, Japan) equipped with a digital camera (NEX-5T;
Sony, Tokyo, Japan) with an NY-1S adaptor (MeCan Imaging, Sai-
tama, Japan). The images of wounded edges were collected 24 and
48 h after the addition of PYO and results were quantified using
ImageJ [14].

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

Cells (1" 105) were seeded in a 6-well plate. After 24 h, the cells
were cultured in the presence or absence of 80 mM FA (Wako) for
6 h. Then, PYO (Sigma) was added to the assigned wells at a con-
centration of 100 mM. After 8 h, total RNA extraction and RT-qPCR
were performed as described previously [15]. The sequences of
the primer sets used in this study were as follows: dynamin related
protein 1 (DRP1), 50-GCTCCAGGACGTCTTCAACA-30 (forward) and

Fig. 1. ROS production and growth inhibition by pyocyanin. (A, B) Cells were cultured in the presence or absence of the indicated concentration of pyocyanin (PYO). (A) Intracellular
cell ROS production was measured. The relative levels were calculated, and the level in the absence of pyocyanin was set to 1. Means ± SEMs from three experiments are shown.
*p < 0.05 (B) Cells were counted. Means ± SEMs from three experiments are shown. *p < 0.05, **p < 0.01.
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50-TAGCACTGAGCTCTTTCCGC-30 (reverse); peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGC-
1a), 50-GGCAGAAGGCAATTGAAGAG-30 (forward) and 50-
TCAAAACGGTCCCTCAGTTC-30 (reverse); 18S rRNA, 50-CGGCTAC-
CACATCCAAGGAA-30 (forward) and 50-GCTGGAATTACCGCGGCT-30

(reverse). The relative expression levels of the target genes were
analyzed using the comparative threshold cycle method by
normalization against the levels of 18S rRNA.

2.5. Detection of intracellular ROS

A total of 1! 105 cells was seeded in 6-well plates (Corning).
After 24 h, the cells were cultured in the presence or absence of
80 mM FA (Wako) for 6 h. Then, PYO (Sigma) was added to the
assigned wells at a concentration of 100 mM. After 24 h, the cells

were incubated with 5 mM Cell ROX Green (Life Technologies) for
30min. The cells were then treated with Tryple Express (Life
Technologies) for detachment from the culture plate. The fluores-
cence signal was measured using a FACSVerse instrument (BD
Biosciences, San Jose, CA, USA).

2.6. Detection of mitochondrial ROS

Cells (1! 105) were seeded in a 6-well plate (Corning). After
24 h, the cells were cultured in the presence or absence of 80 mM FA
(Wako) for 6 h. Then, PYO (Sigma) was added to the assigned wells
at a concentration of 100 mM. After 8 h, the cells were incubated
with 5 mM MitoSOX Red (Life Technologies) for 10min and treated
with Tryple Express (Life Technologies) for detachment from the
culture plate. The fluorescence signal was measured using a

Fig. 2. Recovery of the PYO-induced inhibition of cell growth and migration by FA. Cells were cultured in the presence or absence of the indicated concentrations of pyocyanin (PYO)
and folic acid (FA). (A) Cells were counted. Means ± SEMs from four experiments are shown. **p < 0.01, ***p < 0.001. n.s., not significant. (B, C) Cell migration was measured. (B)
Images of wounded edges. Left panels show original images and other panels show grayscale images converted using ImageJ. Scale bar ¼ 250 mm. (C) Images of wounded edges were
quantitated using ImageJ. Values for the wounded edges at time 0 were set to 100%. Means ± SEMs from three experiments are shown. n.s., not significant. ###p < 0.001 compared
with PYO‒ FA‒. *p < 0.05 compared with PYO þ FAþ. ***p < 0.001 compared with PYO þ FAþ.

Y. Zhang et al. / Biochemical and Biophysical Research Communications 508 (2019) 850e856852
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FACSVerse instrument (BD Biosciences).

2.7. Measurement of intracellular ATP levels

Cells (1! 105) were seeded in a 6-well plate. After 24 h, the cells
were cultured in the presence or absence of 80 mM FA (Wako) for
6 h. Then, PYO (Sigma) was added to the assigned wells at a con-
centration of 100 mM. After 24 h, the cells were harvested in ice-
cold PBS. The CellTiter-Glo Luminescent Cell Viability Assay
(Promega, Madison, 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 (1! 105) were seeded on a cover glass in a 6-well plate.
After 24 h, the cells were cultured in the presence or absence of
80 mM FA (Wako) for 6 h. Then, PYO (Sigma) was added to the
assigned wells at a concentration of 100 mM. After 8 h, the cells
were fixed with 4% paraformaldehyde in 0.1M sodium phosphate
buffer (pH 7.4) for 10min at 25 "C 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 an anti-Tom20 antibody
(1:200, #sc-11415; Santa Cruz Biotechnology, Santa Cruz, CA, USA).
After 90min, the cells were incubated with Alexa Fluor-conjugated
secondary antibody (Life Technologies) in the dark for 60min. After
staining with antibodies, the nuclei were stained with 1 mg/mL 40,6-
diamidino-2-phenylindole dihydrochloride (DAPI; Dojindo, Kuma-
moto, Japan). The cells were thenmounted using ProLong Diamond
(Life Technologies). Fluorescence images were captured using an
Axio Imager M2 (Zeiss, Oberkochen, Germany) equipped with the
ApoTome2 (Zeiss).

2.9. Statistical analysis

Statistical analyses were performed by Student's t-tests using
JMP version 13 (SAS Institute, Raleigh, NC, USA). A value of p< 0.05
was considered statistically significant.

3. Results

3.1. Intracellular ROS production and growth inhibition by PYO

PYO elevated intracellular ROS levels in SHED in a dose-
dependent manner; ROS levels were highest for 50 mM PYO
(Fig. 1A). PYO suppressed the growth of SHED in a dose-dependent
manner and showed the maximal inhibitory effect at 100 mM
(Fig. 1B and Supplemental fig.). These results suggested that there is
an association between PYO-mediated oxidative stress and cellular
growth inhibition in SHED.

3.2. Recovery of the PYO-induced inhibition of growth and
migration by FA

The effect of FA on the PYO-induced inhibition of SHED growth
was examined. In the presence of 100 mM PYO, which showed the
maximal inhibitory effect on SHED growth, FA supplementation
improved cell growth in a dose-dependent manner and showed the
maximal effect at 80 mM (Fig. 2A). In the absence of PYO, 80 mM FA
did not alter cell growth. Furthermore, differences in the effects of
PYO and FA on cell migration were observed (Fig. 2B and C). In
control cultures without PYO and FA, the open wound area was
completely closed after 48 h by SHED migration. In the presence of
PYO alone, only 50% of the open wound area was closed. However,

by FA supplementation together with PYO, 75% of the open wound
area was closed. A quantitative analysis showed a significant dif-
ference between treatments at 48 h (Fig. 2C).

These results suggested that the inhibition of SHED growth and
migration by PYO-mediated oxidative stress is improved by the
antioxidant effect of FA.

3.3. Effect of FA on PYO-mediated oxidative stress

The antioxidant effect of FA on extensive ROS generation by PYO
was evaluated (Fig. 3). Mitochondrial ROS levels were significantly
higher in the presence of 100 mM PYO alone than in the control
cultures. A significant reduction of mitochondrial ROS levels was
observed by treatment with 80 mMFA and 100 mMPYO compared to
PYO alone, althoughmitochondrial ROS levels did not recover to the
level observed in the control. These results suggested that FA in-
fluences PYO-mediated oxidative stress by the attenuation of
excessive mitochondrial ROS in SHED.

3.4. Enhanced mitochondrial activation with elongation and
biogenesis in SHED by FA

The antioxidant system of cells depends on mitochondrial ac-
tivity, which is enhanced by mitochondrial elongation and
biogenesis. The association of mitochondrial morphology and
biogenesis with the antioxidant effect of FA was examined. While
mitochondrial fragmentation was observed in the presence of PYO
alone, it was diminished by supplementation with FA (Fig. 4A and
B). Consistent with this observation, the mRNA expression of DRP1,
an essential factor for mitochondrial fragmentation, was upregu-
lated by treatment with PYO alone and downregulated by supple-
mentation with FA (Fig. 4C). Furthermore, the mRNA expression of
PGC-1a, a master regulator of mitochondrial biogenesis, was
downregulated by treatment with PYO alone and upregulated by
supplementation with FA (Fig. 4D). Intracellular ATP levels
decreased in the presence of PYO alone and increased by supple-
mentation with FA (Fig. 4E).

These results suggested that the antioxidant effect of FA on PYO-

Fig. 3. Reduction of PYO-induced mitochondrial ROS by folic acid. Cells were cultured
in the presence or absence of 100 mМ pyocyanine (PYO) and 80 mM folic acid (FA) and
mitochondrial ROS levels were measured. The relative levels were calculated, and the
level in the absence of pyocyanin and folic acid was set to 1. Means ± SEMs from four
experiments are shown. *p < 0.05.
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Fig. 4. Recovery of the pyocyanin-induced fragmentation of mitochondria and reduction in mitochondrial activity by folic acid. (A) Cells were cultured in the presence or absence of
pyocyanin and folic acid, stained with an antibody against Tom20 (red), a mitochondrial marker, and counterstained with DAPI (blue). Lower panels show a detailed view of the
boxed region in the upper panels. Yellow arrows indicate elongated mitochondria. White arrows indicate fragmented mitochondria. Scale bar ¼ 25 mm (upper panel), 5 mm (lower
panel). (B) Cells with fragmented mitochondria were counted. Percentages of the total cell number were calculated. Data represent mean ± SEMs from the analysis of 30 cells from 5
immunostained images. *p < 0.05, **P < 0.01. (C, D) mRNA expression of DRP1 (C) and PGC-1a (D) were measured by RT-qPCR. The relative levels were calculated, and the level in the
absence of pyocyanin and folic acid was set to 1. Data represent the means ± SEMs from four experiments. *p < 0.05, **p < 0.01, ***p < 0.001. (E) Intracellular ATP levels were
measured by an ATP luminescence assay. The relative levels were calculated, and the level in the absence of pyocyanin and folic acid was set to 1. Data represent means ± SEMs from
four experiments. *p < 0.05, ***p < 0.001.
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さらに、ミトコンドリア機能と密接に関係するミトコンドリア形態の解析を行った。ピオシ
アニン添加によりミトコンドリアの断片化頻度は上昇したが、葉酸の添加により断片化頻度は
有意に低下した(図 4A, B)。 

図 4. 葉酸によるミトコンドリア形態異常の回復 (A)SHED のミトコンドリア形態、赤：Tom20(ミ
トコンドリア)、青：DAPI(核)、黄色矢印：伸長したミトコンドリア、白色矢印：断片化したミ
トコンドリア、(B)ミトコンドリア断片化の頻度、PYO: ピオシアニン、FA: 葉酸、Zhang, Kato 
et al., Biochem. Biophys. Res. Commun. 2019 から引用 
 
以上の結果より、葉酸はミトコンドリア機能を改善することで、抗酸化ストレス作用を持つ

と考えられる。さらに口唇裂口蓋裂患児由来 SHED に対しても葉酸の効果を調べた結果、健常児
と同様に葉酸による抗酸化ストレス作用を確認することができた。 
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