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Nicotine induces mitochondrial fission through mitofusin degradation
in human multipotent embryonic carcinoma cells
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a b s t r a c t

Nicotine is considered to contribute to the health risks associated with cigarette smoking. Nicotine exerts
its cellular functions by acting on nicotinic acetylcholine receptors (nAChRs), and adversely affects
normal embryonic development. However, nicotine toxicity has not been elucidated in human embry-
onic stage. In the present study, we examined the cytotoxic effects of nicotine in human multipotent
embryonal carcinoma cell line NT2/D1. We found that exposure to 10 mM nicotine decreased intracellular
ATP levels and inhibited proliferation of NT2/D1 cells. Because nicotine suppressed energy production,
which is a critical mitochondrial function, we further assessed the effects of nicotine on mitochondrial
dynamics. Staining with MitoTracker revealed that 10 mM nicotine induced mitochondrial fragmentation.
The levels of the mitochondrial fusion proteins, mitofusins 1 and 2, were also reduced in cells exposed to
nicotine. These nicotine effects were blocked by treatment with mecamylamine, a nonselective nAChR
antagonist. These data suggest that nicotine degrades mitofusin in NT2/D1 cells and thus induces
mitochondrial dysfunction and cell growth inhibition in a nAChR-dependent manner. Thus, mitochon-
drial function in embryonic cells could be used to assess the developmental toxicity of chemicals.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Growing evidence suggest that maternal smoking during preg-
nancy is related to adverse neurodevelopmental outcomes in the
offspring, including lower intelligence quotients and deficits in
learning and memory [1,2]. Nicotine is a naturally occurring alka-
loid that is present in tobacco leaves and is considered to contribute
to the negative effects of cigarette smoking on health [2,3]. Nicotine
exerts its cellular functions by activating nicotinic acetylcholine
receptors (nAChRs), which are heterodimers composed of combi-
nations of different types of a subunit (a1ea10) and b subunit
(b1eb4) [4]. a8-nAChR has not been identified in human. Recent
studies have shown that nAChRs are present in a variety of cells,
such as cancer cells, vascular smooth muscle, and neural cells
[3e6]. Activation of nAChRs by nicotine promotes the release of
various neurotransmitters (including dopamine, norepinephrine,
acetylcholine, glutamate) [7]. Altered regulation of neurotrans-
mitter levels can adversely affect key events in normal brain

development, such as the formation of neural circuits and neuro-
transmitter systems [7,8]. Therefore, it is necessary to elucidate the
cytotoxic effects of nicotine on embryonic development.

Nicotine toxicity has been reported to affect mitochondrial
function both in vitro and in vivo. For example, nicotine exposure
alters mitochondrial membrane potential (MMP), increases an
oxidative stress, and induces apoptosis in colon adenocarcinoma
HCT-116 cell [9]. Another study has shown that nicotine exposure
reduced the activity of an enzyme in the pancreatic mitochondrial
respiratory chain, and impaired glucose-stimulated insulin secre-
tion in neonatal rats [10]. However, the precise mechanisms un-
derlying the effects of nicotine on mitochondrial function remain
largely unknown.

Growing evidence suggest that mitochondria undergo contin-
uous morphological dynamics involving fusion and fission cycles.
These dynamics play a key role in maintenance of normal mito-
chondrial functions, such as ATP production [11]. Mitochondrial
fusion and fission are regulated by several GTPases. Mitofusin 1 and
2 (Mfn1, 2) and optic atrophy 1 (Opa1) induce fusion of the outer
and inner mitochondrial membranes, respectively [12,13]. In
contrast, dynamin-related protein 1 (Drp1) is a cytoplasmic protein
that assembles into rings surrounding the outer mitochondrial
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membrane, where it interacts with fission protein 1 (Fis1) to pro-
mote fission [14,15]. For example, pigment epithelium-derived
factor is reported to improve mitochondrial function by stabiliz-
ing mitochondrial fusion in retinal pigment epithelial cells [16]. In
contrast, the anti-tumor agent, doxorubicin, facilitates mitochon-
drial fragmentation and apoptosis by promoting Mfn2 degradation
in sarcoma U2OS cells [17].

In the present study, we hypothesized a possible link between
nicotine toxicity and mitochondrial function in human mulitpotent
NT2/D1 cells, which have neural differentiation capability. Our re-
sults showed that exposure to 10 mM nicotine decreased intracel-
lular ATP levels and inhibited cell growth. Moreover, nicotine
exposure induced Mfn degradation and mitochondrial fragmenta-
tion via nicotinic acetylcholine receptors (nAChRs). Thus, nicotine
induces toxicity through impairment of mitochondrial quality
control in human NT2/D1 cells.

2. Materials and methods

2.1. Cell culture

The human multipotent embryonal carcinoma NT2/D1 cells
were obtained from the American Type Culture Collection (Mana-
ssas, VA, USA). SH-SY5Y cells were obtained from European
Collection of Animal Cell Culture (Salisbury, Wiltshire, UK). The
cells were cultured in Dulbecco's modified Eagle's medium (DMEM;
SigmaeAldrich, St. Louis, MO, USA) supplemented with 10% fetal
bovine serum (FBS; Biological Industries, Ashrat, Israel) and
0.05 mg/ml penicillin-streptomycin mixture (Life Technologies,
Carlsbad, CA, USA) at 37 �C in the presence of 5% CO2.

2.2. Cell proliferation assay

Cell viability was measured using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay (Promega, Madison, WI, USA), as
previously described [18]. Briefly, NT2/D1 cells were seeded into
96-well plate and exposed to different concentrations of nicotine.
After exposure to nicotine, One Solution Reagent was added to each
well, and the plate was incubated at 37 �C for another 2 h. Absor-
bance was measured at 490 nm by iMark microplate reader (Bio-
Rad, Hercules, CA, USA).

2.3. Measurement of intracellular ATP levels

The intracellular ATP content was measured using the ATP
Determination Kit (Life Technologies), as previously described [19].
Briefly, the cells were washed and lysed with phosphate-buffered
saline containing 0.1% Triton X-100. The resulting cell lysates
were added to a reaction mixture containing 0.5 mM D-luciferin,
1 mM dithiothreitol, and 1.25 mg/ml luciferase and incubated for
30 min at room temperature. Luminescence was measured using a
Wallac1420ARVO fluoroscan (PerkineElmer, Waltham, MA, USA).
The luminescence intensities were normalized to the total protein
content.

2.4. Assessment of mitochondrial fusion

After treatment with nicotine (10 mM, 24 h), cells were fixed
with 4% paraformaldehyde and stained with 50 nM MitoTracker
Red CMXRos (Cell Signaling Technology, Danvers, MA, USA) and
0.1 mg/ml 40,6-diamidino-2-phenylindole (DAPI; Dojin, Kumamoto,
Japan). Changes in mitochondrial morphology were observed using
a confocal laser microscope (Nikon A1). Images (n ¼ 3e7) of
random fields were taken, and the number of cells displaying
mitochondrial fusion (<10% punctiform) was counted in each

image, as previously described [20]. The number of cells showing
mitochondrial fission was calculated by subtracting the number of
cells with mitochondrial fusion from the total cell number.

2.5. Real-time PCR

Total RNA was isolated from NT2/D1 cells using TRIzol reagent
(Life Technologies), and quantitative real-time reverse transcrip-
tion (RT)-PCR with QuantiTect SYBR Green RT-PCR Kit (QIAGEN,
Valencia, CA, USA) was performed using an ABI PRISM 7900HT
sequence detection system (Applied Biosystems, Foster City, CA,
USA) as previously described [21]. The relative change in the
amount of transcript was normalized to the mRNA levels of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH). The following
primer sequences were used for real-time PCR analysis: nAChRa1,
forward, 50-CTGGACCTACGACGGCTCT-30 and reverse, 50-
CGCTGCATGACGAAGTGGT-30; nAChRa2, forward, 50-ACACTTCA-
GACGTGGTGATTG-30 and reverse, 50-CCACTCCTGTTTTAGCCAGAC-
30; nAChRa3, forward, 50-ACCTGTGGCTCAAGCAAATCT-30 and
reverse, 50-GCAGGGACACGCATGAACT-30; nAChRa4, forward, 50-
GGAGGGCGTCCAGTACATTG-30 and reverse, 50-GAA-
GATGCGGTCGATGACCA-30; nAChRa5, forward, 50-AGATG-
GAACCCTGATGACTATGGT-30 and reverse, 50-
AAACGTCCATCTGCATTATCAAAC-30; nAChRa6, forward, 50-
GGCAGGGATTCCTTCATGGG-30 and reverse, 50-
GCCTCTCCTCAGTTGCACAG-30; nAChRa7, forward, 50-
CATGGCCTTCTCGGTCTTCA-30 and reverse, 50-CACGGCCTCCAC-
GAAGTT-30; nAChRa10, forward, 50-CAGATGCCTACCTACGATGGG-30

and reverse, 50-GGGAAGGCTGCTACATCCA-30; nAChRb1, forward, 50-
TGAGACCTCACTATCAGTACCCA-30 and reverse, 50-AGAACCACGA-
CACTAAGGATGA-30; nAChRb2, forward, 50-GGTGACAGTA-
CAGCTTATGGTG-30 and reverse, 50-AGGCGATAATCTTCCCACTCC-30;
nAChRb3, forward, 50-TGCTGGTTCTCATCGTCCTTG-30 and reverse,
50-GCATCTTCATTTTCGGCGATTGA-30; nAChRb4, forward, 50-
CAGCTTATCAGCGTGAATGAGC-30 and reverse, 50-GTCAGGCGG-
TAATCAGTCCAT-30; Drp1, forward, 50-TGGGCGCCGACATCA-30 and
reverse, 50-GCTCTGCGTTCCCACTACGA-30; Fis1, forward, 50-
TACGTCCGCGGGTTGCT-30 and reverse, 50-
CCAGTTCCTTGGCCTGGTT-30; Mfn1, forward, 50-GGCATCTGTGGCC-
GAGTT-30 and reverse, 50-ATTATGCTAAGTCTCCGCTCCAA-30; Mfn2,
forward, 50-GCTCGGAGGCACATGAAAGT-30 and reverse, 50-
ATCACGGTGCTCTTCCCATT-30; Opa1, forward, 50-
GTGCTGCCCGCCTAGAAA-30 and reverse, 50-TGA-
CAGGCACCCGTACTCAGT-30; GAPDH, forward, 50-
GTCTCCTCTGACTTCAACAGCG-30 and reverse, 50-
ACCACCCTGTTGCTGTAGCCAA-30.

2.6. Western blot analysis

Western blot analysis was performed as previously reported
[22]. Briefly, the cells were lysed with Cell Lysis Buffer (Cell
Signaling Technology). The proteinswere then separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
electrophoretically transferred to Immobilon-P (Millipore, Billerica,
MA, USA). The membranes were probed with anti-Drp1 mono-
clonal antibodies (1:1000; Cell Signaling Technology), anti-Fis1
polyclonal antibodies (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-Mfn1 polyclonal antibodies (1:1000; Cell
Signaling Technology), anti-Mfn2 monoclonal antibodies (1:1000;
Cell Signaling Technology), anti-Opa1 monoclonal antibodies
(1:1000; BD Biosciences), and anti-b-actin monoclonal antibodies
(1:5000; SigmaeAldrich). The membranes were then incubated
with secondary antibodies against rabbit or mouse IgG conjugated
to horseradish peroxidase (Cell Signaling Technology). The bands
were visualized using the ECLWestern Blotting Analysis System (GE

N. Hirata et al. / Biochemical and Biophysical Research Communications 470 (2016) 300e305 301

209



Healthcare, Buckinghamshire, UK), and imageswere acquired using
a LAS-3000 Imager (FUJIFILM UK Ltd., Systems, Bedford, UK).

2.7. Chemicals and reagents

Nicotine was obtained from Wako Pure Chemicals (Osaka,
Japan). Mecamylamine hydrochloride (MCA) and m-chlor-
ophenylhydrazone (CCCP) were obtained from SigmaeAldrich.

2.8. Statistical analysis

All data were presented as means ± S.D. ANOVA followed by
post hoc Fisher test was used to analyze data in Fig. 1A and B and
Figs. 2e4C. Student's t-test was used to analyze data in Fig. 4A. P-

values less than 0.05 were considered to be statistically significant.

3. Results

3.1. Cytotoxic effects of nicotine in NT2/D1 cells

To examine the effects of nicotine on human multipotent em-
bryonic cells, we exposed the cells to different concentrations of
nicotine for 72 h and measured cell viability by MTT assay using
human multipotent embryonic carcinoma NT2/D1 cells, which
have an ability to differentiate into neuronal cells. We found that
treatment with 10 mM nicotine significantly inhibited cell prolif-
eration (Fig. 1A). Similarly, exposure to 10 mM nicotine significantly
reduced the ATP content of the cells (Fig. 1B). To further investigate
whether the nicotine effects are selective for undifferentiated cells,
we used human SH-SY5Y neuroblastoma cells. We found that
exposure to 10 mMnicotine had little effect on proliferation and ATP
content of SH-SY5Y cells (Fig. S1).

We next examined the nAChRmRNA levels by real-time PCR and
confirmed that nAChR subtypes except a9-nAChR were expressed
in NT2/D1 cells (Fig. 2A). To examine whether the inhibition of ATP

Fig. 1. Nicotine inhibits cell proliferation via intracellular ATP decrease in NT2/D1 cells.
A. Cells were exposed to different concentrations of nicotine for 72 h. Cell viability was
examined using the CellTiter 96 AQueous One Solution Cell Proliferation Assay. B. After
treatment with different concentrations of nicotine for 24 h, intracellular ATP content
was determined in cell lysates. Data represent the mean ± SD (n ¼ 3). *P < 0.05.

Fig. 2. Nicotine reduces intracellular ATP levels via nAChRs in NT2/D1 cells. A.
Expression of AChR subtypes was analyzed by real-time PCR in NT2/D1 cells. The
relative changes were determined by normalizing with GAPDH. B. After treatment with
10 mM nicotine and/or 30 mM MCA for 24 h, intracellular ATP content was determined
in cell lysates. Data represent the mean ± SD (n ¼ 3). *P< 0.05.
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production is mediated via the nAChRs, we tested the effect of
nAChR antagonist on the ATP content. As shown in Fig. 2B, a non-
selective nAChR antagonist mecamylamine (MCA) abolished the
nicotine-induced reduction of ATP content. MCA alone did not
affect the ATP level. These data suggest that nicotine decreases the
ATP content via its nAChR and inhibits cell proliferation in NT2/D1
cells.

3.2. Effects of nicotine on mitochondrial morphology in NT2/D1
cells

Mitochondrial function, including ATP production, are main-
tained by mitochondrial fusion and fission [11]. Since nicotine
reduced intracellular ATP levels, we next focused on the mito-
chondrial dynamics in NT2/D1 cells. Nicotine exposure (10 mM,
24 h) significantly increased the number of fragmented mito-
chondria with punctate morphology, as compared to the level
observed in untreated control cells (Fig. 3). Moreover, MCA abol-
ished this nicotine-induced mitochondrial fragmentation (Fig. 3).
MCA alone did not affect mitochondrial dynamics. In contrast to
NT2/D1 cells, nicotine did not significantly affect the mitochondrial
dynamics in SH-SY5Y neuroblastoma cells (Fig. S1). These results
suggest that nicotine induces mitochondrial fission via nAChRs in
NT2/D1 cells.

3.3. Nicotine reduces Mfn1 and Mfn2 protein levels in NT2/D1 cells

To examine the molecular mechanism by which nicotine in-
duces mitochondrial fragmentation, we assessed its effects on
mitochondrial fission (Fis1, Drp1) and fusion genes (Mfn1, Mfn2,
Opa1). Real-time PCR analysis showed that each gene expression
was not significantly altered by nicotine exposure (Fig. 4A). Inter-
estingly, western blot analysis revealed that nicotine did signifi-
cantly decrease the levels of Mfn1 and Mfn2 proteins (Fig. 4B and
C). In contrast, the levels of other proteins, including Fis1, Drp1, and
Opa1, were not affected by nicotine. These data suggest that
nicotine-induced mitochondrial fragmentation is caused by the
degradation of Mfn1 and Mfn2 proteins.

4. Discussion

In the present study, we demonstrated that exposure to
micromolar levels of nicotine impairs mitochondrial quality control
in human multipotent embryonic carcinoma cells. Exposure to
nicotine induces nAChR-dependent degradation of Mfn1 and Mfn2,
thereby promoting mitochondrial fragmentation. These negative
nAChR-mediated effects of nicotine on mitochondrial quality con-
trol could inhibit ATP production and cell viability.

Undifferentiated embryonic cells may tend to be sensitive to the
growth inhibitory effects of nicotine, whereas proliferative and
protective effects of nicotine have been described in more devel-
oped somatic cells [23e27]. Our studies showed that treatment
with 10 mM nicotine reduces cell growth in human embryonic cells
(Fig. 1), whereas the growth of human neuroblastoma SH-SY5Y
cells is not affected (Fig. S1). Previous study has also shown that
exposure to more than 1.8 mM nicotine inhibits cell adhesion and
induces apoptosis in human embryonic stem cells [28]. The con-
centrations of nicotine tested in our study were relevant to the
circulating levels of nicotine in cigarette smokers, which have been
reported to range from 10 nM to 10 mM [29]; these have the po-
tential to inhibit the growth of embryonic cells. In contrast to these
growth inhibitory effects, nicotine is known to stimulate the pro-
liferation of hematopoietic and neuronal progenitors [23e25]. In
addition, nicotine is reported to protect rat basal forebrain neurons
or rat hippocampal neurons from the cytotoxicity of b-amyloid
protein [26,27]. Taken together, nicotine effects in undifferentiated
embryonic cells contains different mechanisms from developed
somatic cells. Therefore, further studies are required to elucidate
the mechanism of cell stage-specific effects using embryonic and
differentiated cells.

Our data suggest that nicotine induces mitochondrial fission
through the degradation of Mfn1 and Mfn2 (Figs. 3 and 4).
Consistent with this finding, chemical stressors have been reported

Fig. 3. Nicotine induces mitochondrial fission via nAChRs in NT2/D1 cells. A. Cells were
exposed to 10 mM nicotine, in the presence or absence of 30 mMMCA, for 24 h. The cells
were stained with MitoTracker Red CMXRos and DAPI and mitochondrial morphology
was observed by confocal laser microscopy. Bar ¼ 20 mm. B. The number of cells
showing mitochondrial fusion (<10% punctiform) was counted in three independent
captured images. The number of cells showing mitochondrial fission was calculated by
subtracting the number of cells with mitochondrial fusion from the total cell number.
*P < 0.05.
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to cause mitochondrial fission via Mfn degradation. For example,
organotin compounds such as tributyltin induce proteasomal
degradation of Mfn1 and Mfn2, which facilitates mitochondrial
fragmentation and growth arrest in NT2/D1 cells [30,31]. Since
nicotine showed similar effects in NT2/D1 cells, nicotine exposure
may also degrade Mfn1 and Mfn2 via proteasome. Moreover, an
inhibitor of mitochondrial calcium efflux, CGP37157, is reported to
degrade Mfn1 via E3 ubiquitin ligase and induce mitochondrial
fission in prostate cancer LNCaP cells [32]. Further studies will be
necessary to determine whether ubiquitin ligases are involved in
nicotine-induced Mfn1 and Mfn2 degradation in embryonic cells.

Our data suggest that nicotine toxicity is mediated by dysfunc-
tional mitochondrial quality control, which occurs via a nAChR-
dependent mechanism (Figs. 2 and 3). Nicotine has been reported
to evoke extracellular calcium influx through plasma membrane
nAChRs [4]. Moreover, a transient increase in intracellular calcium
levels is known to cause mitochondrial calcium overload, which is
followed by the depolarization of the mitochondrial membrane,
resulting in a loss of MMP [33,34]. In other cell lines, MMP reduc-
tion is reported to induce the mitochondrial translocation of the E3
ubiquitin ligase, Parkin, which targets the Mfn protein for protea-
somal degradation [35]. Therefore, nicotine may increase intracel-
lular calcium entry via nAChRs, thus reducing the MMP and

inducing mitochondrial translocation of E3 ubiquitin ligases; this
increases the proteasomal degradation of Mfn1 and Mfn2. Several
reports indicate that knockdown of Mfn1 and Mfn2 in the cells
induces mitochondrial fragmentation and shows severe cellular
defects, including decreased ATP content and poor cell growth
[36,37]. Especially, Mfn2 has been reported to be necessary for
striatal axonal projections of midbrain dopamine neurons by the
studies using dopamine neuron-specific Mfn2 knockout mice [38].
Taken together, Mfn1 and Mfn2 might be involved in several
nAChR-mediated effects of nicotine, such as the reduction of ATP
content, growth inhibition, and modulation of synaptic trans-
mission. In future studies, it will be necessary to investigate the
precise mechanism involved in nicotine-induced Mfn degradation,
which results in mitochondrial fission and impaired function.
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ヒトiPS細胞を用いた心毒性試験の現状と課題

諫田　泰成
国立医薬品食品衛生研究所・薬理部第二室

1．はじめに

ヒト iPS細胞の心毒性試験は、モデルとなる分化
細胞を作製して医薬品候補化合物のスクリーニン
グをin vitroアッセイ系で評価することになるので、
ヒト心筋を反映するような分化心筋細胞が大量かつ
安定的に供給されることが必要不可欠である。現在、
ヒト iPS細胞には株間の差など様々なバリエーショ
ンが存在することが明らかになっていることから 1）、
分化誘導した心筋細胞にも未分化 iPS細胞と同様に
バラつきがあると考えられる。しかしながら、分化
心筋細胞の品質基準などは定まっておらず、アカデ
ミアやメーカーにおいてそれぞれバラバラの細胞を
用いてアッセイを行っている可能性がある。インハ
ウスの試験法を行う場合には問題はないが、安全性
試験を実施するためには一定の評価基準が必要であ
る。幹細胞由来の分化細胞は培養期間によっても性
質が変化しうることが分かってきており、株化細胞
やhERGを過剰発現させたHEK293細胞などのよう
に扱うことができない。従って、いかに分化心筋細
胞の品質を確保するのかが重要である。

本稿では、ヒト iPS細胞から心筋細胞への分化誘
導技術ならびに iPS由来分化心筋細胞の薬理学的な
特性を概説し、今後、医薬品による催不整脈作用に
対する応用可能性、さらには ICHガイドラインへ
の展望について議論したい。

2．医薬品による催不整脈作用

医薬品によって発生する副作用の中で、トルサー
ド・ド・ポアント（TdP）とよばれる重篤な不整脈は
重要である 2）。発生頻度は極めて少ないものの心室
細動に移行し突然死に至る症例が報告されており、
上市後に販売が中止になった医薬品も少なくない。
TdPはQT間隔の延長を伴うことから、TdP誘発リ
スクは、非臨床試験としてin vitro でカリウム電流

（hERGチャネル）阻害作用およびin vivoで動物にお
ける QT延長作用を評価し（S7Bガイドライン）、臨
床において Thorough QT/QTc 試験を実施して厳密
にヒトの QT 間隔に対する作用を調べて（E14ガイ
ドライン）、総合的にTdP誘発リスクを評価してい
る。これらのガイドラインが整備された後は薬剤性
心毒性の大きな問題は起きていないことから、一定
のリスク評価ができていると考えられる。しかしな
がら、hERG試験で有用な医薬品候補化合物を落と
してしまうこと、逆にhERGだけでは拾えない不整
脈作用があることなどが指摘され、さらに予測性の
高い試験系が求められている。iPS由来分化心筋細
胞はヒト細胞でありマルチチャネルに対する評価が
可能であることから 3）、hERG試験よりも予測性が
向上するのではないか、あるいは臨床試験を削減で
きるのではないか、との期待が寄せられている。

3．ヒトiPS細胞を用いた心筋分化誘導法

ヒト iPS細胞を効率よく心筋分化する方法として、
定方向分化誘導法が知られている 3,4）。図１に示す
ように、ヒト iPS細胞にサイトカインや増殖因子な
どを用いることにより、中胚葉、心筋前駆細胞、心
筋細胞と段階的に分化誘導を行い、分化誘導後2週
間ほどで自律的な拍動が観察される。このように作
成された iPS由来分化心筋細胞は個々の心筋細胞の
活動電位の波形がバラバラである上に、電気生理学
的に未成熟である。実際、201B7株から作製した分
化心筋細胞も米国Cellular Dynamics International 

Inc. (CDI) から販売されている iCell心筋細胞も静
止膜電位は -50mV程度と浅い（通常 -90mV程度）。
従って、未成熟な特性は元の iPS細胞株や分化誘導
法に依存せず、iPS由来分化心筋細胞に共通の課題
であることが示唆される。

そこで、心筋の成熟化を促進するためのアプロー
チとして、電気刺激など様々な手法が検討されてい

214



2　ファーマコビジランス

る 5）。我々は成体心室筋と比較して iPS由来分化心
筋細胞において不足している因子Xに着目し、心筋
細胞の成熟化を誘導できる方法を明らかにしている

（論文投稿中）。我々が検討した範囲では、アデノウ
イルスは未分化 iPS細胞よりも分化が進んだ細胞の
方が高い感染効率を示したことから、iPS由来分化
心筋細胞にアデノウイルスを用いて因子Xを遺伝子
導入することにより、成熟心筋を誘導することに成
功した。ただし、医薬品の催不整脈作用を評価する
上で成熟心筋の方がいいのかはまだ分かっていない。
一般的にはヒト成体の心筋細胞に近ければ近い方が
創薬のモデルとして良さそうであるが、本当に成熟
した特性が必要なのかは以下に述べるような薬理作
用の観点から判断すべきであろう。

4．分化心筋細胞を用いたin vitro心毒性試験

In vitro心毒性試験に用いる iPS由来分化心筋細
胞の形状としては、個々の細胞、EBなどの細胞塊、
高密度培養によるシート状の標本などがあげられ
る。個々の細胞の場合は、パッチクランプで一つ一
つの細胞の活動電位の波形をもとにQT間隔を評価
するため、心室筋などのサブタイプの情報も得られ
る。しかしながら、スループット性は極めて低いこ
と、個々の細胞のバラつきの問題があること、長時
間曝露による薬理作用も検討できないことなど多く
の問題があり、現実的ではないように思われる。

一方、細胞塊やシート状の標本に関しては、多点
電極システムを用いて、電極を埋め込んだディッ
シュに細胞塊やシートを接着させることによりQT

間隔に相当する細胞外電位（Field Potential : FP）の
測定が可能である。個々の心筋細胞のバラつきが
平均化されるため、比較的安定したデータが得られ
ること、侵襲がないため長時間曝露による薬理作用
が調べられること、電気生理学特有の敷居の高さは

なく比較的簡便であることなど、先程の問題点はか
なり克服できる。我々が検討した範囲では、細胞塊
は電極の上にうまく乗せられなかったり、細胞塊と
電極の接触が不十分でシグナルが得られないような
ケースがあったことから、シート状の標本の方がベ
ターではないか、と考えている。ただし、多点電極
システムを用いるにしても、一日で解析できる数に
限界があり、大規模な医薬品候補化合物のスクリー
ニングには向いていない。今後、スループット性を
上げるために改良が必要である。

我々は、iPS由来分化心筋細胞を用いた試験系
の検出感度を明らかにするため、シート状に播種
した iCell心筋細胞をモデル細胞として用いて、細
胞外電位装置による評価を行った 6）。産官学の3施
設で検証した結果、どの施設においてもhERG阻
害剤E-4031の添加により濃度依存的にFPD（Field 

Potential Duration）延長が観察された（図2）。さら
に、E-4031によりEarly afterdepolarization （EAD）
や triggered activityなどの異常な波形を検出できる
ことが明らかになった（図3）。こちらはFPDとは異
なり、既存のin vitro評価系では検出できないよう
な不整脈のリスク評価につながると考えられ、非常
に興味深い。現在、我々は成熟した分化心筋細胞を
用いて同様のアッセイを行っており、催不整脈作用
の評価に成熟心筋の特性が必要なのか明らかにする
予定である。

今後、多点電極システムを用いた試験法の確立
に向けて大規模なバリデーションを実施する場合、
様々な実験条件を揃える必要がある。例えば、自律
拍動なのかペーシングなのか、細胞の播種密度や培
養期間、FPDの解析パラメーターの選択、EADの
波形基準などがあげられる。特に、EADにおいて
は統一的な波形の判定基準の見解が得られていない
ので、波形の目合わせを行って情報を共有しながら

図1　ヒトiPS細胞から成熟心筋細胞の分化誘導法
ヒトiPS細胞からサイトカインなどの液性因子や遺伝子導入などの方法を用いて、段階的に心筋細胞に分化誘導できる。
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設定する必要があると思われる。
なお、今回は多点電極のデータを紹介したが、そ

れ以外にも膜電位感受性色素やカルシウムイメージ
ング、心収縮など様々な薬理評価法があり、陽性対
照物質、陰性対照物質などのデータをもとに再現
性や信頼性を評価していく必要がある。2013年に
発足した製薬協タスクフォース（TF-5）においても
様々な検証が行われており、今後の解析を待ちたい。

5．ガイドラインに向けた展望

ここ数年、ヒト iPS細胞を使った心毒性試験に
関する発表が相次ぎ、iPS由来分化心筋細胞が催不
整脈作用の評価に使えるのではないか、という機
運が高まってきている。さらに、2013年7月から、
FDA/HESI/CSRC*に お い てCiPA (Comprehensive 

in vitro Proarrhythmia Assay) の枠組みが発足し、
薬剤による不整脈誘発リスク評価に関して国際的
な議論も開始された 7,8）。特に、S7Bガイドライン
の改定やE14ガイドラインの廃止などを見据える
ことを明言している。現在市販されている分化心筋
細胞はメーカーの差やロット差等があるとされるが、
良い細胞がないから議論できない、では全く前に進
まないので、発想を変えて、今ある細胞で何ができ
るのか？を考える時期に来ている。日本としても、
国内における iPS由来分化心筋細胞の大量かつ安定

な供給体制を整備するとともに、多くの薬剤に対す
る心毒性データを揃えて、国際協調をはかりながら
iPS細胞の実用化をすすめていく必要がある。

6．まとめ

ヒト iPS細胞の分化誘導技術などの研究が進展し、
またCiPA などの国際的な議論も開始されたことに
より、ヒト iPS細胞を心毒性試験に利用する機運が
高まってきている。日本としても、ガイドライン化
を見据えて科学的な根拠をしっかりと確保しておか
なければならない。将来的には、日本発のヒト iPS

細胞技術を用いて、心毒性の発生を回避することが
可能となり、より安全な医薬品が提供されることを
期待したい。
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図2　E-4031によるFPD延長
各施設において、hERG阻害剤E-4031によってFPDの延長が認められた。

図3　E-4031による異常波形
E-4031によって、Triggered activityやEarly 
afterdepolarization などの異常な波形が認められた。

* FDA : Food and Drug Administration
 HESI : Health and Enviromental sciences Institute
 CSRC : Cardiac Safety Research Consortium
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