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ABSTRACT: Enhancement of cardiac differentiation is
critical to stem cell transplantation therapy for severe ischemic
heart disease. The aim of this study was to investigate whether
several derivatives of tryptanthrin (1), extracted from the
medicinal plant Polygonum tinctorium, induce the differ-
entiation of P19CL6 mouse embryonal carcinoma cells into
beating cardiomyocyte-like cells. P19CL6 cells were cultured
in α-MEM supplemented with 10% FBS including a test
compound or vehicle. Drug-induced differentiation was assessed by measuring the number of beating and nonbeating aggregates
and the area of beating aggregates, and the expression of genes involved in cardiac differentiation was evaluated by real-time PCR.
A 1 μM concentration of 8-methyltryptanthrin (2) induced the differentiation of P19CL6 cells into cardiomyocyte-like cells to a
significantly greater degree than 1% dimethyl sulfoxide (DMSO), a conventional differentiation inducer of P19CL6 cells.
Furthermore, 2 strongly increased both the number and the area of spontaneously beating aggregates in comparison with DMSO.
Two distinct genes of the calcium channel family, Cav1.2 and Cav3.1, underlying cardiac automaticity were significantly
expressed in the presence of 2. Gap junction genes GJA1 and GJA5 contributing to the synchronized contraction of the
myocardium were also induced significantly by 2. These results suggest that 2 successfully differentiated P19CL6 cells into
spontaneously beating cardiomyocyte-like cells by activating the gene expression of pacemaker channels and gap junctions.

Reperfusion therapy for acute myocardial infarction is
currently popular and known to reduce infarct size,

improve left ventricular function, and reduce mortality.
However, these beneficial effects are limited by the acceleration
of ischemia-reperfusion injury, especially inflammation.1,2

Regenerative medicine aims to develop new medical treatments
instead of reperfusion therapy for myocardial infarction and
heart failure. The enhancement of stem cell differentiation into
cardiomyocytes by a bioactive drug may become a useful
strategy, conditional on its success in clinical trials of
myocardial infarction and heart failure.3 Furthermore, these
drugs provide versatile experimental tools to understand
mechanisms that determine cell fate. Exploration of new
efficient inducers of cardiomyocyte differentiation is of great
importance.4,5

The P19CL6 mouse embryonal carcinoma cell line is derived
from a teratocarcinoma formed in C3H/He mice.6 It has been
used successfully as a model system for cardiomyocyte
differentiation.7 The P19CL6 cell line has a significant
experimental advantage compared to embryonal stem cells.
P19CL6 cells can sustain an undifferentiated state without a

feeder-cell layer, making them much easier to culture.
Therefore, this cell line has been used extensively to assay
the induction of cardiomyocyte differentiation by various
molecules.6−10 Dimethyl sulfoxide (DMSO) has primarily
been used to induce cardiomyocyte differentiation in P19CL6
cells.7,8 Several effective drugs such as retinoic acid and 5-
azacytidine were developed for the effective cardiac myocyte
differentiation of P19CL6.9,10 However, the low potency of
these inducers reduces their usefulness. The development of
novel compounds that provide a much higher degree of
differentiation is ongoing.
The indoloquinazoline alkaloid tryptanthrin, 6,12-dihydro-

6,12-dioxoindolo-(2,1-b)-quinazoline) (1, Figure 1), was first
isolated from the yeast Candida lipolytica.11 It is also contained
in a number of plants, Isatis,12 Strobilanthus,13 and Couroupota
species,14 which have been used as medicinal herbs for their
anti-inflammatory, antipyretic, and analgesic effects. It has been
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reported to have various biological activities, such as
antimicrobial, antitumor, and anti-inflammatory activities.15

Recently, it was also found that 1 exerts its activity against the
murine myelomonocytic leukemia WEHI-3B JCS cell line.
Compound 1 induced differentiation of leukemia cells by
causing cell cycle arrest and triggering cell differentiation.
However, higher concentrations may have killed leukemia cells
through apoptosis, possibly through a Fas/caspase-3 path-
way.16,17 Given the differentiation effects of 1 in leukemia cells,
it is possible that similar effects could occur in other
multipotent stem cells such as carcinoma and mesenchymal
stem cells.
This study was designed to verify whether 1 and its

derivatives induce cardiomyocyte differentiation in the
P19CL6 carcinoma cell line. It is shown here that 8-
methyltryptanthrin (2), but not 1, successfully differentiated
P19CL6 into spontaneously beating cardiomyocyte-like cells by
enhancing the gene expression of pacemaker channels and gap
junctions.

■ RESULTS AND DISCUSSION
Effect of 8-Methyltryptanthrin (2) on Induction of

Cardiomyocyte Differentiation from P19CL6 Cells. The
effect of cardiomyocyte differentiation from P19CL6 cells of
tryptanthrin derivatives was investigated. Cardiomyocyte differ-
entiation was visually confirmed by the formation of aggregates
(white arrows in Figure 2A inset). 8-Methyltryptanthrin (2)
dose-dependently (0.1−1 μM) induced the formation of
aggregates on day 10 and reached a maximal value on day 18
(Figure 2A and E). However, tryptanthrin (1), 8-ethyl-
tryptanthrin (3), and 8-propyltryptanthrin (4) failed to induce
aggregate formation. DMSO (1%; positive control) induced the
formation of aggregates on day 10 and reached a plateau on day
16 (Figure 2C). The number of aggregates in the presence of 2
(1 μM) and DMSO on day 18 was 47.3 ± 6.7 and 38.2 ± 8.4
per 8.8 mm2, respectively. The control value (0.1% DMSO
alone) was 3.6 ± 1.5 on day 18. Each low concentration (0.1%
and 0.3%) of DMSO did not induce cardiomyocyte differ-
entiation from P19CL6 up to day 18 (data not shown).
Expression of Cardiac-Specific Genes. The expression of

the cardiac-specific genes α-myosin heavy chain (MHC),
GATA4, and bone morphogenetic protein 2 (BMP2) was
investigated to confirm 8-methyltryptanthrin (2)-induced
cardiac differentiation of P19CL6 cells. DMSO (1%) time-
dependently accelerated the expression of these genes (2106.3
± 866.5, 28.1 ± 4.2, and 83.3 ± 6.8, respectively) on day 18.
The control value of each gene in the absence of 1% DMSO
was 47.5 ± 41.1, 0.7 ± 0.1, and 2.6 ± 0.6, respectively. 2 (1
μM) alone also time-dependently and equivalently increased
the gene expression of α-MHC, GATA4, and BMP2 (1130.1 ±
234.0, 30.3 ± 4.3, and 84.4 ± 5.8, respectively) on day 18
(Figure 3A−C). A low concentration (0.1%) of DMSO and

tryptanthrin (1) failed to induce the expression of these
cardiac-specific genes. These results suggest that 2 is an inducer

Figure 1. Synthesis of tryptanthrin (1) and its derivatives (2−4).

Figure 2. Only 8-methyltryptanthrin (2) potentiates the cardiomyo-
cyte differentiation of P19CL6 cells. Time-course of changes in the
number of aggregates, an index of cardiomyocyte differentiation in
P19CL6 cells (A), and the number of spontaneously beating
aggregates, an index of differentiation from P19CL6 cells into
spontaneously beating cardiomyocyte-like cells (B) induced by
tryptanthrin and its derivatives. Open circles: control; solid circles:
8-methyltryptanthrin (2, 1 μM); open squares: tryptanthrin (1, 1 μM);
solid squares: 8-ethyltryptanthrin (3, 1 μM); open triangles: 8-
propyltryptanthirin (4, 1 μM). Values are mean ± SEM, n = 7. Time-
course of changes in the number of aggregates (C) and spontaneously
beating aggregates (D) produced by 0.1% DMSO (open triangles), 1%
DMSO (solid squares), and 2 (1 μM, solid circles). No treatment
control is represented as an open circle. Values are mean ± SEM, n =
7. **p < 0.01 compared with 1% DMSO on day 18. (E) Dose-
dependent increase in the number of aggregates (solid bars) and
spontaneously beating aggregates (gray bars) by 2 (0.1−1 μM) on day
18. Values are mean ± SEM, n = 7. (F) Time-course of changes in the
area of spontaneously beating aggregates, an index of the development
of synchronized contraction. Open circles: control; solid circles: 2 (1
μM); solid squares: 1% DMSO. Values are mean ± SEM, n = 9. **p <
0.01 compared with 1% DMSO on day 18. The inset image in A shows
differentiated cardiomyocyte-like cells forming aggregates (indicated
by white arrows). Some of these aggregates were further differentiated
into beating aggregates, namely, spontaneously beating cardiomyocyte-
like cells.
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of differentiation of P19CL6 cells into cardiomyocyte-like cells
like 1% DMSO.
8-Methyltryptanthrin (2)-Induced Differentiation of

P19CL6 Cells into Spontaneously Beating Cardiomyo-
cyte-like Cells. The effect of 2 and other tryptanthrin
derivatives on spontaneous beating cardiomyocyte differ-
entiation was investigated using P19CL6 cells. When P19CL6
cells differentiate into spontaneously beating cardiomyocyte-
like cells, beating aggregates are produced.18 DMSO (1%)
induced the formation of spontaneously beating aggregates on
day 10, and the average number of spontaneously beating
aggregates was 8.8 ± 3.8 per 8.8 mm2 on day 18, compared to
zero in control cells (Figure 2D). Compound 2 (0.1−1 μM)
induced in a dose-dependent fashion the formation of beating
aggregates on day 10 and reached a maximal value on day 18
(Figure 2B and E). The number of spontaneously beating
aggregates in the presence of 2 (1 μM) on day 18 was 33.7 ±
7.2 per 8.8 mm2 (p < 0.01 vs 1% DMSO). The beating rate of
cardiomyocyte-like cells in the presence of 2 (1 μM) was 52.1

± 5.2 beats per minute (bpm, n = 9) on day 18, which was not
significant compared to that in the presence of 1% DMSO
alone (45.2 ± 4.2 bpm, n = 9).18 Compounds 1, 3, and 4 did
not produce spontaneously beating aggregates. The possibility
that compound 2 requires the presence of 0.1% DMSO to
induce cardiomyocyte differentiation of P19CL6 cells was
excluded because 2 dissolved in 0.03% DMSO by sonication
treatment also induced the same extent of cardiomyocyte
differentiation of P19CL6 cells (data not shown). These results
suggest that 2 is a more potent inducer of differentiation of
P19CL6 cells into spontaneously beating cardiomyocyte-like
cells than 1% DMSO.

Gene Expression of Pacemaker Channels. Spontane-
ously beating pacemaker cells such as sinoatrial nodal cells
express certain characteristic genes such as those for L-type
(Cav1.2 and Cav1.3) and T-type (Cav3.1 and Cav3.2) voltage-
dependent calcium channels and hyperpolarization-activated
cation channels (HCN2 and HCN4). Therefore, the
association of the expression of these genes with the production
of spontaneously beating aggregates as a result of treatment of
P19CL6 cells with either 2 or 1% DMSO was investigated.
Compared with 0.1% DMSO, compound 2 significantly (p <

0.05) increased the expression of Cav1.2 in a time- and
concentration-dependent manner. The fold increase in Cav1.2
expression relative to negative control induced by 2 was 1.90 ±
0.22 and 3.38 ± 0.20 on day 10 and 18, respectively, whereas
1% DMSO increased Cav1.2 by only 0.90 ± 0.33- and 2.05 ±
0.16-fold on day 10 and 18, respectively (Figure 4A). On the
other hand, DMSO decreased the expression of the other L-
type Ca2+ channel, Cav1.3, and the expression level was
maintained until day 18 (Figure 4B). A similar effect was
observed in the presence of 2. In the case of T-type Ca2+

channel, Cav3.1, the expression was strongly decreased in the
presence of 1% DMSO (0.11 ± 0.01-fold) on day 10. However,
the decrease of this gene expression by 2 was significantly
smaller than that by 1% DMSO (0.21 ± 0.02 fold, p < 0.05)
(Figure 4C). On day 18, the expression of Cav3.1 induced by 2
and DMSO was not significantly different. The expressions of
Cav3.2, HCN2, and HCN4 genes were not altered by 2 (1
μM). These results suggested that 2-induced differentiation
into spontaneously beating cardiomyocyte-like cells of P19CL6
occurred by significant expression of Cav1.2, an L-type Ca2+

channel, and Cav3.1, a T-type Ca2+ channel gene.
Two ion channels have been shown to contribute to the

pacemaker function of cardiac sinoatrial node cells: ICa,T and
hyperpolarization-activated cation channel (HCN (If)).4,9,19 In
this study, it was confirmed that 2 regulates the expression of
the Cav3.1 T-type calcium channel gene, but not the HCN
gene. Although 2 also effects expression of the L-type Ca2+

channel Cav1.2, this channel relates to the contractile responses
of cardiomyocyte-like cells. These results support previous data
showing that the acceleration of ICa,T channel activity
contributes to spontaneous beating of cardiomyocyte-like
cells induced by retinoic acid and Br-DIF-1.9,18 These results
therefore suggest that T-type Ca2+ channels have one key role
in the spontaneous beating of cardiomyocyte-like cells
differentiated from P19CL6. In future work, it will be necessary
to demonstrate in more detail the mechanism by which 2 helps
the cell to decrease the functional deficit of Cav3.1.
No other tryptanthrin derivatives were able to induce cardiac

differentiation. Unlike 2, the expression of both cardiac-specific
genes and the Cav1.2 gene of the P19CL6 cell were not
increased by tryptanthrin (1) and its alkyl derivatives, 3 and 4

Figure 3. 8-Methyltryptanthrin (2) potentiates the differentiation of
P19CL6 cells into cardiomyocyte-like cells to a similar degree to 1%
DMSO. Time-course expression of cardiac-specific genes α-MHC (A),
GATA4 (B), and BMP2 (C) on day 10 and 18. Gene expression levels
were normalized to G3PDH. All ratios were relative to day 0. Open
bars: negative control; gray bars: 1% DMSO; solid bars: 2 (1 μM);
vertically hatched bars: 0.1% DMSO; diagonally hatched bars: 1 (1
μM). Bars represent the mean ± SEM, n = 4.
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(data not shown). Thus, insufficient expression of these genes
may prohibit the differentiation of P19CL6 cells into
spontaneously beating cardiomyocyte-like cells. However,
these observations cannot explain why 2, but not 1, 3, or 4,
is able to induce the cardiomyocyte differentiation of P19CL6
cells. Structural differentiation between 2 and other tryptan-
thrin derivatives consists only of functional groups at the 8-
position. It is well known that steric differences between methyl
and ethyl/propyl groups can affect the reactivity of proteins and
nucleotides.20 In this investigation, it is considered that the
methyl group of tryptanthrin derivatives at the 8-position may
affect the expression of cardiac-specific genes and Cav1.2.
Further study of the role of the methyl group at the 8-position
of 2 in the stimulation of Cav1.2 gene expression is needed to
clarify the differentiation mechanism of P19CL6 cells.
8-Methyltryptanthrin (2) Accelerated the Extension of

Spontaneously Beating Area of Cardiomyocyte-like
Cells. The area of beating aggregates was measured as an
index of cardiac synchronized contraction of myocardium.
DMSO (1%) extended the area of beating aggregates to 0.5 ±
0.3 mm2 per field area (8.8 mm2), while 2 (1 μM, 2.7 ± 0.6
mm2, p < 0.01 vs 1% DMSO) significantly accelerated the
extension of this area on day 18 (Figure 2F). These phenomena
suggested that 2 can accelerate the differentiation of the cardiac
conduction system.
Gene Expression of Gap Junctions. It is well known that

characteristic gap junction proteins such as connexin 43
(GJA1), connexin 40 (GJA5), connexin 45 (GJC1), and

connexin 32 (GJB1) contribute to the synchronized contrac-
tion of myocardium.21 Therefore, the gene expression of these
proteins was investigated in spontaneously beating areas of
P19CL6 cells treated with either 2 or 1% DMSO.
Expression of GJA1 was significantly increased in the

presence of 2 in comparison with 1% DMSO (1.38 ± 0.24
and 0.88 ± 0.15, respectively) on day 18 relative to day 0
(Figure 5A). On the other hand, expression of GJA5 in the

presence of 2 (17.44 ± 8.66-fold) was significantly increased
compared to that in the presence of 1% DMSO (6.56 ± 2.40-
fold) on day 10 relative to day 0 (Figure 5B). This expression
of GJA5 was equal between 2 and DMSO up to day 18 (7.06 ±
1.47- and 9.84 ± 4.41-fold, respectively). The expression of
GJA4, GJB1, and GJC1 genes was not altered by 2 (1 μM).
GJA1 is well known as the major protein of gap junctions in

the heart and are thought to have a crucial role in the
synchronized contraction of the heart and during embryonal
development.22 However, the expression of GJA1 was
significantly but weakly increased on day 18. On the other
hand, GJA5 is known to specifically localize in the right atrium,
right ventricle, and atrium-ventricular node and His band.23 In
this study, it was strongly expressed in the presence of 2 on day
10. From these results, GJA5 is thought to especially contribute
to the synchronization of cardiomyocyte-like cells differentiated
from P19CL6 cells.
DMSO has been used to induce differentiation in a variety of

human mesenchymal stem cells.24,25 Our present study has
demonstrated the possibility that 2 is also a more effective
differentiation inducer of P19CL6 cells into spontaneously
beating cardiomyocyte-like cells in comparison to 1% DMSO.
For the clinical application of 2, further investigation using
other human stem cell lines will be necessary.
In conclusion, as depicted in Figure 6, it is demonstrated

that, in comparison with 1% DMSO, 8-methyltryptanthrin (2)
differentiated P19CL6 cells into spontaneously beating
cardiomyocyte-like cells, namely, pacemaker-like cells, by
inducing the expression of two calcium channel genes, Cav1.2
and Cav3.1. Compound 2 also widely develops the area of these
cells, resulting in synchronized contraction of myocardium, by
increasing the expression of two gap junction genes, GJA1 and
GJA5. These results suggest that 2 is a useful tool for

Figure 4. 8-Methyltryptanthrin (2) potentiated the gene expression of
pacemaker channels. Time-course expression of L-type calcium
channel genes Cav1.2 (A) and Cav1.3 (B) and pacemaker channel
gene Cav3.1 (C) on days 10 and 18. Gene expression levels were
normalized to G3PDH. All ratios are expressed relative to day 0. Gray
bars: 1% DMSO; solid bars: 2 (1 μM). Bars represent the mean ±
SEM, n = 6. *p < 0.05 compared with 1% DMSO on day 10, #p < 0.05
compared with 1% DMSO on day 18.

Figure 5. 8-Methyltryptanthrin (2) accelerated the expression of gap
junction genes. Time-course expression of the gap junction genes
GJA1 (A) and GJA5 (B) on days 10 and 18. Gene expression levels
were normalized to G3PDH. All ratios are relative to day 0. Gray bars:
1% DMSO; solid bars: 2 (8-MT, 1 μM). Bars represent the mean ±
SEM, n = 4. *p < 0.05 compared with 1% DMSO on day 10, #p < 0.05
compared with 1% DMSO on day 18.
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accelerating the differentiation of P19CL6 cells into sponta-
neously beating cardiomyocyte-like cells. It is hoped that these
results will help to further clarify the mechanism of 8-
methyltryptanthrin-induced cardiomyocyte differentiation of
P19CL6 cells and develop new therapies for myocardial
infarction and heart failure.

■ EXPERIMENTAL SECTION
Materials. Penicillin, α-minimal essential medium (α-MEM), and

streptomycin were purchased from Invitrogen (Grand Island, NY,
USA). Fetal bovine serum (FBS) was obtained from Nichirei
Biosciences (Tokyo, Japan). Other analytical grade chemicals were
obtained from Wako Pure Chemicals (Osaka, Japan). Stock solutions
of chemicals were freshly made prior to each experiment and at high
concentrations to minimize any vehicle effects. All synthetic products
were freshly dissolved in DMSO. The final concentration of DMSO in
the experimental tubes never exceeded 0.1% and had no effect on the
cells or assays.
Synthesis of Tryptanthrin (1) and Its Derivatives. Tryptan-

thrin (1) was isolated from Polygonum tinctorium W. T. Aiton
(Polygonaceae) using methods described previously.26 As outlined in
Figure 1, tryptanthrin (1) and its derivatives (2, 3, and 4) were
prepared by condensation of isatoican hydride with isatin or
corresponding 5-alkylisatins according to the general procedure.27

Synthesis of 8-methyltryptanthrin (2), which is a typical example, was
performed as follows. Under a flow of dry nitrogen, 0.66 g (4.1 mmol)
of 5-methylisatin in 30 mL of dry dimethylformamide (DMF) was
added over a 15 min period to 0.097 g (4.0 mmol) of NaH with
stirring. To the resulting deep purple liquid was added 0.67 g (4.1
mmol) of isatoicanhydride in 30 mL of dry DMF with ice cooling over
a 30 min period. The reaction mixture was stirred overnight at room
temperature and then quenched with 0.9 mL of methanol. The
resulting mixture was diluted with 120 mL of chloroform and washed
once with water. The aqueous layer was extracted three times with
chloroform, and the combined organic layers were dried (anhydrous
sodium sulfate) and concentrated. Crystallization from chloroform−
ethyl acetate (2:1) afforded the pure compound (0.60 g) in 56% yield.
The structures of these compounds were determined by fast-atom
bombardment MS, electrospray ionization MS, 500 MHz 1H NMR,

and 125 MHz 13C NMR spectra. The mass spectra showed the
corresponding molecular ion peaks, and the chemical shifts and the
integral ratios of protons were appropriate in the 1H NMR spectra.
The physical data for 1 and 2 were exactly identical with the literature
values.27−30 The purity of these compounds (1−4) used for
experiments was more than 98%, as assessed by 1H NMR, 13C
NMR, HPLC, and HRESIMS.

8-Ethyltryptanthrin (3): yellow solid; mp 218−219 °C; 1H NMR
(CDCl3, 500 MHz) δ 8.52 (1H, d, J = 8.5 Hz, H-10), 8.44 (1H, dd, J =
8.0, 1.5 Hz, H-1), 8.04 (1H, d, J = 8.0 Hz, H-4), 7.84 (1H, ddd, J = 8.0,
8.0, 1.5 Hz, H-3), 7.75 (1H, d, J = 2.0 Hz, H-7), 7.67 (1H, ddd, J = 8.0,
8.0, 1.0 Hz, H-2), 7.61 (1H, dd, J = 8.5, 2.0 Hz, H-9), 2.76 (2H, q, J =
7.5 Hz, CH2CH3), 1.30 (3H, t, J = 7.5 Hz, CH2CH3);

13C NMR
(CDCl3, 125 MHz) δ 183.0 (CO), 158.2 (CO), 146.9, 144.9,
144.7, 144.0, 138.3, 135.3, 130.9, 130.4, 127.7, 124.6, 124.0, 122.3,
118.0 (carbons of tryptanthrin ring), 28.7 (CH2CH3), 15.5
(CH2CH3); HRESIMS m/z 277.1018 [M + H]+ (calcd for
C17H13N2O2, 277.0977).

8-Propyltryptanthrin (4): yellow solid; mp 202−203 °C; 1H NMR
(CDCl3, 500 MHz) δ 8.51 (1H, d, J = 8.5 Hz, H-10), 8.44 (1H, dd, J =
8.0, 1.5 Hz, H-1), 8.03 (1H, d, J = 8.0 Hz, H-4), 7.85 (1H, ddd, J = 8.0,
8.0, 1.5 Hz, H-3), 7.72 (1H, d, J = 2.0 Hz, H-7), 7.67 (1H, ddd, J = 8.0,
8.0, 1.0 Hz, H-2), 7.59 (1H, dd, J = 8.5, 2.0 Hz, H-9), 2.69 (2H, q, J =
7.5 Hz, CH2CH2CH3), 1.70 (2H, m, CH2CH2CH3), 0.95 (3H, t, J =
7.5, CH2CH2CH3);

13C NMR (CDCl3, 125 MHz) δ 183.1 (CO),
158.2 (CO), 146.9, 144.9, 144.7, 142.6, 138.8, 135.2, 131.0, 130.4,
127.7, 125.2, 124.0, 122.3, 118.0 (carbons of tryptanthrin ring), 37.7
(CH2CH2CH3), 24.4 (CH2CH2CH3), 13.9 (CH2CH2CH3); HRE-
SIMS m/z 291.1151 [M + H]+ (calcd for C18H15N2O2, 291.1134).

Culture and Cardiomyocyte Differentiation of P19CL6 Cells.
P19CL6 cells were obtained from the RIKEN BRC cell bank
(Tsukuba, Japan) and cultured in α-MEM supplemented with 10%
FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin. All cells
were passaged at 48 h intervals. To induce differentiation, the cells
were cultured at a density of 2.0 × 104 cells per 35 mm dish in medium
containing 1% DMSO as a positive control and tryptanthrin
derivatives. The medium containing reagents was replenished at 48
h intervals. After treatments with reagents, the morphological changes
in P19CL6 cells were examined under a Nikon inverted microscope
(Nikon, Tokyo, Japan) equipped with a phase-contrast objective, a
digital camera (Nikon, Tokyo, Japan), and a video camera (Canon,
Tokyo, Japan).

Aggregates formed after 10 days of culture and subsequently
increased time-dependently (Figure 2A inset). Numbers of aggregates
were measured (as an index of differentiation into cardiomyocyte-like
cells) and beating aggregates (as an index of differentiation into
spontaneously beating cardiomyocyte-like cells), scoring every 2 days
using a phase-contrast microscope.18,31 Images (×100) from five
separate visual fields (total 8.8 mm2) were obtained from each inset,
and the number of aggregates was evaluated. The area of beating
aggregates (as an index of development of synchronized contraction)
was calculated using Adobe Photoshop software. These measurements
were performed only until 18 days because, in this experimental
condition, extending incubation beyond 18 days resulted in
degeneration of aggregates and loss of aggregate rhythmicity.

Measurement of Gene Expression. Total RNA was isolated
from cells using QuickGene RNA cultured cell kit S (Fuji Film, Tokyo,
Japan). An aliquot of total RNA was reverse transcribed using random
primers. For real-time PCR reactions, cDNA was amplified (ABI
PRISM 7000, Life Technologies, Carlsbad, CA, USA) under the
following reaction conditions: 40 cycles of PCR (95 °C for 15 s and 60
°C for 1 min) after an initial denaturation (95 °C for 10 min). The
reaction volume was adjusted to 26 μL containing 3 μL of a 1:4
dilution of the first-strand reaction product, 1 μL of 10 μM specific
forward and reverse primers, 8 μL of pure water, and 13 μL of SYBR
Green. The primers used for real-time PCR were designed by Primer
Express (Applied Biosystems), and their sequences are listed in Table
1. Amplification of the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (G3PDH) served as a normalization standard. Gene

Figure 6. Possible mechanism of 8-methytryptanthrin (2)-induced
differentiation of P19CL6 cells into spontaneously beating cardio-
myocyte-like cells. As indicated by narrow arrows, 8-methyltryptan-
thrin (2) differentiated P19CL6 cells into cardiomyocyte-like cells.
Compound 2 induces cardiac-specific gene expression such as α-MHC,
GATA4, and BMP2. The degree of expression was equal to that of the
positive control, 1% DMSO. In comparison with 1% DMSO, 2
significantly upregulates the expression of two calcium channel genes,
Cav1.2 and Cav3.1, which may induce differentiation of P19CL6 cells
into spontaneously beating cardiomyocyte-like, i.e., pacemaker-like,
cells. Treatment of P19CL6 cells with 2 also widely developed the area
of these beating cells, resulting in synchronized contraction of
myocardium, due to higher expression of two gap junction genes,
GJA1 and GJA5. Bold arrows indicate these pathways.
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expression was quantified as the fold change in expression of each gene
relative to expression on day 0.
Statistical Analysis. All statistical analyses were carried out using

KyPlot 5.0 software (Kyenslab, Tokyo, Japan). Group comparisons
were performed by ANOVA with the Student−Newman−Keuls post
hoc correction procedure or with Student’s t test. Values are presented
as mean ± SEM; p < 0.05 was considered to indicate statistical
significance.

■ ASSOCIATED CONTENT
*S Supporting Information
This material is available free of charge via the Internet at
http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*Tel: +81-172-39-5023. Fax: +81-172-39-5023. E-mail: seya@
cc.hirosaki-u.ac.jp.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Ministry of Education, Science,
Sports and Culture of Japan [Grant-in-Aid 24590310], Fund of
Northern Tohoku National Three Universities Cooperation
Promotion Research Project, and Hirosaki University Educa-
tional Improvement Promotional Aid. Financial support to
K.I.F. from the Research Foundation for Pharmaceutical
Science (Japan) is also acknowledged. We are grateful to Ms.

I. Miki, Hirosaki University Graduate School of Medicine, for
technical support.

■ REFERENCES
(1) Moens, A. L.; Claeys, M. J.; Timmermans, J. P.; Vrints, C. J. Int. J.
Cardiol. 2005, 100, 179−190.
(2) Frangogiannis, N. G.; Smith, C. W.; Entman, M. L. Cardiovasc.
Res. 2002, 53, 31−47.
(3) Soignet, S. L.; Miller, V. A.; Pfister, D. G.; Bienvenu, B. J.; Ho, R.;
Parker, B. A.; Amyotte, S. A.; Cato, A., 3rd; Warrell, R. P., Jr. Clin.
Cancer Res. 2000, 6, 1731−1735.
(4) Ohtsu, Y.; Johkura, K.; Ito, K.-I.; Akashima, T.; Asanuma, K.;
Ogiwara, N.; Oka, T.; Komuro, I.; Sasaki, K.; Amano, J. Curr. Med. Res.
Opin. 2005, 21, 795−803.
(5) Sadek, H.; Hannack, B.; Choe, E.; Wang, J.; Latif, S.; Garry, M.
G.; Garry, D. J.; Longgood, J.; Frantz, D. E.; Olson, E. N.; Hsieh, J.;
Schneider, J. W. Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 6063−6068.
(6) Martin, G. R. Cell 1975, 5, 229−243.
(7) McBurney, M. W.; Jones-Villeneuve, E. M. V.; Edwards, M. K. S.;
Anderson, P. J. Nature 1982, 299, 165−167.
(8) Habara-Ohkubo, A. Cell Struct. Funct. 1996, 21, 101−110.
(9) Gassanov, N.; Er, F.; Zagidullin, N.; Jankowski, M.; Gutkowska,
J.; Hoppe, U. C. Differentiation 2008, 76, 971−980.
(10) Choi, S. C.; Yoon, J.; Shim, W. J.; Ro, Y. M.; Lim, D. S. Exp.
Mol. Med. 2004, 36, 515−523.
(11) Brufani, M.; Fedeli, W.; Mazza, F.; Gerhard, A.; Keller-
Schierlein, W. Experientia 1971, 27, 1249−1250.
(12) Honda, G.; Tosirisuk, V.; Tabata, M. Planta Med. 1980, 38,
275−276.
(13) Honda, G.; Tabata, M. Planta Med. 1979, 36, 85−90.
(14) Bergman, J.; Lindstrom, J. O.; Tilstam, U. Tetrahedron 1985, 41,
2879−2881.
(15) Jahng, Y. Arch. Pharm. Res. 2013, 36, 517−535.
(16) Chan, H. L.; Yip, H. Y.; Mak, N. K.; Leung, K. N. Cell Mol.
Immunol. 2009, 6, 335−342.
(17) Kimoto, T.; Hino, K.; Koya-Miyata, S.; Yamamoto, Y.;
Takeuchi, M.; Nishizaki, Y.; Micallef, M. J.; Ushio, S.; Iwaki, K.;
Ikeda, M.; Kurimoto, M. Pathol. Int. 2001, 51, 315−325.
(18) Seya, K.; Kanemaru, K.; Matsuki, M.; Hongo, K.; Kitahara, H.;
Kikuchi, H.; Oshima, Y.; Kubohara, Y.; Okumura, K.; Motomura, S.;
Furukawa, K.-I. Br. J. Pharmacol. 2012, 165, 870−879.
(19) Mizuta, E.; Shirai, M.; Arakawa, K.; Hidaka, K.; Miake, J.;
Ninomiya, H.; Kato, M.; Shigemasa, C.; Shirayoshi, Y.; Hisatome, I.;
Morisaki, T. Biomed. Res. 2010, 31, 301−305.
(20) Cappelli, A.; Butini, S.; Brizzi, A.; Gemma, S.; Valenti, S.;
Giuliani, G.; Anzini, M.; Mennuni, L.; Campiani, G.; Brizzi, V.;
Vomero, S. Curr. Top. Med. Chem. 2010, 10, 504−526.
(21) Kanno, S.; Saffitz, J. E. Cardiovasc. Pathol. 2001, 10, 169−177.
(22) Oyamada, M.; Kimura, H.; Oyamada, Y.; Miyamoto, A.;
Ohshika, H.; Mori, M. Exp. Cell Res. 1994, 212, 351−358.
(23) Dhein, S.; Polontchouk, L.; Salameh, A.; Haefliger, J. A. Biol. Cell
2002, 94, 409−422.
(24) Hegner, B.; Weber, M.; Dragun, D.; Schulze-Lohoff, E. J.
Hypertens. 2005, 23, 1191−1202.
(25) Okura, H.; Matsuyama, A.; Lee, C. M.; Saga, A.; Kakuta-
Yamamoto, A.; Nagao, A.; Sougawa, N.; Sekiya, N.; Takekita, K.;
Shudo, Y.; Miyagawa, S.; Komoda, H.; Okano, T.; Sawa, Y. Tissue Eng.
Part C Methods 2011, 17, 145−154.
(26) Kawakami, J.; Matsushima, N.; Ogawa, H.; Kakinami, H.;
Nakane, A.; Kitahara, H.; Nagaki, H.; Ito, S. Trans. Mater. Res. Soc. Jpn.
2011, 36, 603−606.
(27) Mitscher, L. A.; Wong, W. C.; De Meulenere, T.; Sulko, J.;
Drake, S. Heterocycles 1981, 15, 1017−1019.
(28) Kumar, A.; Tripathi, V. D.; Kumar, P. Green Chem. 2011, 13,
51−54.
(29) Fiedler, E.; Fiedler, H.-P.; Gerhard, A.; Keller-Schierlein, W.;
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Table 1. Primers Used for Quantitative Real-Time PCR

gene symbol GenBank accession no. sequences (5′−3′)
G3PDH AF106 860 forward: tgcaccaccaactgcttag

reverse: ggatgcagggatgatgttc
α-MHC NM_010 856 forward: catggctacactcttctctacctatgc

reverse: gagcagacactgtttggaagga
GATA4 NM_008 092 forward: ccaatttgggattttctttttcc

reverse: ccaactcgctcaaaatatatacgaatta
BMP2 NM_007 553 forward: acacagggacacaccaaccat

reverse: tgtgaccagctgtgttcatcttg
Cav1.2 AB259 049 forward: gagccacggtgaatcagga

reverse: gcagtactcggcttcttcactca
Cav1.3 AJ437 292 forward: tacgtggtgaactcctcgcctttcgaat

reverse: ccaggcagagcgtgttga
Cav3.1 AJ012 569 forward: cctgagaatttcagcctccc

reverse: gatcgcatgccgttctcc
Cav3.2 NM_021 415 forward: atgtactcactggctgtgacc

reverse: gagtccaaaagagtgtgggc
HCN2 NM_008 226 forward: cgaggtgctggaggaatacc

reverse: tgcgatctagccggtcaatag
HCN4 AF064 874 forward: cggcaagaagatgtactttatcca

reverse: ttggtctctttgttgcccttagt
GJA1 BC055 375 forward: aattcctcctgccgcaattac

reverse: cctgccccattcgattttg
GJA4 BC056 613 forward: catcttcatgctggtggtagga

reverse: ctttatctcccggctgacaca
GJA5 BC053 054 forward: acctatgtctgcaccattctgatc

reverse: catgcagggtatccaggaaga
GJB1 BC026 833 forward: tgcaacagcgtctgctatgac

reverse: ctgttggtgagctacgtgcatt
GJC1 NM_011 593 forward: tgggtaacaggagttctggtgaa

reverse: atggttgtggatctcctctagca
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