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Supplementary Table 1 Genotypic characteristics of the subjects

SNPID Chr Position Nearby allelel/  Risk Genotype Risk allele frequency HWE P-value
(Build 36.3) gene allele2  allele Men Women Men Women Men  Women
rs1514175 1 74,764,232 TNNISK 429/190/14

AG

562/207/20 0.83

196,717,385 . PIB
25,011,512
006,814,165
75,050,998 oC!
34410847 /G / 150/377/262
28,404,339 519/240/28

243/368/ 178

26,918,180

3810291 52/219/360  47/269/471
Chr, chromosome; HWE, Hardy—Weinberg equilibrium. Number in bold indicate P-value <0.05.

Supplementary Table 2 The association of the 13 SNPs with metabolic traits

SNP ID Nearby FPG (mg/dL) Insulin (LU/mL) HOMA-IR T. Chol. (mg/dL)
gene B(s.e) P-value B(s.e) P-value B (s.e) P-value B(s.e) P-value
151514175 TNNIBK 0.000 (0.005) 0.95 0.017 (0.01 6) 0.29 0.013 (0.018) 0.49 -0.118 (1 -944) 0.95
| 151555543 ‘ ' . 024 (0.018) ‘ /
rs713586 0. 003 (O 01 2) -0.004 (O 013)
| 152943650 ’ .

0.003“(0.012)
.011(0.012)

rs2112347

.0.001 (0.00

drCIL ‘ 8t ;002(0015 0 ; 06)
' ZC3H4 0.000 (0.004) 0.95 0.000 (0. 013) . —0 001 (0 01 5) 0.93 0.537 (1.616) 0.74

Nearby Triglycerides (mg/dL) HDL-C (mg/dL) SBP (mmHg) DBP (mmHg)

gene B(s.e) P-value B(s.e) P-value B(s.e) P-value B(s.e) P-value

TNNIBK -0.003 (0.012) 0.80 0.723 (0.753) 0.34 -0.343 (0.905) 0.70 -0.209 (0 629)

-0.410 (0.693)

PG ). Yo (VY .05 e 0;142 (0 849) d . F

rs3810291 0.013 (0.010) 0.17 -0.028 (0.628) 0.96 0.781 (0.751) 0.30 0.626 (0.517) 0.23
Abbreviations: DBP, diastolic blood pressure; FPG, fasting plasma glucose; HDL-C, high density lipoprotein cholesterol; HOMA-IR; homeostasis
model assessment-insulin resistance index; SBP, systolic blood pressure; SNP, single-nucleotide polymorphism; T. Chol., total cholesterol. HOMA-
IR was assessed as fasting insulin (uU/mL) x fasting plasma glucose/405. Data were derived from a linear regression analysis. The values of FPG,

insulin, HOMA-IR, and triglycerides were logarithmically transformed. Each metabolic phenotype was adjusted for age, gender, and logarithmically
transformed BMI. Numbers in bold indicate P-value <0.05.
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Early Changes of Abdominal Adiposity
Detected with Weekly Dual Bioelectrical
Impedance Analysis during Calorie Restriction

Masakazu Hirata'; Shinji Odori’, Eisaku Mori’, Eri Kondo',
Ken Ebihara’, Kiminori Hosoda'? and Kazuwa Nakao

Midori Idd’, Junji Fujikura’,

Toru Kusakabe',

Objective: To elucidate early change of intra-abdominal fat in response to calorie restriction in patients
with obesity by weekly evaluation using a dual bioelectrical impedance analysis (Dual BIA) instrument.
Design and Methods: For 67 Japanese patients with obesity, diabetes, or metabolic syndrome, intra-
abdominal fat area (IAFA), initially with both Dual BIA and computed tomography (CT), and in subsequent
weeks of calorie restriction, with Dual BIA were measured.

Results: IAFA by Dual BIA (Dual BIA-IAFA) correlated well with IAFA by CT (CT-IAFA) in obese patients

(r = 0.821, P <.0001, n = 67). Ten males and 9 females (age 49.0 = 14.4 years, BMI 33.2 + 7.3 kg/m?)
lost more than 5% of baseline body weight (BW) in 3 weeks, and their Dual BIA-IAFA, BW, and WC
decreased by 18.9%, 5.3%, and 3.8%, respectively (P <.05, ANCOVA).

Conclusion: Dual BIA instrument could detect the weekly change of Dual BIA-IAFA under calorie
restriction in obese patients and demonstrated a substantially larger change of IAFA compared with
changes of BW and WC in early weeks. This observation corroborates the significance of evaluating IAFA
as a biomarker for obesity, and indicates the clinical usefulness of the Dual BIA instrument.

Obesity (2013) 21, E350-E353. doi:10.1002/0by.20300

mine JTAFA by measuring truncal impedance and surface impedance at
the abdomen separately, each of which reflects the truncal adiposity
and the subcutaneous adiposity respectively (11-13). The Dual BIA
instrument has been optimized with aims at robustness for use in a
wide range of human variation by analyzing the size of effect that each
parameter, such as age and gender, can have on the calculation out-
comes utilizing information technology (11-13). In this study, we report
on application of the Dual BIA instrument to compare the weekly
change in IAFA and body weight (BW) of obese patients with the met-
abolic syndrome or diabetes mellitus resulting from calorie restriction.

Introduction

Abdominal adiposity is associated with development of obesity and
metabolic abnormalities in obesity-related diseases (1-3). The adipose
tissue distribution has been quantitatively evaluated by computed to-
mography (CT) (4) or magnetic resonance imaging (MRI) (5), and
intra-abdominal fat area (IAFA) is used as a clinical parameter of ab-
dominal adiposity (6). Although waist circumference (WC) is casually
employed to evaluate abdominal adiposity (7), WC is known to reflect
both the intra-abdominal and the subcutaneous abdominal adiposity. In
addition, the correlation of WC with intra-abdominal adiposity is influ-
enced by age and sex as shown in epidemiological studies (5). Thus,
WC does not necessarily provide the precise information about abdom-
inal fat distribution. Therefore, a new practical method for detecting

Methods

early change in abdominal adiposity is needed to elucidate its conse-
quence during acute phase of calorie restriction in obesity treatment
(8). There have been a few proposals of methods (9,10) that assess
TIAFA as alternatives to CT (4) or MRI (5). However, there has been
no report on clinical application of these methods analyzing the weekly
change of IAFA during calorie restriction. We have developed the dual
bioelectrical impedance analysis (Dual BIA) instrument that can deter-

Dual BIA method and instrumentation

Dual BIA instrument calculates the cross-sectional area of intra-ab-
dominal fat at the level of umbilicus based on the measurement of
electrical potentials resulting from applying small electrical currents in
two different body space. Principles of IAFA determination by Dual
BIA instrument have been described previously (11-13) in detail.
Briefly, the Dual BIA instrument consists of bioelectrical impedance
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component that measures truncal and surface impedance of the body,
and a device that measures physical size of the abdomen. The two sets
of electrodes are for limb and truncal placement. The limb electrodes
consist of four clip-on electrodes placed on wrists and ankles. The
truncal electrodes are eight pairs of electrodes 6 cm apart longitudi-
nally that are fixed to a belt where four pairs each for front and back
are positioned at an equal inter-electrode distance. The belt is adjusta-
ble so that the electrodes are positioned centered on mid-sagittal line
at the level of umbilicus in supine position. The truncal impedance is
measured by applying electrical currents between upper and lower
limb leads and reading voltage from the electrodes around the abdomi-
nal circumference. The surface impedance is measured by applying
and reading voltage from the abdominal circumferential electrodes.
TAFA by Dual BIA (Dual BIA-IAFA) is calculated as follows.

Dual BIA — IAFA = 044 + 0, B — o5 (42 + B2) /2,

(€]
—os/Zi+¢

A: abdominal antero-posterior diameter, B: abdominal transverse diam-

eter, Z: surface impedance, Z;: truncal impedance, &: residual constant.

There was a good agreement of Dual BIA-IAFA and IAFA meas-
ured by CT (CT-IAFA) with the correlation coefficient of 0.888
(n =98, P < .001) (13).

Patient selection

The study was performed according to the protocol approved by Kyoto
University Medical Ethics Review Board (no. 080116). The patient
gave a written consent to participate in this study which took place at
the endocrinology and metabolism ward of Kyoto University Hospital.
We collected data from 67 Japanese patients (36 males and 31
females; mean = SD age, 54.7 = 14.7 years, BMI 29.3 * 6.5 kg/m?)
with obesity (n = 56), diabetes mellitus (» = 45), or the metabolic
syndrome (n = 38) who were hospitalized for calorie restriction ther-
apy or diet education, and had measurement of JAFA by both Dual
BIA method and CT method at the start of calorie restriction. Obesity
was diagnosed as BMI 25.0, and metabolic syndrome was diagnosed
according to 2005 Japanese criteria of metabolic syndrome (14). Aver-
age daily calorie intake was 14373 = 201.4 kcal/day (19.3 = 4.3
keal/ideal BW). Out of 67 patients, 35 patients could be followed for
longer than 3 weeks, while the other patients were discharged earlier
after examination of complications and diet and lifestyle education.
Total daily energy was varied individually during hospitalization based
on consultation between the patient, a dietician, and a physician. Out
of 35 patients who had their Dual BIA-JAFA monitored every week
for at least 3 weeks (four times), 19 patients lost more than 5% of
baseline BW, and were included in the analysis of weekly change in
Dual BIA-TAFA, WC, and BW during weight reduction.

Measurement of Dual BIA, CT, and anthropomet-

ric parameters

Dual BIA-IAFA was measured every week in the morning before
breakfast depending on individual patient’s treatment schedule
(Figure 1A). Abdominal CT was performed for calculation of
CT-IAFA within 7 days before the initial Dual BIA-IAFA measure-
ment. CT-IAFA was calculated at umbilical level by the software,
Virtual Place Lexus (AZE of Japan, Ltd). BW was measured to the
nearest 0.1 kg in the morning of the Dual BIA-JAFA measurement.

Obesity
A Abdominal CT Dual BIA-  Dual BIA- Dual BIA-  Dual BIA-
(CT-TIAFA) TIAFA JAFA IAFA JAFA
Day 0 Day 7 Day 14 Day 21
0-7 days
‘ —————
B
Calorie restriction
B 400 1
r=0.821
p<0.0001
N=67 =
300 -
&
g
A
-
=
= 200
-«
L)
-]
=
=
=
100 4
HEmale
Afemale
|
0 T T T !
0 100 200 300 400
CT-IAFA(cm?)
0 1 2 3 4 5
C s
day0 day7 dayl4 day21
0 * T 1

Change from Baseline (%)
S

—— Body Weight

=20 1 —s— Waist Circumference

Mean£SE
% P<0.05 v.s.day 0

—&—Dual BIA-IAFA

FIGURE 1 A: Diagram of IAFA assessment schedule during the calorie restriction.
Patients started fixed calorie diet within 7 days of taking the abdominal CT image.
Dual BIA-IAFA assessment took place in the morning before meal every week. CT
imaging took place either in the moming or in the afterncon. B: Correlation
between CT-IAFA and BIA-IAFA in 67 patients who were with obesity-related disor-
ders. Square symbols: male, Triangle symbols: female. r = 0.821, P < .001 by
Pearson’s analysis. €: Weekly change of Dual BIA-IAFA plotted along with BW and
WC during weight loss. Nineteen patients who underwent the calorie restriction
and had abdominal CT examined at baseline were monitored for their anthropo-
metric parameters and Dual BIA-IAFA weekly for at least 3 weeks. They lost more
than 5% of BW during the period. Size of the change from baseline values (mean
* SE) is expressed as %. *P < .05 by Student's paired t-test.

WC was measured at the level of the umbilicus to the nearest 0.1
cm in the standing position at the end of expiration while breathing
gently at the time of Dual BIA measurement.
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Statistical methods

Correlation between values obtained by Dual BIA and CT were
evaluated using Pearson’s correlation analysis. Weekly values of
Dual BIA-IAFA, BW, and WC were compared with the baseline
values of day O by Student’s paired f-test. Analysis of covariance
was applied for comparison of Dual BIA-IAFA, BW, and WC at
week 3.

Results

In 67 patients with obesity and related conditions, Dual BIA-JAFA
correlated well with CT-IAFA (r = 0.821, P < .0001) (Figure 1B).

Thirty-five (17 males and 18 females) out of 67 patients were moni-
tored with Dual BIA for longer than 3 weeks, and 19 (10 males and
9 females) out of 35 patients achieved weight loss of more than 5%
of the initial BW. In order to elucidate the change in IAFA during
weight loss, Dual BIA-IAFA, BW, and WC of the 19 patients were
analyzed. Baseline characteristics of the 19 patients were (mean *
SD); age, 49.0 = 14.4 years, height 163.0 = 10.5 cm, BMI 33.2 £
7.3 kg/m®, and CT-IAFA 143.6 * 47.4 cm® BW, WC, and Dual
BIA-IAFA at baseline and at week 3 were: 89.2 £ 26.2 kg and 84.5
* 25.1 kg, 110.6 = 14.1 cm and 106.0 * 14.2 cm, and 1504 =
73.7 cm?® and 124.3 % 70.3 cm?, respectively.

Figure 1C shows the weekly change of Dual BIA-IAFA, BW, and
WC in 19 patients whose BW decreased more than 5% during the 3
weeks of monitoring. Dual BIA-IAFA, BW and WC showed a sig-
nificant reduction after 1 week during the calorie restriction com-
pared with the baseline values (P < .05). Dual BIA-IAFA decreased
every week for the initial 3 weeks and the average reduction in
Dual BIA-IAFA was 18.9%, which was larger than in BW (5.3%)
and WC (3.8%) (ANCOVA, P < .05).

Discussion

The present study demonstrates that the weekly change in IAFA can
be detected with the Dual BIA instrument during the calorie restric-
tion. Due to the practical limitations such as instrumentation and
cost, CT and MRI are unsuitable for weekly monitoring of change
in IAFA. There is also a problem of X-ray exposure in CT scanning.
Consequently, it has been impractical to monitor IAFA weekly or
frequently, in clinical follow-up period with CT or MRI. There have
been several attempts to evaluate the JAFA by BIA (9-13). They
include calculation from whole body impedance and from measuring
abdominal impedance by the electrodes placed on the abdomen
(9,10). Some of the estimates of IAFA incorporate gender and age
of the subject in order to attain high correlation with CT (9,10). In
contrast, Dual BIA, which is a method that is not dependent on
external variables, such as gender or age, had shown a good correla-
tion between Dual BIA-IAFA and CT-IAFA (11-13). In the present
study, we confirmed the good correlation of Dual BIA-JAFA and
CT-IAFA in obese patients. The correlation coefficient for the Dual
BIA-IAFA and CT-IAFA was 0.821 (n = 67) with our subjects
whose average BMI was 29.3. This indicates that Dual BIA pro-
duced reliable measurements with obesity patients and the result
was comparable to the correlation coefficient of 0.888 obtained
with subjects whose average BMI was around 25 (13). It must be
noted that CT-IAFA and Dual BIA-IAFA was not measured on the

same day in the present study, unlike the previous report in which
Dual BIA- and CT-IAFA was taken on the same day (13), and
therefore direct comparison has its limitations. By applying Dual
BIA to monitoring the weekly change of individual body compo-
nent during the calorie restriction, we could detect the characteris-
tic change of IAFA. The significant decrease in Dual BIA-TAFA,
BW, and WC at week 1 supports the suitability of selecting 5% of
BW change at week 3 as a criterion for including in weekly analy-
sis of these parameters.

On average, IAFA showed a larger reduction than BW and WC dur-
ing the initial 3 weeks of calorie restriction. The rapid response of
intra-abdominal adipose tissue to calorie restriction has been sug-
gested in an ultrasonography study that examined a portion of peri-
toneal fat thickness (15). The larger decrease of Dual BIA-IAFA
observed is also in agreement with a study which showed larger
reduction in JAFA evaluated with MRI than that of BW up to 12
weeks on very low calorie diet (16). Together with these results, the
present study established that the intra-abdominal fat decreases rap-
idly in the initial period of calorie restriction by measuring Dual
BIA-IAFA, and demonstrates the usefulness of monitoring the
change in IAFA during the treatment of obesity and its related
disorders.

Weakness of our study is that its design was not of a prospective
weight reduction where every participant was prescribed daily calo-
rie that could produce predetermined level of weight loss within the
study period. Instead we selected participants that had their weight
decreased by at least 5% in order to illustrate the change in abdomi-
nal adiposity on weekly basis. It is also of note that the BW and
Dual BIA-IAFA at week 1 may be affected by salt restriction and
loss of body water that is observed early in calorie restriction.
Because of the small sample size, the observed change in Dual BIA-
IAFA could be larger than actual change. It also depends on the pre-
cision of the instrument. In a separate population, the coefficient of
variation was 7.6% (Ida, M. manuscript in preparation).

In conclusion, the present study demonstrated that Dual BIA instru-
ment can be used to measure IAFA in obese patients, allows fre-
quent measurement, and is useful for detecting the early change in
IAFA during calorie restriction. Information thus obtained along
with other changes in metabolic parameters will be indispensable for
understanding the role of abdominal adiposity, and especially useful
as a diagnostic marker for monitoring obesity and its related disor-
ders (1). In addition, the instrument’s safety and convenience could
be suitable for large population studies.O
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Previously, we reported that exogenous administration of ghrelin
ameliorates glucose metabolism in a neonate streptozotocin (STZ)-
induced diabetic rat model through enhancement of $-cell prolifera-
tion. However, it was not clear whether the observed (3-cell prolifer-
ation was a direct or indirect effect (e.g., via orexigenic or growth
hormone-stimulated pathways) of ghrelin activity. Here, we aimed to
investigate whether ghrelin directly impacts B-cell proliferation after
STZ-induced injury in mice. Seven-week-old male rat insulin II
promoter-ghrelin internal ribosomal sequence ghrelin O-acyltrans-
ferase transgenic (RIP-GG Tg) mice, which have elevated pancreatic
ghrelin levels, but only minor changes in plasma ghrelin levels when
fed a medium-chain triglyceride-rich diet, were treated with STZ.
Then, serum insulin, pancreatic insulin mRNA expression, and islet
histology were evaluated. We found that the serum insulin levels, but
not blood glucose levels, of RIP-GG Tg mice were significantly
ameliorated 14 days post-STZ treatment. Pancreatic insulin mRNA
expression was significantly elevated in RIP-GG Tg mice, and B-cell
numbers in islets were increased. Furthermore, the number of phos-
pho-histone H3% or Ki67* proliferating B-cells was significantly
elevated in RIP-GG Tg mice, whereas the apoptotic indexes within the
islets, as determined by TUNEL assay, were not changed. These
results indicate that ghrelin can directly stimulate B-cell proliferation
in vivo after B-cell injury even without its orexigenic or GH-
stimulating activities, although it did not have enough impact to
normalize the glucose tolerance in adult mice.

ghrelin; B-cell; diabetes; streptozotocin

DECREASED INSULIN SECRETION is one of the major features of
diabetes. Insulin is produced in pancreatic islets by -cells, whose
numbers are reduced or eliminated during the pathology of the
disease. Autoimmune-mediated destruction of B-cells causes type
1 diabetes, and a decrease in B-cell mass is also noted in patients
with type 2 diabetes (5). Accordingly, a substantial effort has been
made toward preventing or reversing (-cell degradation. One
approach has been to find hormones or growth factors that impact
proliferation or survival after B-cell injury. Several hormones,
including growth hormone (GH) (22), prolactin (11), and gluca-
gon-like peptide-1 (GLP-1) (11), have been suggested to stimulate
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B-cell proliferation in cell lines or animal models. Although these
hormones have not yet been tested in the clinic, this approach may
lead to the development of a new class of antidiabetic drugs.

Ghrelin is a 28-amino acid stomach-derived peptide hormone
bearing a unique acyl modification on the third Ser residue, which
is essential for binding to its receptor (18). We (13) previously
reported that exogenous ghrelin administration prevents the de-
velopment of diabetes at the adult stage of a rat neonate strepto-
zotocin (STZ) model. In that study, we observed increased num-
bers of phospho-histone H3*/insulin™ cells in the islets of ghrelin-
treated rats, suggesting that ghrelin had enhanced B-cell
proliferation. However, it was not clear whether that was a direct
or indirect effect of ghrelin treatment. Because ghrelin strongly
stimulates GH secretion (18, 27) and food intake (20, 25), we
could not rule out the possibilities that elevated GH or nutritional
status may have affected B-cell proliferation (6).

Here, we directly examined the effects of ghrelin on B-cells
after STZ treatment by using a recently developed rat insulin II
promoter-ghrelin internal ribosomal sequence ghrelin O-acyl-
transferase (GOAT) transgenic (RIP-GG Tg) mice, in which
ghrelin and GOAT genes are overexpressed in pancreatic
-cells under the control of the rat insulin II promoter (2).
Compared with control mice, RIP-GG Tg mice display an
~16-fold increase in pancreatic ghrelin concentrations but no
change in plasma ghrelin levels when fed a medium-chain
triglyceride-rich diet (MCTD) (2). The aim of this study was to
determine whether ghrelin directly stimulated the proliferation
of B-cells after STZ-induced injury.

MATERIALS AND METHODS

RIP-GG Tg mice. RIP-GG Tg mice were generated as reported
previously (2). In this study, we used male heterozygous Tg mice
along with their non-Tg littermates as controls. Animals were main-
tained on a 12:12-h light-dark cycle and fed a standard diet (SD; CE-2,
352 kecal/100 g; Japan CLEA, Tokyo, Japan) or an MCTD containing
45% Dermol M5 (C8:60%, C10:40%; Research Diet, New Bruns-
wick, NJ) as indicated. RIP-GG Tg mice showed elevated pancreatic
ghrelin only when they were on MCTD, presumably due to the lack
of machinery providing octanoyl acid for acylation in B-cells (2).
RIP-GG Tg mice have normal glucose tolerance and insulin secretion
in the absence of STZ (2). All experimental procedures were approved
by the Kyoto University Graduate School of Medicine Committee on
Animal Research.

STZ treatment. Seven-week-old male mice were randomly assigned
to vehicle or STZ groups. STZ (100 mg/kg body wt in 100 mM citrate
buffer, pH 4.5; Sigma-Aldrich, St. Louis, MO) or vehicle alone was
injected after overnight fasting.
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Blood glucose levels were determined by the glucose oxidase
method using a Glutest sensor (Sanwa Kagaku, Kyoto, Japan), and
serum insulin levels were determined using an Ultrasensitive Plus
Mouse Insulin kit or a High-Range Speedy Mouse Insulin kit (Mori-
naga, Yokohama, Japan).

Real-time quantitative RT-PCR. Total RNA was extracted from pan-
creata using an RNeasy Protect minikit (Qiagen, Hilden, Germany).
Reverse transcription (RT) was performed using a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City, CA). Real-
time quantitative PCR was performed on an ABI PRISM 7500 Sequence
Detection System (Applied Biosystems) using the following primers and
TagMan probes: mouse ghrelin, sense 5'-GCATGCTCGGATGGA-
CATG-3', antisense 5'-TGGTGGCTTCTTGGATTCCT-3'; TagMan
probe 5'-AGCCCAGAGCACCAGAAAGCCCA-3"; mouse insulin 1,
sense 5'-CAGCTATAATCAGAGACCATCAGCAA-3’, antisense 5'-
GGGTAGGAAGTGCACCAACAG-3'; TagMan probe 5'-CAGGT-
CATTGTTTCAAC-3'; mouse Pdxl1, sense 5'-CAAAGCTCAC-
GCGTGGAA-3', antisense 5'-TGTAGGCAGTACGGGTCCTCTT-3";
TagMan probe 5-AGGAGGTGCTTACAC-3'; mouse GHS-R, sense
5’-CTGCTCACCGTGATGGTATG-3', antisense 5'-CAGCAGAG-
GATGAAAGCAAA-3', with Power SybrGreen. Data were normalized
to the 18S rRNA content in each sample.

Pancreatic insulin concentration. To measure pancreatic insulin
concentration, pancreata were obtained from the mice under the ether
anesthesia and homogenized in acid-ethanol. The supernatants were
used for assay after centrifugation.

Immunohistochemistry. Formalin-fixed, paraffin-embedded tissue
sections were immunostained using the avidin-biotin peroxidase com-
plex method (Vectastain ABC Elite Kit; Vector Laboratories, Burlin-
game, CA) as described previously (14). Serial sections (5 pm) were
incubated with anti-insulin antibody (1:500; DAKO, Glostrup, Den-
mark). Counterstaining was performed with Mayer’s hematoxylin.

Quantitative evaluations of insulin™ areas were performed using
WinROOF (Mitani, Fukui, Japan). For each pancreas, insulin™ areas and
islets were evaluated using five sections spaced more than 40 pm apart.
The number of insulin™ cells within an islet was counted in five sections
spaced more than 40 um apart. The relative volume of insulin™ cells was
determined by calculating the ratio between the area occupied by insulin™
cells and the area encompassed by islet cells.

B-Cell proliferation. To detect B-cell proliferation, pancreatic tis-
sue sections were double-stained to detect both phospho-histone H3
(Ser!®) or Ki67 and insulin. First, the immunoreactivity of the anti-
phospho-histone H3 (Ser!?) antibody (1:50; Cell Signaling Technol-
ogy, Beverly, MA) or anti-Ki67 antibody (1:25; BD Pharmingen,
Franklin Lakes, NJ) was detected using a Vectastain ABC Elite kit
with a DAB (DAKO) substrate. Then, the sections were incubated
with anti-insulin antibody (1:500, DAKO), which was visualized with
VECTOR VIP (Vector Laboratories). Quantitation of B-cell prolifer-
ation was performed by counting phospho-histone H3* or Ki67*/
insulin™ cells using five sections spaced more than 40 pm apart. The
relative number of phospho-histone H3* or Ki67* cells was deter-
mined by calculating the ratio between the numbers of phospho-
histone H3* or Ki67* cells and insulin™ cells.

Apoptosis. Apoptotic cells were detected using the terminal deoxy-
nucleotidyltransferase-mediated dUTP nick-end labeling (TUNEL)
assay (ApoMark apoptosis detection kit; Exalpha Biologicals, May-
nard, MA). Quantitation of apoptotic cells was performed by counting
TUNEL™ cells within islets using five sections spaced more than 40
pm apart. The number of TUNEL™ cells was presented as the number
of TUNEL™ cells/area of necrotic B-cells.

To detect apoptotic cells with DNA not yet fragmented, pancreatic
tissue sections were stained with anti-cleaved caspase-3 (Aspl75)
antibody (1:300; Cell Signaling Technology, Beverly, MA). Quanti-
tation of apoptotic cells was performed by counting cleaved
caspase-3* cells within islets using five sections spaced more than 40
wm apart. The number of cleaved caspase-3™ cells was presented as
the number of cleaved caspase-3™ cells/area of necrotic B-cells.

E141

Statistical analyses. All values are expressed as means * SE. The
statistical significance of differences in mean values was assessed by
Student’s t-test. Differences where P < 0.05 were considered significant,
Statistical analyses were performed using Statcel2 (OMS, Saitama, Ja-
pan).

RESULTS

Glucose metabolism and insulin secretion in RIP-GG Tg
mice treated with STZ. When RIP-GG Tg mice and their non-Tg
littermates were fed a diet of MCTD and treated with STZ, blood
glucose levels were significantly elevated in both groups at 7 and 14
days posttreatment compared with vehicle-treated mice (Fig. 14), and
body weights were significantly decreased in both groups at 7 and
14 days posttreatment compared with vehicle-treated mice (Fig.
1B). At 14 days posttreatment, serum insulin levels were signifi-
cantly decreased in STZ-treated mice, and when compared be-
tween genotypes, the insulin levels were significantly higher in
RIP-GG Tg mice than in non-Tg littermates (Fig. 1D), although
only the tendency was observed at 7 days posttreatment (Fig. 1C).
The glucose levels in RIP-GG Tg mice, however, were not
improved even at 14 days post treatment (Fig. 14).

Insulin mRNA expression and B-cell numbers in RIP-GG Tg
mice treated with STZ. The pancreatic insulin 1 and PDX-1
mRNA levels were not changed in RIP-GG Tg mice 7 days
after STZ treatment but were significantly elevated in RIP-GG
Tg mice 14 days after STZ treatment, with increased tendency
in pancreatic insulin contents (Fig. 2, A, B, E). Pancreatic
ghrelin mRNA levels were increased ~70-fold in RIP-GG Tg
mice compared with their non-Tg littermates (Fig. 2C). The
pancreatic GHS-R mRNA levels were not changed with STZ
treatment and were not different between the genotypes (Fig.
2D). We assessed B-cell numbers in the islets of RIP-GG Tg
mice 7 and 14 days after STZ treatment (Fig. 3). In accord with
the insulin mRNA levels, the ratio of insulin™ cell area per islet
was significantly higher in RIP-GG Tg mice than in their
non-Tg littermates 14 days after STZ treatment (Fig. 3, D and
E), although the restoration of B-cell area was limited, consid-
ering the fact that the B-cell area in vehicle-treated RIP-GG Tg
mouse was 83.7 * 0.67% and that of their non-Tg littermates
was 82.9 * 0.74% (Fig. 3G). And the difference was not
observed without STZ treatment (B-cell areas on day O:
RIP-GG Tg vs. non-Tg: 88.9 = 0.71 vs. 87.6 = 0.99%, P =
0.29), as reported previously (2). The number of insulin™ cells
per islet was also significantly higher in RIP-GG Tg mice than
in vehicle-treated control animals 14 days after STZ treatment
(Fig. 3F). These differences were not observed 7 days after
STZ treatment (Fig. 3, A-C).

Phospho-histone H3"/insulin™ cells and Ki67™/insulin™
cells in RIP-GG Tg mice treated with STZ. To determine
whether the increased number of insulin™ cells in the islets of
RIP-GG Tg mice was due to increased B-cell proliferation, we
assessed phospho-histone H3 and Ki67 expression, which
indicate proliferating cells, in the islets of RIP-GG Tg mice 7
and 14 days after STZ treatment. The ratios of phospho-histone
H3%/insulin™ cells or Ki67"/insulin* cells to insulin® cells
were not changed in RIP-GG Tg mice 7 days after STZ
treatment (Fig. 4, A-D) but were significantly higher in the
islets of RIP-GG Tg mice 14 days after STZ treatment (Fig. 4,
E-H), indicating that B-cell proliferation had increased in these
animals at 14 days posttreatment.
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Fig. 1. Serum insulin levels are increased in STZ-treated RIP-GG Tg (rat insulin II promoter-ghrelin internal ribosomal sequence ghrelin O-acyltransferase
transgenic) mice compared with control animals. A and B: blood glucose levels (A) and body weight (B) in RIP-GG transgenic mice (Tg) and their non-Tg
littermates treated with STZ or vehicle alone; n = 8-10. ** ##P < 0.01 vs. vehicle alone. C and D:s insulin levels in Tg mice and their non-Tg littermates treated
with STZ or vehicle 7 days (C) or 14 days posttreatment (D); n = 8-10. *P < 0.05.

Short-term effects of STZ treatment: residual B-cell numbers
and apoptotic index in islets of RIP-GG tg mice. Finally, we
attempted to elucidate whether overexpressed ghrelin had di-
rect protective effects on B-cells against STZ treatment. Since
we could not detect any TUNEL-positive cells or cleaved
caspase-3-positive cells in the islets 14 days after STZ treat-

ment (data not shown), we examined residual B-cells and the
apoptotic index in islets of RIP-GG Tg mice soon after STZ
administration. One day postadministration of the drug, cell
nuclei in the islet core were diminished; however, strong
immunoreactivity for insulin was still broadly observed, prob-
ably due to leakage of insulin from damaged B-cells (Fig. 5A).
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This artifact made it difficult to accurately determine the
number of residual B-cells. As an alternative, we assessed
insulin mRNA levels in the pancreas of RIP-GG Tg mice
before and 1 day after treatment. The pancreatic insulin mRNA
levels were significantly decreased in both groups 1 day post-
treatment, and there was no difference in insulin mRNA levels
between the genotypes, indicating that B-cell destruction by
STZ was not affected by overexpressed ghrelin (Fig. 5B). In
addition, to determine whether the apoptotic cells were in-
creased, we assessed TUNEL and cleaved caspase-3 expres-
sion in islets from RIP-GG Tg mice. The ratio of TUNEL™* cell
or cleaved caspase-3" cell number per islets area was not
significantly different from that of their non-Tg littermates
(Fig. 5, C-F).

DISCUSSION

In this study, we found that overexpression of intraislet
ghrelin ameliorated insulin secretion in an STZ-induced dia-
betic mouse model by stimulating the proliferation of B-cells in
the islets. This finding is in accord with our previous reports
that exogenous ghrelin administration stimulates 3-cell prolif-
eration in STZ-treated neonate rats (13). In the previous study,
it was not clear whether the stimulatory effects of ghrelin on
B-cells were direct or indirect. We hypothesized that indirect
mechanisms could be mediated through ghrelin’s GH-stimu-
lating and/or orexigenic properties. Here, by using RIP-GG Tg

mice, in which intraislet ghrelin levels are elevated without
major changes in plasma ghrelin levels (2), we clearly demon-
strated that ghrelin directly stimulated B-cell proliferation in
vivo after STZ treatment.

Although serum insulin levels were elevated in STZ-treated
RIP-GG Tg mice, glucose levels were not improved to the
degree observed in ghrelin-treated neonate STZ rats (13). The
relatively weak effect observed in this study may have been
due to the differences in age and species compared with the
previous study. In rats, B-cell numbers continue to increase
after birth and reach a steady-state level at weaning (10).
Accordingly, in the neonate STZ-treated rat model, B-cell
numbers recover to some degree even without any therapeutic
treatment, and elevated glucose levels temporally return to
normal for several weeks after STZ administration (30). Here,
we used adult mice with limited capacity for B-cell prolifera-
tion (10). Since RIP-GG Tg mice must be fed MCTD in order
to increase islet ghrelin levels, we could not study the mice
before weaning. The age-related differences in 3-cell prolifer-
ative capacities may explain the disparities in the intensity of
ghrelin activity between the current study and the previous
report. Another possibility is that the differences reflect spe-
cies-specific variations. B-Cell sensitivity to STZ is known to
be different among species (31). For example, rats are more
sensitive than mice to the effects of the drug (31). This
difference in STZ sensitivity may have affected the results of
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not to have enough power to improve the glucose tolerance in
adult STZ mouse model.

Ghrelin is reported to stimulate the proliferation of several
cell lines, including the pancreatic cancer cell line PANC1 (9),
the somatotroph cell line GH3 (21), the prostate cancer cell line
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Fig. 4. Phospho-histone H3™* cells are more abundant in islets of RIP-GG Tg mice than in controls. A and C: representative images of islet tissue sections from
Tg mice and their non-Tg littermates 7 days post-STZ treatment. Sections were immunostained with an anti-phospho-histone H3 antibody (A) or an anti-Ki67
antibody (C) (brown, arrow) and an anti-insulin antibody (purple). B and D: ratio of phospho-histone H3* cells (B) or Ki67™ cells (D) to insulin™ cells in islets
of Tg mice and their non-Tg littermates 7 days post-STZ treatment; n = 5. E and G: representative images of islet tissue sections from Tg mice and their non-Tg
littermates 14 days post-STZ treatment. Sections were immunostained with an anti-phospho-histone H3 antibody (E) or an anti-Ki67 antibody (G) (brown, arrow)
and an anti-insulin antibody (purple). F and H: ratio of phospho-histone H3™* cells (F) or Ki67™* cells (H) to insulin™ cells in islets of Tg mice and their non-Tg
littermates 14 days post-STZ treatment; n = 7-8. **P < 0.01.
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PC3 (15), and osteoblasts (19). Conversely, the peptide has
been observed to inhibit the growth of tumors and tumor-
derived cell lines including human breast carcinoma (6) and
fetal thyroid and thyroid follicular tumors (28). Thus, our
results are in accord with previous reports that ghrelin can
stimulate cell proliferation. Given that B-cell proliferation is
not increased at a basal state in RIP-GG Tg mice (2), the
proliferative effects of ghrelin on B-cells seem to be limited.
B-Cell proliferation is enhanced in STZ- (30) or alloxan-treated
rodents (29) in a partially pancreatectomized rat (4) and in a
ductally ligated hamster (23). However, the mechanisms un-
derlying the stimulation of (-cell proliferation in these injury
models have not yet been completely elucidated. Ghrelin may
synergize with these injury-derived proliferative effects on
B-cells. Further studies will be needed to clarify the precise
mechanisms by which ghrelin stimulates B-cell proliferation.

Several lines of evidence suggest that ghrelin can exhibit
antiapoptotic effects on a variety of cell types (1, 7, 12, 16, 17).
With respect to B-cells, Granata et al. (12) reported that ghrelin
prevented apoptosis in the B-cell lines HIT-T15 and INS-1E, as
well as in human islets. By contrast, in this study we could not
detect differences in the apoptotic index of the islets between
RIP-GG Tg and control mice. The discrepancy between the
previous results and this study may be due to differences in
experimental conditions. For example, Granata et al. used
B-cell lines and isolated islets in vitro and induced apoptosis by
serum starvation or the addition of interferons (12), whereas
we used an in vivo STZ-induced diabetic mouse model. Fur-
thermore, it has been reported that low doses of STZ induce
B-cell apoptosis, whereas high doses cause B-cell necrosis
(24). In this study, we used 100 mg/kg, which is a relatively
high dose. Therefore, although we detected very few apoptotic
cells in RIP-GG Tg islets, on the basis of these results we
cannot determine whether ghrelin directly protected B-cells
from apoptosis.

The results of this study indicate that introduction of ghrelin
and GOAT to B-cells may have beneficial effects on diabetes
in the sense that it may increase [-cell mass. On the other hand,
previous reports indicate that exogenous ghrelin administration
suppresses insulin secretion and elevates blood glucose level
and that inhibition of ghrelin or GOAT ameliorates glucose
tolerance in mice by enhancing insulin secretion (3, 26, 32).
Considering that RIP-GG Tg mice have normal glucose toler-
ance and insulin secretion, the level of ghrelin needed to
stimulate B-cell proliferation after STZ-induced B-cell injury
seems to be lower than the level to suppress insulin secretion.
It would be necessary to keep in mind the deleterious side of
ghrelin’s effect on P-cells when therapeutic application of
ghrelin on B-cell injury is considered.

One drawback of this study is that ghrelin may be produced
in tissues other than the B-cell, such as hypothalamus, as is the
case in the RIP-Cre mice (8), which may have affected p-cell
proliferation. Actually, the mRNA levels of ghrelin and GOAT
were elevated in the hypothalamus of RIP-GG Tg mice (2).
However, when we examined the expression of the peptide by
immunohistochemistry, we found no apparent differences of the
ghrelin-like immunoreactivities in the hypothalamus between Tg
mice and controls (data not shown). Furthermore, there were no
differences in body weight between two groups. Therefore, we
doubt that physiologically meaningful levels of ghrelin were
produced in the hypothalamus of RIP-GG Tg mice. Nonethe-
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less, we cannot completely eliminate the possibility that the
leakage expression of ghrelin in other tissues may have also
affected the B-cell proliferation indirectly.

In conclusion, we found that serum insulin levels, B-cell
numbers and B-cell proliferation were significantly elevated in
RIP-GG Tg mice after STZ treatment without amelioration in
glucose levels. These results indicate that ghrelin can directly
stimulate (-cell proliferation in vivo after B-cell injury even
without its orexigenic or GH-stimulating activities, although it
did not have enough impact to normalize the glucose tolerance
in adult mice.
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Abstract

Background—The proliferation of cardiomyocytes is highly restricted after postnatal
maturation, limiting heart regeneration. Elucidation of the regulatory machineries for the
proliferation and growth arrest of cardiomyocytes is imperative. Chemical biology is efficient to
dissect molecular mechanisms of various cellular events and often provide therapeutic potentials.
We have been investigating cardiovascular differentiation with pluripotent stem cells (PSCs). The
combination of stem cell and chemical biology can provide novel approaches to investigate the
molecular mechanisms and manipulation of cardiomyocyte proliferation.

Methods and Results—To identify chemicals that regulate cardiomyocyte proliferation, we
performed a screening of a defined chemical library based on proliferation of mouse PSC-derived
cardiomyocytes and identified 4 chemical compound groups - inhibitors of glycogen synthase
kinase-3 (GSK3), p38 mitogen-activated protein kinase (MAPK) and Ca2*/calmodulin-dependent
protein kinase Il (CaMKII), and activators of extracellular signal-regulated kinase (ERK). Several
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appropriate combinations of chemicals synergistically enhanced proliferation of cardiomyocytes
derived from both mouse and human PSCs, notably up to a 14-fold increase in mouse
cardiomyocytes. We also examined the effects of identified chemicals on cardiomyocytes in
various developmental stages and species. Whereas ERK activators and CaMKII inhibitors
showed proliferative effects only on cardiomyocytes in early developmental stages, GSK3 and p38
MAPK inhibitors substantially and synergistically induced reentry and progression of cell cycle in
not only neonatal but also adult cardiomyocytes.

Conclusions—Our approach successfully uncovered novel molecular targets and mechanisms

controlling cardiomyocyte proliferation in distinct developmental stages and offered PSC-derived

cardiomyocytes as a potent tool to explore chemical-based cardiac regenerative strategies.
Keywords

cardiomyocyte; embryonic stem cell; proliferation; small molecules

Life-threatening heart diseases, such as myocardial infarction and heart failure, are major
causes of death in developed countries. Due to the almost non-existent cardiomyocyte
turnover in the human heart after birth, recovery of cardiac function after heart disease is
insufficient.! The low levels of proliferation and regeneration ability of cardiomyocytes
must be overcome to effectively treat these diseases. Although numerous causes of postnatal
cell cycle arrest were extensively investigated, such as balances of cyclins, cyclin dependent
kinases (CDKs) and CDK inhibitors?, growth factors>—9, transcription factors!%-14 and
micro RNA13, heart regenerative medicine has not been effective. One of the limitations is
lack of efficient methods for manipulating multiple factors simultaneously.

We hypothesized that a chemical biological approach would be a suitable answer to this
problem. Compared to conventional genetic methods, chemical-biological approaches for
exploring key biological mechanisms have many advantages, enabling temporal control,
rapid inhibition or activation, and regulation of functionally overlapping targets.16:17
Moreover, chemicals can function across similar species and can be directly applied as
therapeutic drugs. Thus, identifying novel chemicals would be an efficient approach to
elucidate novel mechanisms regulating cardiomyocyte proliferation and finalty employ
cardiac regeneration as a therapeutic strategy. Nevertheless, no efficient chemical screening
platform for cardiomyocyte proliferation has been explored to date. Recent advances in
imaging and analyzing have led to novel approaches to analyze numerous samples
automatically. These cell-based and imaging-based methods to screen are called high-
content slcsreening (HCS), providing various information on cellular phenotype including cell
division.

Pluripotent stem cells (PSCs), including both embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs) have great potentials for therapeutic purpose and for drug
discovery as they can give rise to any cell types, including cardiomyocytes.!923 We have
been investigating cardiovascular cell differentiation and regeneration with the use of PSCs,
and have established efficient methods for cardiac differentiation from mouse and human
PSCs.2428 Here we combined our stem cell technology and chemical-biology with HCS to
identify chemicals inducing cardiomyocyte proliferation. We successfully identified several
chemicals with distinct molecular targets and confirmed their proliferative effects on
cardiomyocytes from mouse PSCs. We further demonstrated that the chemical-induced
effects on cardiomyocytes from different stages of maturation - embryos, neonates and
adults. This study provides novel understanding for molecular machineries and would offer
efficient ways to regulate cardiomyocyte proliferation with chemicals.
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Methods

Reagents and Antibodies

The SCADS inhibitor kit containing approximately 280 well-established kinase
inhibitors?%-30 was a gift from the Screening Committee of Anticancer Drugs supported by a
Grant-in-Aid for Scientific Research on Priority Area ‘Cancer’ from The Ministry of
Education, Culture, Sports, Science and Technology, Japan. See Supplemental Methods for
reagents and antibodies.

High-Content Screening

The screening process is summarized in Figure S1 and S2. FACS-purified mouse ESC-
derived cardiomyocytes (mESCMs) were plated on 0.1% gelatin-coated 96-well plates at
500 cells per well. Cells were treated with chemicals from SCADS inhibitor kit (0.2uM-
5uM) for 5 days, followed by fixation and staining with anti-a-myosin heavy chain (¢ MHC)
antibody and DAPI. A DAPI-positive spot in an aMHC-positive area was counted as one
nucleus (Figure S2¢). aMHC-positive nuclei in four low magnification fields, covering
approximately 60% of a single well of 96-well plates, were counted using HCS system
ImageXpress (Molecular Devices, Sunnyvale, CA, USA) and image processing software
MetaXpress (Molecular Devices).

Statistics

All experiments were repeated at least three times, except the first screen that was repeated
twice. Values were reported as mean + SD and were analyzed by Mann-Whitney test (for
two-group comparison), or by Dunn’s test (for multiple comparison) using a statistics
software, GraphPad Prism (GraphPad Software, Inc., CA, USA). Values of p < 0.05 were
considered to be statistically significant.

See Supplemental Methods for mouse ESC and human ESC/iPSC culture and
differentiation, cardiomyocyte isolation, immunostaining, cell-cycle analysis by flow
cytometry, Western blotting, gene knockdown, electrophysiological study, and quantitative
reverse transcriptional polymerase chain reaction (qQPCR).

Results

Chemical Library Screening for Cardiomyocyte Proliferation in mESCMs

A mouse ESC line carrying aMHC promoter-driven enhanced green fluorescent protein
(aMHC-EGFP)? was used to prepare purified early differentiated cardiomyocytes (Figure
S1), with which we evaluated the chemical-induced effects on cardiomyocyte proliferation.
mESCMs appear at 3—4 days after Flk1-positive mesoderm cells were cultured on OP9
stroma cells as we previously reported (Flkd3 to d4; Figure S$1).23-27 Within a few days after
the cells differentiated to cardiomyocytes, they ceased their proliferation similar to
cardiomyocytes in vivo. To screen chemicals that exhibit a direct pro-proliferative effect on
mESCMs, we sorted, purified and re-cultured aMHC-EGFP-positive mESCMs at Flkd6
(Figure S2b—d). For the primary screen, we performed HCS to directly count the number of
cardiomyocyte nuclei (Figure S2¢). Purified mESCMs were re-plated on 96-well plate with
treatment of each chemical from the SCADS inhibitor kit in three concentrations (0.2, 1, 5
puM). Five days after treatment (Flkd6+5), the average number of mESCM nuclei was 35.6 +
17.5 (cells per field, n = 35) in the control condition. Seven chemicals increased mESCM
nucleus number more than inean + 2SD of control (red spots in Figure 1a and Table S1).
Two Ca2+/calmodu1in-dependent kinase II (CaMKII) inhibitors increased the number of
mESCM nuclei more than mean + 1SD of control (blue spots in Figure 1a and Table S1).
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Because more than 80% of murine mature cardiomyocytes in adults are reported to have two
nucleil> 31, an increase in the number of cardiomyocyte nuclei may not directly reflect the
actual increase in the number of cardiomyocytes. To evaluate the effects of the chemicals on
the actual cardiomyocyte number, we performed a secondary screen with seven small
molecules of independent kinase targets among the nine candidate chemicals (Table S1). We
purified mESCMs, re-cultured with chemicals for 5 days, and calculated the actual
cardiomyocyte number by cell counting and flow cytometry for aMHC-EGFP (Figure S2d).
Three out of the seven chemicals significantly increased mESCM cell number (Figure 1b).
BIO (GSK3 inhibitor, 1 uM), SU1498 (FIk1 inhibitor, 5 pM), and KN93 (CaMKII inhibitor,
5 uM) increased cardiomyocyte number to 3.4 £+ 1.4, 2.5 + 0.6, and 2.2 = 0.4 times over
control, respectively.

Next, we compared mESCM number between Flkd6+2 and Flkd6+5 to confirm whether
these chemicals could actually increase cardiomyocyte proliferation and whether they did
not simply improve the re-plating viability of mESCMs. Whereas re-plated mESCMs
showed no increase in cell number with DMSO alone, all three chemicals significantly
increased mESCM number during Flkd6+2 to Flkd6+5 (Figure 1c). We further confirmed
cardiomyocyte proliferation with time-lapse video recording (Figure 1d, Supplemental
Movie 1-4). Whereas a control cardiomyocyte (Movie S1) ceased proliferation and just
underwent hypertrophic change, cardiomyocytes treated with these chemicals caused cell
division and proliferation (Movie S2—4). These data clearly show that the three chemicals
(BIO, SU1498 and KN93) enhance mESCM proliferation and increase in mESCM number
accompanying actual cell division but not binucleation.

Induction of Cell Cycle Progression in Cardiomyocytes by Chemicals

Next, we examined changes in mESCM cell cycle. The ratio of S phase in mESCMs, as
estimated with 3 hour pulse-labeled EdU incorporation, and the ratio of M phase in
mESCMs, as estimated by immunostaining of Phosphorylated Histone H3 (pH3) at Flkd6+3
were increased more than 2.2 times by BIO treatment and increased approximately 1.5-2
times by SU1498 and KN93 (Figure 2a—c). The ratio of 4N cardiomyocytes was examined
as doubled DNA contents (4N) and EdU-negative cells in cardiac Troponin T (¢TnT)-
positive population by flow cytometry. 4N cardiomyocytes, consisting of cells in G2/M
phase and cells with binuclei, were not increased by any of chemical treatment but reduced
by KN93 treatment compared with DMSO treatment, suggesting binuclear cardiomyocytes
were not induced by these chemicals (Figure 2d). Western blotting for cyclins showed that
BIO but not SU1498 or KN93 treatment increased Cyclin D2 and Cyclin D3 (Figure 2¢) as
reported.3? On the other hand, a CDK inhibitor, [nk4b expression was downregulated 30%
by treatment of each chemical at Flkd6+2 (Figure 2f). Downregulation of Ink4b was
sustained until Flkd6+5 in SU1498 or KN93 treatment (Figure 2g). These results indicate
that these chemicals actually induce cell cycle progression in cardiomyocytes by regulating
Cyclin/CDK activity.

Molecular Targets of the Chemicals

Next we confirmed the molecular targets of these three chemicals. Addition of CHIR99021,
another GSK3-specific inhibitor (Figure 3a), or Wnt3a (data not shown) increased
cardiomyocyte numbers similar to BIO, indicating that inhibition of GSK3 enhanced
mESCM proliferation as reported in rat cardiomyocytes. 2

SU1498, first reported as a tyrosine kinase inhibitor of vascular endothelial growth factor
receptor 2 (VEGFR2; also designated as Flk1)33, enhanced cardiomyocyte proliferation
even though FIk1 is not expressed in mESCMs2, suggesting that SU1498 exerted its effect
through targets other than Flk1. SU1498 was reported to cause accumulation of
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