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FIG. 6. Transplantation of ad-
ipocytes derived from other human
pluripotent stem cells. (A-O)
Transplanted cells were stained
with HE. Morphological features of
implanted Matrigel containing dif-
ferentiated B7 (A), W12 (B), and
KhES-1 (C) after 2 weeks. Scale
bars=100um. (D) Relative adipo-
cyte areas at 2 weeks after trans-
plantation of differentiated B7,
W12, and KhES-1. Data are ex-
pressed as meantstandard error.
At least six sections from three
samples were analyzed for each

group.

mesenchymal progenitor cells are rare populations in dif-
ferentiated iPS and ES cells after adipogenic induction at that
point although mesenchymal progenitor cells may reside in
derivatives from human PS cells at an earlier time point of
this differentiation protocol.

Transplantation of mature adipocytes often results in graft
loss caused by direct reduction of the number of viable ad-
ipocytes [22]. Transplantation of mature adipocytes together
with adipose-derived stem cells significantly improves sur-
vival times and graft volumes, as compared with trans-
plantation of mature adipocytes alone [21,44]. Thus,
cotransplantation of mature adipocytes and preadipocytes
derived from human iPS and ES cells may be advantageous
for graft survival. Establishing a lineage-specific adipocyte
differentiation protocol and the methods for the purification
of adipocyte progenitors derived from human PS cells will be
essential for the success of future cell therapies using adi-
pocytes derived from human iPS cells.

Adipose tissue is now known to be a bona fide endocrine
organ, which secretes a variety of adipocytokines, including
leptin. Generalized lipodystrophy is caused by a profound
deficiency in adipose tissue, which leads to diabetes with
marked insulin resistance, hypertriglyceridemia, and ectopic
lipid accumulation. We and others have established the effi-
cacy and safety of long-term leptin replacement therapy for
generalized lipodystrophy [45-50], but this therapy does not
rescue these patients from their generalized lack of adipose
tissue. The only complete cure for these patients would be
replenishment of adipose tissue or adipocytes. Indeed, trans-
plantation of adipose tissue or adipocyte progenitors has been
demonstrated to ameliorate metabolic disorders in animal
models of lipodystrophy [20,51]. Generalized lipodystrophy is
classified into two types, congenital and acquired lipody-
strophy. In the case of congenital lipodystrophy, we need to
repair gene mutation of the patient-specific iPS cells for cell

therapy. On the other hand, in the case of acquired lipody-
strophy, iPS cells are expected to differentiate into adipocytes.
However, successful engraftment of adipocytes derived from
human iPS cells may be affected by host factors. Then, in
consideration of allogeneic transplantation, iPS cell banking is
now discussed, and some groups proposed clinical applica-
tion of iPS cells from HLA homologous donors [52,53].
Transplantation using those allogeneic iP5 cells can decrease
or minimize the risk of immune rejection. Human iPS cell-
derived adipocytes from patients or HLA homologous donors
are a new strategy for the treatment of lipodystrophy.

In our transplantation studies, adipocytes derived from
differentiated iPS (G4) and ES (H9) cells were clearly ob-
served, whereas adipocytes derived from other human iPS
cell lines (B7 and W12) or another human ES cell line (KhES-
1) were observed less frequently. This suggests there is di-
versity among these cell lines with respect to the survival
and maintenance of adipocytes. It was previously reported
that there are marked differences in differentiation propen-
sity among human ES cell lines [54]. One possible explana-
tion is that these differences are attributable to the difference
of in vitro adipogenic differentiation potential among these
cell lines caused by their genetic backgrounds, sites of
transgene integration, and epigenetic states. Further studies
will be needed to clarify the mechanism underlying the ob-
served differences.

In summary, the present study demonstrates that human
iPS and ES cells can differentiate into adipocytes with func-
tional properties and that adipocytes derived from human
iPS and ES cells can survive and maintain the differentiated
properties in vivo for at least 4 weeks after transplantation.
Establishment of refined adipocyte differentiation protocol of
human iPS and ES cells and the transplantation method of
adipocytes derived from human iPS and ES cells will con-
tribute to understanding the pathophysiology of metabolic
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diseases such as obesity and lipodystrophy as well as to
future therapeutic applications.
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Early Changes of Abdominal Adiposity
Detected with Weekly Dual Bioelectrical
Impedance Analysis during Calorie Restriction

Midori Ida', Masakazu Hirata', Shinji Odori’, Eisaku Mori', Eri Kondo', Junji Fujikura',
Toru Kusakabe', Ken Ebihara’, Kiminori Hosoda'? and Kazuwa Nakao'

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 I1AFA

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

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
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
IAFA 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-

mine IAFA 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.

Methods

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.
IAFA by Dual BIA (Dual BIA-IAFA) is calculated as follows.

Dual BIA — IAFA = mA + 0, 8° — a3 (A% + B2) '/ Z,

M
—o4/Z + €

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/n12)
with obesity (1 = 56), diabetes mellitus (n = 45), or the metabolic
syndrome (n = 38) who were hospitalized for calorie restriction ther-
apy or diet education, and had measurement of IAFA 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 = 43
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-IAFA 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-IAFA, 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-IAFA measurement.

Obesity
Abdominal CT Dual BIA-  Dual BIA- Dual BIA-  Dual BYA-
(CT-IAFA) [AFA IAFA IAFA TAFA
Day 0 Day7 Day 14 Day 21
0-7 days
B
L
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B 400
r=0.821
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E
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<
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=
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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 morning or in the afternoon. 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 t-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-IAFA
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/n12, 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 IAFA 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-IAFA 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-IAFA,
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 IAFA 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.Q

Acknowledgments

Authors thank all the volunteers who took part in the study, and
Research and Development Department of Omron Healthcare Cor-
poration for use of the Dual BIA instrument.

© 2013 The Obesity Society

References

1. Matsuzawa Y. The role of fat topology in the risk of disease. /nt J Obes 2008;32:
§83-5892.

E352 Obesity | VOLUME 21 | NUMBER 9 | SEPTEMBER 2013

www.obesityjournal.org



Original Article
CLINICAL TRIALS: BEHAVIOR, PHARMAGOTHERAPY, DEVICES, SURGERY

[~

hed

Obesity

Miyawaki T, Hirata M, Moriyama K, et al. Metabolic syndrome in Japanese diag-
nosed with visceral fat measurement by computed tomography. Proc Jpn Acad Ser
B 2005:81:471-479.

Després JP, Lemieux I. Abdominal obesity and metabolic syndrome. Nature 2006;
444:881-887.

Ferland M, Després JP, Trembly A, et al. Assessment of adipose tissue distribution
by computed axial tomography in obese women: association with body density and
anthropometric measurements. Br J Nutr 1989;61:139-148.

Kuk JL, Lee S, Heymsfield SB, Ross R. Waist circumference and abdominal adi-
pose tissue distribution: influence of age and sex. Am J Clin Nurr 2005.81:
1330-1334.

Cornier MA, Després JP, Davis N, et al. A scientific statement from the American
Heart Association. Circulation 2011;124:1996-2019,

Miyawaki T, Abe M, Yahata K, Kajiyama N, Katsuma H, Saito N. Contribution of
visceral fat accumulation to the risk factors for atherosclerosis in non-obese Japa-
nese. Intern Med 2004;:43:1138-1144,

Isbess JM, Tamboli RA, Hansen EN, et al. The importance of caloric restriction in
the early improvements in insulin sensitivity after Roux-en Y gastric bypass sur-
gery. Diabetes Care 2010;33:1438-1442.

Ryo M, Maeda K, Onda T, et al. A new simple method for the measurement of vis-
ceral fat accumulation by bioelectrical impedance. Diabetes Care 2005;8:451-453.

. Nagai M, Komiya H, Mori Y, Ohta T, Kasahara Y, lkeda Y. Development of a new

method for estimating visceral fat area with multi-frequency bioelectrical imped-
ance. Tohoku J Exp Med 2008;214:105-112.

. Shiga T, Oshima Y, Kanai H, Hirata M, Hosoda K, Nakao K. A simple measure-

ment method of visceral fat accumulation by bioelectrical impedance analysis, In:
IFMBE Proceedings, Vol. 17/14: 13th International Conference on Electrical Bioim-
pedance and the 8th Conference on Electrical Impedance Tomography; Scharfetter
H, et al., eds., Springer-Verlag; 2007, pp 687-690.Available at: http://link.springer.
comy/chapter/10.1007%2F978-3-540-73841-1_177L1=true.

. Yoneda M, Tasaki H, Tsuchiya N, et al. A study of bioelectrical impedance analysis

methods for practical visceral fat estimation. In: 1EEE International Conference on
Granular Computing (GCR 2007), Lin TY, et al., eds., IEEE Computer Society
Press; 2007, pp 622-627. Available at: http://ieeexplore.ieee.org/xpl/login.jsp?
tp=&arnumber=4403174&url=http%3A%2F%2Fiecexplore.icee.org%2Fxpls %2
Fabs_all.jsp%3Farnumber%3D4403174.

. Shiga T, Hamaguchi T, Oshima Y, et al. A new simple measurement system of vis-

ceral fat accumulation by bioelectrical impedance analysis. In IFMBE Proceedings
Vol. 25/7: World Congress on Medical Physics and Biomedical Engineering,
Doossel O, et al., eds., Springer-Verlag; 2009, pp 338-341.

. Matsuzawa Y. Metabolic syndrome—definition and diagnostic criteria in Japan.

J Atheroscler Thromb 2005;12:301.

. Li Y, Bujo H, Takahashi K, et al. Visceral Fat: higher responsiveness of fat mass

and gene expression to calorie restriction than subcutaneous fat. Exp Biol Med
(Maywood) 2003;228:1118-1123.

. Colles SL, Dixon JB, Marks P, et al. Preoperative weight loss with a very-low-

energy diet: quantitation of changes in liver and abdominal fat by serial imaging.
Am J Clin Nutr 2006;84:304-311.

www.obesityjournal.org

Obesity | VOLUME 21 | NUMBER 9 | SEPTEMBER 2013 353



BRIEF REPORT

Intracerebroventricular Administration of C-Type
Natriuretic Peptide Suppresses Food Intake via
Activation of the Melanocortin System in Mice

Nobuko Yamada-Goto,! Goro Katsuura,! Ken Ebihara, Megumi Inuzuka,' Yukari Ochi,’
Yui Yamashita,' Toru Kusakabe,! Akihiro Yasoda,! Noriko Satoh-Asahara,? Hiroyuki Ariyasu,!

Kiminori Hosoda,! and Kazuwa Nakao’

C-type natriuretic peptide (CNP) and its receptor are abundantly
distributed in the brain, especially in the arcuate nucleus (ARC)
of the hypothalamus associated with regulating energy homeosta-
sis. To elucidate the possible involvement of CNP in energy
regulation, we examined the effects of intracerebroventricular
administration of CNP on food intake in mice. The intracerebro-
ventricular administration of CNP-22 and CNP-53 significantly
suppressed food intake on 4-h refeeding after 48-h fasting. Next,
intracerebroventricular administration of CNP-22 and CNP-53 sig-
nificantly decreased nocturnal food intake. The increment of food
intake induced by neuropeptide Y and ghrelin was markedly sup-
pressed by intracerebroventricular administration of CNP-22 and
CNP-53. When SHU9119, an antagonist for melanocortin-3 and
melanocortin4 receptors, was coadministered with CNP-63, the
suppressive effect of CNP-563 on refeeding after 48-h fasting was
significantly attenuated by SHU9119. Immunohistochemical anal-
ysis revealed that intracerebroventricular administration of CNP-53
markedly increased the number of c-Fos—positive cells in the
ARC, paraventricular nucleus, dorsomedial hypothalamus, ven-
tromedial hypothalamic nucleus, and lateral hypothalamus. In
particular, c-Fos—positive cells in the ARC after intracerebroventric-
ular administration of CNP-53 were coexpressed with a-melanocyte—
stimulating hormone immunoreactivity. These results indicated
that intracerebroventricular administration of CNP induces an
anorexigenic action, in part, via activation of the melanocortin
system. Diabetes 62:1500-1504, 2013

-type natriuretic peptide (CNP) is a member of
the natriuretic peptide family and has been
demonstrated to be abundantly present in the
brain, interestingly in discrete hypothalamic
areas, such as the arcuate nucleus (ARC) of the hypo-
thalamus, that play pivotal roles in energy regulation (1-3).
Two predominant molecular forms of CNP in the porcine
brain were reported to be a 22-residue peptide (CNP-22)
and its N-terminally elongated 53-residue peptide (CNP-53)
(1). Moreover, natriuretic peptide receptor-B (NPR-B),
a CNP receptor, is also widely distributed in the brain and
is reported to be abundantly expressed in the ARC of the
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hypothalamus (4,5). These findings indicate the possibility
that the brain CNP/NPR-B system may regulate energy
homeostasis.

In the current study, we examined the effects of intra-
cerebroventricular administration of CNP on food intake
induced by refeeding after fasting and by orexigenic pep-
tides, such as neuropeptide Y (NPY) and ghrelin. Also, we
examined the involvement of the melanocortin system in
the CNP actions.

RESEARCH DESIGN AND METHODS

Animals and diets. Male C57BL/6J mice (6 weeks old) obtained from Japan
SLC (Shizuoka, Japan) were housed in plastic cages in a room kept at a room
temperature of 23 = 1°C and a 12:12-h light-dark cycle (lights turned on at
9:00 a.m.). The mice had ad libitum access to water and food (CE-2; CLEA
Japan, Tokyo, Japan). All experiments were performed at 10 weeks of age in
accordance with the guidelines established by the Institutional Animal In-
vestigation Committee at Kyoto University and the United States National
Institutes of Health Guide for the Care and Use of Laboratory Animals. Every
effort was made to optimize comfort and to minimize the use of animals.
Peptides. CNP-22, CNP-53, ghrelin, and NPY were purchased from Peptide
Institute (Osaka, Japan). SHU9119 was purchased from Bachem AG (Buben-
dorf, Switzerland).

Intracerebroventricular injection. Intracerebroventricular injection was
performed according to our previous report (6).

Measurement of food intake

Fasting-refeeding. Mice were fasted for 48 h and then refed for 4 h. Water was
available ad libitum during the experiments. The intracerebroventricular or
intraperitoneal administration of CNP-22 or CNP-563 was performed just before
refeeding. Food intake was measured for 4 h of refeeding. At the end of
experiments, the hypothalamus was collected for examination of the expres-
sions of mRNA for neuropeptides (7).

Nocturnal food intake. To assess the effect of intracerebroventricular ad-
ministration of CNP-22 or CNP-53 on nocturnal food intake, peptides were
injected intracerebroventricularly 1 h before the beginning of the dark phase.
Food intake was measured for 15 h after intracerebroventricular injection.
Water was available ad libitum during the experiments.

Food intake induced by NPY and ghrelin. The experiments were per-
formed from 11:00 AMm. to 3:00 .M. CNP-22 or CNP-53 was intracerebro-
ventricularly administrated just before intracerebroventricular injection of
NPY (5 nmol/mouse) or intraperitoneal injection of ghrelin (100 nmol/kg).
Food intake was measured for 4 h after peptide injection. In these experi-
ments, food and water were available ad libitum.

PCR. The extraction of mRNA and quantitative real-time RT-PCR were per-
formed according to our previous report (8). Primers for preopiomelanocortin,
cocaine and amphetamine-related peptide, NPY, agouti gene-related peptide
(AgRP) and glyceraldehyde 3-phosphate dehydrogenase are shown in Sup-
plementary Table 1.

Immunohistochemistry for c-Fos and «-MSH in the hypothalamus. The
immunohistochemical methods and the stereotaxic coordinates for the hy-
pothalamic nuclei were based on our previous report (6). Briefly, mice were
anesthetized with pentobarbital at 1 h after intracerebroventricular injection
of CNP-53 (1.5 nmolmouse) and perfused with 50 mL 0.1 mol/L PBS, followed
by 50 mL ice-cold 4% paraformaldehyde in 0.1 mol/L PBS. Sections of 30-um
thickness were cut with a cryostat. According to the mouse brain atlas (9),
cross-sections were selected in correspondence to —1.70 mm [ARC, lateral hy-
pothalamus (LH), dorsomedial hypothalamus (DMH), ventromedial hypothalamic
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nucleus (VMH)] and to —0.82 mm [paraventricular nucleus (PVN)], relative to
bregma. For c-Fos and a-melanocyte-stimulating hormone («-MSH) protein
staining, the sections were incubated with antic-Fos rabbit antibody (Ab-5;
1:5,000; Oncogene Science, Cambridge, MA) and antia-MSH sheep antibody
(AB5087; 1:10,000; EMD Millipore, Billerica, MA), respectively. The antibody
was detected using the Vectastain ABC Elite kit (PK-6101; Vector Laborato-
ries, Burlingame, CA) and a diaminobenzidine substrate kit (SK-4100; Vector
Laboratories) was used for visualization. The second antibodies for fluores-
cence visualization used were goat anti-rabbit488 (A11008; 1:200; Life Tech-
nologies, Carlsbad, CA) for antic-Fos rabbit antibody and goat anti-sheep546
(A21098; 1:200; Life Technologies) for antia-MSH sheep antibody.

Data analysis. All values are given as the mean = SEM. Statistical analysis of
the data were performed by ANOVA, followed by the Tukey-Kramer test.
Statistical significance was defined as P < 0.05.

RESULTS

Effects of intracerebroventricular administration of
CNP-22 and CNP-53 on food intake at refeeding after
fasting. The intracerebroventricular administration of
CNP-22 (1.5 and 4.5 nmol/mouse) and CNP-53 (1.5 nmol/
mouse) significantly suppressed food intake during 4-h
refeeding after 48-h fasting in comparison with data from
saline-treated mice (Fig. 14). In this experiment, CNP-63
(1.5 nmol), but not other treatments, induced significant
reduction of body weight compared with saline treatment
(Supplementary Table 2). The mRNA expressions of pre-
opiomelanocortin and cocaine and amphetamine-related
peptide significantly decreased, and the mRNA expres-
sions of NPY and AgRP significantly increased after
refeeding compared with control animals (Supplementary
Fig. 1). The intracerebroventricular administration of CNP-53
did not influence the mRNA expressions of these neuro-
peptides in the hypothalamus (Supplementary Fig. 1).
Next, the peripheral action of CNP on food intake was exam-
ined when a 10-fold greater dose than intracerebroventricular
injection of each CNP was intraperitoneally adminis-
tered. The intraperitoneal administrations of CNP-22
(1.5 p.mol/kg) and CNP-53 (0.5 pmol/kg) did not change the
food intake during 4-h refeeding after 48-h fasting (Fig. 1B),
nor were there changes in body weight (Supplementary
Table 3).

The intracerebroventricular administrations of CNP-22
(4.5 nmol/mouse) and CNP-563 (1.5 nmol/mouse) at 1 h
before the start of the dark phase significantly suppressed
nocturnal food intake compared with saline treatment
(Fig. 1C).

Effect of intracerebroventricular administration of
CNP-22 and CNP-53 on NPY-induced and ghrelin-
induced food intake. When CNP-22 (4.5 nmol/mouse)
and CNP-53 (1.5 nmol/mouse) were concomitantly ad-
ministered intracerebroventricularly with NPY, they sig-
nificantly suppressed the food intake induced by NPY
compared with that of saline treatment (Fig. 24). When
CNP-22 (4.5 nmol/mouse) and CNP-563 (1.5 nmol/mouse)
were administered intracerebroventricularly with ghrelin,
they significantly suppressed the food intake induced by
ghrelin compared with that of saline treatment (Fig. 2B).

Effect of melanocortin receptor antagonist, SHU9119,
on the anorectic effect of CNP. To examine its in-
volvement in the anorectic effect of CNP, SHU9119 was
administered intracerebroventricularly together with
CNP-53 (1.5 nmol/mouse). SHU9119 (1 nmol/mouse) sig-
nificantly attenuated the suppressive action of CNP-53 on
the food intake during 4-h refeeding after 48-h fasting,
whereas SHU9119 itself significantly enhanced the increase
of food intake in comparison with mice administered saline
treatment (Fig. 3).
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FIG. 1. Effects of CNP on refeeding after fasting. A: Effects of intra-
cerebroventricular administration of CNP-22 (0.5, 1.5, and 4.5 nmol/
mouse) and CNP-53 (0.5 and 1.5 nmol/mouse) on 4-h refeeding after 48-h
fasting in mice. Food intake was observed for 4 h after refeeding.
B: Effects of intraperitoneal administration of CNP-22 (1.5 pmoVkg) and
CNP-53 (0.5 pmoVkg) on 4-h refeeding after 48-h fasting in mice. Food
intake was observed for 4 h after refeeding. C: Effects of intrace-
rebroventricular administration of CNP-22 (4.5 nmolmouse) and CNP-53
(1.5 nmolmouse) on nocturnal food intake in mice. Food intake was ob-
served for 15 h after intracerebroventricular injection. Data represent
mean = SEM. The number of mice is given in parentheses. Significant
differences: *P < 0.05, **P < 0.01.

DIABETES, VOL. 62, MAY 2013 1501



CNP REDUCES FOOD INTAKE VIA MELANOCORTIN SYSTEM. -

A 10
¥ %k

09 r 1
%k %k

08 r 17 1

0.7

06

05
04
03
02Ff
01r

0

Food intake (g)/4 hr

(21)

Saline NPY CNP-53 NEY

CNP-53

CNP-22 N_I:Y
CNP-22

0871 %

k¥
06l r 1T 1

05

Food intake (g)/4 hr

02F

Saline Ghrelin

Saline Ghrelin
CNP-22

ip Saline Ghrelin

icv Saline CNP-53

FIG. 2. Effects of CNP-22 and CNP-53 on food intake induced by NPY
and ghrelin. A: Effects of intracerebroventricular administration of
CNP-22 (4.5 nmolVmouse) and CNP-53 (1.5 nmol/mouse) on NPY-
induced (5 nmol/mouse, intracerebroventricular) food intake in mice.
Food intake was observed for 4 h after coadministration of NPY and
CNP. B: Effects of intracerebroventricular administration of CNP-22
(4.5 nmoVmouse) and CNP-53 (1.5 nmol/mouse) on ghrelin-induced
(100 nmol/kg, intraperitoneal) food intake in mice. Food intake was
observed for 4 h after coadministration of ghrelin and CNP. Data rep-
resent mean = SEM. The number of mice is given in parentheses. Sig-
nificant differences: *P < 0.05, **P < 0.01.

c-Fos-immunoreactive cells in the hypothalamus af-
ter intracerebroventricular administration of CNP.
To understand the neuronal pathway involved in the ano-
rectic actions of CNP, the expression of c-Fos, one of the
markers of neuronal activation, was monitored by immu-
nohistochemical examination at 1 h after intracerebroven-
tricular injection of CNP-563 (1.5 nmol/mouse). The numbers
of c-Fos-immunoreactive cells in the ARC, PVN, and DMH
were predominantly increased after intracerebroventricular
injection of CNP-53 in comparison with saline treatment
(Fig. 4A). The c-Fos-positive cells were also moderately
increased in the VMH and LH (Fig. 44). Next, we examined
whether c-Fos immunoreactivity coexisted with «-MSH-
containing cells. In the ARC of saline-treated mice, only a
few a-MSH-immunoreactive cells showed weak c-Fos im-
munoreactivity (Fig. 4B). However, c-Fos-immunoreactive
cells that increased with intracerebroventricular adminis-
tration of CNP-53 in the ARC expressed a large amount of
o-MSH immunoreactivity (Fig. 4B).
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DISCUSSION

The current study demonstrated that intracerebroventri-
cular administration of CNP-22 and CNP-53, but not in-
traperitoneal injection, led to significant reduction of food
intake induced by fasting-refeeding. This reduction was in-
hibited by the melanocortin-3 receptor (MC3R)/melanocortin-
4 receptor (MC4R) antagonist SHU9119. In addition, CNP
significantly suppressed nocturnal food intake and orexi-
genic actions induced by NPY and ghrelin. The immuno-
histochemical study revealed that intracerebroventricular
administration of CNP-53 increased the number of c-Fos—
expressing cells containing «-MSH in the hypothalamus.
These findings indicated that the intracerebroventricular
administration of CNP exhibits anorexigenic actions par-
tially via activation of the melanocortin system, although
the doses of CNP used in the current study could be phar-
macological doses.

The hypothalamus is considered to be an important re-
gion in regulating energy homeostasis. In particular, the ARC
in the hypothalamus contains both an orexigenic peptide,
NPY, and an anorexigenic peptide, «-MSH, and is postu-
lated to be involved in the first-order regulation of food
1ntake Synthetlc MC3R/MCA4R agonists, melanotan II, and
[Nle*-D-Phe”]-a-MSH completely blocked food deprlvatlon-
induced increase in food intake as well as the food in-
take stimulated by intracerebroventricular administration
of NPY (10,11). Regarding the reciprocal interactions
of «-MSH and NPY, melanocortin neurons in the ARC
project to the PVN (12). In the current study, intracere-
broventricular administration of CNP significantly sup-
pressed food intake after fasting, which was antagonized
by SHU9119. Our results also showed that CNP suppressed
NPY-induced food intake. Taken together, these findings
indicate that CNP exhibits anorexigenic actions via acti-
vation of MC3R/MC4R downstream signaling. However,
mRNA expressions of preopiomelanocortin, cocaine and
amphetamine-related peptide, NPY, and AgRP in the hy-
pothalamus after the intracerebroventricular injection of
CNP-53 in fasting-refeeding experiment did not change
compared with those after saline. The reason for this
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discrepancy may lie in the experimental condition, time
course, and regional specificity. To clarify this discrep-
ancy, further examinations will be required.

This study demonstrated that the intracerebroventri-
cular administration of CNP significantly suppressed the
nocturnal food intake. Robust feeding during the nocturnal
phase of the daily light-dark cycle was demonstrated to be
attributed to the upregulation of NPY and its receptors (13).
These findings indicate that CNP may decrease food intake
in the nocturnal phase via suppression of NPY action.

In the current study, CNP significantly suppressed the
increase in food intake induced by ghrelin, an orexigenic
hormone secreted by the stomach (14). NPR-B, a CNP
receptor, has been identified in appetite-regulating regions,
such as the ARC, VMH, PVN, DMH, and LH (15). The
systemic administration of ghrelin significantly increased
NPY and AgRP expression in the ARC of the hypothalamus
in fed and fasted rats (15), resulting in hyperphagia. The
intracerebroventricular injection of melanotan II caused
a significant decrease in ghrelin-induced food intake (16).
These findings suggest that the actions of ghrelin are
modulated by o-MSH and NPY systems. Furthermore,
plasma ghrelin and hypothalamic ghrelin receptor mRNA

diabetes.diabetesjournals.org

expression are reported to be increased after fasting
(17,18). These findings suggest the possibility that intra-
cerebroventricular administration of CNP activates the
melanocortin system, which subsequently inhibits the ac-
tion of NPY, resulting in a reduced increase of food intake
induced by ghrelin.

To assess which hypothalamic nucleus is involved in the
anorexigenic action of CNP, a marker for neuronal activity,
c-Fos expression in the hypothalamus was examined after
intracerebroventricular administration of CNP-563. The intra-
cerebroventricular administration of CNP-563 significantly
increased the number of c-Fos-expressing cells in several
hypothalamic nuclei, such as ARC, PVN, DMH, VMH, and LH,
indicating that CNP-563 directly or indirectly stimulates neu-
rons in these hypothalamic nuclei. Especially in the ARC, the
result was an increased number of c-Fos-immunoreactive
cells containing «-MSH immunoreactivity, indicating that
CNP stimulates o«-MSH-containing neurons. This possibility
is supported by the finding that the suppressive action of
CNP-53 on food intake was blocked by concomitant admin-
istration of SHU9119, an MC3R/MC4R antagonist.

The current study has demonstrated the anorexigenic
action of intracerebroventricular administration of CNP
via activation of the melanocortin system. To define the
precise effect of CNP in the brain on food intake, further
investigation using mice with inducible brain-specific de-
letion of CNP or NPR-B/NPR-C will be required.

From the present findings, we postulate the possible
mechanism for anorexigenic action of exogenous CNP to
be as follows: CNP directly or indirectly acts on a-MSH-
containing neurons and subsequently stimulates o-MSH
release, resulting in suppression of food intake induced by
NPY and ghrelin. This possible mechanism may apply to
the suppressive effects of CNP on food intake after fasting
and in the nocturnal phase. Further work is needed to
define the pathophysiological significance of brain CNP in
regulation of food intake.
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Article history: Objective. GPR119 is reportedly involved in regulating glucose metabolism and food intake
Received 25 April 2012 in rodents, but little is known about its expression and functional significance in humans.
Accepted 27 June 2012 To begin to assess the potential clinical importance of GPR119, the distribution of GPR119

: gene expression in humans was examined.
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Gastrointestinal hormones Results. GPR119 mRNA was most abundant in the pancreas, followed by the duodenum,

stomach, jejunum, ileum and colon. Pancreatic levels of GPR119 mRNA were similar to those
of GPR40 mRNA and were higher than those of GLP1R and SUR1 mRNA, which are strongly
expressed in human pancreatic islets. Moreover, levels of GPR119 mRNA in pancreatic islets
were more than 10 times higher than in adjacent pancreatic tissue, as were levels of GPR40
mRNA. GPR119 mRNA was also abundant in two cases of insulinoma and two cases of
glucagonoma, but was undetectable in a pancreatic acinar cell tumor. Similar results
were obtained with mouse pancreatic islets, MIN6 insulinoma cells and alpha-TC
glucagonoma cells.

Conclusions. The results provide evidence of an islet-gastrointestinal distribution of
GPR119, its expression in pancreatic beta and alpha cells, and its possible involvement in
islet function. They also provide the basis for a better understanding of the potential clinical
importance of GPR119.
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1. Introduction

Endogenous lipids such as free fatty acids and acylethanola-
mides are known to regulate glucose metabolism and food
intake [1-3]. The underlying molecular mechanisms are not
fully understood, however. Recently, four orphan G protein-
coupled receptors (GPR40, GPR41, GPR43 and GPR120) were
deorphaned and identified as fatty acid receptors [4-8].
Among those, we found that GPR40 is highly expressed in
human pancreatic beta cells and is involved in regulating
insulin secretion [9,10]. In addition, GPR119 has been identi-
fied as a Gs-coupled receptor whose putative endogenous
ligands include oleoylethanolamide (OEA) [11,12] and possibly
other lipids [13~16]. In vitro studies have implicated GPR119 in
the regulation of insulin and incretin secretion [12,14,15,17~
20], and in vivo studies in rats and mice suggest its
involvement in the regulation of glucose metabolism and
feeding [11,14,18,19,21-30]. That said, glucose metabolism
in humans and mice may differ [31], and little is known
about the expression and physiological significance of
GPR119 in humans.

In that context, we examined GPR119 gene expression in
various human tissues, including fresh samples of pancreas
and digestive tract collected at surgery. In addition, to gain
further insight into the localization of GPR119 within the
human pancreas, we compared GPR119 expression in human
pancreatic islets and adjacent pancreatic tissue, as well as in
insulinomas and glucagonomas, two very rare human tumors
that possess the endocrine properties of pancreatic beta and
alpha cells, respectively. The results provide evidence of the
islet-gastrointestinal distribution of GPR119, its expression in
pancreatic beta and alpha cells, and its possible involvement
in islet function in humans.

2. Methods
2.1. Subjects, tissue sampling and pancreatic islet isolation

The clinical profiles of all patients enrolled in the present
study are shown in Table 1. The study was performed in
accordance with the Declaration of Helsinki and approved by
the Ethical Committee on Human Research of Kyoto Univer-
sity Graduate School of Medicine. Signed informed consent
was obtained from all patients.

Normal human cerebral tissues (n=3) were collected from
three patients at autopsy; one had died from amyotrophic
lateral sclerosis, one from an iliopsoas muscle tumor and one
from a ruptured aortic aneurysm. Normal tissues from the
pancreas (n=19), esophagus (n=3), stomach (n=3), duodenum
(n=3), jejunum (n=3), ileum (n=2), colon (n=3) and liver (n=2)
were collected from 23 patients at tumor resection. In Fig. 1B
and C, pancreatic tissues from four patients (patients 9, 10, 13
and 19 in Tables 1 and 2) were analyzed because of the limited
amount of total RNA extracted from each patient. In all cases,
sample margins contained no sign of tumor invasion, so the
samples were considered to be tumor-free. In addition,
samples of insulinoma (n=2), glucagonoma (n=1) and a
pancreatic acinar cell tumor (n=1) were collected at surgery.

Table 1 -Clinical profiles of the patients who underwent
pancreatectomy and tissues analyzed.

From another patient with a glucagonoma, samples of normal
pancreatic tissue and glucagonoma were obtained as forma-
lin-fixed, paraffin-embedded (FFPE) sections. Islets were
promptly isolated from pancreatic samples using the mince
method and were collected manually using a stereomicro-
scope [9,10]. In Japan, HbAlc is measured using high-
performance liquid chromatography with a set of calibrators
assigned by the Japan Diabetes Society (normal range 4.3%—
5.8%). A correlational analysis showed that, in Japan, estimat-
ed HbAlc values are 0.4% lower than those measured by the
National Glycohemoglobin Standardization Program (NGSP)
[32]. For that reason, we standardized the obtained HbAlc
values to NGSP units by adding 0.4% to the measured values.

2.2. Preparation and culture of mouse pancreatic islets,
the MIN6 mouse insulinoma cell line and the alpha-TC mouse
glucagonoma cell line

Male 14-week-old C57BL/6 mice were purchased from Japan
SLC (Shizuoka, Japan) and housed in a temperature-, humid-
ity- and light-controlled room with free access to water and
standard chow (Nosan, Kanagawa, Japan). Mouse pancreatic
islets were isolated as previously described [33]. All experi-
mental procedures were approved by the Animal Research
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Committee, Kyoto University Graduate School of Medicine,
and were performed in accordance with institutional and
national guidelines for animal experimentation. MING6 cells
were kindly provided by Dr. Junichi Miyazaki [34], and alpha-
TC cells were obtained from American Type Culture Collection
(ATCC) (Manassas, VA, USA). MING6 cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 15%
FBS, while alpha-TC cells were maintained in RPMI 1640
medium supplemented with 10% FBS. Both media also
contained 100 U/mL penicillin and 0.1 mg/mL streptomycin
(Life Technologies Japan, Tokyo, Japan). The cells were
incubated at 37 °C under an atmosphere of humidified air
(95%) and CO, (5%).

2.3.  Total RNA preparation and cDNA synthesis

Total RNAs were extracted from fresh tissues and cell lines using
QIAGEN RNeasy Mini Kits [9,10,33], and from FFPE tissue sections
using QIAGEN RNeasy FFPE Kits (QIAGEN K.K., Tokyo, Japan). The
collected RNA was then treated with DNase I to remove any
contaminating DNA. Additionally, total RNAs from human brain,
thyroid, heart, lung, trachea, kidney, esophagus, liver, skeletal
muscle, adipose tissue, spleen, bladder, prostate, placenta and
cervix were obtained from Life Technologies Japan. Total RNAs
from stomach, small intestine, colon, pancreas, testis, ovary and
uterus were from Takara Clontech (Tokyo, Japan). Finally, total
RNAs from hypothalamus were obtained from two sources, Life
Technologies Japan and BioChain Institute (Hayward, CA, USA).
First strand cDNA was synthesized by random hexamer-primed
reverse transcription using SuperScript Il reverse transcriptase
(Life Technologies Japan).

2.4. Quantification of human and mouse receptor
gene expression

Levels of GPR119 mRNA in the pancreas and pancreatic islets
were compared with those of GPR40, the glucagon-like peptide-1
receptor (GLP1R) and the sulfonylurea receptor 1 (ABCC8 or SUR1)
mRNA, which are reportedly expressed in human pancreatic
islets and involved in insulin secretion [9,10]. Messenger RNA
levels were quantified using the TagMan PCR method with an
ABI PRISM 7700 Sequence Detector (Life Technologies Japan), as
described previously [9,10]. To estimate the copy number of each
mRNA, standard curves were generated using oligo DNA
fragments (Sigma Genosys Japan, Tokyo, Japan) containing the
PCR amplicon region. The receptor mRNA levels were normal-
ized to the level of GAPDH mRNA and expressed as the receptor/
GAPDH [copy/copy] ratio [9]. The sequences of the primers and
probes (Life Technologies Japan) used for the quantification of
the mRNAs were as follows: human GPR119 (NM_178471),
CCATGGCTGGAGGTTATCGA (forward), GCTCCCAATGAGAACA-
GACACA (reverse) and 6-carboxyfluorescein (FAM)-CCCCACG-
GACTCCCAGCGACT-6-carboxytetramethylrhodamine (TAMRA)
(probe); mouse GPR119 (NM_181751), TCCAGAGAGGACCAGA-
GAAAGC (forward), GCAGCGTCTTAGCCATCGA (reverse) and
FAM-TCACATCGTCACTATCAGCCATCCGG-TAMRA (probe);
mouse GPR40 (NM_194057), GGCTTTCCATTGAACTTGTTAGC
(forward), CCCAGATGGAGAGTGTAGACCAA (reverse) and FAM-
TGTCCCACGCTAAACTGCGACTCACTC-TAMRA (probe); mouse
GADPH (NM_008084), TCCATGCCATCACTGCCA (forward),

GCCCCACGGCCATCA (reverse) and FAM-CAGAAGACTGTG-
GATGGCCCCTC-TAMRA (probe). The sequences of the primers
and probes used for quantification of the human GPR40, GLP1R,
ABCCB8 (SUR1) and GAPDH mRNAs are described elsewhere [9,10].

2.5. Data analysis on metabolic parameters

We evaluated beta cell function and systemic insulin
resistance using the insulinogenic index (n=10) [35] or the
homeostasis model assessment of beta cell function (HOMA-
beta) (n=14) and insulin resistance (HOMA-IR) (n=14) [36],
respectively. The difference between the numbers of patients
whose test data were included in the HOMA indices and
insulinogenic index reflects the availability of data for plasma
glucose and serum insulin levels at the 30 min mark during the
oral glucose tolerance test (OGTT). The area under the serum
insulin concentration-time curve (insulin AUC) was calculated
from the OGTT data using the trapezoidal rule. Patients 7, 12
and 17 were excluded from analysis of the correlation between
pancreatic GPR119 mRNA levels and metabolic parameters,
because of a diagnosis of insulinoma (patient 7) or percutane-
ous transhepatic biliary drainage (patients 12 and 17). None of
the patients were treated with oral glucose-lowering agents or
with insulin. Table 2 shows the metabolic parameters of the
patients whose pancreatic tissues were examined; the patient
numbers correspond to those in Table 1.

2.6. Statistical analysis

Correlations between pancreatic GPR119 mRNA levels and
clinical parameters were examined using the simple regres-
sion analysis. Differences between groups were assessed
using unpaired two-tailed t tests or ANOVA where applicable.
Values of P<.05 were considered significant (Statcel, Social
Research Information, Tokyo, Japan).

3. Results
3.1. Expression of GPR119 mRNA in normal human tissues

We initially tested for GPR119 mRNA in samples of commer-
cially available total RNA from normal human tissues. We
found that the transcript was most abundant in the
pancreas, followed by the gastrointestinal tract (small
intestine, colon and stomach) and the testis (Fig. 1A).
GPR119 mRNA was not detected in any other human tissue
tested. To gain further insight into GPR119 gene expression
humans and verify the aforementioned distribution profile,
we also examined tissues obtained at surgery or autopsy.
Among those samples, GPR119 mRNA was most abundant in
the pancreas, followed by the duodenum, stomach, jejunum,
ileum and colon, but was not detected in the esophagus, liver
or cerebrum (Fig. 1B).

3.2 Expression of GPR119, GPR40, GLP1R and SUR1
mRNAs in the human pancreas

Using specimens from four patients, we compared the
pancreatic expression of GPR119 mRNA with that of GPR40,
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Fig. 2 - Expression of GPR119 mRNA in human pancreatic islets and adjacent pancreatic tissue. All receptor mRNA levels were
normalized to the level of GAPDH mRNA in the same tissue. A, Comparison of GPR119 mRNA expression in pancreaticislets and
adjacent pancreatic tissue from three patients. White bars, pancreas; black bars, pancreatic islets. B, Comparison of GPR119 and
GPR40 mRNA expression in pancreatic islets and adjacent pancreatic tissue. The tissue samples used were the same as in panel
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GLP1R and SUR1 mRNA in the same samples. We found that
pancreatic levels of GPR119 mRNA were comparable to those
of GPR40 mRNA and were higher than those of GLPIR and
SUR1 mRNA (Fig. 1 C).

3.3. Expression of GPR119 and GPR40 mRNA in isolated
pancreatic islets and adjacent pancreatic tissue

We next assessed GPR119 expression in pancreatic islets from
three patients (Fig. 2A). Levels of GPR119 mRNA in freshly
isolated islets were approximately 13 to 16 times higher than
in the adjacent pancreatic tissue from the same patients. We
also analyzed GPR40 expression and found that levels of
GPR119 and GPR40 mRNA were similar in isolated pancreatic
islets (Fig. 2B).

3.4. Expression of GPR119 and GPR40 mRNA in human
insulinomas and glucagonomas

We also assessed expression of GPR119 and GPR40 mRNA
using total RNAs extracted from specimens of fresh insuli-
nomas (n=2), a glucagonoma (n=1) and a pancreatic acinar
cell tumor (n=1), as well as from FFPE glucagonoma tissue
sections from another patient (n=1). In the two cases of
insulinoma, tumoral GPR119 mRNA levels were comparable
to those in pancreatic islets (Fig. 3A). A considerable amount
of GPR119 mRNA was also detected in tissue extracts from
the glucagonoma (Fig. 3A), where GPR40 mRNA was not
detectable (Fig. 3C). Levels of GPR119 mRNA in tissue
extracts from FFPE sections of non-tumor pancreas and
glucagonoma were similar to those in the corresponding
specimens collected at surgery (Fig. 3, A and B). GPR40 mRNA
was not detected in extracts from the same FFPE glucago-
noma sections (Fig. 3D), which is consistent with the level in
the fresh tumor specimen (Fig. 3, C and D). Neither GPR119
nor GPR40 mRNAs was detectable in the acinar cell tumor
specimen (Fig. 3, A and C).

3.5.  Expression of GPR119 and GPR40 mRNAs in mouse
pancreatic islets, MIN6G insulinoma cells and alpha-TC
glucagonoma cells

To further explore GPR119 expression in pancreatic islet cells,
we measured GPR119 mRNA levels in mouse pancreatic islets,
MING6 insulinoma cells and alpha-TC glucagonoma cells. We
also assessed expression of GPR40 mRNA in the same samples,
as GPR40 is known to be preferentially expressed in pancreatic
beta cells in both rodents and humans [4,9,10,37]. High levels of
GPR119 mRNA, comparable to those of GPR40 mRNA, were
detected in mouse pancreatic islets (Fig. 4, A and B). Likewise,
similar levels of GPR119 and GPR40 mRNA were detected in
MING cells (Fig. 4, A and B). On the other hand, the level of
GPR119 mRNA in alpha-TC cells was approximately 1/7 that in
MING cells, and no GPR40 mRNA was detected in alpha-TC cells
(Fig. 4, A and B).

3.6. Correlation between pancreatic GPR119 mRNA
expression and the insulinogenic index and HOMA-beta
in humans

To investigate the functional implications of pancreatic
GPR119 expression in humans, we initially assessed GPR119
mRNA expression in non-tumor pancreatic tissue samples
from 19 patients with various pancreatic tumors (Table 1). High
levels of GPR119 mRNA, comparable to those in the four cases
summarized in Fig. 1, A and B (0.336+0.037 vs 0.319+0.090),
were detected in all of the tissue samples analyzed (Table 2).
Because the inter-individual variation in the pancreatic
GPR119 mRNA level (n=19) was high, to begin to explore the
physiological importance of GPR119 in humans, we evaluated
the relationship between pancreatic GPR119 mRNA levels and
various clinical parameters. We found that GPR119 mRNA
expression did not significantly differ among the head, body
and tail portions of the pancreas (Table 3), nor did it correlate
significantly with age (Supplemental Table S1).
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Expression of GPR119 (A) and GPR40 (C) mRNA in non-tumor pancreas (Pancreas), pancreatic islets (Islets), insulinomas (INS), a
glucagonoma (GLU) and a pancreatic acinar cell tumor (ACI). B and D, Expression of GPR119 (B) and GPR40 (D) mRNA in extracts
from non-tumor pancreatic and glucagonoma tissue sections (n=1 each). All receptor mRNA levels were normalized to the level
of GAPDH mRNA in the same tissue. GPR119 and GPR40 mRNA levels in pancreas and pancreatic islets are expressed as means
+SEM. White bars, pancreas; black bars, pancreatic islets; hatched bars, insulinomas; double-hatched bars, glucagonomas.

When we then evaluated the correlation between pancreatic correlate significantly with HbAlc levels or HOMA-IR values
GPR119 gene expression and several metabolic parameters, (Supplemental Table S1, Fig. 5, A and B). By contrast, pancreatic
including glucose and triglyceride metabolism (Table 2), we GPR119 mRNA levels positively and significantly correlated with
found that pancreatic GPR119 mRNA levels did not correlate the insulinogenic index (n=10, P=.004, r=0.817) (Fig. 5C) and
significantly with BM], fasting plasma glucose (FPG), 2-h post- with HOMA-beta values (n=14, P=.043, r=0.547) (Fig. 5D). Using
OGTT plasma glucose (2 h-PG), insulin AUC or fasting serum the same patient data used to calculate the insulinogenic index
triglyceride levels (Supplemental Table S1), nor did they (n=10) and HOMA-beta (n=14), we also tested for correlations
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Fig. 4 - Expression of GPR119 and GPR40 mRNAs in mouse pancreatic islets, insulinoma and glucagonoma. Expression of
GPR119 (A) and GPR40 (B) mRNAs pancreatic islets, MIN6 insulinoma cells and alpha-TC glucagonoma cells. All receptor mRNA
levels were normalized to the level of GAPDH mRNA in the same tissue. Black bars, pancreatic islets; hatched bars, MING6 cells;

double hatched bars, alpha-TC cells.
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1 various regions of the.

between GPR119 mRNA expression and HbAlc levels and
HOMA-IR values, which confirmed the absence of a significant
correlation (Supplemental Table S1).

4., Discussion

Our findings demonstrate for the first time that GPR119 is
highly expressed in human pancreatic islets, where the level
of GPR119 expression is enriched more than 10-fold, as
compared to adjacent areas of the pancreas in the same
individuals. We also found that pancreatic levels of GPR119
mRNA are similar to those of GPR40 mRNA and are higher
than those of GLP1R and SUR1 mRNA. Likewise, the level of
GPR119 mRNA in isolated pancreatic islets is similar to that of
GPR40 mRNA and higher than those of SUR1 and GLP1IR mRNA
[9,10]. This is noteworthy, as these receptors are reported to be
abundantly expressed in human pancreatic islets.

We observed that substantial amounts of GPR119 mRNA
are expressed in human insulinomas (n=2) and glucagonomas
(n=2), and that the tumoral levels of the transcript are
comparable to those in pancreatic islets. A similar pattern of
GPR119 mRNA expression was also detected with mouse
pancreatic islets, MING6 insulinoma cells and alpha-TC gluca-
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gonoma cells. Thus GPR119 appears to be highly expressed in
both beta and alpha cells in human and mouse pancreatic
islets. Moreover, our observation that the expression levels of
GPR119 and GPR40 mRNAs in human pancreatic islets are
similar and are higher than that of SUR1 mRNA is noteworthy
because SUR1 is reported to be abundantly expressed in both
beta and alpha cells and is involved in the regulation of islet
function, including insulin and glucagon secretion [38-40].
This strong expression suggests GPR119 may be involved in
pancreatic islet function in humans. Consistent with that
idea, pancreatic GPR119 mRNA levels correlated positively
with two indices of beta cell function: the insulinogenic index
and the HOMA-beta. Collectively, therefore, the present
findings provide evidence for the possible involvement of
GPR119 in islet function, perhaps affecting insulin secretion.

Using fresh tissue samples collected at surgery, we
observed that, in humans, GPR119 mRNA is abundantly
expressed in the small intestine, stomach and colon, but
not in the esophagus. In rodents, GPR119 appears to be
expressed in enteroendocrine cells, including L and K cells,
and to be involved in the regulation of incretin and
polypeptide YY secretion. In humans, enteroendocrine
cells are distributed throughout the gastrointestinal tract,
but not in the esophagus. Although details of GPR119
expression and its function in the human gastrointestinal
tract will require further investigation, our findings are
consistent with the idea that GPR119 is expressed in
enteroendocrine cells and is involved in incretin and
peptide YY secretion.

We detected no GPR119 mRNA in the human hypothala-
mus, brain or cerebrum, which is consistent with a recent
report that GPR119 mRNA is not significantly expressed in the
human brain or hypothalamus [19]. Although earlier reports
using OEA (a putative GPR119 ligand) and a synthetic OEA
analogue in rats suggest GPR119 may mediate signalling
leading to reduced food intake and body weight, OEA appears
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Fig. 5 - Correlations between human pancreatic GPR119 mRNA levels and parameters of glucose metabolism, including HbAlc
levels (n=16) (A), HOMA-IR values (n=14) (B), the insulinogenic index (n=10) (C) and HOMA-beta values (n=14) (D). All GPR119
mRNA levels were normalized to the level of GAPDH mRNA in the same tissue. Simple regression analysis was used to

determine P and r values. The solid lines are regression lines.
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to act mainly in peripheral tissues, rather than in the central
nervous system [41]. Our finding that GPR119 mRNA is highly
expressed in the human stomach and duodenum is consistent
with the notion that GPR119 is involved in regulating food
intake in humans, as the bipolar vagal afferents involved in
regulating feeding are known to project to the stomach and
upper intestine [42,43].

In summary, the present study demonstrates that, in
humans, GPR119 mRNA is abundantly expressed in healthy
pancreatic islets and the human gastrointestinal tract, and in
insulinomas and glucagonomas. The results provide evi-
dence of an islet-gastrointestinal distribution of GPR119, its
expression in pancreatic beta and alpha cells, and its
possible involvement in islet function. They also provide
the basis for a better understanding of the potential clinical
importance of GPR119.

4.1. Limitations of the present study
Our study has several limitations that should be noted.

1. To our knowledge, no specific antibody against human
GPR119is available, so we were unable to assess expression
of GPR119 protein.

2. The enrolled subjects were tumor-bearing patients, though
the tumors were at an early stage or benign, and were
resectable. Pancreatic biopsy is rarely performed because
of the risk of pancreatitis, and is not justified in those
without severe illness [44]. Therefore, we analyzed human
pancreatic tissues collected during surgery. Because pan-
creatic tissue is very vulnerable to postmortem autolysis,
specimens obtained at surgery offer substantial advan-
tages for precise analysis of GPR119 expression. Nonethe-
less, possible weight loss and the paracrine effects of
pancreatic cancer cells on beta cells could have influenced
the correlation study.

3. Patients enrolled in the present study were not severely
diabetic (HbAlc was less than 7.2%), nor were they over-
weight or obese (BMIs were less than 25). Thus clarification
of the pathophysiological role of GPR119 in human diabetes
and obesity must await further investigation in patients with
a wider range of glucose tolerances and BMIs.

4. Plasma glucagon levels were not determined in the
preoperative evaluation, and were not included in the
present study. Beta cell mass is known to be much greater
than alpha cell mass in pancreatic islets, and correlations
between GPR119 mRNA levels and indices for beta cell
function seem plausible, but may underestimate the
involvement of GPR119 in the glucagon secretion. Further
studies will be necessary to clarify the role of GPR119 in
glucagon secretion.

Supplementary materials related to this article can be found
online at http://dx.doi.org/10.1016/j.metabol.2012.06.010.
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