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pancreatic alpha cells and stored in secretory vesicles [24]. More-
over, it has also been shown that TTR co-localized with glucagon
exactly in pancreatic alpha cells, suggesting that TTR synthesized
by pancreatic alpha cells may be involved in glucose homeostasis
[24]. However, the biological significances of TTR expressed in pan-
creatic alpha cells remain unknown.

In view of the evidences provided in previous reports, we
hypothesized that TTR may play important roles in glucose homeo-
stasis. In this study, we focused on TTR that is synthesized by pan-
creatic alpha cells, and we evaluated the possible role of TIR in
expression and plasma levels of glucagon during glucose
fluctuations.

2. Materials and methods
2.1. Animals

Wild-type (WT) and TTR knockout (TTR KO) mice in the C57BL/
6] background [28], were used in this study. Mice were adult
males, each 8-10 weeks old and each weighing 20-25 g. The ani-
mals were maintained in a pathogen-free environment at the Cen-
ter for Animal Resources and Development, Kumamoto University.

2.2. Insulin tolerance test (ITT)

In the ITT, performed after a 3-h fast, human regular insulin
(11U/kg) was administered intraperitoneally (i.p.) to mice, and
the blood glucose level was measured by using an Accu-Chek In-
form Blood Glucose Monitoring System (Roche Diagnostics, India-
napolis, IN).

2.3. Fasting conditions and collection of samples

Plasma samples of mice for ELISA were collected at 0, 6, 12, and
24 h after fast. Samples of pancreas and liver for (QRT-PCR) were
sharply excised, and then immediately frozen in liquid nitrogen.

2.4, Cells and cell culture

The cell lines PANC-1 (human pancreas epithelioid carcinoma
cells), alpha TC1 clone 6 (mouse pancreatic alpha cells), and HepG2
(human hepatocellular carcinoma cells) were obtained from ATCC
(Manassas, VA) and were cultured in DMEM (Invitrogen, Grand Is-
land, NY) supplemented with 10% FBS. All cells were grown in 5%
CO, at 37 °C.

2.5. RNA isolation and qRT-PCR

Total RNA was isolated from each tissue specimen and treated
cells by using TRIzol (Invitrogen, Carlsbad, CA), according to the
manufacturer's protocol. Total RNA (0.5 ug) was reverse-
transcribed to cDNA by using the ExScript RT reagent (Takara Bio
Inc., Shiga, Japan) according to the manufacturer’s instructions.
Each PCR reaction was done with 2 pl of cDNA and 0.2 pM of each
primer in a LightCycler System with SYBR Premix Ex Taq (Takara
Bio Inc.). Agarose gel electrophoresis was also performed as
previously described. The following primers were used: mouse
glucagon: forward, 5-TGAATTTGAGAGGCATGCTG-3; reverse, 5-
GGTTTGAATCAGCCAGTTGA-3; mouse TTR: forward, 5-CATGAAT
TCGCGGATGTG-3; reverse, 5-GATGGTGTAGTGGCGATGG-3; mouse
B-actin: forward, 5-TGACAGGATGCAGAAGGAGA-3; reverse, 5-GC
TGGAAGGTGGACAGTGAG-3; human TTR: forward, 5-CATTCITG
GCAGGATGGCTTC-3; reverse, 5-CTCCCAGGTGTCATCAGCAG-3;
and human glyceraldehyde-3-phosphate dehydrogenase (GAPDH):
forward, 5-GCACCGTCAAGGCTGAGAAC-3; reverse, 5-ATGGTGGTG
AAGACGCCAGT-3.

2.6. Transfection and fasting in vitro

Cells were cultured in 12 well culture plates (Becton, Dickinson,
Franklin Lakes, NJ) at a density of 2 x 10° cells per well, at 37 °C in
a humidified atmosphere of 5% CO; in air for 48 h. Confluent alpha
TC1 clone 6 cells were transfected with two different kinds of siR-
NA against murine TTR, and PANC-1 cells were transfected with
human TTR plasmid by using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. After incubation for 24
or 48h in serum-free medium, total RNA and protein were
isolated. Alpha TC1 clone 6 cells or PANC-1 cells transiently
transfected with control siRNA or control vector were used as con-
trols. Chemical siRNA sequences for TTR siRNA1 were as follows:
TTR siRNA1 sense strand 5-CAGUGUUCUUGCUCUAUAATT-3,
TTR siRNA1 antisense strand 5'-UUAUAGAGCAAGAACACUGTT-3’
(Sigma~Aldrich, Tokyo, Japan). For evaluation of the effect of
fasting on cells, after cells were incubated in serum-free high-
glucose or low-glucose DMEM for 72 h, and thereafter total RNA
was isolated.

2.7. Protein extraction form pancreas and pancreatic islets

Protein in the total pancreas and isolated pancreatic islets from
mice was obtained by using acid ethanol (15% 1 M HCl, 75% etha-
nol, 10% H,0).

2.8. Isolation of pancreatic islets

Mouse pancreatic islets were isolated by means of collagenase
digestion. Mice were anesthetized by i.p. with sodium thiopental.
Collagenase (collagenase type S-1, 0.6 mg/ml; Nitta Gelatin Inc,,
Osaka, Japan) was dissolved in Hanks' Balanced Salt Solutions
(Sigma-Aldrich) with 800 KIU/m! aprotinin (Wako, Osaka, Japan).
The collagenase solution was injected into the common bile duct.
Pancreas were dissected and incubated in the collagenase
solution at 37 °C for 20 min with shaking. These samples were
then mixed with ice-cold isotonic sucrose buffer and were chilled
on ice for 20 min. Clarified islets were collected for use in
experiments.

2.9. Analysis of glucagon secretion

After being incubated in DMEM for 24 h, 5 groups, for each
group contained 15 islets, were incubated for 1h in Ca®'-
containing HEPES-added Krebs-Ringer bicarbonate buffer (HKRB)
with 2.2 mM glucose in 5% CO, at 37°C, followed by test
incubation for 1 h in HKRB with 2.2 or 22 mM glucose.

2.10. Immunohistochemical staining

Paraffin-embedded 4-pm-thick sections were prepared and
deparaffinized in xylene and rehydrated in graded alcohols. Slides
were treated with periodic acid for 10 min at room temperature,
after which they were incubated in 5% normal serum for 1h at
room temperature in a moist chamber. For immunohistochemical
staining of glucagon, a polyclonal rabbit anti-glucagon antibody
(Cell Signaling Technology, Danvers, MA), diluted 1:100 in dilu-
tion buffer, served as the primary antibody. Rabbit anti-mouse
TTR antiserum, diluted 1:50 in dilution buffer, served as the
primary antibody for mouse TTR. The secondary antibody was
an HRP-conjugated goat anti-rabbit immunoglobulin antibody
(Dako, Glostrup, Denmark) diluted 1:100 in buffer. The dilution
buffer was 0.5% Bovine serum albumin (BSA). Reactivity was
visualized via the DAB Liquid System (Dako), according to the
manufacturer's instructions. Sections were counterstained with
hematoxylin.
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2.11. ELISA

The glucagon concentration in plasma, extracts of total pancreas
and islets from mice, and cell lines was measured by using the Rat
Glucagon ELISA Kit (Wako), according to the manufacturer's
instructions for undiluted plasma samples, 1000 times dilution of
extracts of pancreas and islets, 500 times dilution of cell superna-
tants, and 50 times dilution of cell lysates.

2.12. Statistics

Data were expressed as means = S.D. and +S.E.M., according to
the previous study [29]. Controls and treated groups were com-
pared by using Student’s ¢ test. The accepted level of significance
was P < 0.05.

3. Results

3.1. Change in blood glucose levels in WT and TTR KO mice during the
ITT

RT-PCR confirmed expression of TTR mRNA in the pancreas of
mice (Fig. 1A). In sections of pancreatic tissues, TTR was expressed
in all islets from WT mice, with cells showing a preferential periph-
eral distribution, but islets from TTR KO mice evidenced no TTR
expression (Fig. 1A). ITT showed that the blood glucose level in
WT mice started to recover at 30 min after the insulin injection
(Fig. 1B). However, those in TTR KO mice decreased sharply by
60 min after the injection compared with the baseline of the blood
glucose level. Furthermore, TTR KO mice had continuously sup-
pressed blood glucose levels compared with WT mice at 60, 90,
120, and 180 min after the insulin injection (Fig. 1B). We assumed
that the impaired plasma glucagon levels caused the sharp de-
crease of the blood glucose levels in the ITT.

3.2. Plasma glucagon levels in WT and TTR KO mice in the ITT and
during fasting

We next investigated plasma glucagon levels in WT and TTR KO
mice. As Fig. 2A shows, although WT mice showed higher plasma
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glucagon levels after the insulin injection, TTR KO mice showed a
much smaller increase in plasma glucagon levels in a time-depen-
dent manner after the injection. In addition, in sections of pancreatic
tissues from WT and TTR KO mice at 20 min after the insulin injec-
tion, almost all of the islets from WT mice demonstrated strong glu-
cagon immunoreactivity, but islets from TTR KO mice showed only
weak immunoreactivity (Fig. 2B). Furthermore, we compared plas-
ma glucagon levels between WT and TTR KO mice during chronic
glucose fluctuations induced by fasting. As seen in Fig. 2C, consistent
with the results of the ITT, TTR KO mice showed significantly lower
plasma glucagon level by fasting. In contrast to the glucagon levels,
no significant difference of plasma insulin levels between WT and
TTR KO mice was observed (Fig. 51).

3.3. Glucagon content in pancreatic islets from WT and TTR KO mice

We next determined the glucagon content in pancreatic islets
from WT and TTR KO mice. Under normal conditions, pancreatic is-
lets from WT mice demonstrated a strong positive immunoreactiv-
ity for glucagon, with a preferential distribution in the periphery
(Fig. 3A). Pancreatic islets from TTR KO mice, however, showed a
much weaker positive reaction (Fig. 3A). The quantitative analysis
showed that in TTR KO mice, the glucagon content in the total pan-
creas was significantly lower than that for WT mice, i.e., about 10%
of the glucagon content of WT mice (Fig. 3B). To confirm these re-
sults, pure pancreatic islets were isolated and analyzed. As seen in
Fig. 3C, similar to the results for the total pancreas, the glucagon
content in islets isolated from TTR KO mice was about 50% of that
in from WT mice.

3.4. Glucagon secretion from pancreatic islets isolated from TTR KO
mice

To confirm the results obtained from in vivo experiments,
glucagon secretion from pure pancreatic islets-isolated from WT
and TTR KO mice were analyzed. Transfer from high-glucose
condition to low-glucose condition has been shown to induce
glucagon secretion from pancreatic islets. In our study, performed
under similar conditions, pancreatic islets from WT mice showed
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Fig. 1. TTR expression in pancreatic tissues of mice and changes in blood glucose levels in WT and TTR KO mice during the ITT. (A) Expression of TTR mRNA in the pancreas of
mice (top panel); TTR expression in islets from WT mice, with cells showing a preferential peripheral distribution (middle panel), but no TTR expression in TTR KO mice
(bottom panel). Scale bars = 100 um. (B) Mice received human regular insulin (1 IU/kg i.p.), and the serum glucose level was monitored at 0, 30, 60, 90, 120, and 180 min

(mean +S.EM.). n=6. "P<0.05.
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Fig. 2. Plasma glucagon levels in WT and TTR KO mice in the ITT and during fasting. (A) Mice underwent the ITT, and plasma glucagon was measured at 0, 10, 20, and 30 min
by using ELISA (mean # S.EM.). n = 10. (B) Examples of pancreatic islets from mice after the ITT. At 20 min after ITT, immunohistochemistry revealed high-intensity glucagon
staining in pancreatic islets from WT mice (left) and low-intensity glucagon staining in pancreatic islets from TTR KO mice (right). Scale bars = 100 pm. (C) Mice were fasted
for 24 h, and plasma glucagon was measured by ELISA at 0, 6, 12, and 24 h (mean + SEM.). n=11. "P < 0.05.

increased glucagon secretion in the low-glucose compared with
the high-glucose condition. In addition, islets from TTR KO mice
had glucagon levels similar to those of WT mice in the high-glucose
condition. However, no increase in glucagon level was observed in
the islets from TTR KO mice in response to the low-ghicose
condition, in contrast to WT mice. The glucagon levels in the islets
from TTR KO mice were significantly lower than those from WT
mice under low-glucose conditions (Fig. 4A). We also evaluated
the glucagon contents remaining in pancreatic islets after glucagon
secretion. Pancreatic islets from TTR KO mice showed a signifi-
cantly lower level of glucagon than islets from WT mice-only about
40% of the WT level (Fig. 4B). Because the TTR KO islets showed the
lower glucagon content, we assumed that the content of glucagon
was impacted by the decrease of glucagon expression.

3.5. Changes in glucagon expression as related to TIR expression
We next determined glucagon mRNA levels after 12 h of fasting.

Expression of glucagon mRNA in the total pancreas from TTR KO
mice was significantly lower than that from WT mice (Fig. 5A).

While, no obvious alteration was seen in insulin mRNA expression
(Fig. S2). In addition, downregulation of TTR expression by two dif-
ferent sequences of TTR siRNA led to a significant reduction in glu-
cagon expression in alpha TC1 clone 6 cells at both mRNA
andprotein levels (Fig. 5B, Figs. S3 and S4). In contrast, overexpres-
sion of WT-TTR by using the TTR plasmid significantly increased
glucagon mRNA expression in PANC-1 cells (Fig. 5C).

3.6. Starvation-induced changes in pancreatic TIR expression

Previous reports demonstrated that TTR levels decreased during
progressive malnutrition and that this effect was linked to expres-
sion of TTR in the liver, the main organ of production of TTR circu-
lating in the blood [17]. In our study, as expected, expression of
TTR in the liver from WT mice significantly decreased. In contrast,
expression of TTR in the total pancreas from WT mice markedly in-
creased, about 2.5 times, during starvation induced by fasting for
24 h (Fig. 6a and b). Similar to the results obtained from in vivo
experiments, HepG2 cells, a liver cell line, showed a marked reduc-
tion in TTR expression after incubation under low-glucose
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Fig. 3. Glucagon content in pancreatic islets from WT and TTR KO mice. (A) An example of high-intensity glucagon staining in pancreatic islets from WT mice (top) and low-
intensity glucagon staining in pancreatic islets from TTR KO mice (bottom). Scale bars = 100 um. (B) Glucagon content in the total pancreas from WT and TTR KO mice as
measured by ELISA (mean £ S.D.). n = 6. (C) Glucagon content in isolated pancreatic islets from WT and TTR KO mice, as measured by ELISA (mean +S.D.). n = 3. *P <0.05,
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Fig. 4. Glucagon secretion from pancreatic islets from WT and TTR KO mice. {A) Pancreatic islets isolated from WT and TTR KO mice were incubated under high- (22 mM) or
low- (2.2 mM) glucose condition. Glucagon levels were assessed by ELISA (mean + S EM.). n=5. "P< 0.05. ns., not significant. (B) Remaining glucagon contents in isolated
pancreatic islets from WT and TTR KO mice after glucagon secretion after incubation in low-glucose condition, as measured by ELISA (mean + S.EM.). n=5. 'P<0.01.

conditions for 72 h. However, alpha TC1 clone 6 cells evidenced
significantly increased glucagon mRNA expression after incubation
in glucose-poor medium for 48 h (Fig. 6¢ and d).

4. Discussion

A previous report suggests that, on the basis of electron micro-
scopic evidence, TTR in pancreatic islets is mainly expressed in
pancreatic alpha cells and is stored in secretory vesicles [24]. In
the present study, we demonstrated that TTR KO mice, compared
with WT mice, evidenced impaired blood glucose recovery and
plasma glucagon levels during both acute and chronic glucose fluc-
tuations. These results were confirmed by using isolated pancreatic

islets from WT and TTR KO mice. These interesting phenomena
suggest that TTR plays important roles in glucose homeostasis dur-
ing glucose fluctuations, especially periods of low blood glucose
levels, by regulating the amount of glucagon secreted.

One interesting finding of this study is that the lack of TTR
reduced the plasma glucagon level during both acute and chronic
glucose fluctuations. Glucagon and insulin constitute part of a
feedback system that keeps blood glucose levels stable. The
reduced glucagon level destroys the balance between insulin and
glucagon, and affects the stability of blood glucose levels. These ef-
fects may be amplified by injections of insulin used to treat insulin-
dependent diabetes, or by long periods of malnutrition. The pan-
creas releases glucagon when blood glucose levels fall too low,
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Fig. 5. Effects of TTR on glucagon expression. (A) Mice were fasted for 12 h, and glucagon mRNA expression was measured by means of qRT-PCR (mean £ S$.D.). n = 14. (B)
effect of blocking TTR signaling on glucagon mRNA expression in alpha TC1 clone 6 cells. Blocking was achieved by using TTR siRNA (100 nM) (mean £ S.D.). n = 3. (C) Effect of
TTR overexpression on glucagon mRNA expression in PANC-1 cells. Overexpression was achieved by using TTR plasmid (0.3 pg) (mean +$.D.). n=3. *P<0.05; 'P<0.01.
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Fig. 6. Effects of starvation on TTR expression in pancreas and liver. WT mice were fasted for 24 h, and TTR mRNA expression in pancreas (A} and liver (B) was measured by
means of qRT-PCR (mean £ S.D.). (C) and (D) alpha TC1 clone 6 (C) or HepG2 (D) cells were incubated under high- or low-glucose condition for 72 h. TTR mRNA expression was

measured by means of qRT-PCR {mean + S.D.). n=3. *P<0.05; "P< 0.01.

and glucagon facilitates the liver's conversion of stored glycogen
into glucose, which is released into the bloodstream. Low plasma
glucagon levels cause a failure in the relief of acute or chronic se-
vere hypoglycemia, which affects many important organs and ma-
jor physiological functions [6]. Especially, because neurons cannot
use other energy sources such as fatty acids to any great degree,
brain depends absolutely on glucose as a fuel [30]. Thus, rapid re-
sponse and dynamic glucagon secretion when blood glucose levels

are low is extremely important for maintenance of glucose homeo-
stasis. Our data suggest that TTR performs a novel function and
plays important roles in stabilizing blood glucose levels via control
of glucagon. It should be noted that, despite the well-known fact
that glucagon concentration is regulated by insulin concentration,
no obvious difference in plasma insulin levels was observed be-
tween WT and TTR KO mice (Fig. S1). These data suggest that
TTR in pancreatic alpha cells played an important role to increase
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the plasma glucagon levels during glucose fluctuations. A condi-
tional TTR KO mouse which lack TTR only in pancreas may help
confirming these findings. Our future studies will focus on more
precise determination of the roles of TTR in glucose homeostasis.

In the present study, we found that TTR KO mice showed a sig-
nificantly lower glucagon content compared with WT mice, and we
found a similar phenomenon in the in vitro studies using pancre-
atic islets. It should be noticed that the similar numbers of pancre-
atic islets in whole pancreas of WT and TTR KO mice were observed
by microscope (average number of WT: 32 +6/field; TTR KO:
28 + 4/field). Moreover, we found that glucagon mRNA expression
in pancreatic cell lines had a high positive association with the le-
vel of TTR expression. These results suggest that the lack of TTR im-
paired the accumulation or storage of glucagon in pancreatic alpha
cells, and we considered that the reduced contents of glucagon
could be caused by the decrease of mRNA levels. As shown in Figs. 1
and 2, by ITT, plasma glucagon levels 20 min post-injection were
lower in TTR KO than WT, and significant differences were noted
from 60 min in blood glucose level. These results suggest that be-
cause pancreatic alpha cells rapidly secrete abundant glucagon in
response to hypoglycemia, and since the half-life of glucagon is rel-
atively short, 5-6 min [4], the lack of TTR may reduce the level of
glucagon mRNA, which in turn leads to the deficiency of plasma
glucagon levels for insulin antagonistic activity. Although the role
of TTR in glycogenolysis in liver has yet to be determined, TTR
may serve as one of the enhancers of glucagon expression after
acute secretion of glucagon in pancreatic alpha cells. Also, we pre-
viously reported that glucose metabolism is impaired in familial
amyloidotic polyneuropathy, which is caused by mutated TTR, in
which amyloid deposition commonly occurs in the pancreas [31].
Previous reports demonstrated that glucagon gene expression is
tightly controlled by various transcription factors, such as Pax6,
Foxal, Foxa2, and MafB/cMaf [2,32,33]. Of these transcription fac-
tors, Foxa2 (also called hepatic nuclear factor-3) is known to be
essential for strong expression of TTR gene in the liver {34,35]. It
should be noted that Pax6 mRNA expression was significantly re-
duced by TTR knockdown with siRNA in alpha TC1 clone 6 cells
(Fig. S5). These lines of evidence suggest that TIR in pancreatic al-
pha cells may also be controlled by various transcription factors,
such as Pax6 and Foxa2, in response to hypoglycemia and may
serve as a mediator of up-regulation of glucagon expression. In
addition to the glucagon contents, because TTR is stored in secre-
tory vesicles [24], TTR may affect the secretion of glucagon. More-
over, since we also found that the expression levels of insulin was
also affected, but not obviously, by the lack of TTR (Fig. S2), further
investigation is needed to explain in detail the mechanism under-
lying cross-talk between glucagon and TTR expression in glucose
homeostasis. In addition, instead of normal cells, we used alpha
TC1 clone6 and PANC-1 cell lines to obtain supportive evidence
(Figs. 5 and 6). Unlike normal pancreatic alpha cells, alpha TC1
clone 6 cells express the high levels of glucagon by the control of
the rat preproglucagon promoter and terminally differentiated.
PANC-1 is an epithelioid carcinoma cell line derived from human
pancreas and secret the low levels of hormones. Our future studies
will focus on more precise determination by using the normal pan-
creatic alpha cells of the roles of TTR in glucose.

Other interesting findings of this study are that, different from
the situation in the liver, hypoglycemia that was induced by insulin
injections and fasting significantly enhanced TTR expression in
pancreatic alpha cells, and starvation produced a similar result.
These findings suggest that TTR expression may be controlled by
specific transcriptional regulation in pancreatic alpha cells as de-
scribed above, which differ from hepatic cells. We will clarify the
mechanism in the future study.

In conclusion, unlike liver that synthesize TTR, the pancreas ex-
presses TTR by means of a distinct mechanism. In addition to the

well-known function of TTR, such as transporting thyroxine in
association with retinol-binding protein, TTR that is expressed in
pancreatic alpha cells may play important roles in glucose homeo-
stasis during glucose fluctuations by regulating glucagon
expression.
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Introduction

It has been shown that there is a significant association between
computed tomography (CT)-based fat distribution and life style-
related diseases, such as diabetes, dyslipidemia, and hypertension.
Visceral fat-related obesity 1s closely associated with the de-
velopment of atherosclerotic diseases [1]. The metabolic syndrome
is strongly linked to visceral fat adiposity. The exact pathomechan-
isms of the metabolic syndrome are not clear at present but seem
to involve accumulation of macrophages in adipose tissue, which
induce a state of chronic low-grade inflammation by producing
a battery of inflammatory mediators. In addition, these macro-
phages interact with adipocytes through free fatty acids and
adipocytokines, creating a vicious cycle that promotes the
development of the metabolic syndrome and atherosclerosis [2—
4]. However, to date, there is no method to evaluate the function
and condition of human visceral fat.

A series of recent studies demonstrated that the adipose tissue of
obese subjects contains not only macrophages but also non-
macrophage immunocytes, such as T-cells [5,6], B-cells [7], and
eosinophils [8], and that these cells accelerate the development of
metabolic syndrome. These evidences imply that gene expression
profile in peripheral blood cells may reflect the visceral fat
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condition. However, there is no report demonstrating the relation
of peripheral blood gene expressions and visceral fat accumula-
tion. Hence, the present study tested the association between
visceral fat adiposity and the gene expression profile in peripheral
blood cells to search novel surrogate markers relating to visceral fat
adiposity and to establish novel diagnostic tools for metabolic
syndrome.

Materials and Methods

Study Population

All subjects were inpatients of the Division of Endocrinology &
Metabolism, Osaka University Hospital, Osaka. Written informed
consent was obtained from ecach subject after explaining the
purposec and potential complications of the study. The study
protocol was approved by the human ethics committee of Osaka
University and the study was registered with the University
hospital Medical Information Network (Number: UMIN
000001663). Obesity was defined as body mass index (BMI)
greater than 25 kg/m’ [9]. Subjects with type 1 diabetes mellitus,
autoimmune diseases, malignant diseases, and infectious diseases
were excluded from the study. Patients treated with statins and/or
thiazolidinediones were also excluded. Sixty-two subjects were
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enrolled in the study, although five subjects were later excluded
due to RNA degradation in the blood samples collected from these
individuals. Thus, the present study was conducted in 57 obese
patients.

Clinical Parameters

The estimated visceral fat area (eVFA) was measured by
abdominal bioelectrical impedance analysis (BIA), as reported
previously [10,11]. Physical examination and collection of blood
samples were conducted on the same day. The homeostasis
model—assessment of sulin resistance (HOMA-IR) was calcu-
lated by the equation: HOMA-IR = fasting insulin (pU/mL) x
fasting glucose (mg/dL)/405.

The intima-media thickness IMT) of the carotid arteries was
measured using a high-resolution B-mode ultrasonography system
(Xario; Toshiba Medical Systems Corp., Tochigi, Japan) with an
electrical linear transducer (mid-frequency 7.5 MHz). IMT
represented the distance between two parallel echogenic lines
corresponding to the blood-intima and media-adventitia interfaces
on the posterior wall of the artery. Three determinations of IMT
were conducted at the site of the thickest point, maximum IMT
(max-IMT) and two adjacent points (located 1 cm upstream and
1 em downstream from this site). These three determinations were
averaged and expressed as the mean IMT.

Type 2 diabetes mellitus was defined as fasting plasma glucose
(FPG) concentration =126 mg/dL, 2-h plasma glucose concen-
tration following 75 g oral glucose load of =200 mg/dL, or
treatment with glucose-lowering agents. Hypertension was defined
as systolic blood pressure (BP} =140 mmHg, diastolic
BP=90 mmHyg, or treatment with anti-hypertensive agents.
Dyslipidemia was defined as fasting triglycerides (TG}
=150 mg/dL, high-density lipoprotein cholesterol (HDL-C)
<40 mg/dL, or low-density lipoprotein cholesterol (LDIL-C)
=140 mg/dL, or treatment with lipid-lowering agents.

Isolation of RNA

For total RNA isolation, blood samples were collected into
PaxGene Blood RNA tubes (PreAnalytiX/QJAGEN Inc., Valen-
cia, CA) at 7:30 am and left to stand for 2 h at room temperature.
The blood samples in the PaxGene Blood RINA tubes were stored
at —20°C for 2 days and subsequently kept at —80°C until
analysis. Total RNA was extracted by using PaxGene Blood RNA
Kit (PreAnalytiX/QIAGEN) according to the protocol supplied
by the manufacturer.

Microarray Analysis

After RNA was qualified by the Agilent 2100 Bioanalyzer,
250 ng of total RNA was converted to ¢cDNA, amplified, and
labeled with Cy3-labeled CTP using the Quick Amp Labeling kit
(Agilent Technologies, Santa Clara, CA) according to the protocol
supplied by the manufacturer. Following labeling and clean up,
the amplified RNA and dye incorporation were quantified using
a ND-1000 Spectrophotometer (Nano Drop Technologies,
Wilmington, DE) and hybridized to Agilent whole human genome
4 x 44 K oligo-DNA microarray (Agilent Technologies, Santa
Clara, CA). After hybridization, the arrays were washed consec-
utively by using Gene Expression Wash Pack {Agilent Technol-
ogies). Fluorescence images of the hybridized arrays were
generated using the Agilent DNA Microarray Scanner, and the
intensities were extracted with Agilent Feature Extraction software
ver.10.7.3.1. The raw microarray data are deposited in the
National Center for Biotechnology Information Gene Expression
Omnibus (GEO Series GSE28038).
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Real-Time RT-PCR

First-strand ¢cDNA was synthesized from 180 ng of total RNA
using Thermoscript RT (Invitrogen, Carlshad, CA) and oligo dT
primer. Real-time quantitative PCR amplification was conducted
with the LightCycler 1.5 (Roche Diagnostics, Tokyo, Japan) using
LightCycler-FastStart DNA Master SYBR Green I (Roche
Diagnostics, Tokyo, Japan) according to the protocol recom-
mended by the manufacturer. The final result for each sample was
normalized to the respective GAPDH (glyceraldedyde-3-phos-
phate dehydrogenase) value. The primer sets used were: PER1, 5'-

GAACTCAGATGTGGCTAGACC-3"  and 5-TGTCAG-
CAACTTTGTCCAGGG-3'; GAPDH, 5"-AAGGG-
CATCCTGGGCTACA-3' and 5'-GAG-

GAGTGGGTGTCGCTGTTG-3'.

Microarray Data Analyses

The raw microarray intensities were processed by the percentile
shift method (75th percentile) using the GeneSpring GXI11
(Agilent Technologies) so as to normalize the range of expression
intensities for inter-microarray. Only those genes whose expression
data were available in more than 50% of hybridizations were
included for further analyses. The normalized data were exported
from the GeneSpring GX software. The corrclation between
peripheral blood gene expression levels and Log-eVFA levels was
cxamined by Pearson’s correlation under the R environment
(http://cran.at.r-project.org). Gene Ontology (GO) information
was retrieved from the annotations in GeneSpring GX11.

Clinical Data Analysis

Geometric mean values were used for insulin and C-reactive
protein (CRP) due to the skewed distribution of the data. Non-
normally distributed variables were log-transformed before anal-
ysis. The Spearman rank correlation coefficients for the study
population as a whole were analyzed for Log-eVFA levels and
other clinical variables. A P values less than 0.05 denoted the
presence of significant difference. Pearson’s correlation coefficient
was used to examine the relationship between period homolog 1
(PER1) and metabolic parameters. Stepwise multiple regression
analysis with backward stepwise elimination was conducted to
identify those parameters that significantly contributed to PER].
Log-eVFA, HOMA-IR, WBC and CRP were entered as in-
dependent variables in the analysis. All calculations were
performed using the JMP software (JMP 9.0; SAS Institute Inc.,
Cary, NC). Data are expressed as mean®=SD.

Results

Characteristics of the Subjects

The clinical characteristics of the participating subjects are listed
in the Table 1. The mean BMI and eVFA of 57 patients were
30.6 kg/m” (range, 25.4-51.2 kg/m”) and 166.8 cm” frange, 80~
386 cm?), respectively. The mean HOMA-TR was 3.0, reflecting
mild insulin resistance. The proportion of patients with diabetes
mellitus, dyslipidemnia, and hypertension was 75%, 73%, and 57%,
respectively. Frequency of patients treated with lipid-lowering
drugs, anti-hypertensive drugs, oral glucose-lowering agents,
msulin, and sleeping drugs was 25%, 42%, 18%, 42%. and
28%, respectively.

Serum adiponectin concentrations correlated inversely with
eVFA (Figure S1A) while CRP levels correlated positively with
¢VFA (Figure S1B). Insulin concentrations correlated significantly
with eVFA (Figure S1C) and HOMA-IR tended to increase in
parallel with increase in eVFA (Figure S1D). The leukocyte count,
but not the erythrocyte count or platelet count, correlated
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Table 1. Characteristics of participants,
N 57
Age (years) 517135
Male/Female 27.0/30
Body: weight (kg) 794167
BMI (kg/m?) 306253
Waist.circumference (cm) 100.7:£12.5
eVFA (cm?) 166.8164.4
Log-eVFA 234015 -
Systolic blood pressure (mmHg) 128.8+149
Diastoli¢ blood pressure (mmHg)- 76.310.9
Fasting glucose (mg/dL) 139.6£50.3
Hemoglobin AT¢ (%) 8.1+22
Immunoreactive insulin (uU/mi) 121£58
HOMA-IR (unit) 30£13°
Total cholesterol (mg/dL) 2104%37.1
LDL-C (mg/dL) 13414333
HDL-C {(mg/dL) 46.8+10.2
Triglyceride (mg/dL) 155.7£76.8
Creatinine (mg/dL) 0.8+0.29
Ureic acid (mg/dL) 62+1.5
Serum adiponectin (ug/mL) 6.7+4
WBC (/uL) 6758.0+1838
Neutrophils (%) 55.2*75
Lymphocytes (%) 358+8
Eosinophils (%) 3.0%15
Byascj;ph,i!s (%) 0.6“‘_"6.9,
Monocytes (%) 74%75
RBC (x10%/1L) 466.0£53 -
Platelet (x10%/uL) 23456
CRP (mg/dL) 042048
Diabetes mellitus; n (%) 43 (75)
Dyslipidemia, n' (%) 43 (73)
Hypertention, n (%) 33 (57)
Mean IMT (mm). 109025
Medication
Oral gliicose-loweririg drugs, n (%) - 10 (18)
Insulin, n (%) ‘ 24 (42)
Lipid-lowering drugs, n (%) “14 (26):
Antihypertensive drugs, n (%) 24 (42)
Data are mean = SD. BMI; body mass index, eVFA; estimated visceral fat area,
LDL-C; low density lipoprotein-cholesterol, HDL-C; high density lipoprotein-
cholesterol, HOMA-IR; homeostasis model assessment of insulin resistance, IMT;
imtima-media thickness.
doi:10.1371/journal.pone.0047377.t001

significantly with eVFA (Figure S2A to S2C). Furthermore, the
lymphocyte, monocyte, and neutrophil counts, but not those of
eosinophils and hasophils, correlated positively with eVFA (Figure
S2D to S2H).

Analysis of Gene Expression Profiles
Peripheral blood RNA samples from 28 subjects (BMI
31.9%6.0 kg/m®, VFA 1994894 cm?) were subjected to
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microarray analysis. The target probes were selected under the
condition that significant signals were detected in more than 14
cases and thus 27969 genes were extracted for gene expression
analysis. Table 2 lists the top 20 genes that correlated significantly
with eVFA: 8 genes correlated positively and 12 genes correlated
negatively with eVFA. Among these genes, the solute carrier
family 46 member 3 (SLC46A3), which is classified as a membrane
protein, showed the highest statistical significance with eVFA
(P =0.000006). Importantly, significant correlations with eVFA
were also observed in gemes related to oxidative stress and
inflammation, such as peroxiredoxin 3 (PRDX3) (P =0.00033),
suppressor of cytokine signaling 3 (SOCS3) (P=0.0007), and
ORAI calcium release-activated calcium modulator 1 (ORAII)
(P=0.0009). Interestingly, a negative correlation with eVFA was
observed in period homolog 1 (PERI), which is classified as
a transcription factor and recognized as a circadian clock gene
(P=0.0011).

Next, we conducted gene ontology (GO) analysis and searched
for genes involved in circadian rhythm (GO:0007623), inflamma-
tion (GO:0006954), oxidative stress (GO:0006979), immune
response (GO:0006955), lipid metabolism (G0:0006629), and
glucose metabolism (GO:0006006). Figure 1A shows the preva-
lence of genes that showed significant correlation with eVFA. The
number of circadian rhythm genes was small, but 5 genes (18.5%)
showed significant correlation with eVFA. The frequencies of
inflammation-, oxidative stress-, and immune response-related
genes that correlated significantly with eVFA were 5.9%, 7.8%,
and 8.8%, respectively. Furthermore, the frequencies of lipid
metabolism- and glucose metabolism-related genes that correlated

Table 2. Correlation coefficients of peripheral blood cell gene

expression with visceral fat adiposity.

Gene Symbol Gene Name P value

Positively correlated:genes :
SLC46A3 sofute carrier family 46, member 3 0.000006
DUSPZ - dual specificity phosphatase 3 000007
DEF8 differentially expressed in FDCP 8 homolog 0.0002
APOM  apolipoprotein M- 000033
PRDX3 peroxiredoxin 3 0.00033
Socs3 suppressor of cytokine signaling. 3 0.0007
LOC644538 hypothetical protein LOC644538 0.0007
DOK4 - docking protein 4 0.0011

Negatively correlated genes
TSGAT4 - testis specific, 14 0.00002
CABIN1 calcineurin binding protein 1 0.00007
ZFP36 . zinc finger protein 36 0.0001
RAB37 RAB37, memBer RAS oncogene family 0.0002
PBXIPT pre-Becell leukemia homeobox iRteracting protein 10.00032
RABGAP1L RAB GTPase activating protein 1-like 0.0004
SMPD1 sphingomyelin phyos'phiodiesteras,ej,'a';id L 0.0004
e lysd‘sdmalf S Ky on S ’ ;
ZNF174 zinc finger protein 174 ’ 0.0006
C3orf16 chrofmosome 3 open reading frame 16 0.0006.
CCND3 cyclin D3 0.0007
ORAI ORAI calcium release-activated calcium modulator 10.0009
PER1 period homolog 1 0.0011

doi:10.1371/journal.pone.0047377.1002
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significantly with ¢VFA were 3.0% and 6.1%, respectively.
Increasing evidence demonstrates a close relationship between
the disturbance of circadian clock oscillator and the development
of metabolic syndrome [12-14]. Table 3 shows gene probes
related to circadian rhythm (GO:0007623). PERI, wv-erb-b2
erythroblastic leukemia viral oncogene homolog 3 (ERBB3), clock
homolog (CLOCK), prokineticin 2 (PROKZ2). and cryptochrome 2
(CRY2) correlated significantly with eVFA.

Association between PER1 and Metabolic Parameters

As shown in Figure 1A and Table 3, genes relating to circadian
rhythm were highly correlated with eVFA. The highest correlation
with eVFA was observed in PER1 among them. RT-PCR was,
therefore, performed in 57 subjects to revalue the association of
eVFA and PER1 mRNA levels in peripheral blood cells. As shown

A
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in Figure 1B, PER1 mRNA levels correlated negatively with e VFA
(Figure 1B).

Table 4 lists the correlation coefficients for the relationship
between PER1 and various metabolic parameters. Age- and sex-
adjusted univariate analysis showed that PER] correlated nega-
tively with log-eVFA, HOMA-IR, WBC, and CRP. Stepwise
multiple regression analysis revealed log-eVFA as a significant
determinant of PER1.

Discussion

The mamn findings of the present study were: (1) Visceral fat
adiposity correlated with the expression of various genes related to
circadian rhythm, inflammation, and oxidative stress, in peripheral
blood cells. (2) Peripheral blood PER]1 mRNA expression level
correlated negatively with visceral fat area. (3) Visceral fat area

18.5%

5.9%

7.8%

8.8%

3.0%

Genes correlated | Total
with eVFA (n) genes (n)
Circadian rhythm 5727
Inflammation 14/238
Oxidative stress 10/ 128
Immune response  42/477
Lipid metabolism 8/260
Gilucose metabolism 4/685

6.1%

0 25 50 75 100
Prevalence (%)
B 6 — 1
®  P=0.036 R=0.27 |

PER1

1.8 2.0 2.2 2.4
Log-eVFA

Figure 1. Gene expression profile in peripheral blood cells. (A) Prevalence of gene probes correlated with estimated visceral fat area (eVFA).
Gene ontology analysis was performed based on the microarray data. (B) Correlation between PER1 mRNA level and eVFA. Total RNAs from peripheral

blood cells of 57 subjects were subjected to RT-PCR.
doi:10.1371/journal.pone.0047377.g001
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Table 3. Genes related to circadian rhythm.

Gene Symbol Probe Name P value
PERT A23_P89589 0.0011

ERBB3 A_23_P349416 0.0050

CLOCK A_23_P419038 ~0.0120

PROK2 A_23_P97342 0.0230
CRY2" A 23.P127394 00489

CRY2 A_23_P388027 0.0565
CYP7BI A23.P169092. 0.0669

CRY2 A_23_P158587 0.0699
AANAT © 0 ‘A_23_P152527 0.0704

CRY1 A_23_P36665 0.0864

PRET - A23 P1473 ' 0.0939

HEBP1 A_23 _P117082 0.0956

PHLPP1 A_23.P89762" £0.1440
KCNMA1 A_23_P61150 0.1618
TIMELESS - A.23 P53276 0.2195

PER2 A_23_P411162 0.2494

PER2 . A_23:P209320 0.3684

CRY1 A_24 _P407235 0.4662
ATOH7 A_23_P378514 04755
ARNTL A_24_P162037 05197
MAT2A A_23.P401568 0.5893
NR1D1 A_23_P250227 0.7034

JUN A_23. P420873 0.7405

HTR7 A_23_P500381 0.7585
MAT2A A_32.P87703 09325
PROKR2 A_23_P412603 0.9702

PER1 : period homolog 1, ERBB3 : v-erb-b2 erythroblastic leukemia viral
oncogene homolog 3, CLOCK : clock homolog, PROK2 : prokineticin 2, CRY2 :
cryptochrome 2, CYP7B1 : cytochrome P450, family 7, subfamily B, polypeptide
1, ANNAT : arylalkylamine N-acetyltransferase, CRY1 : cryptochrome 1, PRF1 :
perforin 1, HEBP1 : heme binding protein 1, PHPP1 : PH domain and leucine rich
repeat protein phosphatase 1, KCNMAT : potassium large conductance calcium-
activated channel, subfamily M, alpha member 1, TIMELESS : timeless homolog,
PER2 : Period homolog 2, ATOH?7 : atonal homolog 7, ARNTL : aryl hydrocarbon
receptor nuclear translocator-like, MAT2A : methionine adenosyltransferase I,
alpha, NR1D1 : nuclear receptor subfamily 1, group D, member 1, JUN : jun
oncogene, HTR7 : 5-hydroxytryptamine receptor 7, PROKR2 : prokineticin
receptor 2.

doi:10.1371/journal pone.0047377.t003

was a significant determinant of PER1 mRNA level in peripheral
blood cells.

Chronic Jow-grade inflammation is closely associated with the
metabolic syndrome. Immune cell infiltration and production of
reactive oxygen species (ROS) are increased in obese adipose
ussue and such changes can cause adipocyte dysfunction. The
latter can cause disorders of circulating fatty acids, ROS, and
adipocytokines, which are located upstream in the development of
metabolic syndrome and atherosclerosis [5-8,15-17]. As shown in
Table 2, several genes related to inflammation and ROS were
associated with visceral fat adiposity, suggesting that inflammation
of the adipose tissue may reflect on the expression of genes in
peripheral blood cells. Interestingly, lymphocyte, monocyte, and
neutrophil counts correlated positively with ¢eVFA. The present
data are in agreement with the reported increase in monocytes in
obese subjects [18]. Such change in leukocyte subsets in visceral fat
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adiposity may be initiated by adipose local inflammation.
Alternatively, it is also possible that the increase in the number
of peripheral lymphocytes, monocytes, and neutrophils, which are
somehow activated in bone marrow in visceral fat obesity, could
results in the induction of local and/or systemic inflammation,
with subsequent development of the metabolic syndrome. It is
possible that some leukocyte subsets may affect the expression
profile of certain genes, especially the mRNA level of PER] in
peripheral blood cells. PER1 mRNA level might be high in CD4-
positive T cell rather than the other cells such as neutrophil,
monocyte, CD8-positive T cell, and B cell, by analyzing
microarray database (GSE22886)(data not shownj, but further
studies are needed to determine the exact leukocyte subtype(s) that
influence peripheral blood PER1 mRNA level. In addition, target
blood cell population of visceral fat should be identified in future.

Accumulating evidence indicates a close interrelationship
between the circadian clock oscillator and metabolic syndrome
[12-14]. Several genetic models of circadian disruption also
exhibited metabolic disorders and vascular dysfunction [19]. One
recent study highlighted the role of mouse Per genes in the
development of obesity [20]. Furthermore, experimental evidence
suggests that high-fat diet can alter the amplitude of peripheral
circadian clock genes in mouse adipose tissue and liver {21]. In the
present study, 18.5% of circadian genes in peripheral blood cells
correlated significantly with eVFA (Figure 1A) and a significant
correlation between PER1 mRNA level and ¢eVFA was observed
(Figure 1B). Other reports investigated circadian clock genes in
human peripheral blood cells. In healthy male subjects, no distinct
circadian changes were observed in the mRINA levels of PER2 and
aryl hydrocarbon receptor nuclear translocator-ike (ARNTL/
BMAILI1), whereas PER1 mRNA levels exhibited a clear oscillation
during the 24-hour period with a peak expression level at 8 am
[22]. We also obtained the preliminary data that the peripheral
blood PER1T mRNA levels were oscillated with a peak expression
level at 7:30 am (data not shown). These data support the present
findings that peripheral blood PER1 mRNA level was reduced in
visceral fat accumulation since the blood samples were collected
exactly at 7:30 am in the present study. Circadian changes in Perl
mRNA were also reported in the mouse white adipose tissue [23]
and disturbances of its expression were also reported in obese mice
[24]. However, there is still a gap in our understanding of the
circadian oscillation in mouse Per] mRNA. Furthermore, the
regulatory mechanism that control human PERI expression in
peripheral blood cells also remains uncertain. Haimovich et al [25]
recently showed that a bolus administration of endotoxin resulted
in down-regulation of PERI mRNA in peripheral blood cells
following a rise in plasma IL-6 and TNF-2 levels but had no effect
on melatonin secretory rhythm in human subjects [23]. In-
terestingly, our data (Table 4) showed that CRP was correlated
with peripheral blood PER1 mRNA level. Considered collectively,
it is possible that chronic low-grade inflammation could cause
impairment of circadian oscillation of PER1 mRNA in peripheral
blood cells with visceral fat accumulation. Alternatively, peripheral
blood leukocytes with low PER1 mRNA level may have pro-
inflammatory properties capable of initiating local inflammation in
the adipose tissue. Further prospective studies arc needed to
examine whether dysregulation of circadian genes in peripheral
blood cells can induce a vicious cycle, leading to the development
of metabolic syndrome and cardiovascular events.

The present study has several limitations. Diabetes mellitus,
dyslipidernia, and hypertension were common in the study
population, since all subjects were inpatients. These metabolic
diseases and medications could modulate the expression levels of
various genes in peripheral blood cells directly or indirectly. The
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correlation between PERI] expression level and medication was
also examined (data not shown), but there were no significant
correlations in present study. Further studies will be needed in
future to understand what kind of medications influence on
peripheral blood cell mRNA expressions. In addition, the study
participants were obese Japanese subjects (BMI =25 kg/m?) and
visceral fat area was measured by BIA, not CT or MRI. Future
studics are needed to analyze the genec expression profile in
peripheral blood cells from not only obese subjects but also non-
obese healthy (low VFA) subjects, although we obtained the
preliminary data that peripheral blood PER1 mRNA levels were
significantly higher in non-obese healthy volunteers than in the
current study population {data not shown). The effects of diet- and
exercise-induced visceral fat reduction on gene expression profile
in peripheral blood cells should be investigated in future.

In perspective, gene expression profiling in peripheral blood
cells may be applied to detect the function and condition of
visceral fat tissues in human, although further studies are needed
in future. These analyses may provide the new knowledge of
metabolic syndrome and will achieve the novel diagnostic and
therapeutic approaches for metabolic syndrome.

PLOS ONE | www.plosone.org

Table 4. Correlation between PER1 and metabolic parameters.

Univariate Univariate

(non-adjusted) (age,sex-adjusted) Multivariate
Parameter S v p value “R R P Vélue p value ~'F value
Age ~0.28 0.031 - -
Sex: : : : 022 0 0.095 - -
BMI —0.20 0.132 —0.27 0.047 . -
Wiist circumference (WC) 20260 0044 “023 0080 - ‘
Log-eVFA —0.28 0.036 —0.29 0.023 0.005 8.969
Systolic blood pressure EETSTEE =0.03 o ore7 ~003 . 0786 : 3
Diastoﬁc blood pressure 0.05 0.705 -0.17 0.274
Fasting glucose o -010 042 012 0354
Hemogiobin Alc (JDS) -0.17 0.206 -0.19 0.142
HOMA-IR- e S =036 0019 =042 001300090 - 3.074
AST =0.13 0.329 -0.14 0.283
ALT S . f002 0854 =010 ] 0439
¥-GTP -0.07 0.602 ~0.08 0.551
Total cholesterol : g S 024 0.065 Cg21 011
LDL-C 0.19 0.149 0.17 0.202
Triglyceride + SRR : 010 0456 -001 0938
HDL-C 0.11 0.389 0.20 0.128
Creatinine : e 0.191 029 S0.073 "
Log adiponectin —0.03 0.809 0.12 0.393
WBC 011 0395 =037 0011 0.087 3128
CRP —0.36 0.006 —-0.37 0.003 0.096 2.968
Complication of DM : 0.056 022 0.099.
Complication of HT 0.169 0.13 0.331‘
Complicaﬁon of DLP : R 0.788 0020 0.885.
Mean IMT 0.02 0.886 0.10 0.551
Data are mean = SD. BMI; body mass index, eVFA; estimated visceral fat area, LDL-C; low density lipoprotein-cholesterol, HDL-C; high density lipoprotein-cholestercl,
HOMA-IR; homeostasis model assessment of insulin resistance, DM; diabetes mellitus, HT; hypertension, DLP; dyslipidemia, IMT; imtima-media thickness.
doi:10.1371/journal.pone.0047377.t004

Supporting Information

Figure S1 Correlation between estimated visceral fat
area (eVFA) and various blood parameters. The homeco-
stasis model—assessment of insulin resistance (HOMA-IR) was
calculated as follows: HOMA-IR = fasting insulin (pU/
mL) xfasting glucose (mg/dl)/405.

(TIFF)

Figure 82 Correlations between estimated visceral fat
area (eVFA) and peripheral blood cell count.
(TIFF)
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Abstract

We herein describe a 59-year-old woman who had undergone a total gastrectomy for gastric carcinoma and
suffered from postprandial hypoglycemia characterized by a loss of consciousness and spasms. She was diag-
nosed with reactive hypoglycemia and treated with nutrition therapy, but the frequency and severity of the
hypoglycemic episodes did not decrease. She was subsequently treated successfully with miglitol, an alpha-
glucosidase inhibitor (0-GI) taken twice a day; other o-GIs (acarbose and voglibose) were not effective. In
conclusion, the administration of miglitol was effective for preventing reactive hypoglycemia secondary to

late dumping syndrome.

Key words: reactive hypoglycemia, dumping syndrome, alpha-glucosidase inhibitor

(Intern Med 51: 2581-2585, 2012)
(DOI: 10.2169/internalmedicine.51.8171)

Introduction

Reactive hypoglycemia is defined as a clinical disorder in
which hypoglycemic symptoms occur postprandially. Seri-
ous and life-threatening hypoglycemia can occur without ap-
propriate treatment (1, 2). Reactive hypoglycemia can be
caused by fructose intolerance, galactosemia, drugs, and late
dumping syndrome (3, 4). Late dumping syndrome is seen
in 10-40% of patients after gastric surgery (3) and in more
than 50% of patients after esophagectomy (6). In Japan, gas-
tric cancer is one of the leading causes of cancer deaths (7),
and gastrectomy is the mainstay of curative treatment (8).

Patients with reactive hypoglycemia secondary to late
dumping syndrome are treated via dietary modifications,
wherein meals are eaten five or six times a day, and the car-
bohydrate intake is reduced. However, this nutrition therapy
is not always successful at preventing the development of
hypoglycemia. :

Alpha-glucosidase inhibitors (a-Gls), which are oral an-
tidiabetic agents, work primarily in the small intestine. Be-
cause they reduce carbohydrate metabolism and carbohy-
drate absorption, they modulate the postprandial increase in
the plasma glucose and insulin levels. Acarbose, an o-GlI,
has been reported to be effective in idiopathic reactive hypo-
glycemia (9, 10) and in late dumping syndrome (11, 12).

We herein report the case of a woman who suffered from
severe reactive hypoglycemia secondary to late dumping
syndrome and was successfully treated with miglitol twice a
day, but for whom acarbose and voglibose were ineffective.

Case Report

A 59-year-old woman was admitted to Osaka University
Hospital in September 2011 for the assessment and treat-
ment of postprandial hypoglycemia. She had undergone total
gastrectomy for gastric carcinoma in 2003. At that time, she
was instructed to eat 6 divided small meals in a day, but she
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Table. Laboratory Data on Admission
Patient Reference

WBC 3820 /pL 3300 - 9400 /uL
RBC 374 x 104 JuL 390 - 510 x 104 /uL
Hb 12.3 g/dL 12.0-15.0 g/dL
Pit 27.9 x 104 JuL 43-32 x 104 /pL
Na 141 mEg/L 139 -146 mEg/L
K 4.2 mEg/L 3.6-4.8 mEglL
Cl 105 mEg/L 100 - 108 mEg/L
AST i8 UL <40 UL
ALT 17 UL <4p UL
YGTP 28 UL 12-69 UL
LDH 168 U/L 103-229 UL
ALP 258 U/L 134-359 U/L
UN 16 mgl/dL 7-22 mgldL
Cr 0.79 mg/dL 0.5-0.9 mg/dL
TP 6.3 g/dL 6.4-81 g/dL
Alb 3.6 g/dL 3.6-47 g/dL
T-Chol 195 mg/dL 150-220 mg/dL
TG 80 mg/dL 30-80 mg/dL
FPG 89 mg/dL 70 -110 mg/dL
F-IRI 1.9 pU/mL 0-12 pU/mL
F-CPR 1.2 ng/mL 1.0-2.0 ng/mL
HbA1c (NGSP) 6.0 % 4.7-62 %
GAD Ab 2.8 UmL <15 UL
Insulin Ab <04 % <04 %
TSH 574 pUimL 0.40-3.80 pU/mL
FT4 0.8 ng/dL 0.9-1.6 ng/dL
FT3 2.4 pg/mL 2.0-34 pg/mL
TgAb 53.7 IU/mL <40 1U/mL
Cortisol 13.3 pg/dL 45-245 ypg/dL
ACTH 23 pg/ml <60 pag/ml
GH 0.23 ng/mbL <2.7 ng/mL
IGF-1 83.7 ng/ml 71-203 ng/ml
CEA 4 ng/mL <5 ng/mL
CA19-9 12 U/mL <37 U/mL

WBC: white blood cells, RBC: red blood cells, Hb: hemoglobin, Pit:
platelets, Na: sodium, K: potassium, Cl chlorine, AST: aspartate
aminotransferase, ALT: alanine aminotransferase, yGTP: glutamy!
transpeptidase, LDH, lactate dehydrogenase, ALP: alkaline
phosphatase, UN, urea nitrogen, Cr: creatinine, TP: fotal protein, Alb:
albumin, T Chol: total cholesterol, TG, triglyceride, FPG, fasting
plasma glucose, F-IRI: fasting immunoreactive insulin, F-CPR:
fasting C-peptide immuncreactivity, HbA1c, hemoglobin A1c, GAD
Ab: glutamic acid decarboxylase antibody, Insulin Ab: insulin
antibody, TSH: thyroid stimulating hormone, FT3: free triiodothyro-
nine, FT4: free thyroxine, TgAb: thyroglobulin antibody, ACTH:
adrenocorticotropic hormone, GH: growth hormone, IGF-1:
insulin-like growth factor-1, CEA: carcinoembryonic antigen

frequently suffered from hypoglycemic episodes character-
ized by a loss of consciousness and spasms that occurred a
few hours after meals. On two occasions, she was taken to
an emergency room for hypoglycemic episodes; her plasma
glucose level was 60 mg/dL on the first visit, in 2005, and
20 mg/dL on the second, in 2009. She had had no episodes
of fasting hypoglycemia.

On admission in 2011, her height and weight were 152.4
cm and 45.9 kg (body mass index 19.9). Laboratory tests re-
vealed mild glucose intolerance. The hemoglobin Alc

DOI: 10.2169/internalmedicine.51.8171
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Figure 1. The results of the oral glucose tolerance test (75 g).
The plasma glucose (o) and serum insulin (&) levels were mea-
sured up to 240 min after the glucose load.

(HbA1c) was estimated using the National Glycohemoglobin
Standardization Program (NGSP) equivalent value (%) and
calculated by the formula HbAlc (%) = HbAlc (Japan Dia-
betes Society [JDS], %) + 0.4%. Her HbAlc was 6.0%, and
her fasting plasma glucose (FPG) level was 89 mg/dL. Her
fasting immunoreactive insulin (F-IRI) and C-peptide im-
munoreactivity (F-CPR) were 1.9 yU/mL and 1.2 ng/mL, re-
spectively. She was positive for anti-glutamic acid decarbox-
ylase (GAD) antibodies. Although the anti-thyroglobulin an-
tibody (TgAb) titer was also positive, her thyroid function
was almost normal. Her adrenal function was also normal
(Table).

An abdominal computed tomography (CT) scan detected
no abnormalities in the pancreas. In a 75 g oral glucose tol-
erance test (OGTT), the baseline glucose and IRI levels
were 95 mg/dL and 2.9 pU/ml., respectively; they rapidly
increased to 378 mg/dL and 267.2 yU/mL after 60 minutes
and decreased to 41 mg/dL and 5.9 pU/mL after 150 min-
utes (Fig. 1). Continuous glucose monitoring (CGMS-
Gold™, Medtronic Minimed, Northridge, CA) under her
regular diet revealed the mean blood glucose level to be 108
+ 52 mg/dL, and the blood glucose levels rapidly increased
postprandially and then decreased to hypoglycemic levels af-
ter breakfast (Fig. 2A).

On the basis of these results, her hypoglycemia was diag-
nosed as reactive hypoglycemia secondary to late dumping
syndrome. Every meal was divided into two, and the second
meal was eaten 2 hours after the first. The total energy of
the meals was 1,520 kcal/day. With the smaller, more fre-
quent meals, the daily fluctuations in the blood glucose lev-
els were reduced, and the mean blood glucose level was 108
+ 35 mg/dL. However, the reactive hypoglycemia following
breakfast could not be prevented by dietary modifications
alone (Fig. 2B). She was therefore given an additional o-GI
orally, in combination with the dietary modifications. Be-
cause the postprandial hyperglycemia and hypoglycemia
were most pronounced after breakfast in the hospital, an o-
GI was administered once in the morning before the first
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Figure 2. The daily profiles of the blood glucese levels according to CGMS under various condi-
tions: (A) no medication, (B) divided meals, (C) after the addition of 0.3 mg of voglibose, (D) after
the addition of 100 mg of acarbose and (E) after the addition of 50 mg of miglitol. Square symbols

represent the self-monitored blood glucose levels.

meal. With the smaller, divided meals in combination with
0.3 mg of voglibose or 100 mg of acarbose, the mean blood
glucose levels were 100 + 40 mg/dL and 104 + 37 mg/dL,
respectively. Hence, these o-GIs were not effective for re-
ducing the fluctuations of the blood g]ﬁcose levels
(Fig. 2C, D). However, after administration of 50 mg of
miglitol, the mean blood glucose level was 92 + 11 mg/dL,
and the fluctuations throughout the day were markedly re-
duced (Fig. 2E).

The profiles of the blood glucose and IRI levels after
breakfast (Fig. 3A, B) and after lunch (Fig. 3C, D) with the
dietary modifications showed postprandial hyperglycemia
and hyperinsulinemia, especially after breakfast. The admini-
stration of 0.3 mg of voglibose slightly reduced postprandial
hyperinsulinemia following breakfast, but had no effect on
the postprandial hyperglycemia after either breakfast or
lunch. However, the administration of 50 mg of miglitol
ameliorated both the postprandial hyperglycemia and the hy-
perinsulinemia, and the blood glucose level was elevated
120 minutes after breakfast, when reactive hypoglycemia
often occurred.

Under a regimen of 50 mg of miglitol once a day, the
peak plasma concentration (Cne) of miglitol was 2.2 ug/mL,
the peak time (tmsx) Was 2.0 hours, and the half-life (t;z) was
2.8 hours. The amount of miglitol excreted in the urine was

28.5 mg/day, corresponding to 57% of the daily dose.

Under a regimen of 50 mg of miglitol once in the mom-
ing, the patient had infrequent hypoglycemic episodes after
dinner in the hospital. Therefore, she was given an addi-
tional 50 mg of miglitol in the evening. After discharge, she
was often constipated and was admitted to another hospital
for a bowel obstruction, which was managed conservatively.
Because her hypoglycemia is life-threatening, she has been
carefully treated with the same dose of miglitol in conjunc-
tion with a laxative, and during the more than 6 months of
follow-up, has not experienced any hypoglycemic episodes.

Discussion

We determined that miglitol, administered at 50 mg twice
a day, was effective for preventing reactive hypoglycemia
secondary to late dumping syndrome, and the efficacy of
this agent was superior to that of two other o-GIs, voglibose
and acarbose.

The differences in efficacy between these o-GlIs might be
attributable to their respective pharmacodynamics and phar-
macokinetic properties. First, miglitol inhibits a-glucosidase
in the upper section of the small intestine, which is the main
site of intestinal absorption of glucose; almost all the migli-
tol is absorbed at this site (13, 14). In contrast, voglibose

2583



Intern Med 51: 2581-2585, 2012 DOI: 10.2169/internalmedicine.51.8171

(A) (mg/dL Glucose (B) (WU/mL IRI
250 R 140 -+ S
e Divic.ied mf;als 120 -8 +=0* Divided meals
rY, e Voglibose (0.3) 100 iy =8 Voglibose (0.3)
& —— Miglitol (50) I e Miglitol (50)
150 gt g 80 ot
! s B <
; AN
y 60 2 3
100 & : FARN s
40 -
50 20 -
0 60 120 180 240 300 0 60 120 180 240 300
B . ] (min) _ ® (min)
Firstmeal  Second meal Firstmeal  Second meal
C D
(©) (mg/dr) Glucose (D) (uusmr) IRI
250 g 25
- - !
200 B 20 g N0
M‘._.\
150 - 15 y N
] 0. Divided meals -0+ Divided meal\s\
50 o == ngl{bose (0.3) 54 " —m= Voglibose (0.3)7
[ S —— 0 ] U
0 30 60 90 120 0 30 60 90 120
t (min) % (min)
First meal First meal

Figure 3. The profiles of the blood glucose and IRI levels (A, B) after breakfast and (C, D) after
hunch with divided meals (o), after the addition of 0.3 mg of voglibose (m) or after the addition of 50

mg of miglitol (X).

and acarbose are not absorbed, and thus inhibit o-
glucosidase throughout the small intestine. Second, miglitol
has different specificities and affinities for the various meta-
bolic enzymes compared with voglibose and acarbose (15).
While acarbose is a complex oligosaccharide, miglitol is
structurally similar to glucose; this similarity is suggested to
be related to its broader specificity of inhibition against o-
glucosidases (13). The inhibition of o-glucosidase primarily
in the upper section of the small intestine and the broader
specificity may lead to a significant advantage for miglitol
in reducing the rapid postprandial increase of blood glucose
and IRI levels compared with other o-GIs in patients with
reactive hypoglycemia secondary to dumping syndrome, as
has been reported in patients with type 2 diabetes (16-18).
The saturated absorption of miglitol in the upper section
of the small intestine may be one mechanism through which
the twice-daily administration of 50 mg of miglitol could
prevent postprandial hyperglycemia and the reactive hypo-
glycemia throughout the day. At this site, the absorption of
miglitol is already saturated, as has been reported for Cauca-
sians, within the therapeutic dose range (with doses 250 mg
or 20.7 mg/kg), and miglitol is not readily absorbed in the
ileum or colon (14). For our patient, the administration 50
mg of miglitol corresponded to 1.1 mg/kg of miglitol. The
unabsorbed miglitol may inhibit o-glucosidase for a longer

period of time in the lower sections of the small intestine or
colon. Indeed, when she was administered 50 mg of miglitol
once a day, the daily amount of excretion of miglitol via
urine corresponded to approximately 60% of the daily dose,
thus suggesting that 40% could not be absorbed.

Another possible mechanism may be related to a change
in incretin secretion. Miglitol enhances postprandial secre-
tion of glucagon-like peptide-1 (GLP-1) (19-24), a gut pep-
tide secreted by intestinal L cells in response to nutrient in-
gestion. In addition, the administration of miglitol once in
the morning induced a prolonged increase of GLP-1 secre-
tion not only after breakfast, but also after lunch, in non-
diabetic men (19) and in patients treated with sitagliptin for
type 2 diabetes (20). GLP-1 has a physiological effect of in-
hibiting gastrointestinal motility, including the slowing of
gastric emptying (25, 26). An increased release of GLP-1
following the administration of miglitol may cause a de-
crease in gastrointestinal motility. In our patient who had
undergone a total gastrectomy, the decreased gastrointestinal
motility other than gastric emptying might have led to a re-
duction in the rapid postprandial increase in the glucose and
insulin levels, which are the main causes of reactive hypo-
glycemia secondary to late dumping syndrome. In this case,
the Cmnw of miglitol was much higher, and the t,. was
slightly longer than that in healthy volunteers who were ad-
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ministered 1.4 mg/kg of miglitol (Crax; 1.13 pg/ml., tin; 2.35
hours), while the duration of time at the tmx was not longer
(2.0 hours in this case v.s. 2.3 hours in healthy volun-
teers) (14). It has been speculated that gastric surgery may
induce augmented GLP-1 secretion and retention of miglitol
in the upper section of the small intestine, while the absence
of the stomach may allow miglitol to more rapidly reach the
upper section of small intestine, thus leading to almost the
same tms. Therefore, the increased and prolonged release of
GLP-1 resulting from twice-daily administration of miglitol
may have contributed to the prevention of reactive hypogly-
cemia throughout the day. However, the secretion of
miglitol-induced incretin, in addition to abdominal surgery,
may reduce gastrointestinal motility and thus lead to bowel
obstruction, as occurred in this case. The blood incretin con-
cenfrations and the rate of gastrointestinal motility were not
examined in this patient. Therefore, further studies are
needed to investigate this hypothesis.

In conclusion, the administration of miglitol, but not other
o-Gls, twice a day was effective for preventing reactive hy-
poglycemia secondary to late dumping syndrome in our pa-
tient.
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Abstract

Background: We recently reported that short-term treatment with liraglutide (20.0 + 6.4 days) reduced body weight
and improved some scales of eating behavior in Japanese type 2 diabetes inpatients. However, it remained
uncertain whether such liraglutide-induced improvement is maintained after discharge from the hospital. The aim
of the present study was to determine the long-term effects of liraglutide on body weight, glycemic control, and
eating behavior in Japanese obese type 2 diabetics.

Methods: Patients with obesity (body mass index (BMI) >25 kg/m?) and type 2 diabetes were hospitalized at Osaka
University Hospital between November 2010 and December 2011. BMI and glycated hemoglobin (HbA1c) were
examined on admission, at discharge and at 1, 3, and 6 months after discharge. For the liraglutide group (BM|;
31.3+53 kg/m?, n=29), patients were introduced to liraglutide after correction of hyperglycemic by insulin or oral
glucose-lowering drugs and maintained on liraglutide after discharge. Eating behavior was assessed in patients
treated with liraglutide using The Guideline For Obesity questionnaire issued by the Japan Society for the Study of
Obesity, at admission, discharge, 3 and 6 months after discharge. For the insulin group (BMI; 29.1 +3.0 kg/m?,

n =28), each patient was treated with insulin during hospitalization and glycernic control maintained by insulin
after discharge.

Results: Liraglutide induced significant and persistent weight loss from admission up to 6 months after discharge,
while no change in body weight after discharge was noted in the insulin group. Liraglutide produced significant
improvernents in all major scores of eating behavior questionnaire items and such effect was maintained at

6 months after discharge. Weight loss correlated significantly with the decrease in scores for recognition of weight
and constitution, sense of hunger, and eating style.

Conclusion: Liraglutide produced meaningful long-term weight loss and significantly improved eating behavior in
obese Japanese patients with type 2 diabetes.
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