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The glucagon receptor (Gcgr) is essential for maintaining glucose homeostasis in the liver and for stimulat-
ing insulin secretion in pancreatic g-cells. Glucose induces rat Gegr mRNA expression; however, the precise
mechanism remains unknown. We previously have studied the role of the carbohydrate response element
binding protein (ChREBP), a glucose-activated transcription factor, in the regulation of
glucose-stimulated gene expression. The G-box has previously been reported to be responsible for
glucose regulation of Gcgr mRNA expression. The G-box comprises two E-boxes separated by 3 bp, which
distinguishes it from the carbohydrate response element (ChoRE), which has 5-bp spacing between the
two E-boxes. In the rat Gegr promoter, a putative ChoRE (—554 bp/-538 bp) is localized near the G-box
(~543 bp/-529 bp). In rat INS-1E insulinoma cells, deletion studies of the rat Gcgr promoter show that
ChoRE is a minimal glucose response element. Moreover, reporter assays using a pGL3 promoter vector,
which harbors ChoRE and chromatin immunoprecipitation assays reveal that ChoRE is a functional glucose
response element in the rat Gcgr promoter. Furthermore, In contrast, glucagon partly suppresses glucose-
induced expression of Gcgr mRNA. Thus, ChREBP directly regulates rat Gegr expression in INS-1E cells. In
addition, negative feedback looping between ChREBP and GCGR may further contribute to the regulation
of glucose-induced gene expression.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Type 2 diabetes mellitus (T2DM) has become a serious health
problem worldwide. T2DM is characterized by a decrease in insulin
secretion caused by B-cell dysfunction and death and an increase in
insulin resistance [1]. The role of glucagon in this process is the focus
of much attention in current research [2-4]. In the liver, the actions
elicited by glucagon are essential for maintaining a euglycemic state
under normal physiological conditions [2-4]. On the other hand,
hyperglucagonemia is associated with hyperglycemia and diabetes
under pathophysiological conditions [2-4]. A state of chronic hyperg-
lucagonemia is correlated with excess hepatic glucose production
and hyperglycemia in diabetic patients [2-4]. Indeed, experimental
suppression of hyperglucagonemia has been shown to correct post-
prandial hyperglycemia in diabefic patients [4]. Similarly, antago-
nism of the glucagon receptor gene (Gcgr) and its deletion improve
glucose tolerance in genetically obese mice [5-7]. Interestingly, Gcgr
mRNA expression is positively regulated by glucose both in vitro and
in vivo [8,9]. Elucidation of the mechanisms underlying glucose-in-
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duced expression of Gcgr mRNA in the liver and pancreatic islets
should be of significant value in broadening the approaches to
improving effective glycemic control in patients with T2DM [2-4].
We have previously studied the role of the carbohydrate re-
sponse element binding protein (ChREBP), a glucose-activated
transcription factor, in the regulation of glucose-induced gene
expression in the liver [10-17]. Chrebp mRNA and Gcgr mRNA are
generally expressed in the same tissues, including liver, kidney,
intestinal smooth muscle, brain, adipose tissue, heart, and pancre-
atic islet B-cells {10,18]. ChREBP binds to the carbohydrate re-
sponse element (ChoRE) to induce lipogenic gene expression
[11-13,16]. ChoRE is composed of two tandem E-boxes separated
by 5 bp [10,19-21]. Two CACGTG motifs, separated only by 5 bp,
can induce glucose-stimulated gene transcription [19]. It has also
been reported that a G-box composed of two E-box motifs sepa-
rated by 3 bp forms a glucose response element in the rat Gegr pro-
moter [8,22,23]. However, whether this G-box is functional is
questionable for the following reasons: (1) the rat G-box is com-
posed of two E-boxes separated by only 3 bp [22,23}, (2) the se-
quence of the rat G-box differs from that of the mouse G-box
[22-23], and (3) deletion of one E-box does not affect luciferase
activities [22,23]. Since glucagon suppresses ChREBP transactivity
through the cAMP-dependent protein kinase (PKA) pathway in
the liver [10,24], we considered that ChREBP directly regulates
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Gegr mRNA expression or that glucagon regulates Gegr mRNA
expression through inhibition of ChREBP transactivity.

In this study, we identify a functional ChoRE in the Gcgr pro-
moter and a closed loop system between glucose (ChREBP) and
glucagon (GCGR) signaling. This mechanism of negative feedback
between glucose and glucagon suggests novel strategies for treat-
ing fasting and postprandial hyperglycemia in T2DM patients.

2. Materials and methods
2.1. Materials and cell culture

The rat insulinoma cell line, INS-1E, (a gift by C.B. Wollheim, Uni-
versity of Geneva) was maintained under 5% CO, at 37 °C in Roswell
Park Memorial Institute (RPMI)-1640 medium (Invitrogen, Carlsbad,
CA) supplemented with antibiotics, pyruvate, mercaptoethanol, and
15% fetal calf serum, as previously described [25]. Glucagon was pur-
chased from Fuji Seiyaku Kohgyo (Toyama, Toyama, Japan).

2.2. RNA extraction, cDNA synthesis, and real-time reverse
transcriptase PCR quantification

Cells were preincubated in RPMI media with 2.5 mM glucose for
12 h. After 12-h incubation with various glucose concentrations,
cells were collected and used for RNA extraction, cDNA synthesis,
and real-time reverse transcriptase PCR (RT-PCR) analysis, as de-
scribed previously [12-15]. Relative mRNA levels were determined
by real-time RT-PCR and normalized to rat RNA polymerase I (Pol)
mRNA. The real-time PCR primers used were as follows: Gegr-Probe,
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5'-FAM-TGCCCCCACCTACTGAGCTGGTCTG-TAMRA-3"; Gegr-F, 5'-G
CCACCACAACCTAAGCCT-3"; Gcegr-R, 5-GGCCAGCAGGAGTACTTGT
C-3’; Pol-Probe, 5-CAACTGGTGACAGCAAGGTGGTCCTCC-3'; Pol-F,
5'-CGGGAAGTGCTCAGGGTCA-3'; Pol-R, 5'-GAGGGAAGGCGAGGGT
TGA-3'. Similarly, after preincubation with 2.5 mM glucose for
12 h, cells were incubated in media with 25 mM glucose for 3, 6,
and 12 h, when they were collected for RNA extraction, cDNA syn-
thesis, and real-time RT-PCR analysis, as described previously [14~
17]. To test the effect of glucagon, cells were incubated in media
including 2.5 or 25 mM glucose with and without final concentra-
tions of 10~ M glucagon for 8 h, when they were collected for fur-
ther analysis of real time quantitative PCR, as described previously
[14-17).

2.3. Construction of plasmids and adenovirus vectors

We used pcDNA-daChREBP, Ad-daChREBP, Ad-dnMIX, and pRL-
SV40 vectors, as previously described [ 14-17]. A series of pGL3-pro-
moter vectors were constructed as follows: three fragments, G-box
(—548/-524 bp), ChoRE+6 (-559/-527 bp), ChoRE+3 (-559/
530 bp), ChoRE (-559/-533 bp), ChoRE-3 (—559/-536 bp), and
ChoRE-7 (—~559/-540 bp) were cloned into pGL3 vectors upstream
of the TK promoter. All plasmid and adenovirus vectors were verified
by sequencing analysis.

2.4. Treatment with recombinant adenovirus

INS-1E cells were cultured in 6-well plates in 2 ml RPMI. Adeno-
virus bearing dominant-active ChREBP (daChREBP) cDNA was used
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Fig. 1. Glucose induces rat Gcgr mRNA expression in a time- and dose-dependent manner. (A) Glucose induces rat Gegr mRNA expression in a dose-dependent manner. INS-1
cells were cultured for 12 h in culture medium containing 2.5, 5.0, 10, 15, 20 or 25 mM glucose. Relative mRNA levels were determined by real-time RT-PCR and normalized to
rat RNA polymerase Il (Pol2) mRNA as the invariant control. The change in expression level of each normalized enzyme mRNA level was determined with reference to the value
for INS-1 cells at 2.5 mM glucose, which was arbitrarily defined as 1. Data represent means + S.D. (n = 3). (B) Glucose induces rat Gcgr mRNA expression in a time-dependent
manner. INS-1 cells were cultured in RPMI media including 2.5 mM glucose for 12 h. Media were changed to RPMI media including 25 mM glucose and collected at the
indicated hours for Tagman RT-PCR analysis. Data represent means + S.D. (n = 3). (C) Adenoviral overexpression of dominant active ChREBP causes rat Gcgr mRNA expression
in INS-1E cells. INS-1 cells were infected with 2, 10, and 50 m.o.i. of Ad-daChREBP for 2 h. After culture in RPMI media with 2.5 mM glucose concentration for 12 h, the cells
were collected for Tagman RT-PCR analysis. Data represent means + S.D. (n = 3). (D) Adenoviral overexpression of dominant negative MIx (dnMIx) causes glucose-stimulated
gene expression in INS-1E cells. INS-1 cells were infected with 2, 10, and 50 m.o.i. of Ad-dnMlIx for 2 h. After culture in RPMI media with 2.5 mM glucose concentration for
12 h, the cells were incubated in media with 2.5 mM or 25 mM glucose for 4 h and collected for Tagman RT-PCR analysis. Adenovirus bearing green fluorescence protein (GFP)
was used as internal control. Values represent means + S.D. (n = 3). At most points, the error bars are too small to be shown.
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to infect INS-1E cells for 2 h. The medium was then removed and
the INS-1E cells were incubated in a fresh medium with 2.5 mM
glucose for 18 h. Adenovirus bearing dominant-negative Mlix
(dnMix) was used to infect INS-1E cells for 2 h. The medium was
then removed and the INS-1E cells were incubated in a fresh med-
ium with 3 mM glucose for 12 h, following which the medium was
again removed and the cells were incubated in a fresh medium
with either 2.5 or 25 mM glucose for an additional 4 h. Adenovirus
bearing green fluorescence protein (GFP) was used as internal con-
trol. Cells were then collected and used for RNA extraction, cDNA
synthesis, and real-time RT-PCR analysis, as described previously
[14-17].

2.5. Mammalian transfection and reporter assay

Rat INS-1 cells were cultured in 6-well plates in 2 ml RPMI
without antibiotics. The cells were transfected with 4 ul of Lipo-
fectamine® 2000 transfection reagent (Invitrogen, California,
USA); 15pg of either pGL3-G-box, pGL3-ChoRE+6, pGL3-
ChoRE + 3, pGL3-ChoRE, pGL3-ChoRE-3, pGL3-ChoRE-7, or pGL3-
empty and 0.1 pg of pRL SV40 vector (Invitrogen, California, USA)
[14-17]. After 24 h of incubation with either 2.5 mM or 25 mM
glucose, the cells were collected and luciferase activity was mea-
sured using the Dual-Luciferase® reporter assay system (Promega,
Madison, W1, USA) according to the manufacturer's protocol. To
determine the glucose dependency of the rat Gcgr promoter, cells
were transfected with 1.5 pug of pGL3-ChoRE and 0.1 pg of pRL
SV40 vectors. After 24 h of incubation with various glucose con-
centrations, the cells were collected for measurement of luciferase
activity. To determine the dose dependency of daChREBP overex-
pression in the rat Gcgr promoter, cells were transfected with
0.5 pg of pGL3-ChoRE, 0.1 ug of pRL SV40 vectors, and 1.0 pg of
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pcDNAG.2 empty vector and pcDNA-daChREBP vector to adjust to-
tal DNA. After 24 h of incubation with either 2.5 mM or 25 mM glu-
cose, the cells were collected for the measurement of luciferase
activity. Similarly, after transfection with 1.5 pg of pGL3-ChoRE
and 0.1 pg of pRL SV40 vectors, the cells were incubated in media
with either 2.5 mM or 25 mM glucose containing 10~ mM gluca-
gon for 24 h.

2.6. Chromatin immunoprecipitation assay

A chromatin immunoprecipitation (ChIP) assay was performed
with anti-ChREBP antibodies (Novus Biologicals, Littleton, CO) on
formaldehyde cross-linked hepatocytes using Magna ChIP G beads
(Millipore, Temecula, CA). INS-1E cells were precultured in 10-cm
culture dishes with RPMI supplemented with 2.5 mM glucose, 15%
FCS, and 100 pg/ml pen/strep for 12 h, followed by incubation in
RPMI supplemented with 2.5 mM or 25 mM concentrations of glu-
cose for 8 h. After incubation, 10% formaldehyde (270 pl) was added
to the culture dishes and the cells were used for ChIP assays accord-
ing to the manufacturer’s protocol. The purified DNA was dissolved
in Tris/EDTA (50 pl, pH 8.0) and used with gene-specific primers for
PCR. A buffer solution and normal rabbit immunoglobulin G (Wako
Chemical) were used as negative controls. Immunological chroma-
tin samples were amplified by PCR using the primers as follows:
Gcegr-CHIP-Probe, 5/-CCTCTGCTCCCACACACGGTGCA-3'; Gegr-CHI
P-F, 5'-CCTCAGAGCGGTCCATTATACC-3'; Gegr-CHIP-R, 5/-TCTGGCT
CCTGGGTGAAAGA-3.

2.7. Data presentation and statistical methods

All data are expressed as mean * standard deviation. The listed
n values represent the number of single experiments performed
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Fig. 2. ChoRE, but not G-box, is a functional glucose response element in the rat Gegr. (A) Schematic representation of the G-box and the putative ChoRE in the rat Gcgr
promoter. (B) Reporter analysis of deletion mutant of the ChoRE + 6 region {—558/-527 bp). Cells were co-transfected with 1.5 pg of pGL3 promoter vector inserted with
either G-box, ChoRE + 6, ChoRE + 3, ChoRE, ChoRE-3, ChoRE-7, or empty vector and pRL SV40 (0.1 pg), and incubated in media with either 2.5 mM glucose or 25 mM glucose
for 24 h. Cell lysates were collected for measurement of luciferase activities. Data represent means £ 5.D. (n = 6). At most points, the error bars are too small to be shown.
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(each experiment was duplicated). Comparison between the two
groups was performed using the Student’s t-test and that between
multiple groups was performed using the Tukey-Kramer test. A
p-value of <0.05 was considered statistically significant.

3. Results

3.1. Glucose stimulation and adenoviral overexpression of dominant
active ChREBP causes an increase in rat glucagon receptor mRNA in
INS-1E cells s

We first ascertained whether glucose stimulation induces Gcgr
mRNA expression in rat INS-1E cells. In INS-1E cells, glucose in-
duced Gcgr mRNA expression in a dose- and time-dependent man-
ner (Fig. 1A and B). Next, to clarify the role of the ChREBP/Mix
complex in Gcgr mRNA expression, we tested whether adenoviral
overexpression of daChREBP induces Gcgr mRNA expression, and
observed that adenoviral overexpression of daChREBP dose-depen-
dently induced Gcgr mRNA expression in INS-1E cells (Fig. 1C). In
accord with this, dnMlx, which acts as a decoy to antagonize ChRE-
BP transactivity, inhibited glucose-induced Gcgr mRNA expression
in INS-1E cells in a dose-dependent manner (Fig. 1D).
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3.2. Ident@ﬁcation of ChoRE in the rat glucagon receptor gene promoter

To determine the presence of ChoRE in the rat Gcgr promoter, we
screened the region and found a putative ChoRE located between
-554 and -538 bp, which differs from a G-box (from —543 to
—529 bp) (Fig. 2A). To determine the functionality of this putative
ChoRE, we performed a reporter assay using the pGL3 promoter vec-
tor inserted with deletion mutants of in the Gcgr promoter (Fig. 2B).
In cells transfected with either pGL3-ChoRE-3, ChoRE, ChoRE + 3,
ChoRE + 6 vectors, luciferase activities at 25 mM of glucose concen-
tration were more than twice that at 2.5 mM glucose concentration
(Fig. 2B). In contrast, luciferase activities in cells transiently trans-
fected with either pGL3-ChoRE-7, G-box, or empty vectors were
not increased by glucose stimulation (Fig. 2B). These data suggest
that the rat Gcgr promoter contains a functional ChoRE between
—~554 and —538 bp.

3.3. Glucose and cotransfection of pcDNA-daChREBPP increases
luciferase activities of pGL3-ChoRE in a dose-dependent manner

Glucose and cotransfection of pcDNA-daChREBP induced lucif-

erase activities in pGL3-ChoRE in a dose-dependent manner
(Fig. 3A and B). In accord with this, ChIP assays using anti-ChREBP
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Fig. 3. ChoRE is a functional glucose response element to which ChREBP can bind. (A) Glucose dose-dependently induces Iuciferase activities in pGL3-ChoRE in INS-1E cells.
INS-1 cells were cultured in six-well dishes and transfected with the series of pGL3-ChoRE vector (1.1 pig) and pRL-5V40 (0.4 pg) using Lipofectamine2000 (4 pl). After 24 h
incubation in DMEM including several concentrations of glucose, luciferase activities were measured using Dual Luciferase assay kit. Data are mean +S.D. (n = 6) of two
independent experiments. At most points, the error bars are too small to be shown. (B) Cotransfection of pcDNA dominant active ChREBP (daChREBP) dose-dependently
increases luciferase activities in pGL3-ChoRE in INS-1E cells. The pGL3-ChoRE vector (0.5 pg) and several concentrations of pcDNA daChREBP were cotransfected into INS-1E
cells with pRL SV40 (0.1 ug). Total DNA was adjusted with pcDNA 6.2 empty vectors. The relative luciferase activity was expressed as an n-fold change with reference to the
pcDNA 6.2 empty vector. Data are mean * S.D. (n = 6) of two independent experiments. At most points, the error bars are too small to be shown. (C) ChIP assays reveal that
ChREBP binding to ChoRE in 25 mM glucose is enhanced relative to the binding in 2.5 mM glucose. INS-1E cells were precultured in 10-cm culture dishes with RPMI
supplemented with 2.5 mM glucose, 15% FCS, and 100 pg/m! pen/strep for 12 h, followed by incubation in RPMI supplemented with 2.5 mM or 25 mM concentrations of
glucose for 8 h. After incubation, 10% formaldehyde (270 pl) was added to the culture dishes and the cells were used for ChIP assays according to the manufacturer’s protocol.
Data represent means + S.D. (n = 3). At most points, the error bars are too small to be shown.
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Fig. 4. Glucagon suppresses rat Gcgr mRNA expression in INS-1E cells. (A) Addition of 10 nM glucagon partly inhibits glucose-induced Gcgr mRNA expression in INS-1E cells.
Data represent means +S.D. (n=3). *p < 0.05 vs. 25 mM glucose. At most points, the error bars are too small to be shown. (B) Addition of 10 nM glucagon partly inhibits
glucose-induced luciferase activities in pGL3-ChoRE in INS-1E cells. Data represent means £ S.D. (n = 6). *p < 0.05 vs. 25 mM glucose. At most points, the error bars are too
small to be shown. (C) Schematic representation of feedback looping between glucose and glucagon signaling in the regulation of Gcgr expression.

antibodies showed that ChREBP binds to the region containing
ChoRE (Fig. 3C). In contrast, glucose and cotransfection of
pcDNA-daChREBP did not increase luciferase activities in the
pGL3-G-box (Fig. S3A and S3B). These findings suggest that ChoRE
(—-554/-538 bp), but not the G-box (—543 bp/—529 bp), is a func-
tional glucose response element.

3.4. Glucagon suppresses ChREBP transactivity in INS-1E cells

In the liver, cAMP activates cAMP-dependent PKA, which in turn
inhibits ChREBP transactivity through its phosphorylation. We con-
firmed that 1 nM of glucagon inhibited glucose-stimulated Gegr
gene expression in INS-1E cells (Fig. 4A). In accord with this, glu-
cose-induced luciferase activities in pGL3-ChoRE were partly sup-
pressed by 1 nM glucagon (Fig. 4B). These data suggest a closed
feedback loop between glucose and glucagon signaling in the reg-
ulation of Gcgr expression (Fig. 4C).

4. Discussion

In this study, we found that ChREBP directly regulates rat Gcgr
mRNA expression by binding to ChoRE in the rat Gcgr promoter.
Previously, the G-box in the rat Gcgr promoter was considered to
play a pivotal role in glucose regulation of rat Gcgr mRNA
expression; however, the results from our reporter and ChIP assays
indicate that ChoRE and not the G-box regulates glucose respon-
siveness on rat Gcgr mRNA expression. On the other hand, glucagon
inhibits glucose-induced rat Gcgr mRNA expression, suggesting a
feedback loop system between glucose and glucagon signaling in
the regulation of ChREBP target genes such as Gcgr.

Glucose induced rat Gegr mRNA expression in INS-1E cells in a
dose- and time-dependent manner. This accords with previously
reported data [8]. In addition, adenoviral overexpression of daC-
hREBP was found to increase Gegr mRNA expression. Conversely,
suppression of ChREBP transactivity by adenovirus expressing
dnMlx inhibited glucose-induced Gcgr mRNA expression in INS-
1E cells. Therefore, glucose stimulation regulates rat Gcgr mRNA
expression through ChREBP transactivation.

The glucose response element in the rat Gcgr promoter was pre-
viously known as the G-box [8,22,23]. The sequence of the G-box
differs from the consensus recognition sequence of ChoRE
(Fig. 2A). The spacing distances between the two E-boxes in the
G-box and ChoRE are 3 and 5 bp, respectively (Fig. 2A). From evi-
dence that transcription activity of the glucose response element
depends on the spacing distance, we considered that there may
be another glucose response element near the G-box in the rat Gegr
promoter (Fig. 2A). The consensus sequence for ChoRE (CABGTG-
nnCnG-nGnSTG) differs from that of a G-box [20,21]. Interestingly,
the ChoRE found in the rat Gcgr promoter seems to be a reverse
form of the ChoRE muotif (CABGTG-nnCnG-nGnSTG). Moreover,
deletion studies of the region containing the ChoRE+6 motifs
(—554/-538 bp) show that ChoRE is the minimal functional motif
possessing glucose responsiveness. Thus, ChREBP directly regulates
rat Gcgr mRNA expression through binding to ChoRE (-554/
—-538 bp).

Glucagon and cAMP inhibit Gcgr mRNA expression [24]. Simi-
larly, glucagon and cAMP inhibit ChREBP transactivity through
the phosphorylation of cAMP-dependent PKA [10,25]. In accord
with these data, our results show that glucagon inhibits Gcgr
mRNA expression through the inhibition of ChREBP transactivities
(Fig. 4A and B). Considered together with glucose-induced Gcgr
mRNA expression, this suggests that glucose and glucagon
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signaling constitutes a closed loop in the regulation of rat Gegr
mRNA expression in INS-1E cells (Fig. 4C). Moreover, ChREBP in-
duces transcriptional repressors, such as KLF10 and DEC1, which
are regulated by ChREBP itself [14,17]. Furthermore, ChREBP in-
duces hormones with glucose-lowering effects, such as fibroblast
growth factor 21 (FGF21) [15], which can suppress ChREBP trans-
activity by normalizing plasma glucose [26]. Therefore, ChREBP
autoregulates its tranactivity by inducing the expression of its tar-
get genes, such as Gegr, KiIf10, Decl, and Fgf21.

Under normal conditions, glucagon secretion is suppressed
postprandially, and increased during fasting [2-4]. We conclude
that increased Gcgr mRNA expression during the postprandial state
increases glucagon sensitivity in pancreatic p-cells during fasting.
Moreover, both hyperglycemia and hyperglucagonemia coexist in
both the fasted and the fed state in diabetic patients. Increased
Gcgr mRNA expression may thus contribute to fasting and post-
prandial hyperinsulinemia in diabetic patients. Other studies also
have found that gene deletion of ChREBP in ob/ob mice prevents
glucose intolerance, fatty liver, and diet-induced obesity [13,27].
Inhibition of ChREBP transactivity may thus improve glucose toler-
ance by decreasing Gcgr mRNA expression and glucagon signaling.

In conclusion, we have determined the functions of ChoRE in
the rat Gegr promoter. Glucagon inhibits Gcgr mRNA expression
through inhibition of ChREBP transactivity, and a closed loop sys-
tem between glucose and glucagon signaling contributes to the
prevention of increased glucose-stimulated gene expression. Inhi-
bition of hepatic ChREBP transactivity may thus be an attractive
treatment option for metabolic syndrome by decreasing Gcgr
mRNA expression and subsequent suppression of glucagon effects
and de novo lipogenesis.
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Abstract A 50-year-old diabetic woman was treated with
intensive insulin therapy, but her glycemic levels were very
high. After fasting hyperglycemia was normalized by
intensive insulin therapy (34 U/day) and administration of
1000 mg metformin and 150 mg miglitol. We introduced
liraglutide, a GLP-1 analog, and 0.5 mg glimepiride on day
10. Liraglutide was dosed up to 0.9 mg every 3 days. Met-
abolic data (fasting glucose, M values, plasma C-peptide,
proinsulin/plasma C-peptide immunoreactivity ratio, obes-
ity, and plasma leptin) improved after liraglutide adminis-
tration. Interestingly, subcutaneous injection of only 0.3 mg
liraglutide for 3 days augmented glucose-stimulated insulin
secretion and the proinsulin-to-CPR ratio, and inhibited
plasma leptin concentration. Normalization of fasting
hyperglycemia was beneficial for successfully introducing
liraglutide in an obese patient with type 2 diabetes mellitus.

Keywords Liraglutide - Glucagon-like-peptide-1 - Type
2 diabetes mellitus - Leptin - Adiponectin

Introduction

Type 2 diabetes mellitus (T2DM) is becoming a social and

economic problem worldwide. Intensive insulin therapy
(IIT) is a standard therapy for treating T2DM; however,
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weight gain and severe hypoglycemia are problems when
administering [T to obese patients with T2DM [1].
Incretin-based therapy based on the effect of glucagon-like
peptide-1 (GLP-1) is now emerging to overcome this
problem [2].

GLP-1 is secreted by intestinal L. cells after food intake
[3]. It potentiates glucose-stimulated insulin secretion in
pancreatic beta cells while suppressing glucagon secretion
[3]. In addition, GLP-1 inhibits acid secretion and gastric
emptying in the stomach, and reduces food intake by
increasing satiety in the brain [3]. Accordingly, GLP-1
therapy reduces plasma glucose concentration without
weight gain [2, 3]. Moreover, GLP-1 has a lower risk of
causing hypoglycemia because GLP-1 cannot augment
insulin secretion when glucose concentrations are normal
[3]. The effect of incretin is attenuated in patients with
T2DM, primarily because of a reduced insulinotropic effect
of gastric inhibitory polypeptide (GIP), whereas the effect
of GLP-1 is, relatively, more preserved [2, 3]. The sensi-
tivity of GLP-1 to glucose can be increased to normal levels
by infusing a slightly supraphysiological dose of GLP-1.
However, the dose-response relationship between GLP-1
and its potentiation of the beta cell response to glucose is
impaired in patients with T2DM. Moreover, GLP-1 is easily
digested by dipeptidyl peptidase-IV (DPP-1V); however,
GLP-1 analogs such as liraglutide and exenatide, which are
difficult for DPP-1V to digest, have been developed [2, 3].

This report presents the case of an obese patient with
T2DM who underwent successful liraglutide therapy after
normalizing plasma glucose concentration by HT. Inter-
estingly, subcutaneous injection of only 0.3 mg liraglutide
for 3 days augmented glucose-stimulated insulin secretion
and the proinsulin-to-CPR ratio, and inhibited plasma
leptin concentration. Thus, liraglutide is an attractive
treatment option for obese patients with T2DM.
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Case report

A 50-year-old obese woman with T2DM was admitted to
the hospital. She was diagnosed with T2DM at the age of
38 years. IIT was started at the age of 40 years; however,
her glycemic levels were very high and her average gly-
cosylated hemoglobin (HbA1c (National Glycohemoglobin
Standardization Program (NGSP) equivalent value)) level
was greater than 10%. Body weight had also increased by
10 kg over 5 years (from 56 to 66.5 kg). She was hospi-
talized to undergo liraglutide treatment. Before hospital-
ization, she has been treated with four daily insulin
injections (three injections of insulin lispro before breakfast
(7 U), lunch (6 U), and dinner (6 U) and one of insulin NPH
(20 U) at bedtime) + pioglitazone 7.5 mg/day -+ miglitol
150 mg/day + metformin 750 mg/day.

Physiological findings on admission

Her height was 153.6 cm and weight was 66.5 kg (body
mass index (BMI) 28.2). Resting blood pressure was
111/79 mmHg. No abnormal findings were observed in the
thoracoabdominal region. The vibratory sensitivity of the
bilateral lower limbs and bilateral ankle reflex had
decreased. She had bilateral simple retinopathy.

Laboratory findings

Laboratory data are shown in Supplementary Table S1. No
abnormal findings were observed, except glucose (3+) in
urinalysis. Blood cell count was normal. Levels of trans-
aminases, creatinine, electrolytes, and blood urea nitrogen
(BUN) were within normal ranges. HbAlc level was as
high as 11.2% (NGSP equivalent value) and urinary
C-peptide level was as low as 44 ug/day. Plasma glucose
level at 8:00 and 10:00 am were 180 and 222 mg/dl,
respectively. Plasma C-peptide level at 8:00 and 10:00 am
were 1.03 and 1.63 ng/ml, respectively. Abdominal com-
puted tomography (CT) revealed diffuse fatty changes in
the liver.

Clinical course

Metformin 1000 mg/day, miglitol 150 mg/day, insulin lis-
pro 20 U/day, and insulin NPH 14 U/day were started after
hospitalization, in addition to diet therapy (1200 kcal).
After we confirmed that the capacity of insulin secretion
had decreased but was preserved, and that fasting hyper-
glycemia at breakfast was normalized, we changed IIT to
liraglutide + glimepiride therapy in addition to metformin
and miglitol administration (Fig. 1).

After day 16, her appetite was lost, an unpleasant sweet
taste was experienced, and metformin and miglitol

@ Springer
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Fig. 1 Clinical course of the patient. Intensive insulin therapy was
stopped on day 10, and liraglutide and 0.3 mg glimeperide were
started that evening. Liraglutide was dosed up to 0.3 mg every 3 days
and continued. Then 150 mg miglitol and 1000 mg metformin was
stopped on day 15

administration were stopped; however, her blood glucose
did not worsen and these symptoms were improved. Plasma
glucose levels at 08:00/10:00/12:00/14:00/18:00/20:00/
24:00/03:00 were 180/222/193/186/271/217/257/199 mg/dl,
101/157/164/110/146/192/128/90 mg/dl, and 123/188/130/
169/126/150/116/113 mg/ml on days 2, 9, and 18 after
hospitalization, respectively (Supplementary Figure S1).
M values (M = average (110 x Log;o(BS/100)I*) on days 2,
9, and 18, which reflect blood glucose variations during the
day, were 37.3, 5.12, and 4.83, respectively [4]. Plasma
C-peptide immunoreactivity (CPR) at 8:00 am/10:00 am on
days 2,9,12,15,and 18 was 1.03/1.63, 0.76/1.65, 1.61/2.71,
2.06/2.92, and 2.05/4.14 ng/ml, respectively (Table 1). We
measured the proinsulin-to-CPR ratio to evaluate the extent
of pancreatic beta cell failure [S]. Thisratioondays 9, 12, 15,
and 18 was 0.058, 0.031, 0.028, and 0.030, respectively.
Thus, pancreatic beta cell failure had improved (Table 1).
GLP-1 analogs inhibit postprandial glucagon secretion in
vivo [2, 3]. Therefore, we next checked plasma glucagon
concentration before and after introducing liraglutide ther-
apy. Plasma glucagon concentrations at 8:00 am/10:00 am
ondays 2,9, 12, 15, and 18 were 42/45, 62/61, 24/58, 45/94,
and 20/38, respectively (Table 1).

GLP-1 analogs reportedly reduce body weight by
reducing appetite [2, 3]. Finally, we checked plasma leptin
and adiponectin concentrations in addition to measuring
body weight. Body weight on days 2, 9, 12, 15, and 18 was
66.5, 65.5, 64.0, 63.5, and 61.8 kg, respectively (Table 1).
Consistent with this result, plasma leptin concentrations on
days 9, 12, 15, and 18 were 15.8, 7.5, 6.9, and 6.6 ng/ml,
respectively (Table 1). Conversely, plasma adiponec-
tin concentrations on days 9, 12, and 15 were 3.6, 3.5,
and 3.1 pg/ml, respectively (Table 1). The patient was
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Table 1 The effect of liraglutide on islets function, body weight, and adipokines

Insulin Insulin Liraglutide 0.3 mg Liraglutide 0.6 mg Liraglutide 0.9 mg

Day 2 Day 9 Day 12 Day 15 Day 19

8:00 10:00  8:00 10:00  8:00 10:00 8:00 10:00 8:00 10:00
PG (mg/dl) 180 22 101 157 134 152 129 162 123 188
S-CPR (ng/ml) 1.03 1.63 0.76 1.65 1.61 2.71 2.06 292 2.05 4.14
Proinsulin (pmol/l) ND ND 14.5 ND 16.7 ND 18.8 ND 20.4 ND
Proinsulin/CPR ND ND 0.058 ND 0.031 ND 0.028 ND 0.03 ND
Glucagon (pg/ml) 42 45 62 61 24 58 45 94 20 38
Abdominal circumference (cm) 100 ND 97 ND 97 ND 95.2 ND 95 ND
Body weight (kg) 6645 ND 65.5 ND 64.0 ND 63.5 ND 61.8 ND
Leptin (ng/m}) ND ND 15.8 ND 7.5 ND 6.9 ND 6.6 ND
Adiponectin (ug/ml) ND ND 3.6 ND 3.5 ND ND ND ND

subsequently discharged from the hospital on day 19. One
month after discharge, her HbAlc level had improved to
8.2% (NGSP equivalent value).

Discussion

In this case, we observed that normalizing fasting hyper-

glycemia is important to introducing liraglutide therapy.

Moreover, administration of only 0.3 mg liraglutide was

sufficient to improve plasma glucose, augment glucose-

stimulated insulin secretion, improve pancreatic beta cell
failure, and reduce plasma leptin concentration.

We hypothesized that it was important to normalize
fasting hyperglycemia to successfully introduce liraglutide
therapy. The supporting evidence is:

1. increasing fasting plasma glucose concentration causes

a decrease in glucose augmentation of insulin secretion

[6J;

restoration of normoglycemia with insulin in patients

with T2DM improves beta cell function [7, 8];

3. normalizing hyperglycemia partly restores reduced
GLP-1 and GIP receptor expression in pancreatic beta
cells [9, 10]; and

4. 4-week normalization of plasma glucose level
improves GLP-1 and GIP sensitivity in pancreatic
beta cells in humans [11, 12].

S8}

To maintain fasting normoglycemia, we administered
0.5 mg glimepiride in the evening and metformin at bed-
time rather than insulin NPH at bedtime to suppress hepatic
gluconeogenesis through the night; plasma glycemic con-
trol was stable throughout liraglutide treatment. Thus,
normalizing fasting hyperglycemia is beneficial for intro-
ducing liraglutide therapy.

Liraglutide is known to improve proinsulin-to-CPR ratio
and fasting CPR/FPG ratio [13]. Consistent with these

results, liraglutide successfully improved proinsulin-to-
CPR ratio and CPR index in our patient also. Conversely,
glimepiride increases both CPR and proinsulin secretion,
and worsens beta cell function (proinsulin/insulin ratio)
[14]. Ideally, combination therapy of long acting insulin
and liraglutide will be more beneficial for this patient.

Excess glucagon secretion is important in promoting
both basal and postprandial hyperglycemia in patients with
T2DM {3, 15]. Some groups have shown an inhibitory
effect of GLP-1 on glucagon release in patients with
T2DM and in patients with type 1 diabetes [13, 16]. In
contrast, we found that liraglutide treatment had no effect
on the fasting and postprandial glucagon concentrations in
our patient. Thus, a higher concentration of GLP-1 may
have been necessary to suppress glucagon secretion in our
patient.

Whether GLP-1 receptors occur in adipose tissue is still
controversial [3]. Expression of the GLP-1 receptor in
adipose tissue is absent or very low [17], whereas GLP-1
induces adiponectin mRNA expression in 3T3L1 adipo-
cytes [18]. GLP-1 reduces body weight and plasma leptin
concentration in obese mice [19]. In our patient, plasma
leptin concentration decreased immediately after liraglu-
tide treatment. Similarly, plasma adiponectin concentration
decreased. Subsequently, her appetite remained suppressed
and body weight decreased. Although the precise mecha-
nism of how GLP-1 suppresses leptin secretion is still
unknown, liraglutide is effective for reducing body weight
and appetite.

In this case, administration of only 0.3-mg liraglutide
was sufficient to improve plasma glucose and beta cell
function. In Japanese patients with T2DM, 0.1, 0.3, 0.6,
and 0.9 mg liraglutide dose-dependently reduced HbAlc
versus placebo by 0.79, 1.22, 1.64 and 1.85%, respectively
[20]. In Caucasians, 1.2 and 1.8 mg liragulutide was used.
GLP-1 sensitivity in Japanese patients may be much better
than in Caucasian patients.
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In conclusion, we report a patient for whom liraglutide
effectively improved glycemic control similar to IIT.
Normalizing fasting hyperglycemia is beneficial for suc-
cessful introduction of the GLP-1 analog liraglutide in
patients with T2DM.

Contflict of interest The authors state that they have no conflict of
interest.
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Monogenic diabetes in children and young adults
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[E3liwian
PTFIA PNDM wE B X UV O B
PDX1 PNDM WE JEE N, 7 BT R
HNFIB PNDM/TNDM HE BEAWMET, B
NEUROG3 PNDM W% SeRETR, WP s o e ¥
REX6 PNDM W% AR, MREEIGIL, TR g
B HBRETEIE DM %E)_
EIF2AK3 PNDM e FHBmOMBIZE, B4 HBUERTIHFE BHERE &=
FOXP3 PNDM X Jetufk RIERA, WA TR, REREE, IgE B %
INS PNDM HiE Teli v -
IER3IP1 PNDM (kS AN, ERE/NR T A AMEIE g
' )
5]
b. KCNJ11/ABCC8 BicFER i3 ZAC/PLAGL1 (zinc finger protein regu-

FER A D FEBFNTINFE T Z DAL H Gt B
Thsh HIZFEEOMMEIZLY, PNDMA» 5
MODY Db D F THe4 R % & %25,
KCNJ11 &= %% CTld PNDM #°% <, ABCCS
BIETEE TIEZTNDM 232\, ANF=Z )y
L T7HEEUR) PN ERT 20, LEEILEF
O2TFEIRFCHHITHHELID L. 20—
25% 2 TAMA, FEEIBRIEZ & OMREFIE
fE % &9 % O T(DEND syndrome; develop-
mental delay, epilepsy, neonatal diabetes), =
AT % SUBORIRIZ DV T HEDFRET
N5 I—hV A FOWETIE, PNDM DERA
DOFEENE KATP F v A+ V2K 9 5 KCNJ11
(Kir6.2) & ABCC8(SURL) %7 1= v FD#Ex
FERETH D FRYDHH 15-20 % & INS &z
FEETMIENTD B

c. 6q24 EHOEE (TNDM1)

SHEEOMO BT (LHBEDF A I —,
SRR D 6024 FEIMOEME, BHHEOHR 6F
RO A F MALERE) DY, FhUl L B8

lating apoptosis and cell cycle arrest; PACAP @
1 B2 B AEOREHREREF) & HYMAI (hydatidi-
form mole associated and imprinted gene:
untranslated mRNA) O BE|FEIRVERTH 5.
F o BEBIHRD B 6 HHREMAD A T VLRI
i3, ZFP57 AR T2V E gt ik S TS
LTwbewnbhTwab TNDM O KES A
6q4 tHI DA 7)) T4 v TBREICHEL,
KCNJ11 & ABCC8 D& & —# 717 5. H
RAFERERFOBETREEOHRETD, [
FROETHFED BN TV B

d. MODY &fzF+E%

MODY @ 7= % FRREILIEE p Mg D 4 > 2 )
VWA ETH BN, B L IS T B
FiE, MODY i “ewfl 4 v A1) VialAae
UMY $ 5 T v AR 2 BUREIRE LML
FEEFRGEYET S F2TC, COEREETHN
RS NIHRER, HEETIC6EEOEZAE
HiEf= T (MODY1-6)DFEEE N TS, &l
MODY7-11 IEFEFICEFNLEZONT VA (R
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%2 BEXIMODY O EREEEF &

MODY3 & 5

DB SUE

MODY1  HNF4A 69 o kB, € HDL i, — B A o
2 5 I TURE Al oW 2 5 _—
- A9 s
MODY2  GCK 100-18) e o, 8
 REBEOBESERCERBIR CHEHB SN LD SUHEIZ XL
MODY3 ~ HNF14 MU-19) e i 1 M BRI L e
. AETPNDM, BSR4, oMl ~7uT B3k~
ERD X
MODY4  PDX1 BFERDB) L A
Bl BEPE, MRERAE, BT R EFEEE~
MODY5 HNFIB mm7®;z%%,gﬁﬁmﬁ&8 ’ R
RIER R OBRE, AUHEORTR COERE ARk~
MODY6 NEURODI (5 55%0%) m%fm@%ﬁmﬁﬁ& EHEDHEST 2 LD FEH ﬁ%%{\
o s s LA
o BMER ML RS B B IR EEEEE ? B~
MODY7  KLF11  GRRDE) o) oy sem v i o o 4YAY
SIS, RO, WAE, BB ORI, s
MODYS  CEL ROTTIN ﬂ{]}fj WWHRERIRT, B O, M, oML ﬁl‘j%\ \
B3 AR
MODY9  PAX4 QRZOH)  BE~ETLEEEETHY ool
' BT
o TAEERERBTCIIBEEN R V2L MODY E L TIREN.
W0-23%) o ‘ YA
MODYI0 NS AR08 ot | IR Ca b Eabs T
MODY11 BLK SECLEVI  Pr 22 2 %%f%:

2). MODY1-6® 9 H, MODY2 M M EEx5 K
FORETH L. FHHETIEZMODY3 A ikd %
{, ZOMOMODYdxEN& sNTELD
FEEOLDAZ Y- Tid, MODY2lE#h
BEIN TRV EPHB L Twb CRagE
T —%). MODYZ2IZ—#ICEIETH ) Z2HE
DN ML T FERE R O AT, IR L 5
FET HDIL50% T THAH Ll &% 7
VaFF—BEELEOEA L FREN, Kk
EFEROMEIL, BHREELHWT 59 2
THEETHZ. MODY3 Tk SUENRE T
HY, ZLOEMTA VA v LD YR
ZDY[HETH H. MODY5(RCAD: renal cysts
and diabetes syndrome) T3 HNF18 #{=F D
KB EZEFRIBICL D5 E2840% & 5=
RO BN, HEHEY -7 T AhE—RIRE L
TERELTOTEEBNLETH S, Fo#T
PO BPEReE, B8, BHRERSLHELRE
TRV, BERBORERE L D HEICRBMEN L
ZEbZ v BBEEBEEZETSAHOMODY

(MODY-X) 1, FAE TI280%, Rk Tl
20-30% % O TH Y, FrMEREETREDS
-5 '

e. I ROYKYTHERR
mtDNAZEIZ L0, BRI DA e
BE, NEREDB L LR E9 R0 511 5.
3243 AR H AR ARG EE O 1% 238D
SNELEHETHY), KFE HWEE 305%
FCEERE DB £ UV 90 % (IR VEHETE 72 & o I PR 1%

BHROND. A AU CGUWITEITHIET L,
BEFRFR A B & HEFT L9 <, ALl
(RN
2) AR AMAERDOEERBICIA P D
BEETER

a 1 A CSREEEFEE

A v A VEZEMRNSR) AL, Hit
REWRNZ L, MLA 2 A v ZFEERET
LEBBMOBIC L) SHREIC T 5N, A
YA VERRAERERE AT, Rabson—-Menden-
hall JEMEHE,  WASIE (leprechaunism) D NE 2 FEJE
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LT 5. IRFSRE Tl TENRE AL, HE, &
JERHRIAE, R T IREF DA, nﬁiﬂﬁ‘k%ﬁﬁéf)
1AM TR %. Rabson—Mendenhall JE
I DVERETH D, EBESCHT R 28

W, HFEMETIHET LI ENE . [ v
U VR AAREEE AT A S BYRE CHEIE DA

e, KEDOAf v 2y 5 Thbar b
— VIR REGNIR L, A R P& 50%D
HUPEZ S 2 IGF-1 05 Thh s, %
P WERERGE B2 VE &7
YRar s E e el L TR A7

#5CEQ%V%,,

1) 422U anfiaeilz 29 5850
REfREF

a. Wolfram fE{&E

PEDRIE DM AR RS0, e, R e % 1
vy, DIDMOAD i {5 % (diabetes insipidus, dia-
betes mellitus, optic atrophy and deafness) &
HIFEN, FHEMEI0ME SNL HYH
HEHEBETH Y, 90% LLEASWES # =15
WCThDH FERFREEL FERLD A RY
YILEETH B

b. Wolcott—Rallison SE{&Zf (WRS)

WRS X F I F RS EEE R ETH
D, % IREBREH I HVIZERA VR v
AP TUBE IR CHIE S 5. R ELY T
s & & BB, RE, BREE, RhiE
BIEE, LIIERE L EOERPBD L. JH
Eix & v o8 7 FERREIE F O EIF2AK3 ThH 5
CEMHIBHLTEY, BpflRoT7T AR - R
G ERN L THEIRRBIEIC Db o Tinbd &
ZbNTnwa

c. Roger fE{ZE# (thiamine —responsive

megaloblastic anemia: TRMA fE{ER)

PFATIVIFIVAR=FY—%a—-FT5%
SLCI19A2 & fx T

THERRZ

B, EREEEEE AR L 5 A

e LT

CEREIC X AR B ASEER
Rz &5 FNREET, DRISSEOTE R,

d. IPEX fE{&#% (immune dysregulation,
polyendocrinopathy, enteropathy,
X -linked)
FOXP3BZFREIZ L A S EBEEZEER
DOPEBT, RIERE R - 2 551 N4 S UARE
e e EAFED LA, K% xh“n’\L\«\?‘:%“f”

O)JNJ\ Hoa VE@ HOOREN - S5 - 7L
—PEER B FAE S . IR, IR,

Wa, FiRE7% H%/v 2 AR\ ISIE - ALARAE I A
0, EEAERL 2FDINIBTT B

2) AR EGHBEEET 5EEH

FEfREE

a. EXMEHB%ESR

a) Alstrom FE1REF

ANVRIH 2> & O NG % R & 9 A R et iR
‘féé*f% D, AR AEPETIERE, IR
BoERE, MM RAEVER X OIS 2 & o

WHETET 5 —RICHEMERSPHRORE
mm@ﬁwbﬂ%m JE K & {5713 ALMST &
ZFDEEENTWBD, FIVE VRSV

WX o T A TTREMED Vb LT 57
b) Bardet-Biedl fE{&EF

ANRETA S O R A FEEL L 3 A DY BRI AN
TERFERPEZE TH Y, BT & BRI
TEENR & PRI O FEFH i, Lfﬂﬂi@ﬁ/%ﬁ%‘”
MR B L OB IR OTERE - IBRe R E 7 & &
(RBOLND. JRKBETHE ;’E&f% EH 8%
P EHFAET A2 EAVHBILTCB Y, BBSL,
BBS2, BBSA OEE TIT & A EDOFEF AL S
A, PRI F AR ER DY 28, A
fa7 & OMEEERBICEMRT 2L b T
WA

¢) Prader-Willi fEf&E#

A RO BERIET, BatERE &
WL & A B, BUR T E NS W EE %
MR SN AEBRT, BEIEE 5 FERBMA
15q11-13 DRV JA A FEIE O FF D3FEE ST
W5, FEERETE L CnecdinZz E2%E 2 51
TW A"

iz L 7F R L T VRO BT AR
N HZEW I 2 A L CERICHERIRE SE T
BHAS, ZZTIEEWT A, ¥/ Down SEMEEE,

- hEEN O H3H
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Turner FEBRE, Klinefelter FEMERE 72 & DG ta i
B EmmEE YA NE 74— E LB B
VIR S A v A SRR A L TR
JRIBEFIET A Z L A%\,

b. EXMBIHERE

4 VA VIEPUE L EEORERERE, R
2580 A, —EIZZEBTREEET
HbH. EERFENICAE—TENRERT, %5
& 5\ iZa B O R TR LT KB T 5.
a) BREURERAEIRAE

WY AREE O BRI R A K b %
{, BIER S % MR A lamin A/C % 22— K9
%5 LMNA#BZTRENEREE SN Tw5E 4
TErORE FIEIFZIER CTH 545, BEEICR S
VUL AR D R F IR RS & 2 B W
FEREREMICA B 2 b £ s, LMNA &5
B - BRIFHIIR D 78 b= 215 LT b
WREMEDS Vb T W 5",

b) 25 MIEIFERE

e AR M O & B PERR G ZE M6 IE (Berardi-

nelli—Seip JEMEHRE) D9 5, BSCL1(AGPAT2) &
BSCL2 (Seipin) B #4395 % LI % 5 525 |
REY 2 X BNEREETH S, AGPAT2 DI FIZ &
D IL-6 % TNF—a OSBRI CoutEd
LT ENHREZINTVASY, Seipin iz VIEE

DRBNZER LT B L DMERD B, F72
AL Z v HERPE S Seim B KAERk

DERBHALNHZELDH D, PERFGEIL 20
FTITHIET 5 Z L D%\,

Z O, PPARy OB HERZ R 2 2L
BEHETH D Werner JEBEHF TH RIS 5 1
YA VIEPWEDTUENTED HILT WA DS, R
ML S TIIEWT 5.

3) EB5IIHBITE5hEVED

a. Fanconi-Bickel fE{&Ef
FHREASEEREREETH Y, FRB LT
BB A7 a—4 v OBFER, HRR
MEEE Zra—2Eh527 h—2ADFH
BENEBMNTH L. BRIEREETH S
GLUT2(SLC2A2) TH A Z L ¥BHLTH Y,
ZE R OARIUKE & IR IC BRI, Z L a— 2
IEMEA ¥ A YU ORT & IEA~ OB DR
D AARDHE S NS 20, FHR MR
SNA. REE L TIZGLUTS 2N liikAkTdh 5
TN b= A% MAIEE & L THET Y

BbWic

RFE T T H— B (BT OBLH R TR
FIENHPE N T BHERN LD, S5HRIE,
CNVZEOBIZFOMBELERSLIE Y 2 4T
4 7 A kEDTRNBRTHEREEORII LS
N e L, 2 X D D TR R
DBIEZROEREHSLPICTH I ENTE S
LEZD.
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1. Introduction

ABSTRACT

Aims: To evaluate the associations of circulating levels of proinflammatory molecules and endothelial factors
with blood flow in lower-leg arteries in diabetic patients with normal ankle-brachial index (ABI>0.9).
Methods: We enrolled 123 type 2 diabetic patients with normal ABI and 30 age-matched nondiabetic subjects
consecutively admitted to our hospital. Flow volume and resistive index, an index of peripheral vascular
resistance, at the popliteal artery were evaluated using gated two-dimensional cine-mode phase-contrast
magnetic resonance imaging. An automatic device was used to measure ABI and brachial-ankle pulse-wave
velocity (baPWV) for evaluation of arterial stiffness. Plasma soluble intercellular adhesion molecule-1
(sICAM-1) and monocyte chemoattractant protein-1 (MCP-1) concentrations, serum high-sensitivity C-
reactive protein (hsCRP) levels, plasma von Willebrand factor ristocetin cofactor activity (VWF), and plasma
vasoconstrictor serotonin metabolite 5-hydroxyindole acetic acid (5-HIAA) concentrations were measured.
Results: Diabetic patients had higher baPWV (P<.0001), resistive index (P<.0001), sICAM-1 (P<.0001), MCP-
1 (P=.0224), log hsCRP (P<.0001), VWF (P<.0001), 5-HIAA (P=.0015), and lower blood flow (P<.0001)
than nondiabetic subjects. VWF (P=.0019) or 5-HIAA (P=.0011), but not sICAM-1, MCP-1, and log hsCRP,
was negatively correlated with blood flow in diabetic patients. A multivariate analysis revealed that the
significant independent determinants of blood flow were hypertension, use of renin-angiotensin system
inhibitors, VWF and 5-HIAA (r*=0.198, P<.0001) in diabetic patients.
Conclusions: Plasma VWF and 5-HIAA concentrations are associated with blood flow and are involved in the
pathogenesis of impaired peripheral circulation due to higher arterial stiffness and greater vascular resistance
in lower-leg arteries in diabetic patients with normal ABL

© 2012 Elsevier Inc. All rights reserved.

vascular resistance to blood flow, resulting in reduced blood supply
in the lower-leg arteries even though the individual has a normal ABI

Lower-extremity arterial disease is a major cause of ischemic
limb, foot ulcers, and leg amputation in diabetic patients (Faglia et
al., 2009; Gorogawa et al., 2006). Diabetic patients are known to have
two distinct types of insufficient arterial blood flow to the lower
limbs associated with the vessel wall properties. The diabetic
condition promotes atherosclerotic plaque formation in the vessel
wall and leads to peripheral artery disease (PAD), resulting in
reduced blood supply to lower limbs during exercise or at rest. To
help identify high-risk patients with PAD, the ankle-brachial index
(ABI) is generally used (American Diabetes Association, 2003). The
diabetic condition also causes higher arterial rigidity and greater
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(> 0.9) (Suzuki et al, 2001). It has been reported that waveform
analysis at the popliteal artery provides a powerful tool for
identifying impaired peripheral circulation caused by either occlusive
arterial disease or increased arterial stiffness and peripheral vascular
resistance in diabetic patients using gated two-dimensional cine-
mode phase-contrast magnetic resonance imaging (2D-cine-PC MRI)
(Suzuki et al. 2001). In Japanese patients with diabetes, elderly
patients (>65years) had a higher prevalence of PAD (12.7%)
compared with younger patients (<65years) (4.0%) (Maeda et al,
2008). Prevalence of diabetic patients with low ABI (<0.90) and
intermittent claudication is similar to that of diabetic patients with
normal ABI and reduced blood flow in lower-leg arteries, indicating
that increase in arterial stiffness and vascular resistance to blood
flow may be one of the major causes of lower-extremity arterial
disease in Japan (Suzuki et al., 2003).



