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Background: Gastric inhibitory polypeptide (GIP) secreted from enteroendocrine K-cells potentiates insulin secretion and

induces energy accumulation into adipose tissue.

Results: Transcriptional Rfx6 is expressed in K-cells and increases GIP expression. Rfx6 expression is up-regulated in K-cells of

obese mice.

Conclusion: Rfx6 plays critical roles in GIP expression and hypersecretion in obesity.
Significance: Gene analysis of K-cells isolated from GIP-GFP knock-in mice enabled identification of Rfx6.

Gastric inhibitory polypeptide (GIP) is an incretin released
from enteroendocrine K-cells in response to nutrient ingestion.
GIP potentiates glucose-stimulated insulin secretion and
induces energy accumulation into adipose tissue, resulting in
obesity. Plasma GIP levels are reported to be increased in the
obese state. However, the molecular mechanisms of GIP secre-
tion and high fat diet (HFD)-induced GIP hypersecretion
remain unclear, primarily due to difficulties in separating
K-cells from other intestinal epithelial cells in vivo. In this study,
GIP-GFP knock-in mice that enable us to visualize K-cells by
enhanced GFP were established. Microarray analysis of isolated
K-cells from these mice revealed that transcriptional regulatory
factor X6 (Rfx6) is expressed exclusively in K-cells. In vitro
experiments using the mouse intestinal cell line STC-1 showed
that knockdown of Rfx6 decreased mRNA expression, cellular
content, and secretion of GIP. Rfx6 bound to the region in the
gip promoter that regulates gip promoter activity, and overex-
pression of Rfx6 increased GIP mRNA expression. HFD induced
obesity and GIP hypersecretion in GIP-GFP heterozygous mice
in vivo. Immunohistochemical and flow cytometry analysis
showed no significant difference in K-cell number between con-
trol fat diet-fed (CFD) and HFD-fed mice. However, GIP content
in the upper small intestine and GIP mRNA expression in
K-cells were significantly increased in HFD-fed mice compared
with those in CFD-fed mice. Furthermore, expression levels of
Rfx6 mRNA were increased in K-cells of HFD-fed mice. These
results suggest that Rfx6 increases GIP expression and content
in K-cells and is involved in GIP hypersecretion in HFD-induced
obesity.
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Obesity leads to insulin resistance characterized by fasting
hyperinsulinemia and excessive insulin secretion to maintain
euglycemia after meal ingestion (1). Obesity is an important risk
factor in progression to type 2 diabetes mellitus (2) as well as
cardiovascular disease (3), and reduction of obesity can normal-
ize hyperinsulinemia and impede the progression of diabetes
and arteriosclerosis.

Gastric inhibitory polypeptide, also called glucose-depend-
ent insulinotropic polypeptide (GIP),? and glucagon-like pep-
tide-1 (GLP-1) are the incretins, peptide hormones released
from the gastrointestinal tract into circulation in response to
meal ingestion that potentiate glucose-stimulated insulin
secretion (4, 5). GIP is secreted from enteroendocrine K-cells
located in the duodenum and upper small intestine; GLP-1 is
secreted from enteroendocrine L-cells located in the lower
small intestine and colon. GIP binds to the GIP receptor (GIPR)
on the surface of pancreatic B-cells, adipose tissue, and osteo-
blasts, and it stimulates insulin secretion (6), fat accumulation
(7), and bone formation (8), respectively, by increasing the level
of intracellular adenosine 3',5'-monophosphate (CAMP).

It was reported previously that GIPR-deficient mice exhibit
insufficient compensatory insulin secretion upon high fat load-
ing (9), suggesting that GIP plays a critical role in maintaining
blood glucose levels by hypersecretion of insulin in diet-in-
duced obesity. We also reported that sensitivity of GIPR to GIP
in B-cells is increased in high fat diet (HFD)-induced obese
mice (10). In addition, GIPR is expressed in adipose tissue (11)
and increases glucose and triglyceride uptake in fat cells (12,
13). Thus, GIP has both direct and indirect effects on the accu-
mulation of energy into adipose tissue. Some studies report that
GIP secretion is increased in obesity (7, 14—16) and that pan-
creatic and duodenal homeobox 1 (Pdx1), which is known to be

2 The abbreviations used are: GIP, gastric inhibitory polypeptide; GIPR, GIP
receptor; HFD, high fat diet; CFD, control fat diet; EGFP, enhanced GFP;
OGTT, oral glucose tolerance test.
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an important transcription factor in pancreatic development
and pancreatic B-cell maturation (17), has a critical role in GIP
production in K-cells (18, 19). However, the mechanisms
involved in GIP hypersecretion from K-cells in obesity remain
unclear due to difficulties in separating these cells from other
intestinal epithelial cells in vivo.

In this study, we investigated expression of various genes in
K-cells by using GIP-GFP knock-in (GIP-GFP) mice in which
K-cells can be visualized by EGFP fluorescence. We found that
regulatory factor X6(Rfx6) is expressed exclusively in K-cells of
the upper small intestine and is involved in GIP mRNA expres-
sion in the mouse small intestinal cell line STC-1. Furthermore,
expression of Rfx6 as well as Pdx1 was found to be increased in
K-cells of HFD-induced obese mice. Thus, GIP expression is
stimulated by both Rfx6 and Pdx1, suggesting that these tran-
scription factors play an important role in both GIP expression
and GIP hypersecretion in HFD-induced obesity.

EXPERIMENTAL PROCEDURES

Animals—We designed targeting vector constructs as short-
EGFP-poly(A)-loxp-Neo-loxp-long cassettes using mouse B6N
BAC clone (identification numbers RP23-31E4 and RP23-
383D10). A diphtheria toxin A expression cassette for negative
selection was attached to the 3’ end of the gip sequence in the
targeting vector. Next, the targeting vector was injected in
embryonic stem cells from C57BL/6 mice, and a Neo resistance
strain was established. The ES cells positive for the knock-in
gene were selected by Southern blot analysis. The established
ES cells were then injected into the blastocyst to obtain chime-
ric mice. Finally, we generated hetero-mutant mice by mating
the chimeric mice with wild-type C57BL/6 mice. The mice
were housed in an air-controlled (temperature 25 °C) room
with a dark-light cycle of 10 and 14 h, respectively. Animal care
and procedures were approved by the Animal Care Committee
of Kyoto University.

GIP-GFP heterozygous mice (7 weeks of age) were fed con-
trol fat chow (CFD; 10% fat, 20% protein, and 70% carbohydrate
by energy) or high fat chow (HFD; 60% fat, 20% protein, and
20% carbohydrate by energy) (Research Diets Inc., New Bruns-
wick, NJ) for 8 weeks. Food intake, water intake, and body
weight were measured.

Immunohistochemistry—Mouse upper small intestine sam-
ples were fixed in Bouin’s solution and transferred into 70%
ethanol before processing through paraffin. Rehydrated paraf-
fin sections were incubated overnight at 4 °C with primary
mouse anti-GFP antibody (sc-9996, 1:100, Santa Cruz Biotech-
nology) and rabbit anti-GIP antibody (T-4053, 1:100, Peninsula
Laboratories, Inc., San Carlos, CA). Intestine samples and
STC-1 cells (kindly provided by Prof. Hanahan, University of
California, San Francisco) were embedded by Tissue-Tek
O.C.T. compound 4583 (Sakura Fine Technical Co. Ltd.,

- Tokyo, Japan) and immediately frozen in liquid nitrogen. Fro-
zen sections (10 wm) on slides were air-dried and fixed in ace-
tone for 5 min. Slides were then washed in phosphate-buffered
saline (PBS) and blocked for 15 min in 3% BSA. They were
incubated overnight at 4 °C with primary antibody (mouse anti-
GIP antibody (1:100, kindly provided by Merck Millipore)) and
goat anti-Rfx6 antibody (ABD28, 1:100, Merck). The sections
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were incubated for 1 h at room temperature with secondary
antibody. Images were taken using a fluorescent microscopy
with a BZ-8100 system (KEYENCE Corp., Osaka, Japan) and
confocal microscopy with an LSM510META system (Carl Zeiss
Co., Ltd,, Jena, Germany).

Fifty representative mucous membranes from each slide
were randomly selected, and their mean length and GFP-posi-
tive cells were quantified using fluorescent microscopy images.
To count the GFP-positive cells, we distinguished the mucous
membrane as villus, upper crypt, or lower crypt.

Isolation of K-cells from Mouse Intestinal Epithelium—
Mouse upper small intestine was removed and washed by PBS.
The intestine was cut into several round pieces and tied on one
side with a thread. The pouch-like intestine was injected with
Hanks’ balanced salt solution containing 0.5 mg/ml collagen-
ase, clamped, and incubated with CO, at 37 °C for 10 min in
Krebs-Ringer bicarbonate buffer (KRBB: 120 mm NaCl, 4.7 mm
KCl, 1.2 mm MgSO,, 1.2 mm KH,PO,, 2.4 mm CaCl,, 20 mm
NaHCO,). The digested intestinal epithelium was collected
into the tube filled with Roswell Park Memorial Institute
(RPMI) medium and rinsed twice. The intestinal epithelium
was cultured in a humidified incubator (95% air and 5% CO,) at
37 °Cfor 1 h. Afterward, it was centrifuged at 180 X gfor 5 min,
resuspended in PBS twice, and filtered with a cell strainer
(352340, Falcon cell strainer, BD Biosciences). GFP-positive
cells in the intestinal epithelium were analyzed using BD FACS
Aria™ flow cytometer (BD Biosciences). Sorted cells were col-
lected into vials containing medium at a rate of 2000 cells/tube.

Total RNA was extracted with PicoPure RNA isolation kit
(Applied Biosystems, Inc., Alameda, CA) from sorted cells of
GIP-GFP mouse intestinal epithelium and treated with DNase
(Qiagen Inc., Valencia, CA). Microarray analysis was performed
using GeneChip Mouse Genome 430 2.0 Array (Affymetrix Inc,,
Fremont, CA).

Glucose Tolerance Test (OGTT) and GIP Assay—After a 16-h
fasting period, OGTTs (1 g/kg body weight) were performed.
Blood samples were taken at the indicated times (0, 15, 30, 60,
and 120 min after glucose loading), and blood glucose levels,
plasma insulin levels, and plasma total GIP concentrations were
measured. Blood glucose levels were determined by the glucose
oxidase method (Sanwa Kagaku Kenkyusho Co. Ltd., Nagoya,
Japan). Plasma insulin levels were determined using enzyme
immunoassay (Shibayagi, Gumma, Japan). Plasma total GIP
levels were determined using an ELISA kit (Merck Millipore).

For measurement of GIP content in the mouse upper small
intestine, the mice were killed at 15 weeks of age after 8 weeks of
CFD or HED feeding. The intestine was rapidly removed and
washed in PBS. After measuring the weight, samples were
extracted with 5 ml/g acid ethanol, and GIP levels were mea-
sured (15).

Quantitative RT-PCR—Complementary DNA (cDNA) was
prepared by reverse transcriptase (Invitrogen) with an
oligo(dT) primer (Invitrogen). Messenger RNA (mRNA) levels
were measured by quantitative RT-PCR using ABI PRISM 7000
Sequence Detection System (Applied Biosystems Inc.). PCR
analyses were carried out using the oligonucleotide primers.
SYBR Green PCR master mix (Applied Biosystems Inc.) was
prepared for PCR run. Thermal cycling conditions were dena-

VOLUME 288+-NUMBER 3<JANUARY 18,2013

- 140 -

€107 ‘P 19quI209( uo ANsIvAIuf) 030K 18 S10-0ql mmm//:diy wox papeojumo(]



turation at 95 °C for 10 min followed by 50 cycles at 95 °C for
15 s and 60 °C for 1 min. C- and N-terminal primers of target
molecules were designed as follows: GIP forward, 5'-gtggcttt-
gaagacctgete-3', and reverse, 5'-ttgttgtcggatcttgtcca-3'; GEP
forward, 5'-gtggctttgaagacctgete-3', and reverse, 5'-tttacgtcge-
cgtccageteg-3'; GLP-1 forward, 5'-tgaagacaaacgccactcac-3,
and reverse, 5'-tcatgacgtttggcaatgtt-3'; Pdx1 forward, 5'-gac-
ctttccegaatggaa-3, and reverse, 5'-cttgttttcctegggtte-3'; Rfxl
forward, 5'-gcagccagaagcagtatgtg-3', and reverse, 5'-tggcttct-
gacacagtctcact-3'; Rfx2 forward, 5'-cagaactccgagggaggag-3',
and reverse, 5'-ggagggtgagtgtctgeatc-3'; Rfx3 forward, 5'-cgt-
cacaggaggacaactca-3’, and reverse, 5'-cagacttttgcagcgtctca-3';
Rfx4 forward, 5'-ccgaatacactggecttage-3', and reverse,
5'-atgggtgctcctcatacagg-3'; Rfx5 forward, 5'-tctaccttcagetce-
ccatcg-3’, and reverse, 5'-ggcaggtatccatgtgetet-3'; Rfx6 for-
ward, 5'-acagacacggaatctgacat-3', and reverse, 5'-ctctaccacagt-
gtccaace-3'; Rfx7 forward, 5'-cgctctgeaacacaagatca-3’, and
reverse, 5'-gaccagaaggcagttgaagg-3'; and GAPDH forward,
5'-aaatggtgaaggteggtgtg-3’, and reverse, 5'-tegttgatggcaacaa-
tcte-3'.

Cell Culture and Small Interfering RNA (siRNA) Transfection
into STC-1 Cells—STC-1 cells, mouse small intestinal cell line,
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Sigma) supplemented with 10% heat-inactivated fetal calf
serum, 100 IU/ml penicillin, and 100 ug/ml streptomycin at
37 °C in a humidified atmosphere (5% CO, and 95% air). siRNA
transfection of Stealth™ siRNAs were synthesized (Invitro-
gen). The sequences of siRNAs specific for Rfx6 and Pdx1 are
shown as follows: Pdxl, caguacuacgcggccacacagcucu and
agagcuguguggeegeguaguacug, and Rfx6, ggugaaugecaugguau-
cugauauu and aauaucagauaccauggcauucacc. Cultured STC-1
cells were trypsinized, suspended with DMEM without antibi-
otics, mixed with Opti-MEM (Invitrogen) containing siRNA
and Lipofectamine TM2000 (Invitrogen), plated on 12-well
dishes, and then incubated at 37 °C in a CO, incubator. The
amounts of STC-1 cells were 1 X 10° cells/well. Medium was
replaced with 1 ml of DMEM containing antibiotics about 5- 6
h after transfection. RT-PCR was performed 48 h after
transfection.

Plasmid Construction and Transfection into STC-1 Cells—
The cDNA fragment of mouse Rfx6 protein was obtained from
mouse (C57BL/6) islets by RT-PCR. The ¢cDNA fragment of
Rfx6 was cloned into pCMV vector (Clontech). Expression
plasmids of Rfx6 cDNA were transfected into STC-1 cells using
Lipofectamine™ 2000 (Invitrogen). Plasmid (8 ug/well) was
diluted into Opti-MEM, and Lipofectamine™* 2000 was added
and incubated at room temperature for 20 min. After incuba-
tion, the mixture was added to STC-1 cells (1 X 10° cells/well).
RT-PCR was performed 48 h after transfection.

Measurement of Incretin Release and Cellular Content in
STC-1 Cells—For incretin release assays, DMEM was collected
from STC-1 cells cultured on 12-well dishes about 42-43 h
after changing the medium (48 h after transfection). Media
were centrifuged at 3000 X g for 10 min, and the supernatant
was collected. Total GIP and total GLP-1 levels were measured
by ELISA methods (Merck Millipore and Meso Scale Discovery
(Gaithersburg, MD), respectively) as incretin release from
STC-1 cells.
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To determine incretin content, STC-1 cells cultured on
12-well dishes (48 h after transfection) were washed with PBS
and homogenized in 0.5 ml of 0.1 N HCl and extracted at RT for
10 min, after which the supernatant was collected and centri-
fuged at 3000 X g for 10 min. Incretin and protein levels were
measured by ELISA (GIP and GLP-1) and Bradford reagent
(Bio-Rad), respectively.

Yeast One-hybrid Assay—Yeast one-hybrid assays were per-
formed using the Matchmaker Gold Yeast One-hybrid Library
Screening System (Clontech) according to the manufacturer’s
protocol. The gip promoter fragments shown in Fig. 44 were
inserted separately upstream of the aureobasidin A resistance
gene on the pAbAi vector, and Rfx6 cDNA was inserted down-
stream of GAL4-activating domain (GAL4AD) on the pGADT7
activating domain vector. The interactions between gip pro-
moter fragments and Rfx6-GAL4AD protein were assayed
using the aureobasidin A resistance gene reporter system. First,
Saccharomyces cerevisiae YIHGold (MATa, ura3-52, his3-200,
ade2-101, trp1-901, len2-3, 112, gal4A, gal80A, met-MELI) was
transformed by gip promoter fragment-inserted pAbAi plas-
mid (pAbAi-fragments a, b, ¢, and d), and spread on the syn-
thetic medium with dextrose (SD) (without uracil) and incu-
bated for 1 week at 30 °C. Obtained yeast was transformed by
Rfx6 c¢DNA-inserted pGADT7 activating domain plasmid
(pGADT7-Rfx6), spread on the SD (without tryptophan)
medium, and then incubated for 1 week at 30 °C. Interaction
between gip promoter fragment and Rfx6-GAL4AD protein
could be detected, and the transformant was grown on SD
(without tryptophan) medium containing 600 ng/ml aureoba-
sidin A.

GIP Promoter Activity—1 X 10° STC-1 cells were cotrans-
fected with pGL4.19 luciferase reporter plasmid expressing five
different lengths of the gip promoter gene (Fig. 4C) and
pGLA4.73 Renilla luciferase reporter plasmid. 48 h after trans-
fection, luciferase and Renilla activities were assayed according
to the manufacturer’s protocol (Promega Corp., Madison, WT)
using a GioMax 20/20n luminometer (Promega). Firefly lucif-
erase activity was normalized to Renilla luciferase expression
and is presented as fold increase in relative light units over
samples transfected with pGL4.19. All samples were analyzed
in duplicate.

Analysis—The results are given as means * S.E. (SE, n =
number of mice). Statistical significance was determined using
paired and unpaired Student’s ¢ test and analysis of variance.
» = 0.05 was considered significant.

RESULTS

Visualization and Isolation of K-cells Using GIP-GFP Mice—
GIP-GFP mice were generated for the purpose of visualizing
enteroendocrine K-cells (Fig. 14). The mouse gip gene is com-
posed of six exons. The targeting vector for GIP-GFP mice was
designed so that EGFP cDNA was fused with exon 3 in the gip
gene. Prepro-GIP consists of 144 amino acids (Fig. 1B), and
PC1/3 and PC2 cleave prepro-GIP, generating GIP(1-42) and
GIP(1-30), respectively. In GIP-GFP mice, the fusion protein
retains the signal peptide, but it does not have the GIP(1-42)
sequence nor the PC1/3 and PC2 cleavage sites. Accordingly,
GIP-GFP mice express GIP signal peptide-GFP fusion protein
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FIGURE 1. Gene construct of GIP-GFP mice. A, wild-type GIP allele and targeted allele of GIP-GFP. EGFP-poly(A)-loxp-Neo-loxp cassette was inserted
into exon 3 of wild-type gip gene. B, prepro-GIP protein and GIP-GFP fusion protein. SP, signal peptide. Open triangle, PC1/3 cleavage site; closed triangle,
PC2 cleavage site; dotted line, amino acids of signal peptide; solid line, translated protein from exon 3. C, microscopic images of upper small intestine in
GIP-GFP heterozygous mice (bright field image and fluorescence image). D, immunohistochemical images of upper small intestine in wild-type (WT),
GIP-GFP heterozygous (GIP™/*), and homozygous mice (GIP9/9%) Green, GFP-expressing cells; red, GIP-expressing cells; yellow, merged image.
E, fasting plasma GIP levels in WT, GIPS™/*, and GIP9"/9'P mice. F, GFP mRNA and GIP mRNA levels in GFP-positive cells (n = 5-6) and GFP-negative cells

(n = 5-6). % p =0.05;**, p = 0.01;*** p = 0.001.

(280 amino acids). GFP fluorescence was observed in the small
intestine of GIP-GFP heterozygous mice (Fig. 1C) and GIP-GFP
homozygous mice (data not shown).

Immunohistochemical analysis was performed to assess
localization of GFP-expressing cells and GIP-expressing cells
using anti-GFP and anti-GIP antibodies, respectively, in the
upper small intestine of wild-type and GIP-GFP heterozygous
and homozygous mice (Fig. 1D). GFP-expressing cells are pres-
ent in the intestine of GIP-GFP heterozygous and homozygous
mice and GIP-expressing cells are present in the intestine of
both wild-type and GIP-GFP heterozygous mice. However, in
GIP-GFP homozygous mice, no GIP-expressing cells were
found. The GFP-expressing cells were identical to the GIP-ex-
pressing cells in the GIP-GFP heterozygous mice. We then
examined the fasting plasma GIP levels in the three types of
mice (Fig. 1E). GIP levels were significantly lower in GFP-GFP
heterozygous mice compared with those in wild-type mice. GIP
levels of GIP-GFP homozygous mice were not detectable.
These results indicate that GIP-GFP heterozygous mice have

1932 JOURNAL OF BIOLOGICAL CHEMISTRY

only one normal gip gene and that GIP-GFP homozygous mice
have no normal gip genes.

Next, GFP-positive cells were purified by a flow cytometry
system. GFP-positive cells and GFP-negative cells from upper
small intestinal epithelium of GIP-GFP heterozygous mice
were separated and collected. GFP mRNA and GIP mRNA were
highly expressed in GFP-positive cells (Fig. 1F). In microarray
analysis, the expression levels of GIP mRNA were much higher
in GFP-positive cells than those in GFP-negative cells (GFP-
positive cells (n = 3) 12,951.55 * 335.77 versus GFP-negative
cells (n = 3) 1763.61 £142.65; p = 0.001). These results dem-
onstrate that the GFP-positive cells in the intestinal epithelium
of GIP-GFP mice are K-cells.

Transcription Factor Rfx6 Is Expressed Exclusively in K-cells—
Microarray analysis data revealed that mRNA of the transcrip-
tion factor Rfx6 is highly expressed in GFP-positive cells (GFP-
positive cells (n = 3) 2613.4 = 341.9 versus GFP-negative cells
(n = 3) 24.0 = 6.7; p = 0.05). As seven members of the Rfx
family were identified previously, we evaluated the expression
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merged image. D, immunohistochemical images of STC-1 cells. Green, GIP-expressing cells; red, Rfx6-expressing cells; yellow, merged image. £, Rfx6, GIP, GLP-1,

and Pdx1 mRNA levels in Rfx6 knockdown STC-1 cells (n = 4). Fand G, incretin
0.01, n.s., not significant.

of these mRNAs in mouse islets, GFP-positive cells (K-cells),
and mouse small intestinal cell line STC-1 (Fig. 24). All of the
rfx genes, except for rfx4, were expressed in islets as shown in a
previous study (20). Rfx3, Rfx6, and Rfx7 were expressed in
GEFP-positive cells, but no Rfx mRNAs were detected in the
GFP-negative cells. In semi-quantitative RT-PCR data, the
expression levels of Rfx6 were extremely higher in GFP-positive
cells than those in GFP-negative cells, whereas the expression
levels of Rfx3 and Rfx7 were similar (Fig. 2B). Immunohisto-
chemistry confirmed that Rfx6-expressing cells correspond to
GFP-expressing cells (Fig. 2C), demonstrating that Rfx6 is
expressed exclusively in K-cells.

Inhibition of Rfx6 and Pdx1 Expression Decreases GIP Expres-
sion in STC-1 Cells—W e then assessed the influence of Rfx6 on
GIP expression and secretion by using STC-1 cells. Rfx6 mRNA
expression was confirmed in STC-1 cells by RT-PCR (Fig. 24).
The Rfx6-expressing cells were similarly located in the GIP-
expressing cells by immunohistochemistry (Fig. 2D). By treat-
ment with Rfx6 siRNA, Rfx6 mRNA expression was inhibited

ACSEVON
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content and secretion in Rfx6 knockdown STC-1 cells (n = 4).* p = 0.05;**,p =

by 70% (Fig. 2E). In the same condition, mRNA expression, cellu-
lar content, and secretion of GIP were significantly decreased
whereas those of GLP-1 were similar to control (Fig. 2, E-G), indi-
cating that Rfx6 increases GIP mRNA expression, cellular content,
and secretion. However, Pdx1 is reported to be an important tran-
scriptional factor for producing GIP in K-cells (17, 18), although its
expression levels were similar in GFP-positive and GFP-negative
cells (Fig. 3A4). To examine the effect of Pdx1 on incretin expres-
sion and secretion, mRNA expression, cellular content, and secre-
tion of GIP and GLP-1 were measured in Pdx1-knockdown STC-1
cells by using siRNA. Pdx1 mRNA expression was confirmed in
STC-1 cells by RT-PCR (Fig. 3B). The expression levels of Pdx1
mRNA were decreased by 50% in STC-1 cells treated with Pdx1
siRNA (Fig. 3C). GIP mRNA expression, cellular content, and
secretion were significantly decreased, whereas GLP-1 mRNA
expression, cellular content, and secretion were somewhat
increased in STC-1 cells treated with Pdx1 siRNA (Fig. 3, C-E).
The expression levels of Rfx6 mRNA were significantly decreased
in the cells (Fig. 3C).
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Interaction of Rfx6 and GIP Gene—We assessed the interac-
tion of the Rfx6 and gip gene by one-hybrid assay. Four frag-
ments of the gip promoter were constructed (Fig. 44). Rfx6
effectively bound to fragment b (52166512 base pairs (bp)
upstream of the gip promoter) (Fig. 4B). In the luciferase pro-

1934 JOURNAL OF BIOLOGICAL CHEMISTRY

moter assay, gip promoter activity of fragments A and B con-
taining 5216 —-6512 bp upstream of gip promoter was high,
whereas the activities of gip promoter C, D, and E were signifi-
cantly decreased (Fig. 4D). These results suggest that Rfx6 binds
to the region 5216 -6512 bp upstream of the gip promoter,
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FIGURE 5. Analysis of K-cells in the small intestine of CFD- and HFD-fed GIP-GFP heterozygous mice (histology, flow cytometry analysis, and gene
expression). A, body weight change of CFD-fed (dashed line) and HFD-fed (continuous line) GIP-GFP heterozygous mice (n = 5-7). B-D, blood glucose (B),
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H, number of K-cells in the upper small intestine by flow cytometry analysis (n = 5). |, GIP content in upper small intestine (n = 5-7). J, GIP mRNA levels in
GFP-positive cells (n = 8-10). K, Pdx1, Rfx3, Rfx6, and Rfx7 mRNA levels in GFP-positive cells (n = 8-10). ¥, p < 0.05; n.s., not significant.

which regulates the gip promoter activity. Furthermore, Rfx6
was overexpressed in STC-1 cells by transfection of Rfx6
expression plasmids. The expression levels of Rfx6 mRNA lev-
els were significantly higher in Rfx6-overexpressing cells com-
pared with control (Fig. 4E). Rfx6 had no effect on the expres-
sion levels of to Pdx1 mRNA. GIP mRNA expression levels were
significantly increased in Rfx6-overexpressing cells, but GLP-1
mRNA expression levels were not (Fig. 4F).

HFD Feeding Increases GIP Secretion and Induces Obesity
and Insulin Hypersecretion in GIP-GFP Heterozygous Mice—
To investigate the mechanisms of GIP hypersecretion in HFD-
induced obesity in vivo, GIP-GFP heterozygous mice were fed
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CFD or HFD for 8 weeks. One week after starting these diets,
the body weight of the HFD group was significantly increased
compared with that of the CFD group (Fig. 54). There was no
difference in food and water intake between the CFD and HFD
groups (data not shown). After CHD or HFD feeding for 8
weeks, OGTTs were performed. Blood glucose levels were sig-
nificantly increased at 60 and 120 min during OGTT in HFD
group (Fig. 5B). Insulin levels also were significantly increased
in the HED group (Fig. 5C). Insulin secretion (area under the
curve-insulin) of the HFD group was increased about 5.5-fold
compared with that of the CFD group (CFD group (n = 6)
38,221 * 238 versus HED group (n = 6) 211,835 % 456; p =
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0.001). GIP concentrations of HFD group at 15, 30, and 60 min
were increased significantly compared with those of the CFD
group (Fig. 5D). GIP secretion (area under the curve-GIP) of the
HFD group was increased about 1.5-fold compared with that of
the CFD group (CFD group (n = 6) 7368 *= 123 versus HFD
group (n = 6) 10,531 * 216; p = 0.05) These results show that
HFD feeding increases GIP secretion and induces obesity and
insulin hypersecretion in GIP-GEP heterozygous mice, which
have only one normal gip gene.

GIP Hypersecretion in HFD-induced Obese Mice Is Not Due to
Increase of K-cell Number but to Increase of GIP Expression in
K-cells—To determine whether GIP hypersecretion involves an
increased number of K-cells in HFD-fed GIP-GFP heterozy-
gous mice, the number and localization of the K-cells in the
upper small intestine were estimated and compared. The length
of the mucous membrane and the number and localization of
K-cells examined by immunohistochemistry were similar in the
CFD and HFD group (Fig. 5, E-G). Flow cytometry analysis also
showed no difference in K-cell number between the two groups
(Fig. 5H). However, GIP content in the upper small intestine
was significantly increased in the HFD group compared with
that in the CFD group (Fig. 5I). In addition, in K-cells purified
using flow cytometry, the expression levels of GIP mRNA were
almost 10-fold higher in the HFD group than those in the CFD
group (Fig. 5]). These results demonstrate that GIP hypersecre-
tion under HFD-induced obesity is not due to an increase in
K-cell number but to an increase of GIP mRNA expression and
content in K-cells.

Rfx6 and Pdxl mRNA Levels Were Increased in K-cells of
HFD-induced Obese Mice—W e also assessed the expression of
other candidate genes in K-cells (GFP-positive cells) (Fig. 5K)
and non-K-cells (GFP-negative cells). Both Rfx6 and Pdxl
mRNA levels were increased in K-cells of the HFD group com-
pared with those in K-cells of the CFD group, but the mRNA
expression levels of Rfx3 and Rfx7 were not. Other Rfx tran-
scriptional factors (Rfx1, -2, -4, and -5) were not detected in the
K-cells of HFD-fed mice. Furthermore, none of the Rfx tran-
scriptional factors were detected in non-K-cells. Pdx1 mRNA
expression was detected in non-K-cells, but there was no sig-
nificant difference in the expression level between the CHD
group and the HFD group (ratio of Pdx1 mRNA to GAPDH
mRNA: CED group (r = 8) 0.47 £ 0.15 versus HFD group (n =
8) 0.26 = 0.08; p = 0.24). These results strongly suggest that an
increase in Rfx6 expression as well as Pdx1 expression in K-cells
stimulates GIP mRNA expression and content in K-cells of
HFD-fed obese mice.

DISCUSSION

Analysis of K-cells in vivo has been impossible due to the
inability to isolate the GIP-producing K-cells from intestinal
epithelium. In this study, GIP-GFP mice enabled sorting GFP-
positive cells as K-cells and revealed that the transcription fac-
tor Rfx6 is expressed exclusively in K-cells by microarray anal-
ysis and RT-PCR (Fig. 2B). Rfx3 and Rfx7 also were detected in
K-cells by RT-PCR, but there were no significant differences in
their expression between K-cells and non-K-cells (Fig. 2B). The
rfx gene family of transcription factors was first detected in
mammals as regulatory factors that bind to the promoter
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regions of major histocompatibility complex (MHC) class II
genes (21); seven types of Rfx (Rfx1-7) have so far been identi-
fied. All Rfx transcription factors have a winged helix DNA
binding domain. Rfx1-4 and -6 have a dimerization domain
(22, 23), and Rfx6 forms homodimers or heterodimers with
Rfx2 or Rfx3 (24, 25). Rfx6 was initially isolated from human
genome sequences in 2008 (22). Serial Analysis of Gene Expres-
sion (SAGE) frequency data showed high expression of Rfx6
mRNA in the pancreas, liver, and heart, and RT-PCR analysis
showed high expression of Rfx6 mRNA in human pancreas and
intestine (20). However, it is known that Rfx3 mRNA is
expressed in brain, placenta, pancreas, and pituitary and that
Rfx3 directly regulates the promoters of glut2 and glucokinase
in pancreatic B-cells (26). Rfx7 is known to be expressed in
many different tissues. 7fx3- and rfx6-deficient mice were gen-
erated previously, and none of the endocrine cells, excluding
pancreatic polypeptide-expressing cells, are detected in the
islets of these mice (20, 27). These results suggest that Rfx3 and
Rfx6 play a critical role in generating the endocrine cells in
islets, but it is unknown whether they are associated with gen-
eration of enteroendocrine cells such as K-cells and L-cells. We
examined incretin mRNA expression and content under the
inhibition of Rfx6 expression in STC-1 cells. Other incretin
GLP-1 mRNA expression and content were preserved in Rfx6-
knockdown STC-1 cells. However, GIP mRNA expression and
content were significantly decreased in the cells (Fig. 2, E-G). In
addition, Rfx3 expression tended to be higher in GFP-positive
cells than that in GFP-negative cells (Fig. 2B), but GIP mRNA
expression, content, and secretion were not changed in Rfx3-
knockdown STC-1 cells (data not shown). These results suggest
that Rfx6 expressed exclusively in K-cells plays an important
role in GIP expression, cellular content, and secretion in
K-cells. In addition, we examined the effect of Rfx6 on the gip
gene and found that Rfx6 binds to the region 5216-6512 bp
upstream of the gip promoter gene (Fig. 4D) and that Rfx6
increased GIP mRNA expression in STC-1 cells (Fig. 4F). Fur-
ther study is needed to clarify the regulatory mechanism of gip
promoter activity by Rfx6. In previous studies, characterization
of K-cells and microarray analysis were done using purified
K-cells from the intestine of transgenic mice expressing a yel-
low fluorescent protein (YFP) under the control of the 200-kb
rat gip promoter (28, 29), but Rfx6 expression in K-cells was not
reported. The reason such a long promoter is required for spe-
cific expression of YFP in K-cells is not known, but it suggests
that regulation of gip gene expression is under complex control.
In this study, we established GIP-GFP mice in which GFP is
under an endogenous native promoter. Using these GIP-GFP
mice, we were able to determine that Rfx6 is expressed exclu-
sively in K-cells.

In previous studies, Pdx1 expression was detected in K-cells,
and pdxI-deficient mice showed a greatly decreased number of
GIP-expressing cells in the intestine (18, 19). It also has been
reported that Pdx1 binds 150 bp upstream of the gip promoter,
activates the gip promoter in STC-1 cells, and that Pdx1 expres-
sion is essential for producing GIP in K-cells (18, 19). We found
that there was no significant difference in Pdx1 mRNA expres-
sion between upper small intestinal K-cells and non-K-cells
(Fig. 3A4). These findings suggest the possibility that Rfx6 spe-
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cifically expressed in K-cells plays a critical role in differentia-
tion and GIP production of K-cells in collaboration with Pdx1.
It was reported that Rfx6 mRNA expression is regulated by
transcription factor neurogenin 3 (Ngn3) in the pancreas of the
mouse fetus (30). In another report, no colocalization of Pdx1-
expressing cells and Rfx6-expressing cells was found in pan-
creas of the mouse fetus using immunohistochemistry analysis,
and Pdx-1 expression was decreased in the pancreas of Rfx6-
deficient mice (20). In this study, Pdx1 mRNA expression levels
were changed not only in Rfx6-knockdown STC-1 cells but also
in Rfx6-overexpressing STC-1 cells, whereas Rfx6 expression
levels were significantly decreased in Pdx1 knockdown STC-1
cells (Figs. 2E, 3C, and 4E). These results suggest that Rfx6
expression is regulated at least in part by Pdx1.

Increased blood GIP levels in obesity have been reported in
several studies (7, 14—16). There is a report that healthy human
subjects administered high fat food for 2 weeks showed
increased plasma GIP levels without developing obesity, sug-
gesting that GIP hypersecretion precedes obesity (31). GIP is
released from K-cells into the circulation in response to various
nutrients (32—-34). Measurement of total GIP and total GLP-1
levels in humans challenged with glucose or meal shows that
the postprandial plasma GIP level is greatly augmented when a
meal containing abundant fat rather than simple glucose is con-
sumed (35, 36). This suggests that intake of HFD increases GIP
secretion and strengthens both direct and indirect effects of
GIP on energy accumulation in adipose tissue. We previously
reported that both GIP levels after glucose loading and body
mass index have a positive correlation in healthy subjects (37).
In this study, GIP levels during OGTT were increased in obese
GIP-GFP heterozygous mice compared with those in lean GIP-
GFP heterozygous mice, even though GIP-GFP heterozygous
mice have only one normal gip gene, indicating these mice rep-
resent a useful model for analysis of the mechanisms involved in
the augmented GIP secretion in HFD-induced obesity. A pre-
vious study reported that augmentation of GIP secretion in
HED feeding conditions is due to increased K-cell number (38).
In that report, agglomerates of Pdx1 and GIP double-express-
ing cells were found inside the duodenal mucosa of obese rats
after HED feeding. In this study, however, we could not detect
agglomerates of K-cells or an increase of K-cell number in the
duodenum or upper small intestine of HFD-fed GIP-GFP
heterozygous mice by immunohistochemistry and flow cytom-
etry analysis. The reason for this discrepancy could be the dif-
ference of species, food composition, and/or duration of the
HED feeding period. In our study, GIP content was significantly
increased in the upper small intestine of HFD-fed mice com-
pared with that in CFD-fed mice, and GIP mRNA expression
was increased in K-cells of HFD-fed mice. These results suggest
that GIP hypersecretion in HFD-induced obese mice is due to
increased GIP expression in K-cells. In this condition, the
expression levels of Rfx6 and Pdx1 mRNA were significantly
increased in K-cells (Fig. 5K). As Rfx6 and Pdx1 were found to
be important transcriptional factors in producing GIP in
K-cells in our results using Rfx6 knockdown and overexpres-
sion and in previous in vitro studies for Pdx1, an increase in
Rfx6 and Pdx1 expressions might well be involved in GIP hyper-
secretion in K-cells in HFD-induced obese mice.
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In conclusion, gene analysis of K-cells isolated from GIP-
GFP mice enables identification of the transcription factor Rfx6
that is expressed exclusively in K-cells and is involved in the
regulation of GIP expression. We also show that expression of
Rfx6 and Pdx1 is up-regulated in the K-cells of HFD-induced
obese mice, which suggests that induction of Rfx6 as well as
Pdx1 plays a critical role in GIP hypersecretion in HFD-induced
obesity.
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Abstract

k4

Basal-supported oral therapy (BOT) is often
used to treat poorly controlled type 2 diabetes.
However, patients sometimes experience noc-
turnal and early morning hypoglycemia. Thus,
maintaining targeted glycemic control by BOT
is limited in some patients. We assessed the
efficacy and safety of replacing basal insulin by
sitagliptin therapy in Japanese type 2 diabe-
tes patients on BOT. Forty-nine subjects were
sequentially recruited for the 52-week, prospec-
tive, single arm study. Patients on BOT therapy
were switched from basal insulin to sitagliptin.
The primary endpoint was change in HbAlc in
52 weeks. The secondary endpoints were drop-
out rate, changes in body weight, frequency of
hypoglycemia, and relationship between change
in HbAlc and insulin secretion capacity evalu-

ated by glucagon loading test. The average dose
of basal insulin was 15.0+8.4 units. Sixteen sub-
jects (31.3%) were dropped because replacement
by sitagliptin was less effective for glycemic
control. In these subjects, diabetes duration was
longer, FPG and HbAlc at baseline were higher,
and insulin secretion capacity was lower. Change
in HbAlc in 52 weeks was —4mmol/mol {95%
Cl -5 to -4mmol/mol) (p<0.05). Change in body
weight was -0.71kg (95% Cl -1.42 to -0.004kg)
(p<0.05). Frequency of hypoglycemia was
decreased from 1.21£1.05 to 0.061£0.24 times/
month. HbA1c level was improved if C-peptide
index (CPl) was over 1.19. In conclusion, basal
insulin in BOT can be replaced by sitagliptin
with a decrease in HbAlc level and frequency of
hypoglycemia in cases where insulin secretion
capacity was sufficiently preserved.

tntroduction

A4

Basal insulin preparation is recommended by the
American Diabetes Association (ADA)/European
Association for the Study of Diabetes (EASD)
consensus algorithm when lifestyle interven-
tions and oral glucose-lowering agents no longer
achieve the glycemic goal of hemoglobin Alc
(HbA1c) level less than 53mmol/mol [1,2].
Recently, 2 long-acting insulin analogues, insulin
glargine and insulin detemir, are available that
attain glycemic targets more effectively and
safely [3,4]. There are no significant differences
reported in glycemic control and overall hypogly-
cemia between the 2 analogues [5]. The combi-
nation of basal insulin and oral hypoglycemic
agents (OHAs), known as basal-supported oral
therapy (BOT), is often used to treat poorly con-
trolled type 2 diabetes {6, 7]. Better glycemic con-
trol, fewer hypoglycemic episodes, and less
weight gain are obtained by BOT than by biphasic
insulin [8]. In addition, BOT is relatively cost

effective with the same glycemic control level as
biphasic insulin regimen [9]. BOT is also helpful
in Japanese type 2 diabetes patients. In the
ALOHA (Add-on to Lantus® to OHA) study, in
which 5223 Japanese type 2 diabetes patents
participated, mean HbAlc was reduced from
75+13 to 6013 mmol/mol in 24 weeks [10].
Although BOT is well-tolerated and effective for
glycemic control, patients sometimes experience
nocturnal and early morning hypoglycemia. In
the ALOHA study, 0.97% of the patients experi-
enced frequent hypoglycemia. In the 4 T-study,
1.3% of BOT-treated patients experienced hypo-
glycemia with loss of consciousness [8]. Another
problem of BOT is that postprandial glucose is
high, although morning fasting blood glucose
level is within normal range. An increase in dos-
age of basal insulin or sulfonyl ureas (SUs); which
are most commonly administrated in BOT-
treated Japanese patients, is not always effective,
and can result in increased hypoglycemia. In Jap-
anese interview forms, frequency of hypoglyc-
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emia induced by SUs is reported to be 1.3-2.8% Thus,
maintaining targeted glycemic control by BOT is limited in some
patients.

Dipeptidyl peptidase-4 (DDP-4) inhibitor is a newly developed
OHA that prevents degradation of the incretin hormones, gluca-
gon-like peptide-1, and gastric inhibitory polypeptide [11]. This
compound stimulates glucose-dependent insulin secretion and
suppresses glucagon release, and can improve both fasting and
postprandial glucose levels. Four different DPP-4 inhibitors are
available in Japan: sitagliptin, vildagliptin, alogliptin, and lina-
gliptin. Of these, sitagliptin is most widely used, partly because
it was the first approved DPP-4 inhibitor and the safety and effi-
cacy are acceptable in Japanese clinical practice. Generally, sit-
agliptin is more effective for glycemic control in Japanese
patients compared to Caucasian patients [12,13]. Sitaglipitn is
usually combined with low dosage of SUs in Japan, less than or
equal to 2mg/day of glimepiride and 40mg/day of gliclazide,
which is enough for glycemic control when combined with sit-
agliptin [ 14]. Patients also show improved glycemic control even
if insulin secretion capacity is insufficient for oral therapy
[14,15]. The main pathophysiology of Japanese type 2 diabetes
is impairment of insulin secretion [16,17]. Insulin secretion
capacity in Japanese populations is only about half of that in
Caucasians [18]. Both decreased basal and early phase insulin
secretion contribute more to Japanese type 2 diabetes [16], and
insulin therapy is usually required in those with C-peptide index
(CPI) lower than 0.8 [19]. However, basal insulin therapy is not
always ideal in some patients because postprandial glucose is
still high and preprandial glucose is low, which results in large
fluctuations in blood glucose. On the other hand, DPP-4 inhibitor
might nevertheless ameliorate decreased early phase insulin
secretion. This encouraged us to consider whether basal insulin
can be replaced with sitagliptin in type 2 diabetes patients
treated with SUs and basal insulin in at least some BOT cases.
We show here that sitagliptin can be switched from basal insulin
in patients with C-peptide index (CPI) and/or secretory unit of
islet in transplantation (SUIT) equal to or larger than 1.19 and/or
36.4, respectively, with beneficial effects on glycemic control.

Miaterials and Methods

¥

Studdy desion and participants

This was a prospective, 52-week, single center, and single arm
intervention study to evaluate the effects on glycemic control of
replacement of basal insulin to sitagliptin in type 2 diabetes
patients inadequately controlled with BOT. Outpatients of
Takashima General Hospital were recruited consecutively for a
sample size of 45 subjects. Inclusion criteria were: type 2 diabe-
tes treated with basal insulin (insulin glargine or detemir) and
SUs (glimepiride or gliclazide) metformin * thiazolidinedione
o-glucosidase inhibitors for more than 1 year; aged 220 years;
HbAlclevel 252 mmol/mol; noimprovementin HbAlc > 5mmol/
mol within 3 months in BOT; and a fasting C-peptide reactin
(CPR) of >0.5ng/ml. Exclusion criteria were: type 1 diabetes;
secondary diabetes; alcoholism; severe depression, or severe
psychological condition; malignancy; and abnormal hemoglob-
inemia. The study protocol was approved by the Institutional
Review Board of Takashima General Hospital, and registered at
the University hospital Medical Information Network in Japan
(UMINO00005499). Written informed consent was obtained
from all subjects.

Procedures and intervention

The duration of the study was 52 weeks. Subjects were screened
for eligibility and gave basic demographic information, medical
history, and frequency of hypoglycemia. Within a month before
changing therapy from basal insulin to sitagliptin, glucagon
loading test was performed without any OHAs or basal insulin
for more than 24 h to evaluate insulin secretion capacity. When
basal insulin was replaced by sitagliptin, the dosage of glimepir-
ide or gliclazide was decreased to equal to or less than 2.0mg/
day or 40mg/day, respectively, to prevent increased hypoglyc-
emia if the subjects had been treated with more than 2.0 mg/day
glimepiride or 40mg/day gliclazide. If the subjects had been
treated with equal to or less than 2.0mg/day of glimepride or
40mg/day of gliclazide, that dosage of SUs was maintained, Met-
formin (Met) and thiazolidinedione (TZD) were continued with-
out any changes during the study. a-Glucosidase inhibitors were
discontinued. The dosage of SUs was changed depending on the
frequency of hypoglycemic episodes and glycemic control level.
Sitagliptin was started at 50 mg/day, the usual initial dosage in
Japan, which was increased to 100 mgjday if the HbAlc level did
not reach 52 mmol/mol, since titration to 100 mg/day is accep-
table.

Measurements

The primary endpoint was the change in HbA1c in 52 weeks. The
secondary endpoints were dropout rate due to lesser efficacy of
replacement by sitagliptin of basal insulin on glycemic control,
change in body weight in 52 weeks, change in body mass index
(BMI) in 52 weeks, change in frequency of hypoglycemia in 52
weeks, adverse events, and the correlation between change in
HbA1c at the 8™ week and insulin secretion capacity or CPI or
SUIT at baseline. HbA1c are expressed in mmol/mol according to
the recommendation of IFCC. CPI was calculated by the formula:
[100x fasting CPR (ng/m1)}/[18 x FPG (mM)] [19]. SUIT index was
calculated by the formula: [250 % fasting CPR (nM)}/[(FPG~-3.43)
{(mM)] [20]. Blood glucose and C-peptide level were measured
before (Omin) and 6min- after intravenous administration of
1mg glucagon.

Statistical analysis

Sample size was estimated to be 34 to detect a 4mmol/mol
change in HbAlc in 52 weeks with a power of 95%, alpha 0.05
2-tailed, beta 0.20, standardized effect size 0.7. To take the drop-
out rate of 30% into account, the aim was to include 45 subjects.
IBM SPSS Statistics was used for analysis. Dependent samples
Student’s t-test was used to compare the means of HbA1c level,
insulin secretion capacity, BMI, body weight, age, and diabetes
duration of the subjects between baseline and 52 week. Per-
son's product-moment correlation test was used to evaluate the
relationship between change in HbAlc and insulin secretion
capacity or CPI or SUIT. To evaluate cutoff values of diabetes
duration, FPG, HbA1c, O-min CPR, 6-min CPR, delta-CPR, CPl,
SUIT, and receiver operating characteristics curve (ROC) analysis
were used. Independent sample Student’s t-test was used to
compare the mean of change in HbAlc in 52 weeks between
subjects treated with sitagliptin+glimepiride and sitaglip-
tin+gliclazide, Dunnett analysis was used to compare change in
HbAlcin 52 weeks among subjects treated with sitagliptin+SUs
and sitagliptin+SUs+MET and sitagliptin+SUs+TZD. A p-value
of <0.05 was considered as statistically significant.
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Hesults

£ 4

Participants

Forty-nine patients were eligible and were consecutively
enrolled in the study (¢ Table 1). Average age of subjects was
70.0£10.2 years; ratio of male was 60.8%; duration of diabetes
was 14.3+8.2 years; average body weight was 62.3+10.4kg;
average BMI was 24.3+3.8kg/m?; and HbAlc was 649 mmol/
mol. All subjects were treated with SUs; 17 subjects (34.7%)
were treated with glimepiride (average dose 1.67+1.47mg)
and 32 (65.3%) were treated with gliclazide (average dose
33.8+12.0mg). Average dosage of basal insulin analogues was
15.0£8.4 units. Glucagon loading test showed that 0-min CPR,
6-min CPR, CPl, and SUIT were 1.65+1.02ng/ml, 3.37+1.98ng/
ml, 1.19+0.64, and 36.5+22.1, respectively. Sixteen subjects
(32.6%) were dropped due to an increase in HbA1c in 8 week;
6(29.4%) and 11 (34.4%) were dropped in glimepiride- and gli-
clizaide-treated subjects, respectively (# Table 2). No subjects
were dropped for other reasons. Thirty-three subjects com-
pleted the study.

HbATc findings and dosage of SUs and sitagliptin
Therapy adherence was confirmed by certified diabetes educa-
tors (nurses) in the study. Adherence of BOT therapy and the

Subjects (n) .49 . Basal insulin
Age (years) 70.0£10.2 Medications
Male 60.8%
Diabetes duration 14.3£8.2
{years) l
Complications Nephropathy
61.2%
Retinopathy
69.4%
Neui‘opathy Glucagon test
42.8% 0-min CPR {ng/ml)
: Cardiovascular diseases 34.7% 6-min CPR (ng/ml)
Weight {kg) 623104 Delta CPR (ng/ml)
BMI (kgjm?) 243+3.8 Al
HbATc {(mmol/ 648 SUIT
mol)

switching therapy were almost 100% for both therapies (data
not shown).

HbAlc level in 52 weeks in final subjects was significantly
decreased from 618 to 57 £t8 mmol/mol (p<0.01) (& Table 2).
Change in HbAlc in 52 weeks was —4mmol/mol (95% CI; -5
to —4mmol/mol) (p<0.05). HbAlc levels in 52 weeks in glimepir-
ide-treated subjects (n=12) were significantly decreased from
63 +9mmol/mol to 55+9mmol/mol (p<0.01). Change in HbAlc
in 52 weeks was -8 mmol/mol (95% CI; -11 to -5 mmol/mol)
(p<0.05). HbAlclevels in 52 weeks in gliclazide-treated subjects
(n=21) were significantly decreased from 5446 to 58 +7 mmol/
mol (p<0.05). Change in HbAlc in 52 weeks was -2 mmol/mol
(95% CI; -4 to ~0mmol/mol) (p<0.05). There was a significant
difference in change in HbA1c in 52 weeks between glimepride-
treated and gliclazide-treated subjects (p<0.01). The original
dosages of glimepiride and gliclazide before the study were
1.58+0.93 mg/day and 38.2+14.0mg/day, respectively; the ini-
tial dosages at the beginning of the study were significantly
decreased to 0.96+£0.40mg/day and 24.8 +8.7mg/day, respec-
tively (p<0.05); and the final dosages were significantly
increased to 1.42+0.57mg/day and 31.4+12.0 mg/day, respec-
tively, compared to the initial dosages (p <0.05), and were almost
equal to the original dosages (¢ Table 2). Final dosage of sitaglip-
tin was 74.2+25.4mg/day in all subjects; 70.8+£25.7 mg/day

15.0%8.4 Units Table 1 Demographic and clini-
sU100% cal features of subjects participat-
Glimepiride - 34.7% ; ing in the study.

1.67+1.47 mg
Gliclazide  65.3%

33.8£12.0mg

Metformin 22.4%

636131 mg
* Thiazolidinedione - 16.3%
: 10.3£3.9mg
o-Glucosidase inhibitors
' 8.1%
1.65+1.02
3.37+1.98
1.72+1.23
1.19£0.64
36.5+22.1

Table 2 Changes in HbA1c, and dosages of SUs and sitagliptin in final subjects

Fxna! :

33 16 (-5to -4)
Glimepiride - 29.4% 63£9 55£g*F o -g*
12 5 S (=11to -5)
Gliclazide 34.4% 606 58+7* : -2
21 11 (~4to0 =0)
SUs 30.3% 60%7 56£7* -
23 10 i (=6to-2)
SUs+ Met 36.4% 64%9 5848 -6*
7 ‘ 4 e (-10to -2)
SUs+TZD 62.5% 656 63%5 -2
3 5 : : {=5t0-0)

“p<0.05, **p<0.01
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in glimepiride-treated subjects; and 77.3+25.5mg/day in gli-
clazide-treated subjects with no significant difference between
the 2 groups.

Of 33 subjects who completed the study, 22 subjects were
treated with sitagliptin and SUs, 6 subjects were treated with
sitagliptin and SUs and MET, and 3 subjects were treated with
sitagliptin and SUs and TZD; changes in HbAlc in 52 weeks
were -4mmol/mol (95% CI; -6 to -2mmol/mol) (p<0.05),
~-6mmol/mol (95% ClI; -10 to -2mmol/mol) (p<0.05)
and -3mmol/mol (95% CI; -0.5 to -0mmol/mol) (p<0.05),
respectively (& Table 2). However, there was no significant dif-
ference among the 3 groups.

Change in body weight, BMI, and frequency of
hypoglycemia

Body weight in final subjects at baseline was 64.2+9.5kg, and
was decreased to 63.5£8.7kg at 52" week. Change in body
weight in 52 weeks was -0.71kg (95% CI; -1.42 to -0.004kg)
(p<0.05) (% Table 3). BMI at baseline was 24.8+3.6kg/m?, and

month at 527 week (p<0.001). Change in frequency in hypogly-
cemia in 52 weeks was -1.21 times/months (95% CI; -1.5
to ~0.80 times/month) (p<0.05) (¢ Table 3). During the study,
no severe hypoglycemia was noted. During the study, no other
adverse events were observed after replacement of basal insulin
with sitagliptin.

Differences in HbATc findings in B-week iIn the final and
dropped sublects

Sixteen of 49 subjects recruited dropped out after 8 weeks
due to increased HbA1c level. The remaining 33 subjects com-
pleted the study. HbA1c level at baseline (0-week) in final sub-
jects was 61+8mmol/mol, and was significantly decreased to

Table 3 Changes in weight, BMI, and frequency in hypoglycemia.

- 0-week 24.8+3.6 ©1.21£1.05

decreased to 24.5+3.4kg/m? at 52"d week. Change in BMI in 52 52 week  63.5%8.7 245%3.4 0.06+0.24%**
weeks was -0.27 kg/m? (95% CI; -0.54 to 0.004 kg/m?) (p>0.05). Change -0.71* -0.27 -1.21%
Frequency of hypoglycemia at baseline was 1.21+1.05 times/ (95% C1) (- 1.42t0 -0.004)  (-0.54t00.004)  (-1.5to -0.80)
month, and was significantly decreased to 0.06+0.24 times/ *p<0.05, *"*p<0.001
Dimbetes Duration PG HbALC Qomin (PR B-min CPR Delta CPR P surt
{ears} {mm)  {mmol/mol)  {ng/mi} {ng/mi) {ng/mi) !
Cut-off vatue 16.5 8.2 6.1 1.25 2.80 1.60 1.34 37.5
AUC 0.488 0.507 0.252 0.530 8,570 0.541 £.309 0,482
Specificity 8.800 0.600 0.800 0.800 3.800 0.800 0.600 0.600
Sensitivity 0.545 3.368 0.158 0.432 3,455 0.364 0.545 0,432
3 Diabetes duration b PG 4 HbAle d 0-min CPR
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; Flg 1 Cutoff values and receiver-operator characteristic curves of a diabetes duration, b fasting plasma glucose, c HbATc, d 0-min CPR, e 6-min CPR,
f defta CPR, g CPJ, and h SUIT at baseline. CPR: C-peptide reaction; CPI: C-peptide index; SUIT: the secretory unit of islet in transplantation. -
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Table 4 Changes in HbA1c and background of final and dropped subjects.

8 Wk HbA1c {mmol/mol) 587" 73£10%*
Delta HbA1c (mmol/mol) “4% 7%
(95% ) : ' o (-5t0-2) (03t011)
Age (years) ; 69.8+10.7 70.5£9.3
Male (%) ey 66.7 56.3
Diabetes duration (years} 12.1£6.6 18.7+9.5"
. Weight {kq) ' 64.2+9.5 58.4+11.5
BMI (kg/m?) 24.8+3.6 234540

*p<0.05, **p<0.01, ***p<0.001

587 mmol/mol at 8™ week (p<0.001) (¢ Table 4). Change in
HbAlc was -4mmol/mol (95% CI; -5 to -2mmol/mol)
(p<0.05). On the other hand, HbA1c leve] at baseline (0-week) in
dropped subjects was significantly higher than that in final sub-
jects (p<0.05), and was significantly increased from 6919 to
73+11mmol/mol in 8 weeks (p<0.01). Change in HbAlc
was +7 mmol/mol (95% CI; 0.3 to 11 mmol/mol) (p<0.05).

Differences in clinical factors In final and dropoed
subjects

There were no differences in age, sex, dosage of SUs, or dosage of
basal insulin in final and dropped subjects (& Table 4). Body
weight and BMI also were not significantly different (p=0.065
and p=0.2432, respectively). On the other hand, diabetes dura-
tion in dropped subjects was longer than that in final subjects
(12.1£6.6 vs. 18.7+£9.5 years, p<0.05). FPG and HbA1c also were
higher in dropped subjects than in final subjects (FPG; 7.4+1.5
vs. 8.9+2.9mM, p<0.05) (HbAlc; 617 vs. 69+9mmol/mol,
p<0.01).

Insulin secretion capacity was significantly higher in final sub-
jects than that in dropped subjects (¢ Table 4) (p<0.05). In final
subjects, CPR level at 0-min, 6-min, and delta CPR (6-min CPR
to 0-min CPR) were 1.95+1.25ng/ml, 3.81+2.13ng/ml, and
1.98£1.35ng/ml, respectively. In dropped subjects, CPR level at
0-min, 6-min, and delta CPRwere 1.37 £0.64ng/ml,2.42+1.21 ng/
ml, and 1.16£0.69ng/ml, respectively. CPI and SUIT index also
were significantly higher in final subjects than those in dropped
subjects. CPI at baseline in final subjects was 1.35+0.68, while
that in dropped subjects was 0.92+0.51 (p<0.05). SUIT at base-
line was 42.7£23.0 in final subjects, and 23.1£10.6 in dropped
subjects (p<0.01). We examined cutoff values of diabetes dura-
tion, FPG, HbAlc, O-min CPR, 6-min CPR, delta-CPR, CPl, and
SUIT by analyzing ROC curves; they were 16.5 years, 8.2 mM,
62mmol/mol, 1.25ng/ml, 2.80ng/ml, 1.60ng/ml, 1.34, and 37.5,
respectively (¢ Fig. 1).This indicates that with longer diabetes
duration, insulin secretion capacity becomes lower and the con-
sequent poorer glycemic control makes switching BOT-treated
patients from basal insulin to sitagliptin unsafe.

Correlation between efficacy of sitagliptin on glycemic
control and insulin secretion capadity, UP, and SUIT

We examined whether or not insulin secretion capacity, CPl, or
SUIT at baseline predicted the efficacy of replacing basal insulin

Okrig'inakl 'dkokségé Glim pi
of SUs (mg) 1.58+0.93 2.70£2.05
Gliclazide Gliclazide
36.2+10.2 38.2+14.1
Basal insulin {Units} 14.8+9.3 15.226.4
FPG (mM) 7.4%15 8.9+2.9"
~'HbA1c {mmolfmol} 61x7 691 0**
Glucagon test 1.95£1.25 1.37%0.64"
0-min CPR (ng/ml} i k
6-min CPR (ng/ml) 3.81£2.13 242+121*
Delta CPR (ng/ml) 1.98%1.35 1.16+0.69*
Pl : 1.35+0.68 0.92£0.51"
SUIT 42.7%23.0 23.1x10.6**

with sitagliptin on glycemic control (¢ Fig. 2). There was a cor-
relation between change in HbAlc at 8% week and 0-min CPR
(r=-0.281), 6-min CPR (r=-0.326), and delta CPR (r=-0.290),
assessed by glucagon loading test at baseline (¢ Fig. 2a, b, ¢)
(p<0.05). In addition, CPI (r=-0.360) or SUIT (r=-0.306) at
baseline was correlated with change in HbAlc at 8™ week
(¢ Fig. 2d, e) (p<0.05). The value of 0-min CPR, 6-min CPR, delta
CPR, CPI, and SUIT at which the HbA1c level was not increased by
replacement of basal insulin by sitagliptin were calculated to be
1.64ng/ml, 3.36ng/ml, 1.71ng/ml, 1.19, and 36.4, respectively,
by Pearson’s product-moment correlation test (¢ Table 5). The
value of 0-min CPR, 6-min CPR, delta CPR, CPl, and SUIT at which
the HbA1lc level was decreased by 0.5% in 8 weeks were calcu-
lated to be 1.86ng/ml, 3.83ng/ml, 1.98ng/ml, 1.36, and 41.3,
respectively. Other clinical characteristics of the patients such as
disease duration and body weight were not significantly corre-
lated with efficacy of replacing basal insulin with sitagliptin on
glycemic control (data not shown).

Discussion

v

We show here that basal insulin can be switched to sitagliptin
with good effects in type 2 diabetes patients treated with BOT.
With this treatment, the HbA1c level decreased from 61+7 to
57 +7mmol/mol in 52-week (p<0.01). The change in HbAlc in
52 weeks was —-4mmol/mol (95% CI; ~5 to -4mmol/mol)
(p<0.05). The efficacy of switching to sitagliptin from basal
insulin was correlated with insulin secretion capacity, CPl, and
SUIT; CPI being most correlated marker in the present study. The
average CPI in final subjects was 1.35+0.68 ng/ml, while that of
dropped subjects was 0.92+0.51ng/ml. Pearson’s product-
moment correlation test revealed that HbAlc was improved by
switching from basal insulin to sitagliptin if CPI was equal to or
higher than 1.19 (¢ Fig. 2d and # Table 5). Similarly, basal insu-
lin could be switched to sitagliptin if SUIT was equal to or larger
than 36.4 (¢ Fig. 2e and & Table 5). In the dropped subjects, dia-
betes duration was longer, FPG and HbAlc were worse, 0-min
CPR, 6-min CPR, delta-CPR, CPI, and SUIT were lower compared
to those in final subjects (¥ Table 4). Cutoff values were 16.5
years, 8.2mM, 62 mmol/mol, 1.25ng/ml, 2.80ng/ml, 1.60ng/ml,
1.34, and 37.5, respectively (% Fig. 1). This suggests that the
efficacy of switching from basal insulin to sitagliptin, when
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Fig. 2 Relationship between changes in HbATc in 8 weeks and results of glucagon loading test, CPI, and SUIT at baseline. Changes in HbATc in 8 weeks and
0-min CPR a, 6-min CPR b, delta CPR ¢, CPl d, and SUIT index e at baseline. CPR: C-peptide reaction; CPl: C-peptide index; SUIT: the secretory unit of islet in

transplantation. *p<0.05.

Table 5 Correlation between change in HbATc and insulin secretion capacity.

Minute CPR 6-Minute CPR Delta CPR P
)  (ngm)  (ngm)
336 171 119 364
3.83 1.98 136 413

combined with SUs, is dependent on basal glycemic control and
the insulin secretion capacity. Baseline HbA1lc of dropped sub-
jects was higher than that of the final subjects. A higher dosage
of basal insulin was required to reach target HbAlc level in
dropped subjects compared to that in final subjects because of
lower insulin secretion capacity. Thus, if baseline HbA1c¢ level
were reduced by increasing the dosage of basal insulin, it would
be difficult to replace basal insulin with sitagliptin.

Replacement of basal insulin by sitagliptin resulted in a reduc-
tion in body weight and hypoglycemia. Body weight was reduced
by 0.71kg (95% CI; -1.41 to -0.004kg) (p<0.05). Frequency of
hypoglycemia was decreased from 1.21+£1.05 to 0.06£0.24
times/month (p<0.001). Since sitagliptin is known to be body
weight neutral [21,22], discontinuation of basal insulin might
contribute to body weight reduction. The combination of basal
insulin and SUs often induces mild hypoglycemia by which
patients feel a sense of hunger and eat between-meal snacks.
This sometimes induces weight gain and poor glycemic control
in BOT-treated patients. On the other hand, combination therapy
with sitagliptin and low dosage SUs (less than or equal to 2mg/

day glimepiride or 40 mg/day gliclazide) was body weight neu-
tral or led to a decrease in BMI [14]. In the current study,
hypoglycemia seldom occurred, and BMI was significantly
decreased by 0.38kg/m? (95% Cl -0.72 to -0.04kg/m?) [14].
Switching from basal insulin to sitagliptin also reduced the fre-
quency of hypoglycemia. Although energy intake was not evalu-
ated between baseline and 52-week in the present study,
patients who had previously experienced frequent hypoglyc-
emia reported to their physicians that the number of between-
meal snacks in 52 weeks was fewer than at baseline. Thus, excess
energy intake may be reduced after switching from basal insulin
to sitagliptin to account for some of the body weight reduction
and improvement in HbAlc. Another reason for improvement in
the HbA1c level may be the reduced postprandial glucose level
by the combination therapy with sitagliptin and SUs compared
to that by BOT.

The combination therapy of glimepiride and sitagliptin was
more effective for HbAlc reduction than that of gliclazide and
sitagliptin. Recently, it was reported that cAMP sensor Epac2 is a
direct target of several sulfonylureas [23]. Tolbutamide, gliben-
climide, and glimepiride bound Epac2 and enhanced glucose-
stimulated insulin secretion. However, gliclazide did not bind
Epac2. Because Epac2 also mediates the potentiation of insulin
secretion by cAMP increased by endogenous incretin, the combi-
nation therapy of glimepiride and sitagliptin enhances more
insulin secretion through activation of Epac2. This might be a
potential mechanism why the combination therapy of glimepir-
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ide and sitagliptin was more effective for glycemic control than
that of gliclazide and sitagliptin.

Generally, insulin secretion capacity of Japanese is as half as that
of Caucasian [16-18]. Therefore, more than 60% of Japanese
type 2 diabetes patients are treated with SUs [24]. DPP-4 inhibi-
tor now is one of the most popular OADs, and more than 2 mil-
lion patients were treated with DPP-4 inhibitors in Japan. Based
on pathophysiology of Japanese patients and the mechanism of
incretin effect, the combination therapy with SUs and DPP-4
inhibitors seems to be most effective for glycemic control com-
pared to that with other OADs and DPP-4 inhibitors. On the
other hand, the main pathophysiology of Caucasian type 2 dia-
betes is insulin resistance compared to that of Japanese type 2
diabetes [25,26]. Dosage of basal insulin in BOT in Caucasian
patients is greater than that in Japanese patients. For example, in
4-T study, the mean dosage of basal insulin was 86U (1.03 U/kg)
[8], while 8.5U (0.15U/kg) in Japanese type 2 diabetes [10], and
15U (0.24U/[kg) in our study. Therefore, it is not sure if basal
insulin could be replaced with DPP-4 inhibitors even in subjects
treated with high dosage of basal insulin. However, there is still
a possibility that in Caucasian subjects whose BMI is less than
25kg/m? and CPl is over 1.3, basal insulin could be replaced with
DPP-4 inhibitors. Or, if the combination therapy with high dos-
age of MET and DPP-4 inhibitors is more effective for glycemic
control compared to other combinations in Caucasian type 2
diabetes, basal insulin with MET could be replaced with DPP-4
inhibitors and metformin.

During the course of the disease, type 2 diabetes patients are
treated with several OHAs [27,28]. However, if the HbA1c level
does not reach less than 53 mmol/mol, insulin treatment is con-
sidered the next step [1,2]. BOT is often selected for outpatients
because once daily injection is acceptable and the glycemic con-
trol is superior, with fewer hypoglycemic episodes and less
weight gain compared to biphasic insulin [8]. In Japan, the com-
monly used SUs are combined with basal insulin in BOT [10].
One of the biggest problems of combination therapy with basal
insulin and SUs is the high level of postprandial blood glucose
while fasting blood glucose is within normal range. An increase
in dosage of SUs or basal insulin does not resolve this problem,
and sometimes leads to increased hypoglycemia. However, our
results show that better glycemic control and lower frequency of
hypoglycemia is obtained when switching from basal insulin to
sitagliptin in subjects with sufficiently preserved insulin secre-
tion capacity.

The advantages of discontinuation of basal insulin are 1) patients
become free from daily injections; 2) they do not need to regu-
larly perform self-monitoring of blood glucose (SMBG); and 3)
oral therapy costs less than insulin therapy.

In summary, basal insulin in BOT can be switched to sitagliptin if
CPI and/or SUIT are equal to or higher than 1.19 or 364, respec-
tively. On the other hand, sitagliptin can be added to insulin
therapy if insulin secretion capacity is not sufficient for switch-
ing to sitagliptin. However, the effectiveness of combination
therapy with basal insulin and sitagliptin on glycemic control in
type 2 patients with CPI and/or SUIT less than 1.19 or 36.4,
respectively, is unknown. Further studies are required to deter-
mine the optimum insulin secretion capacities for switching
BOT therapy to sitagliptin combined with SUs or combination
therapy with sitagliptin and basal insulin or GLP-1 receptor ana-
logues.
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Clinical and functional characterization of the

Pro1198Leu ABCC8 gene mutation associated
with permanent neonatal diabetes mellitus

Tomoyuki Takagi', Hiroto Furuta'*, Masakazu Miyawaki®, Kazuaki Nagashima®, Takeshi Shimada', Asako Doi',
Shohei Matsuno', Daisuke Tanaka®, Masahiro Nishi', Hideyuki Sasaki', Nobuya Inagaki®, Norishige Yoshikawa?,

Kishio Nanjo*, Takashi Akamizu’

ABSTRACT

Aims/Introduction: The adenosine triphosphate (ATP)-sensitive potassium (Kate) channel is a key component of insulin secretion
in pancreatic B-cells. Activating mutations in ABCC8 encoding for the sulfonylurea receptor subunit of the Karp channel have been
associated with the development of neonatal diabetes mellitus (NDM). The aim was to investigate clinical and functional character-
ization of the Pro1198Leu ABCC8 gene mutation associated with permanent NDM (PNDM). ‘
Materials and Methods: The coding regions and conserved splice sites of KCNJT1, ABCC8 and INS were screened for mutations
in a 12-year-old girl diagnosed with PNDM. The functional property of the mutant channel identified was examined with patch-
clamp experiments in COS-1 cells. We also investigated the difference of effectiveness between two groups of oral sulfonylureas

in vitro and in the patient.

Results: We identified a heterozygous missense mutation (¢.3593 C>T, Pro1198Leu) in ABCC8. The mutated residue (P1198) is
located within a putative binding site of sulfonylureas, such as tolbutamide or gliclazide. In patch-clamp experiments, the mutant
channel was less ATP sensitive than the wild type. Furthermore, the sensitivity to tolbutamide was also reduced in the mutant
channel. In addition to the tolbutamide/gliclazide binding site, glibenclamide is thought to also bind to another site. Glibenclamide
was more effective than other sulfonylureas in vitro and in the patient. The treatment of the patient was finally able to be switched

from insulin injection to oral glibenclamide.

Conclusions: We identified the Pro1198Leu ABCC8 mutation in a PNDM patient, and clarified the functional and clinical characterize-
tion. The present findings provide new information for understanding PNDM. (J Diabetes Invest, doi: 10.1111/jdi.12049, 2013)

KEY WORDS: ABCC8, Neonatal diabetes, Sulfonylurea receptor

INTRODUCTION

Neonatal diabetes mellitus (NDM) is a specific form of diabetes’.
It has been defined as diabetes with onset before 6 months-of-
age and autoantibody negative for type 1 diabetes in general.
NDM is classified into two categories clinically. One is transient
NDM (TNDM), in which diabetes develops within the first few
weeks of life and resolves by a few months of age, although it
might frequently relapse in adolescence or young adulthood. The
other is permanent NDM (PNDM), in which diabetes does not
remit and the patients usually require insulin treatment for life.
Approximately 50% of NDM is transient and 50% is permanent”.
The majority (~70%) of cases of TNDM have abnormalities in
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the imprinted region of chromosome 6q24, such as paternal uni-
parental isodisomy, paternally inherited duplication and maternal
methylation defects, leading to overexpression of paternally
expressed genes’. The adenosine triphosphate (ATP)-sensitive
potassium (Karp) channel is a key component of insulin secre-
tion in pancreatic B-cells. The channel is comprised of two pro-
teins, an inwardly rectifying potassium ion pore-forming subunit
(Kir6.2; encoded by KCNJ11) and a high-affinity B-cell sulfonyl-
urea receptor (SURL; encoded by ABCC8)*. Activating mutations
in KCNJI11 and ABCC8 account for 12% and 13% of cases of
TNDM, respectively’. They also account for 31% and 10% of
cases of PNDM, respectivelys. Furthermore, 12% of PNDM is
caused by mutations in the insulin (INS) gene itself®. It has also
been reported that a few cases of PNDM are attributed to genetic
abnormalities in other genes, such as GCK, FOXP3, EIF2AK3,
PDX1, PTF1A, GLIS3, NEURODI and HNFIB, which are impor-
tant to pancreatic B-cell function and development”.

The Karp channel plays a key role in glucose-dependent insu-
lin secretion from pancreatic B-cells. After entry of glucose into
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