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on heart function and/or cardiomyocytes, although the
GLP-1 action on the vascular system has not been fully
evaluated especially in human. Treatment with GLP-1
improved endothelial dysfunction in type 2 diabetics
with ischemic heart diseases [33]. Interestingly, GLP-1
treatment improved postprandial hyperlipidemia, sug-
gesting the possibility that GLP-1 administration may
reduce cardiovascular disease risk in type 2 diabetes
[34]. A recent experiment showed that GLP-1 treatment
protected against the development of atherosclerosis
both in vivo and in vitro [35,36]. In the present study,
liraglutide decreased serum hsCRP and sICAM-1 levels,
while no such changes were observed following treat-
ment with other glucose-lowering agents with insulin
(n = 6), biguanide (BG) (n = 4), a-glucosidase inhibitor
(aGI) (n = 3), dipeptidyl peptidase-4 inhibitors (DPP-4i)
(n = 3), and sulfonylurea (SU) (n = 2) (data not shown).
These results suggest that the decrease in hsCRP and
SICAM-1 levels may be due to the pleiotropic effects of
liraglutide, beneficial for protection against the develop-
ment of atherosclerosis.

The present study has several limitations. The study is
not a randomized clinical trial (RCT) and is not a cross-
over study. A crossover clinical trial will confirm present
results. In addition, present study was performed in a
small population. The effects of liraglutide on visceral fat
adiposity, appetite, and cardiovascular biomarkers were
examined in a hospitalized term. Collectively, a long-term
RCT in obese Japanese type 2 diabetics should be con-
ducted to confirm the efficacy of liraglutide on visceral fat
adiposity, appetite, food behavior, and cardiovascular
events.

In summary, short-term treatment with liraglutide
effectively reduced visceral fat adiposity, appetite, and
cardiovascular biomarkers in obese Japanese patients
with type 2 diabetes. Longer term randomized clinical
trials are warranted to more thoroughly elucidate the
effect of liraglutide on these parameters.
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Deficit of tRNALYs modification
by Cdkal1 causes the development
of type 2 diabetes in mice
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The worldwide prevalence of type 2 diabetes (T2D), which is caused by a combination of environmental and
genetic factors, is increasing. With regard to genetic factors, variations in the gene encoding CdkS5 regulatory
associated protein 1-like 1 (Cdkall) have been associated with an impaired insulin response and increased risk
of T2D across different ethnic populations, but the molecular function of this protein has notbeen character-
ized. Here, we show that Cdkall is a mammalian methylthiotransferase that biosynthesizes 2-methylthio-N¢-
threonylcarbamoyladenosine (ms?t®A) in tRNA»(UUU) and that it is required for the accurate translation of
AAA and AAG codons. Mice with pancreatic f} cell-specific KO of Cdkal1 (referred to herein as f§ cell KO mice)
showed pancreatic islet hypertrophy, a decrease in insulin secretion, and impaired blood glucose contrel. In
Cdkall-deficient 3 cells, misreading of Lys codon in proinsulin occurred, resulting in a reduction of glucose-
stimulated proinsulin synthesis. Moreover, expression of ER stress-related genes was upregulated in these
cells, and abnormally structured ER was observed. Further, the [} cell KO mice were hypersensitive to high fat
diet-induced ER stress. These findings suggest that glucose-stimulated translation of proinsulin may require
fully modified tRNALYS(UUU), which could potentially explain the molecular pathogenesis of T2D in patients

carrying cdkall risk alleles.

Introduction

Type 2 diabetes (T2D) is caused by a combination of genetic and
environmental factors. Recent advances in whole-genome associa-
tion studies have identified a number of genetic variations associ-
ated with T2D (1-4). The CdkS regulatory associated protein 1-
like 1 (cdkall) gene is one of the most reproducible risk genes in
T2D across different echnic populations (5). Variations in cdkall
have been associated with impaired insulin secretion and increased
risk of T2D (6-8). Although there is increasing evidence associ-
ating single nucleotide polymorphisms in cdkall with T2D, the
molecular function of Cdkall is unknown.

We recently identified Cdkall as a member of the methylthio-
cransferase (MTTase) family. a subfamily of the radical S-adenosyl-
methionine (SAM) superfamily (9). The MTTase family utilizes SAM
and [4Fe-4S] clusters to catalyze the methylthiolation of various
substrates. For instance, MiaB, a bacterial MTTase protein, catalyzes
the methylthiolarion of N*-isopentenyladenosine (i°A) to generate
2-methylthio-No-isopentenyladenosine {ms?i°A) at position 37 (A%),
3" adjacent to the anticodon in some tRNAs (10. 11). This hyper-
modificarion of A% is essential for the efficient and accurarte trans-
lation of cognare codons by the ribosome (12, 13). We have shown
that Cdkall (and its bacterial homolog YqeV) catalyze the methyl-
thiclation of No-threonyl carbamoyl adenosine (t°A) to synthesize
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Z-methylthio-N°-threonyl carbamoyl adenosine (ms?t®A) for tRNA
in bacteria (9). However, the enzymatic characteristics of Cdkall in
mammalian cells and its relevance to T2D are completely unknown.
By using pancreatic § cell-specific Cdkall KO mice (referred to here-
in as f3 cell KO mice), we show that Cdkall has crirical roles in the
quality contro] of protein translation and is relevant to T2D.

Results
Cdkall catalyzes ms*t5A modification of mammalian tIRNAD(UUU).
To determine the biochemical function of Cdkall in mamma-
lian cells and its relevance to T2D, we used mass spectrometric
analysis to examine modified bases in total RNA from MING
cells, a pancreatic f§ cell-derived insulinoma cell line, and Hela
cells, a human-derived cell line (Figure 1B). As expected, the
proton adduct ms*t®A (m/z 459) could be clearly detected along
with t°A (m/z 413) in both cell types (Figure 1B). In addition.
we also detected ms®t®A in total RNA from various mouse tis-
sues {Supplemental Figure 1; supplemental material available
online with this article; do1:10.1172/JCIS8056DS1). To invesri-
gate whether Cdkall was involved in the ms?t®A modification,
we examined total RNA isolated from the pancreas of WT and
Cdkali~~ mice. The ms?t®A modification was detected only in
the WT mice but not in the Cdkall~~ mice (Figure 1C}. These
results suggest that Cdkall only caralyzes the ms?t°A modifica-
rion in mammalian cells. Because ms*t°A is present at position
37 of tRINAY® in Bacillus subtilis (14, 15), we isolated 2 species of
tRNALS (tRNAW[UUU] [Figure 1A] and tRNAMS[{CUU] [Supple-
mental Figure 2A]) from mouse livers and performed an RNA
Number 9
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fragment analysis. Ms?tSA was specifically found at position 37
of (RNAW(UUU) in WT liver (Figure 1D}, whereas tRNAYS(CUU)
bore t°A at position 37 {Supplemental Figure 2B). As no frag-
ment containing A was detected in tRNAWS(UUU) of WT liver,
the methylthio modification appeared to be introduced univer-
sally (Figure 1D). When the nucleosides from the flow-through
fracrion after the isolation of t(RNAW(UUU) were analyzed. nio
ms?t®4 could be derected (Supplemental Figure 3), suggesting
that ms?t®A is a modification specific to tRNAW(UUU). In con-
trast, the ms?tlA-containing fragment {m/z 1172.16) was com-
pletely replaced with a t°A-containing fragment (m/z 1126.17) in
tRINAL(UUU) isolated from livers of Cdkall~~ mice (Figure 1D).
These results demonstrate that mouse Cdkali is a methylthiolase
that converts t°A to ms’t®A in tRNAW(UUU).

The ms*t°A modification is required for decoding fideliry. The 2-methyl-
thio modification ms?i®A is important for preventing the misread-
ing and frame-shifting of cognate codons during protein translation
in bacteria (12-14). These observations prompted us to speculate
that the 2-methylthio modification ms?t’A in tRNADS(UUUj is also
required for rranslational accuracy. To examine whether the ms?tSA
modification prevents either the frame-shifting or misreading of
tRNAWS(UUUY’s cognate codons (AAA and AAG), we utilized a dual
luciferase-based reporter assay in WT B. subtilis and ygeV-deficient
B. subtilis (AyqeV), which lacks the ms?t®A modification (Supple-
mental Figure 4A, Figure 1E, and ref. 16). Because Lys529 in firefly
luciferase is essential for enzymatic acrivity, the misreading or
frameshifting of this codon would result in a loss of firefly lucifer-
ase activity (17, 18). Two constructs in which Lys529 is encoded by
AAA or AAG codons were introduced into WT and AygeV strains,
and relative firefly luciferase activity was measured (Figure 1E). In
the AygeV strain under noninducible conditions (-IPTG), a spe-
cific reduction in firefly luciferase activity was observed with the
AAA construct, but not with the AAG construct (Figure 1E). Under
inducible conditions (+IPTG), 2 marked reduction in firefly lucifer-
ase activity was observed with both constructs in the AygeV strain,
and an even greater reduction in activity was observed with the AAG
construct (Figure 1E), although the IPTG-induced protein level of
the renilla-firefly fusion protein was the same in the WT and AygeV
strains (Figure 1F). We next determined whether the 2-methylthio
modification ms?t°A is involved in the reading frame maintenance
of the relevant codons. We employed constructs thar fused Renilla
and firefly luciferases separated by a short sequence containing a
+1 frameshift site (Supplemental Figure 4B). We observed no sig-
nificant frameshift activity of either construct in the AygeV strain
as compared with the WT strain. These results suggest that the
2-methylthio modification ms?t°A in tRNAWS(UUU) is important
for preventing the misreading of its cognate codons, especially
whern the rate of rranslation is relatively high.

Cdkall is an ER-localizing protein that is functionally dissociated with
CdkS/p35. Cdkall was ubiquitously expressed in mouse tissues
through all rhe developmental stages and was especially abun-
dant in the heart, kidney, and pancreas (Supplemental Figure 5).
To investigate the subcellular distribution of Cdkall, HEK293 and
MING cells were transfected with EGFP-Cdkall and ER-rracker.
EGFP-Cdkall colocalized with ER-tracker (Figure 2A). Moreover,
Cdkall was also colocalized with endogenous Bip, an ER protein
(Figure 2B). Cdkall has 3 unique domains, a radical SAM domain,
a TRAM domain, and a hydrophobic domain (Figure 2C). Both the
radical SAM domain (a catalytic domain) and the TRAM domain (a
potential tRNA-binding domain) are conserved among mammals
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and bacteria (9). In contrast, the hydrophobic domain at the C
terminus exists only in mammalian Cdkall (9). This hydrophobic
domain was determined to carry the ER-localization signal because
deletion of this domain disrupted ER localization (Figure 2D). Fus-
thermore, endogenous Cdkall was derecred in the rough ER frac-
gon purified from mouse liver (Supplemental Figure 6). The ER
localization was finally confirmed by immunoelectron microscopic
examination in EGFP-Cdkall-transfected MING cells (Figure 2E).

We previously reported that Cdk35 regulates insulin secretion
in pancreatic f cells (19). Cdkall may function through interac-
tion with a CdkS regulatory subunit, p35, as CdkSrapl, an amino
acid homolog of Cdkall, interacts with p35 and inhibits CdkS$
activity (20, 21). However, Cdkall neither interacted with p35
in HEK293 cells overexpressing p35 nor inhibited CdkS activity
in vitro (Supplemental Figure 7). suggesting that the molecular
function of Cdkall in f cells is independent of the pathway in
which Cdk5/p3S participates.

Cdkall deficiency in B cells causes glucose intolerance. To investigate
the physiological functions of Cdkall in pancreatic § cells, f cell-
specific Cdkall-deficient mice (ff cell KO) were generated by cross-
ing transgenic mice in which exon 5 of cdkall was floxed by the
LoxP sequence with transgenic mice in which Cre recombinase was
regulated under the control of the rat insulin promoter (Supple-
mental Figure 8A). Exon § of cdkall was deleted in the pancreatic
islers of B cell KO mice, but not the other tissues of the § cell KO
mice, (Supplemental Figure 8B). Cdkall prorein expression was
faintin the islets of f cell KO mice compared with thatin the islets
of littermate control mice (Flox) (Figure 3A). In contrast, the same
level of Cdkal1 was observed in kidney of Flox mice and p cell KO
mice (Figure 3A). The f§ cell KO mice showed normal development
(Figure 3B). Immunchistochemical analyses revealed no obvi-
ous morphological abnormalities in ¢ or § cells in the pancreatic
islets of B cell KO mice relative to Flox mice (Figure 3C). How-
ever, we noticed that KO islets were larger than Flox islets, and we
performed a detailed analysis to investigate islet area. We divided
the islets into 3 groups: small islets (0-5,000 um?), medium islets
(5,001-10,000 wm?), and large islets (>10.000 wm?), and we calcu-
lated the relative abundance of each group. In p cell KO mice, the
number of small islets was significantly lower than in Flox mice,
and the number of large islets was significantly grearer (Figure 3D).
Because there was no difference in total islet number between p
cell KO and Flox mice (data not shown), pancreatic islets in B cell
KO mice may be able to lapse into a hypertrophic condition.

Because insulin secretion is impaired in patients with variants of
the cdkall gene (6-8), the mice were given an intraperitoneal glu-
cose tolerance test (JPGTT). The B cell KO mice showed glucose
intolerance compared with the Flox mice at 5 and 10 weeks after
bircth (Figure 3E). Moreover, plasma insulin levels 15 minutes after
the glucose challenge were significantly lower in the f cell KO mice
{(Figure 3F). We also investigated insulin secretion in islets isolated
from Flox and f cell KO mice. After 16.7 mM glucose stimularion,
the insulin level was significantly lower in f cell KO mice than in
Flox mice (Figure 3G). Because patients with variants of the cdkall
gene showed a specific impairment of first-phase insulin secretion
(6}. we investigated whether a deficiency of Cdkall has any effect on
the biphasic secretion of insulin. We examined glucose-stimulared
insulin secretion in perifused islets isolated from Flox and 8 cell KO
mice. The KO islets showed impaired first-phase, but not second-
phase. insulin secretion upen stimulation with 16.7 mM glucose
compared with the Flox islets {(Figure 3H). Furthermore, we also
Number 9 3598
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Figure 1

Methylthiolation of tRNALYs(UUU) by Cdkali controls the decoding accuracy of the lysine codon. {&) The molecular structure of tRNAYS(UUU) and
ms2eA, (B) Results of a mass spectromeiric analysis of the ms#8A modification of tRNA in MING and Hela cells. The upper panels show the UV trace,
and the middie and lower panels show the mass chromatograms for detecting t8A {(m/z 413, arrow) and ms2i®A (m/z 459, arrow), respectively. (C)
Results of a mass spectrometric analysis of the ms4®A modification of tRNA isclaied from the pancreas of Cdkal? - and WT mice. The arrow indicates
ms28A (m/z 459). (B} Modification of tRNAs(UUU) isolated from the liver of Cdkal7-~ and WT mice. The upper panels show mass chromatograms
of GGDp fragments in t(RNAYs(UUU). The middle and lower panels show mass chromatograms of ms2i6AAWp fragments and 16AAWp fragments,
respectively. (E) WT and AygeV cells were fransformed with a reporter plasmid in which both Renilla renilla and firefly luciferases are cloned with the lac
promoter (upper panel). Relafive activity was determined by normalizing firefly luciferase intensity fo renilla luciferase intensity {F/R, lower panel}. Data
are presented as the mean = SEM, and asterisks indicate statistical significance determined by Student's f fest. 7P <0.001; n = 4. (F) The expression
level of the fusion protein of firefly and renilla luciferase after IPTG treatment induction was determined in WT and AygeV cells (E) by Western biot.

investigated insulin secretion in Flox and § cell KO mice under nor-
mal feeding conditions. The mice were fasted overnight and then
re-fed for 1.5 hours. Plasma insulin levels in the fasting conditon
and postprandial condition were determined (Figure 3I). There was
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a significant decrease in postprandial insulin secretion in § cell KO
mice when compared with Flox mice. These results suggest that
Cdkall deficiency in pancreatic f§ cells impairs glicose-stimulared
insulin secretion and thus induces glucose intolerance.
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cells. Scale bar: 10 um. (C) The domain struciure of Cdkali protein. (D) EGFP-tagged full-length Cdkali or Cdkal1 with truncation of C terminus
hydrophobic domain (CdkaliAC) was transfected in Hela cells together with ER-iracker. Localization of full-length Cdkalt or Cdkal1AC was
visualized using confocal microscope. Scale bars: 10 um. (E) MINS cells were {ransfecied with Cdkal1-EGFP, and the localization of Cdkali was
determined by immunoelectronic microscopic examination. Arrows indicate EGFP-Cdkali signal on ER. Scale bar: 0.5 um.

Cdkall deficiency induces abevrant proinsulin synthesis. Given the molec-
ular funcrion of Cdkall in B. subtilis (Figure 1), we speculated that
Cdkall deficiency in pancreartic § cells decreases the decoding fideli-
ty in lysine codon due to insufficient modification in tRNAW(UUU).
The Lys residue is particularly important for processing proinsulin
to generate marure insulin and C-pepride because 1 of the 2 Lys resi-
dues in human proinsulin is located at the cleavage site between the
C-pepride and A chain of insulin. Thus, misreading of Lys codon in
proinsulin by msufficiently modified tRNARS{UUU) might resultin
aberrant processing of (projinsulin and subsequent glucose intoler-
ance. To investigare misreading of Lys codon in Cdkali-deficient §
cells. pancreatic islets isolated from both f cell KO and Flox mice
were labeled with both #C-lysine and SH-leucine. If misreading of
Lys eodon occurs in Cdkall-deficient p cells, we would observe a
change in the ratio of incorporation of **C-lysine to *H-leucine in
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(pro)insulin when compared with the incorporation ratio in Flox
cells. As expected, there was a significant decrease of relative incor-
poration of “C-lysine in (pro)insulin in Cdkall-deficient p cells
when compared with Flox  cells (KO: 0.82 + 0.007 versus Flox:
1.0 + 0.01, P = 0.0004; Pigure 4A). Since misreading of Lys codon
in proinsulin might cause aberrant processing, we investigated the
C-peptide content, which indicates proper processing of proinsulin,
in the pancreas of f cell KO and Flox mice. The C-peptide content in
B cell KO pancreas was significantly lower than C-pepride content
in Flox pancreas ( cell KC: 12.4 = 141 ng/mg protein versus Flox
224+ 3.29 ng/ mg protein, P=0.0429; Figure 4B). Accordingly, plas-
ma C-pepride levels were significantly lower in § cell KO mice than in
Flox mice (Figure 4C). Pancreatic secrions were also immunostained
wich anti-C-pepride antibodies. Consistent with the reducrion in
C-peptide levels in B cell KO mice, the intensity of C-peptide stain-
Number 8 3601
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Figure 3

Conditional deletion of the Cdkal7 gene causes glucose iniclerance. (&) Conditional deletion of Cdkal? in pancreatic islets in § cell KO (KG)
mouse. (B) Comparison of the body weights of 8 cell KO and Flox mice. (C) Pancreatic sections obtained from § cell KO and Flox mice at 5 weeks
of age were immunostained with anti-insulin (red) and anti-glucagon (green) antibodies. Nuclei were counterstained with DAPI. (B) Compari-
son of relative islet area in pancreas of § cell KO and Flox mice. Area of 528 islets from 3 Flox mice and 572 islets from 3 f cell KO mice wers
sxamined and classified into small, medium, and large isiet area. The relative distribution of each islet area was compared between § cell KO
and Flox. (E) Blood glucose during glucose tolerance test at 5 weeks (upper) and 10 weeks (lower}. n = 4-7. (F) Plasma insulin levels during a
glucose tolerance test at 15 weeks. n = 10-11. (G) Glucose-stimulated insulin secration in islets (n = 8) isolated from § cell KO or Flox mice was
determined. (H) Glucose-stimulated insulin secretion in perfused islets of Flox and § cell KO mice. n = 4-5. (I) Plasma insulin levels in Flox or
3 cell KO mice fasted for 14 hours and re-fed for 1.5 hours. n = 7. Significant difference was examined by repeated measure of 2-way ANOVA
(E and F) or 2-way ANOVA (D, G, and I} followed by Bonferroni's posi-test or Mann-Whitney U test. Data are presented as mean = SEM. "F < 0.05;
P < 0.01; P < 0.001 versus Flox.

ing was apparently reduced in KO islets compared with Flox islets  of proinsulin (22). Therefore, subcellular localization of proinsulin
{Supplemental Figure 9A). Previous study using pancreatic § cell-  was investigated in § cell KO mice. High magnification revealed
specific transgenic mice overexpressing mutant elF2a has shown  that proinsulin was mainly confined to the perinuclear area and
that aberrant protein translation could impair the correct targeting  colocalized with C-peptide in the § cells of Flox mice. In contrast,
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Aberrant insulin synthesis in the pancreatic p cells of § cell KO mice. (A) Relative incorporation of 14C-lysine to 3H-leucine in immunoprecipitated
(projinsulin in islets of B cell KO or Flox mice in KRB buffer containing 16.7 mM glucose for 1 hour. (B) Pancreatic C-peptide content of § cell KO
or Flox mice was measured by ELISA, and value was normalized to total protein concentration. n = 5-8; *P < 0.05 by Student’s f test. (C) Plasma
C-peptide concentrations in Flox and  cell KO mice fasted for 7 hours. n = 10, ***P < 0.001 by Student’s t fest. (D) Relative total protein synthesis
under basal condition (2.8 mM) or stimulated condition (16.7 mM) was determined by normalizing 35S incorporation to the total protein concentra-
tion. n = 4; *P < 0.05 by Student’s  test. (E) Proinsulin synthesis in KO or Fiox islets under basal condition (2.8 mM) or stimulated condition (16.7 mM)
is shown in top panel. n = 4; *P < 0.05 by Student’s t test. (F) Expression of actin, SUR1, Kir6.2, and Pdx1 protein in islets of Flox or § cell KO mice
determined by Western blotting. Resulis representative of 3 independent experiments are shown. All data are presented as mean + SEM.

there were large aggregates of proinsulin-positive granules, which
were not colocalized with C-peptide-positive granules in islets of
B cell KO mice (Supplemental Figure 9B). These results suggest
that Cdkall deficiency may cause abnormal proinsulin translation,
which in tuin leads to the impairment of both the processing and
targeting of proinsulin.

In addition, we investigated the total protein synthesis level
and proinsulin synthesis level in islets of § cell KO and Flox mice.
Total protein synthesis in KO islets was not changed under either
low- or high-glucose conditions (Figure 4D). There was no dif-
ference in proinsulin levels berween KO islets and control islets
under low-glucose conditions (Figure 4E). However, a significant
decrease in proinsulin synthesis was observed in KO islets stimu-
lared with high glucose compared with Flox islets (Figure 4E).
A decrease in insulin synthesis was also observed in MING cells
rransfected with siRNA rargering Cdkall (Supplemental Figure
10). To investigate wherher Cdkall deficiency had any effect on
the synthesis of other crucial f§ cell proteins, we examined the
protein levels of Kir6.2, SUR1, and Pdx1. There were no obvious
differences in protein levels between KO islets and Flox islets
(Figure 4F). These results suggest that tRNA modification by
Cdkall is crucial for rranslation fidelity and efficiency of proin-
sulin in pancreatic p cells.

Cdkall deficiency induces ER stress in B cells. Accumulation of
unfolded or misfolded proteins in the ER lumen triggers stress
response, which has been proposed to cause rhe dysfunction of
pancreatic § cells (22-25). Notably, temporary or chronic imbal-
ance in the protein synthesis environment can induce ER stress
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in P cells and subsequent glucose intolerance in vivo (22, 26, 27).
To investigate whether aberrant proinsulin synthesis caused by
Cdkall deficiency triggers stress responses in  cells, we exam-
ined the expression levels of a variety of genes essential for 3 cell
function. There were no differences in the levels of insulin 1 or 2
mRNAs berween KO and Flox islets (Figure SA). Among pancre-
atic § cell marker genes, the mRINA levels of glucose transporter 2
(Glut2) were significantly reduced in KO islets (Figure 5SB). More-
over, Glut2 was distributed diffusely in the cytoplasm of § cells
in Cdkall-deficient islets (Figure SC). The decreased expression
and abnormal localization of Glut2 correlate with ER stress (22).
Therefore, the relative expression of ER stress-relared genes was
then examined in the pancreatic islers of p cell KO and Flox mice.
Among all the stress-related genes, only the expression of spliced
Xbpl was found to be elevated (Figure 5D). In addirion, phospho-
EIF2 levels were higher in KO islets rhan in Flox islets (Supple-
mental Figure 11). Furthermore, electron microscopy revealed
distended ER. which indicates ER stress (27, 28). in pancreatic
B cells from f cell KO mice bur not from Flox mice (Figure 5E).
These results suggest that cdkall gene deficiency may induce an
ER stress response and glucose intolerance.

Cdkall deficiency enbances susceptibility to high-fat diet stress. Environ-
mental stress stuch as a high-far diet (HFD) has a great impact on
glucose metabolism. Interestingly. recent study has found the asso-
ciation of polymorphism in the cdkall gene with the prevalence of
metabolic syndrome in Japanese men (29). We therefore speculated
that 2 HFD might induce profound glucose intolerance in 8 cell KO
mice. To investigate the effect of an HFD, § cell KO and Flox mice
Number 9 3603
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were fed either an HFD or a low-fat diet (LFD) for up to 8 weeks.
There was no difference in weight gain between f cell KO and Flox
mice during the experimental period (Figure 6A). Islet hypertro-
phy was observed in both B cell KO and Flox mice fed an HFD for
8 weeks as a compensatory effect of the diet (Supplemental Figure
12). However, significant glucose intolerance developed in f cell
KO mice fed an HFD for 3 weeks, whereas Flox mice fed an HFD
showed normal glucese tolerance cornpared with Flox mice fed an
LED (Figure 6B). Blood glucose levels at 15, 30, and 60 minutes
after the intraperitoneal injection were higher in § cell KO mice
than in Flox mice. After 8 weeks on an HFD, glucose intolerance
as more severe in the § cell KO mice (Figure 6C). Blood glucose
concentrations in P cell KO mice were continuously higher than
control levels and increased 2 hours after a glucose injection (Fig-
ure 6C). In addition, both nonfasting blood glucose levels (Figure
6D) and 7 hour-fasting blood glucose levels (Figure 6E) were sig-
nificantly higher in § cell KO mice than Flox mice after 3 weeks
on an HFD, whereas nonfasting and 7 hour-fasting blood glucose
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levels in LFD-fed f cell KO mice were comparible with those in
LFD-fed Flox mice (Figure 6, D and E). To investigate whether
insulin sensitivity was affected in § cell KO mice, an insulin toler-
ance test was performed in f cell KO and Flox mice fed an HFD or
LFD for 7 weeks. There were no differences in the action of insulin
berween § cell KO and Flox mice fed either diet (Figure 6F). We
also investigated whether an HFD had any effect on liver function
as well as counter-insulin responses such as glucagon production.
To examine gluconeogenesis in the liver, Flox and § cell KO mice
fed an HFD for 10 weeks were injected with pyruvate and blood
glucose levels were measured. There was fio significant difference
in gluconeogenesis berween Flox and B cell KO mice (Supplemen-
ral Figure 13A). Furthermore, we examined plasma glucagon levels
in mice fed an HFD for 10 weeks. There was no difference in fast-
ing glucagon levels between Flox and B cell KO mice (Supplemen-
ral Figure 13B). From these observations, we speculated that the
severe glucose intolerance was mainly caused by HFD-induced ER
stress and the consequent decrease in insulin secretion in Cdkall
Number &
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B cell KO mice exhibit increased ER stress and glucose intolerance after consuming an HFD. (A) Changes in body weight of § cell KO and Flox
mice on an HFD and a LFD starting from 20 weeks old. (B and C) Results of the glucose tolerance test after 3 weeks (B) and 8 weeks (C) of
consuming an HFD or a LFD. Mice were fasted for 7 hours from 8 am and injected with glucose (1 g/kg body weight). *P < 0.05; P < 0.001,
KO-HFD versus Fiox-HFD mice. n = 4-6. (D and E) Nonfasting biood glucose (D) and 7-hour fasting blood glucose (E) levels after 3 weeks on
an HFD oran LFD. *F < 0.05; n = 6. (F) The insulin folerance test was performed in mice fed an HFD or an LFD for 7 weeks. {G)  cell KC mice
and Flox mice were fed an HFD for 8 weeks. Plasma insulin level during IPGTT (1 g/kg body weight) was examined in p cell KO mice and Flox
mice fasted for 14 hours. **P < 0.01; nn = 6. (H) Relative expression of ER stress~related genes in  cell KO mice and Flox mice fed an HFD for
8 weeks. P < 0.01; n = 4-5. Significant differences between groups wers examined by repeated measure of ANOVA (A-C, F, and G), 2-way
ANOVA (D and E), or Student’s t test (H). All data are presented as mean = SEM.

KO B cells. Serum insulin levels after the injection of glucose were
measured in f cell KO and Flox mice fed an HFD. Blood insulin
levels after the challenge were significantly lower in § cell KO mice
than in Flox mice (Figure 6G). Impaired glucose-stimulated insulin
secretion was also observed in isolated Cdkall-deficient pancreatic
islets (Supplemental Figure 14). Finally. pancreatic islets were iso-
Jated from P cell KO mice and Flox mice fed the HFD for 8 weeks,

and the expression levels of ER stress-related genes were examined
(Figure 6H). We observed a significant increase in the expression of
major ER stress-related genes. including the Bip, CHOP, and Xbp1
genes. Our results indicare that Cdkall deficiency induces a mas-
sive ER stress response, which in rurn decreases insulin secrerion,
causing severe glucose intolerance.

The Journal of Clinical Investigation

heep:/fwww joiorg

Discussion

Chemical modifications of nucleotides surrounding anticodons
in tRNAs are believed to be essential for accuracy and efficiency in
protein translation (14}, The strucrural basis of the ms#°A% mod-
ification at A% of tRINA was recently identified in bacreria (30).
The methylthioletion of i®A%7 is capable of stabilizing the codon-
anticodon interaction through cross-strand stacking wich the base
of the first nucleotide of the mRINA codon. This stabilization of
the codon-anticedon interaction prevents frame shifting and mis-
reading during translation. In the present study, we showed that
the ms?t®A modification of tRNAWS(UUU) by Cdkall is required
for the accurate translation of AAA and AAG codons. The human
insulin gene contains 2 Lys(AAG) codons. One of the Lys residues
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is located at the cleavage site between the C-peptide and A chain of
insulin. Misreading of this Lys codon during insulin synthesis by
ms?tPA modification-deficient tRNAYW(UUU) may cause the mis-
folding or miscleavage of proinsulin, which has an impact en glu-
cose homeostasis. Indeed, we observed a decreased incorporation
of lysine residue in Cdkall-deficient B cells, as well as decreased
C-pepride levels in pancreas of Cdkall KO. Interestingly, SNPs in
the Cdkall gene have been shown to associate with impaired con-
version of proinsulin to insulin (31-33), supporting our finding
thar Cdkall deficiency may cause aberrant proinsulin generarion.

The main role of pancrearic f§ cells is the adequate synthesis and
release of insulin in response to glucose. To accomplish this rask,
the cells induce insulin biosynthesis in response to ghicose. Proinsu-
lin mRNA represents 20% of the total mRINA expression in glucose-
stimulated P cells, whereas (pro)insulin biosynthesis approaches
50% of their total protein production (34, 35). It is inevitable that
some insulin will be misfolded in such a mass producrion (36, 37).
However, if augmented absolute levels of misfolded proinsulin
are above the threshold, the misfolded proinsulin may lead to the
inhibition of insulin production, ER stress, and f cell dysfunction.
The onset of diabetes caused by misfolded proinsulin has been well
studied in mutant INS gene-induced diabetes of youth (MIDY). In
Akita mice, in which a heterozygous proinsulin-C(A7)Y mutation
in the mouse Ins2 gene is identical to the heterozygous mutation
causing human MIDY, the mutant proinsulin in Akita mice blocks
insulin production and activates ER stress in f cells (38, 39). On
the other hand, dysregulation of protein synthesis can also lead to
the production of misfolded proinsulin and ER stress. For example,
a massive increase of prorein synthesis by Perk deficiency causes
massive proinsulin production, which leads to abnormal folding of
proinsulin and ER stress (37). Taken together, these findings sug-
gest that the absolute amounr of misfolded proinsulin is a criri-
cal determinant of onset of ER stress followed by dysfunction of
cells. In B cell KO mice, the Cdkall deficiency may cause a certain
amount of proinsulin ro be mistranslated, which may be misfolded
and accumulate in the ER, leading to further inhibition of insulin
producrion and subsequent activarion of ER stress.

A recent study showed impaired mitochondrial ATP generation,
first-phase insulin exocytosis, and responsiveness of ATP-sensitive
K* channel ro glucose in general Cdkall~~ mice (40). In p cell KO
mice, we also observed impaired first-phase insulin secretion as well
as impaired ATP generation after glucose stimulation (Figure 3H
and Supplemental Figure 15). Considering the molecular funcrion
of Cdkali, it is not assumed thar Cdkall directly regulates these
functions. These resules suggest thar aberrant protein translation
may occur in the proteins involved in the regulation of mitochon-
drial ATP generation and insulin exocytosis in addition to insu-
lin in Cdkall-deficient mice. Although we did not detect obvious
changes in the levels of Kir6.2 and SURT, other proteins involved in
mitochondrial functions may be abnormally translared and in turn
cause the defect of ATP generarion observed in KO islers.

In conclusion, our resulrs suggest thart functional loss of Cdkall
affects the accuracy of protein translation, causing the synthesis of
abnormal insulin, which triggers ER stress in f§ cells. These results pro-

oo
vide evidence linking the molecular funcrion of Cdkall with T2D.

Methods

Animals. Cdkal19¢19% (Floxj mice were generated by flanking exon S of the
Cdkall gene with the loxP sequence {Supplemental Figure 8A). Flox mice
were crossed with transgenic mice expressing Cre recombinase under the
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control of the rat insulin 2 promoter (RIP-Cre) to obrain pancreatic-spe-
cific Cdkall KO mice {Cdkal]fenfox 1IP-Cre/0: § cell KO). To delere Cdkall
from all tissues, Flox mice were crossed with transgenic mice carrving Cre
recombinase under the control of a CAG promoter (CAG-Cre) provided
by RIKEN through a national bioresource project of the Ministry of Edu-
cation, Culture, Sports. Science and Technology of Japan (MEXT). All
/fes RIP-Cre, CAG-Cre} were backcrossed onto

the CS7BL/6 genetic background for more than 7 generations.

mouse strains (Cdkal1™

Animals were housed at 25°C with 12-hour light/12-hour dark cycles.
High-far chow (D12451, 45% kcal% far) and low-fatr chow (D12450B, 10%
kcal% fat) were purchased from Research Diets. All animal procedures
were approved by the Animal Ethics Commuttee of Kumamoro University
(approval ID; AZ1-103).

Measurement of blood glucose and insulin levels. Mice were fasted for 14 hours
{8:00 pm to 10:00 am} or 7 hours (8:00 am to 3:00 pm). followed by
intraperitoneal injection of glucose (1 g/kg). Blood glucose was determined
by a glucomerer (ACCU-CHEK, Aviva; Roche). Plasma insulin or C-peptide
levels were determined using an ELISA kit. To measure pancreatic C-peptide
levels. whole pancreases were homogenized in an acid-ethanol solution.
Pancreatic C-peptide levels were normalized to total protein concentration
measured by BCA reagent (Pierce). For the insulin tolerance test, mice were
injected with 1 unit/kg of regular human insulin. For pyruvate tolerance rest,
mice were fasted overnight and injected with sodium pyruvate (2 g/kg).

Morphological examination. For immunohistochemical examination, pan-
creatic sections were stained using anti-insulin (Santa Cruz Biotechnol-
ogy Inc), anti-glucagon (Sigma-Aldrich), and anti-GLUT2 (Santa Cruz
Biotechnology Inc.j antibodies. Images were obtained using a FV1000
confocal microscope (Olympus). For islet morphological examination,
pancreatic sections were examined as described previously (19). Pancrearic
sections for transmissicn electron microscopic examination were prepared
as described previously (41).

Gene expression studies. Islers were isolated from § cell KO mice or Flox
mice by intraductal collagenase (Liberase TL grade; Roche) digestion fol-
lowed by hand picking. Isolation of total RNA from islets was performed
using an RNeasy Mini Kit (QIAGEN). A PrimerScript RT Reagent Kit was
used to generate cDNA. Quantitative real-time PCRs were performed using
either a TagMan Gene Expression Kit (Applied Biosysterns) or SYBR Pre-
mix Ex Taq. The results were normalized to the level of GAPDH or f actin.
Primer sequences are provided in Supplemental Table 1.

Metabolic labeling experiments. Fifty islets were washed in Krebs-Ringer
bicarbonate buffer (115 mM NaClL 5 mM KCL 10 mM NaHCOsz, 2.5 mM
MgCly, 2.5 mM CaCly, and 20 mM HEPES, pH 7.4, 0.1% BSA) containing
2.8 mM glucose and incubated in the same buffer for 1 hour at 37°C. The
buffer was then changed ro incubation buffer (2.8 mM or 16.7 mM glucose}
containing 100 uCi [¥S]-methionine and cysteine (Tran*S-LABEL; MP Bio-
medical Inc.j for 1 hour. The islets were lysed in 100 ul of lysis buffer (50 mM
HEPES, pH 7.4, 150 mM NaCl, 1% Tricon X-100, 0.1% SDS, protease inhibi-
tor cockrail; Roche). Then 5wl of lysate was taken for 2 total prorein assay
using BCA reagent {Pierce). and 5 ul was raken for measurement of roral
protein synthesis by trichloroacetic acid precipitation on Whatman filrer
paper. Proinsulin synthesis was measured by immunoprecipitation of 50 ug
of isler lysares with anti-insulin antibody {Santa Cruz Biotechnology Inc.)
conjugated on protein A-Dynabeads (Invitrogen). Immunoprecipitated
proteins were resolved on a Tris-Tricine gel (Invitrogen). The labeled proin-
sulin was quanrified by FLP2Z000 (Fuji Film;).

L-[*C{Uj}Hysine and L-[3,4,5-H(N)-leucine were purchased from Perki-
nElmer Life and Analytical Sciences. Fifty islets were washed in Krebs-Ring-
er bicarbonate buffer containing 2.8 mM glucose. The buffer was changed
to incubation buffer (16.7 mM glucose) containing 10 uCi of L-[3,4.5-
SH(N)-leucine and 1 uCi L-[*C{U}}-lysine for 1 hour. The islers were lysed
Number &
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in 50 wl of lysis buffer (5¢ mM HEPES, pH 7.4, 150 mM NaCl, 0.5% Triton
X-100, protease inhibiror cockrail; Roche). Lysates were precleared with
Dynabeads Protein A for 1 hour to reduce background absorprion to Dyna-
beads. Lysates were then incubated with guinea pig anti-insulin antibody
(AB3440; Millipore) for 3 hours, and (pro)insulin was immunoprecipirated
by adding Dynabeads Protein A. Immunoprecipitared proteins was
eluted using nondenaturing elution buffer included in the Dynabeads
immunocprecipitation kit {Invitrogen), and radioactivity was measured by
a liquid scintillation counter (Aloka).

Analysis of ms?t®A modification in tRNA. Purification of total RNA from
mouse tissues or a cultured cell line was performed using a guanidinium
thiocyanate/phenol/chloroform methed (42). Individual tRNABS(UUU)
or tRNAWY(CUU) was purified by reciprocal circulating chromatography
(RCC) (43). Purified rotal RNA or individual tRNA was hydrolyzed to
obtain nucleosides or digested ro obrain oligonucleotides, then subjecred
to liquid chromatography/mass spectrometry (44).

Reporter assay for detecting frame-shifts in B. subtilis. Reporters for derect-
ing rranslational fidelity were adapted from a luciferase-based reporter
as described previously (16). For protein expression in B. subtilis, report-
ers were cloned into pHTO1 vectors (MoBiTec). WT (trpC2} B. subtilis
and ygeV-deficient (AygeV) B. subtilis were obtained from the National
BioResource Project (B. subtilis; NI1G). Transformation of B. subtilis with a
pHTO1 vecror containing each construct was performed accordiﬁg to the
protocol of Anagnostopoulos and Spizizen (45). Colonies were cultured
at 37°Cin 2 ml LB medium containing 2.5 ug/ml chloramphenicol unril
ODygyg = 0.5. Isopropyl B-D-1thiogalacropyranoside (IPTG) was added to
cultures at a final concentration of 1 mM. After 1 hour of incubartion,
the cultures were harvested and lysed in lysis buffer (50 mM HEPES,
pH 7.4, 100 mM KCl, 10 mM MgCly, 2 mg/ml lysozyme). Aliquots of
S ul were used in the luciferase assay using the Dual-Luciferase Reporter
Assay System (Promega).

Islet perifusion. Islets were isolated from Flox mice or § cell KO mice and
cultured in RPMI medium with 10% FBS overnight. Seventy islets were
loaded on a filter (Millipore) and perifused with KRB buffer with constant
bubbling 0f 95% O; and 5% CO; for 30 minutes. Islets were then stimulated
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with KRB buffer containing 16.7 mM glucose. Islets were perifused with
KRB buffer at a flow rate of 1 ml/min. Insulin levels were measured by
ELISA as described above.

Biochemical assay. Western blotting was carried out as described elsewhere.
The anti-Kir6.2 antibody was purchased from Sigma-Aldrich, anti-SUR1
antibody was from Santa Cruz Biotechnology Inc., and anti-Pdx 1 antibody
was from Millipore. ATP levels were measured in 235 islers using an ATP
Bioluminescent Kit (Roche). Briefly, islets were incubated in KRB buffer
containing 2.8 mM glucose for 30 minutes and then stimulated with KRB
buffer containing either 2.8 mM glucose or 16.7 mM glucose for 30 min-
utes. The extraction and measurement of ATP in islets were performed
according to protocols provided.

Statistics. All data are presented as mean + SEM. Statistical significance
of differences between groups was evaluared using 1-way ANOVA, 2-way
ANOQOVA, repeated measure of 2-way ANOVA, 2-tailed Srudent’s ¢ test, and
the Mann-Whitney U rest. P < 0.05 was considered significant.
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Abstract Early phase insulin secretion has been reported
to be impaired in patients with type 2 diabetes and to remain
subnormal even after treatment of the glucotoxicity. We
evaluated insulin secretion profiles by performing a 75-g oral
glucose tolerance test (OGTT) in 178 Japanese patients with
type 2 diabetes after minimizing the influence of glucotox-
icity with diet or insulin therapy during hospitalization.
Among the 178 patients, 161 (90.4%) had a low insulino-
genic index (I.1.; < 0.4) and 17 (9.6%) had ag index in the
normal range (L1. > 0.4}, This normal 1.I. group was char-
acterized by visceral obesity and insulin resistance, and
showed delayed insulin secretion. Their total insulin
response was significantly increased compared with that of
the low response group or the normal glucose tolerance
{(NGT) group. Strikingly, in the normal I.1. group, one patient
improved to the stage of NGT and three to impaired glucose
tolerance (IGT) after treatment of the glucotoxicity. These
results indicate that some patients will show a normal insu-
linogenic index after treatment of the glucotoxicity.
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Introduction

Early phase insulin secretion in response to glucose is.
important for maintaining normal glucose tolerance, and
this early response is characteristically impaired in patients:
with type 2 diabetes [1-3]. Genetic factors are importan

determinants of early phase insulin secretion, although a
number of environmental and metabolic conditions also”
influence early phase secretion [1, 4, 5]. Chronic hyper-
glycemia is a well-known metabolic determinant. Chronic
hyperglycemia exerts a detrimental effect on the insuli
secretion capacity, including early phase; this phenomenon
has been called glucotoxicity [1-3, 6]. An important
characteristic of glucotoxicity is that it can be partly
recovered by treatment of the hyperglycemia [7-10].

The insulinogenic index (LL) is calculated as the
increment of plasma insulin compared with that of glucose .
at 30 min after the glucose load in the oral glucose toler- =
ance test (OGTT), and it is widely used to estimate early
phase insulin secretion. A low LI is generally defined as an
index below 0.4 (75-g OGTT) or 0.5 (100-g OGTT), and
diabetic patients have a low index value [11, 12]. Recently,
we examined the insulin response to the 75-g OGTT in
Japanese patients with type 2 diabetes after improvement
of glucotoxicity and found that the 1.1. was significantly
lower in diabetic patients compared with subjects who had
normal  glucose tolerance (NGT) (0.17 £ 0.01 s
0.77 £ 0.04, p < 0.0001) [13]. Our analysis also revealed
that 10.9% (21/192) of the diabetic patients had an LI in
the normal range (I.I. > 0.4) according to the 75-g OGTT.
Although the impaired response of insulin is somewhat
improved by treatment of hyperglycemia, the insulin
response of patients with type 2 diabetes has been reporetd
to remain subnormal even after the treatment of gluco-
toxicity [7. 8]. In the present study, we investigated the
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clinical characteristics of Japanese diabetics who displayed
normal LI values.

Research design and methods

Subjects

We enrolled 192 unrelated Japanese patients with type 2
diabetes who were admitted to Osaka University Hospital
for improvement of glycemic control from 2001 to 2005

[13]. After hospitalization, the patients were treated by
diet alone, or diet plus sulfonylurea, or insulin. Since the

Table 1 Clinical characteristics of the study subjects

effects of sulfonylurea may remain in insulin secretion of
beta cells, we excluded data of patients who were treated
by sulfonyturea during hospitalization from the analysis.
After this, we analyzed 178 patients, of whom 48 were
treated with diet alone and 130 with diet and insulin after
hospitalization to decrease glucotoxicity. The clinical
characteristics of the analyzed patients are shown in
Table 1. Diet therapy consists of daily calorie intake with
25-30 kcal/day per ideal body weight, the nutrient contents
of which are about 60% carbohydrates, 25% lipids, and
15% protein. Treatment was continued for at least 2 weeks
until the fasting plasma glacose (FPG) level was below
26 mg/dl (7.0 mmol/l) [13] for decreasing the influence of

LI > 0.4 LL <04 NGT p value
LI, > 0.4 NGT vs. NGT vs.
V8. I1. >04 1L <04
11 <04
At the time of hospitalization
N (male/female) 17 (9/8) 161 (86175} 275 (193/82) NS NS 0.0006
Age (years) 56.2 + 3.3 59.0 £ 0.9 541 £ 0.5 NS NS <0.0001
Duration (years) 8.4 4 1.9 114 + 0.8 NS
Family history () 710 (n=17) 75/57 (n = 132) NS
BMI (kg/on) 294+ 18 243403 228 402 0.0002 <0.0001  <0.0001
Max BMI before onset (kg/mzj 3334+200 =15 280404 3.0004
(n = 154}
Waist circumference {cm) 100.5 £ 4.1 89.0 £ 1.0 81.5 £ 0.5 0016 <0.0001  <0.0001
VFA (em?) 1415 + 19.0 97.7 =59 (n = 89) 0.0144
(n=12)
HbAle (%) 8.8 4 0.4 9.1+ 01 51401 NS <0.0001  <0.0001
(n = 44}
FPG (mg/dl; 166.0 4+ 11.5 1719+ 39 935+ 04 NS <0.0001  <0.0001
Fasting insulin (pU/ml) 166 £ 1.9 8.1+ 05(m=143) 48402 <0.0001  <0.0001 <0.0001
HOMA-IR 6.62 £ (.80 346 4+ 021 1.12 £ 0.05 <0.0001  <0.000f <0.0001
(n = 143}
SBP (mmHg) 130.5 £ 4.3 1295+ 1.2 1198 & 1.1 NS 0.0160 <0.0001
DBP (mmHg) 80.9 + 3.9 733+ 08 71.84+ 038 0.0078 0.0051 NS
Triglycerides (mg/dl) 214.5 + 233 1549 +£ 93 1146 £ 47 0.0037 <0.0001 <0001
HDIL-cholesterol (mg/dl) 42.5 £ 2.2 48.9 + 1.1 547 4+ 1.0 NS 0.0027 0.0001
FFA (pEg/l) 247.0 £ 34.3 299.6 + 12.3 NS
Adiponectin (pg/mi) 39407 =130 51403 {n=124) NS
Urinary CPR (pg/day) 72.4 4+ 105 630 + 36 -~ NS
Antidiabetic medication (diet/OHA/ 7644 29/107/25 (.0297
insulin)
At the time of OGTT
FPG (mg/dD) 116.0 £ 4.3 1189 4 1.7 935 + 04 NS <0.0001  <0.000]
Fasting IRY {(pU/ml) 149 + 1.7 71 %04 484+ 0.2 <0.0001  <0.0001  <0.0001
Insulinogenic index 0.56 £ 0.05 0.12 £ 0.01 0.77 £ 0.04 <0.0001 NS <0.0001
HOMA-IR 4.24 £ 049 208 £ 0.12 112 4+ 0.05 <0.0001 <0.0001  <0.0001

Data are mean =& SE
NS not significant, OHA oral hypoglycemic agent
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glucotoxicity. Informed consent was obtained from all
participants for the various examinations. Before mea-
surement of the plasma adiponectin Jevel, written informed
consent was obtained from each subject. Approval of the
ethics commitiee of Osaka University was also obtained.

A total of 275 subjects with normal glucose tolerance
(NGT) were sclected among people undergoing annual
health examinations at the institutions participating in the
Japanese Visceral Fat Syndrome (J-VES) Study [14].
Normal glucose tolerance was confirmed by the results of a
75-g OGTT. Written informed consent was also obtained
from all of the NGT subjects.

Measurements

At the time when FPG was below 126 mg/dl after treatment
of hyperglycemia, a 75-g OGTT was performed following an
overnight fast. Treatment with insulin was postponed until
the end of the OGTT. Blood samples were collected at 0, 30,
60, and 120 min. The insulinogenic index was calculated as
the ratio of the increment of insulin to that of plasma glucose
at 30 min after the ghicose load (Ainsulin 0-30 mi/APG
0-30 min) and was used to assess early phase insulin
secretion [1]. Homeostasis model assessment of insulin
resistance (HOMA-TR) was employed to estimate insulin
sensitivity and was calculated as follows: [fasting plasma
glucose (mg/dl)] x [fasting IRI (uU/ml)}/405 [15]. The
lucagon stimulation test was performed by infusing 1 mg of
fucagon (Novo Nordisk Pharma. Ltd.. Tokyo, Japan)
intravenously after an overnight fast. Blood samples were
collected at 0 and 5 min. Plasma glucose concentrations
were measured by the glucose oxidase method, while
immunoreactive insulin (IRI) and C-peptide levels were
measured with enzyme immunoassay kits. Plasma adipo-
nectin levels were determined with an adiponectin FLISA kit
{Otsuka Pharmaceutical Co. Ltd., Tokushima, Japan) as
described previously [16]. HbAlc was determined by high-
performance liquid chromatography. The value of HbAlc
(%) was estimated as the NGSP equivalent value (%) cal-
culated by the formula HbAlc (%) = HbAlc (JDSX%) +
0.4%, considering the relational expression of HbA lc (JDS)
(%) measured by the previous Japanese standard substance
and measurement methods and HbAlce (NGSP) [17].

pa
o
g
£

Statistical analysis

Data are presented as the mean &+ standard error (SE). Data
on triglycerides, adiponectin, and the insulinogenic index
were logarithmically transformed (loglQ) before statistical
analysis because their distributions were skewed. Com-
parison of variables between groups was done with the
two-tailed Student’s s test or the Mann-Whitney nonpara-

metric test, while comparison of frequencies was

@ Springer

performed by the chi-square test. For all analyses, Statview
5.5 software was employed. and p < 0.05 was considered
to indicate significance.

Results

Table t shows the clinical characteristics of the high and
low response groups at the time of hospitalization and the
OGTT. Tt was found that 161 (90.4%) of the 178 diabetic
patients had a low insulinogenic index (II. < 0.4), while
the 1.1. was within the normal range (> 0.4) in 17 (9.6%)
patients. These 17 patients were being treated by diet
{(n = 7) or insulin (# = 10), and insulin was discontinued
on the morning of the OGTT. The average LI of the low
response group (LI < 0.4) and the high response group
(1.1 > 0.4) was 0.12 + 0.01 and 0.56 + 0.05, respectively
(p < 0.0001). The LI of the high response group was
similar to that of the contral group (0.77 &+ 0.04). The
distribution of age, sex, and the duration of type 2 diabetes
was similar between the two groups. A family history of
type 2 diabetes (at least one diabetic among second-degree
relatives) tends to be less commeon in the high response
group, but not significantly (41.2 vs. 56.8%, p = 0.2224).
Strikingly, body mass index (BMI) was significantly
greater in the high response group compared with the low
response group (29.4 £ 1.8 vs. 24.3 £+ 0.3, p = 0.0002).
Furthermore, the maximal BMI (333420 s
28.0 £ 04, p = 0.0004). waist circumference (100.5 4+
4.1 vs. 89.0 = 1.0, p = 0.0013), and visceral fat area
(VEA) (1415 £ 19.0 vs. 97.7 £ 59, p = 0.0144) were
also significantly greater in the high response group, indi-
cating that the high response group had visceral fat obesity.
Generally, visceral fat obesity is asseciated with insulin
resistance. In agreement with this, both the fasting insulin
level (16.6 + 1.9 vs. 8.1 & 0.5, p < 0.0001) and HOMA-
IR (6.62 + 0.80 vs. 3.46 + 0.21, p < 0.0001) at the time
of hospitalization were significantly higher in the high
response group compared with the low response group,
while the plasma adiponectin level was not significantly
different between the two groups. These data indicate that
the high response group had the characteristic features of
insulin resistance. FPG and HbAlc levels did not differ
between the two groups.

Figure 1 shows the plasma glucose and insulin profiles
obtained during the 75-g OGTT for the high response
group (n = 17), the low response group (n = 161), and the
NGT group (n = 275). Both the high and low response
groups showed a diabetic pattern. FPG was significantly
higher in the high response group (116.0 £ 4.3 mg/dl,
p < 0.0001) and the low response group (119.0 4 1.6
mg/dl, p < 0.0001) than in the coatrol (NGT) group
(93.5 £ 0.4 mg/dl). and the glucose levels at 30, 60, and
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Fig. 1 Plasma glucose (a) and serum jnsulin (b} profiles during the
75-¢ OGTT in the NGT group (filled triangles), the high response
diabetic group {(LL = 0.4 filled dicmonds), and the low response
diabetic group {11 < 0.4; filled squares). a *p < 0.005 versus the low
response diabetic group. **p < 0.0001 versus the both diabetic
groups. b ¥p < 0.0005 versus NGT and the low response diabetic
group. *¥p < 0.0001 versus NGT group. ¢ AUC (insuling_;»¢) of the
diabetic groups and the NGT group. Data are the mean == SEM.
#p < 0.001

120 min were also significantly higher in the diabetics
(Fig. 1a). Although there were no significant differences of
FPG and the glucose level at 30 min between the high
response group and the low response group, the glucose
levels at 60 min (2438 £ 87 wvs. 279.0 4 3.9, p o=
0.0049) and 120 min (252.2 4 16.7 vs. 3132 + 5.4, P <
0.0010) were significantly lower in the high response group
(Fig. 1a). Serum insulin levels measured during the OGTT
are shown in Fig. 1b. At 0 and 120 min, insulin levels were
significantly increased in the low response group compared
with the control (NGT) group, whereas the insulin levels at
30 and 60 min were significantly lower in the diabetic
group, indicating the blunted and delayed insulin response
that is characteristics of type 2 diabetes. Interestingly, the
insulin secretion pattern of the high response group was
different, and the serum insulin level of this group was
significantly higher at all times compared with that of the
NGT group. Insulin levels at 30 min (high response group
63.7 & 6.4; NGT group 38.9 4 1.6, p = 0.0002), 60 min
(high response group 72.5 + 11.4; NGT group 41.0 & 1.8,
p < 0.0001), 0 min (high response group 14.9 &+ 1.7, NGT
group 4.8 & 0.2, p < 0.0001), and 120 min ¢high response
group 105.1 & 15.3; NGT group 26.7 & 1.0, p < 0.0001)
were significantly higher in the high response group. Fig-
ure lc shows the area under the concentration versus time
curve (AUC) of serum insulin during the OGTT [AUC
(insuling.,¢)]. The AUC (insuling_;50) of the high response
group was significantly increased compared with that of the
NGT group (p < 0.0001) and that of the low response
group (p < 0.0001). Figure 2 shows the ACPR Jevels in the
glucagon ftest. Insulin secretion (estimated by ACPR} was
also significantly increased in the high response group

£
g o
o
o
Q
11.20.4 1.1.<0.4
(15) (159)

Fig. 2 ACPR of the diabetic subjects during the gincagon test. Data
are the mean + SEM. *¥p < (0.005
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compared with the low response group (3.28 4 0.27 vs.
2.23 + 0.10, p = 0.0022). These results indicate that the
diabetic patients in the high response group had delayed
insulin secretion, but both early phase insulin secretion and
the total insulin response were maintained after improve-
ment of glucotoxicity.

Since insulin sensitivity influences the response of
insulin, the ratio of LI to HOMA-IR (I.L/HOMA-IR ratio)
is often used to evaluate fS-cell function [18, 19].
The LL/HOMA-IR ratio of the high response group

**
0.20
0.15
c
:
0.10 -
o
<
- T
0.05 -
0
1.1.20.4 1.1<0.4

Fig. 3 L1/HOMA-IR ratio of the high response group and the low
response group. Data are the mean 4 SEM. *¥p < 0.0001

(0.165 £ 0.023) was significantly higher than that of the
low response group (0.073 £ 0.006, p < 0.0001) (Fig. 3).

Clinical characteristics of the individuals with LI > 0.4
in OGTT are shown in Table 2. Duration of diabetes was
fess than | vear in 5 patients, but longer than 10 years in 9
patients. Patients with shorter duration tend to have higher
LI among this group. Strikingly, one showed an NGT
pattern and three a IGT pattern in OGTT after treatment of
ghucotoxicity. Their ACPRs were 3.9, 4.0, 3.5, and 6.0,
respectively, indicating their insulin secretion capacity was
conserved.

After discharge, 13 of the 17 patients in the high
response group were followed at Osaka University Hospital
for at least 6 months. At the 6-month assessment, 4 of the
13 (30.8%) patients were still being ireated with diet alone
(Table 2). Their mean HbAlc at the 6-month assessment
was 6.2 £ 1.1%.

Discussion

The insulin response 1o glucose is diminished in type 2
diabetic patients, even after glycemic control has been
improved by the treatment of hyperglycemia [7, 8]. The
persistence of an impaired insulin response after treatment
of hyperglycemia is explained, at least partly, by the role of
genetic factors [1]. In accordance with previous reports, the
early phase insulin response was impaired (LI < 0.4) in
nearly 90% of our diabetic patients. Interestingly, we found
that 10% of the diabetic patients exhibited normal 1L
values (I.I. > 0.4) after intensive treatment of diabetes,
These patients were characterized by visceral obesity and

Table 2 Clinical characteristics

of the individuals with Sex Age Duration (years) BMI (kg/mz) HbAle (%) ACPR {(ng/mi) LL Medication
11 2 0.4 in OGTT M 6515 257 8.4 3.1 0406  Insulin

2 F 55 13 259 9.6 1.7 0413 Insulin

3 F 52 4 2.4 8.3 ND (.420 OHA

4 M 57 13 21.7 7.2 4.0 0420 Diet

5 M 64 12 229 8.4 2.9 0.425  Insulin

6 M 53 i2 26.1 10.3 1.8 1438 OHA

7 F 71 31 20.5 7.6 32 0441 OHA

8 F 65 13 24.3 7.6 2.6 0,447 OHA

9 F 64 10 274 10.4 2.9 0.458  nsulin

10 F 34 483 6.7 ND 0.467 Not followed

1M M 62 5 26.6 8.1 3.2 0.496 Not followed
HbAlc; the data on admission 12 M 22 0 34.1 5.0 3.9 0.529  Diet
Medication; at the 6-month 13 M 67 3 27.6 13.] 2.7 0.553  Insulin
assessment after discharge 14 F 58 0 38.4 7.9 3.7 0.708  Not followed
? In this patient, OGTT showed st M 35 0 42.8 8.2 4.0 0,744 Diet
an NGT pattern ) 16 F 70 10 26.1 10.9 35 0891 Diet

In these patients, OGTT M & ] 29.3 79 6.0 1,198 Not followed

showed a IGT pattern
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insulin resistance. We previously reported a positive cor-
relation between the LI and BMI after control of gluco-
toxicity [13]. However, there was a significant difference
of the L1/HOMA-IR ratio between the high response group
and the low response group, so the high LL of the high
response group cannot be simply explained by stronger
insulin resistance.

Qur resulis indicate the existence of a group of diabetics
with a normal insulinogenic index afier treatment of ghuco-
toxicity. This finding could be interpreted in two ways. Ttis
possible that their insulin response remained normal during
the initial hyperglycemic stage, but another possibility is that
their insulin secretion was improved to normal by amelio-
ration of the diabetic state. We did not directly test the insulin
response before treatment, so neither of these possibilities
can be excluded. However, itis very unlikely that the insulin
response was normal in diabetic patients who had an HbAle
exceeding 8%. We think that the reduction of glucotoxicity
was highly beneficial for this group and that their response
improved atter treatment. In fact, some patients in this group
showed an NGT or IGT pattern in OGTT after treatment of
glucotoxicity. This group could be described as having the
glucotoxicity type of diabetes.

The glucagon test showed that ACPR was maintained in
the high response group. indicating the possibility that diet
therapy was effective in this group. In fact, about 30% of
the palients maintained good glycemic: control for
6 months after discharge with diet alone. The clinical
course of diabetes and the appropriate treatment for this
group should be further examined in a larger cohort.

In summary, we detected the existence of a group of
diabetics in whom the insulinogenic index was in the
normal range after treatment of glucotoxicity. These
patients were characterized by visceral obesity and insulin
resistance, and in some patients beta cell function including
early phase insulin secretion could be recovered. leading to
the stage of IGT or NGT. Further studies will be necessary
to clarify their clinical features, course after treatment, and
genetic background.
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Association between polymorphisms of TCF7L2 and

type 2 diabetes with special reference to incretin action
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Abstract
TCF71.2 is a Wnt signaling —associated transcription factor and is ubiquitously expressed.

Polymorphisms in the TCF71.2 gene exhibit the strongest association with type 2 diabetes

among approximately twenty susceptibility gene variants identified to date. Although the
mechanisms by which TCF7L2 affects susceptibility to type 2 diabetes remain to be eluci-

dated, several studies have shown that decreased TCF7L2 protein inhibits the insulin

secretory response to oral glucose through impaired incretin action (GLP-1, GIP). In this

review, we discuss studies that investigate the association between polymorphisms of

TCF7L2 and the diabetic phenotype, especially in vitro 5 cell function with special refer-

ence to incretin action and the response to lifestyle intervention.
Key words: incretin., GLP-1, type 2 diabetes. SNP, TCF7L12
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