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FIG. 5. IL-6 enhances GSIS through the PLC-dependent pathway. A: Pancreatic islets isolated from 8-week-old C57BL/6N mice were pretreated with
vehicle or 2 pmoVl/L U-73122 with or without concomitant 1,200 pg/mL IL-6 for 24 h, followed by measurement of insulin secretion for 60 min in
KRBB supplemented with either 1.67 or 16.7 mmoV/L glucose (n = 5 per group). **P < (.01 vs. insulin secretion from isolated islets without IL-6
pretreatment assessed by one-way ANOVA followed by Bonferroni’s post hoc test. B and C: MIN-6 cells were pretreated with vehicle or a phar-
macological inhibitor (2 pmoVl/L U-73122 [B] 1.5 mmol/L neomycin [C]) with or without concomitant 1,200 pg/mL IL-6 for 24 h, followed by mea-
surement of insulin secretion for 60 min in KRBB supplemented with either 1.67 or 16.7 mmoV/L glucose (n = 6 per group). **P < 0.01 vs. insulin
secretion from MIN-6 cells without IL-6 pretreatment assessed by one-way ANOVA followed by Bonferroni’s post hoc test. D: MIN-6 cells were
transfected with NT siRNA or the specific siRNA for each PLC isoform for 24 h and then incubated with or without concomitant 1,200 pg/mL
recombinant IL-6 for 24 h, followed by examination of insulin secretion for 60 min in KRBB supplemented with 16.7 mmol/L glucose (n =5 per
group). **P < 0.01 vs. insulin secretion from MIN-6 cells without IL-6 pretreatment assessed by one-way ANOVA followed by Bonferroni’s post hoc
test. Data are presented as means = SE.
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FIG. 6. IL-6-induced enhancement of GSIS is abrogated by an IP3
receptor antagonist but not by a PKA inhibitor. MIN-6 cells were
pretreated with vehicle or a pharmacological inhibitor (1 pmol/L H-89
[A] or 10 pmoVL Xestospongin C [B]) with or without concomitant
1,200 pg/mL IL-6 for 24 h, followed by measurement of insulin secretion
for 60 min in KRBB supplemented with either 1.67 or 16.7 mmol/L
glucose (n = 6 per group). **P < 0.01 vs. insulin secretion from MIN-6
cells without IL-6 pretreatment assessed by one-way ANOVA followed
by Bonferroni’s post hoc test. Data are presented as means + SE.

consistent effects of IL-6 on insulin secretion have not
been reported. At 1,500 pg/mL, IL-6 increased basal insulin
secretion from murine isolated islets (4), and at 100 pg/mL,
IL-6 increased both basal and glucose-stimulated insulin
secretion from HIT-15 cells, a hamster 3-cell line (5). On
the other hand, 500-2,000 pg/mL (6) or 200-2,000 pg/mL
(7) of IL-6 decreased GSIS from rat isolated pancreatic
islets and 400 pg/mL IL-6 decreased GSIS from mouse
isolated pancreatic islets (8). Furthermore, 400,000 pg/mL
IL-6 did not alter insulin secretion from MIN-6 cells (9).
Although the reason is unclear, these inconsistencies
might be due to the different IL-6 concentrations and
preincubation periods as well as sources of pancreatic
B-cells used in the experiments. Therefore, in the current
study, to elucidate the role of obesity-induced hyper-IL-6-
emia in insulin secretion, we focused on IL-6 concen-
trations within the range of those observed in ob/ob and db/
db mice, 150-7,000 pg/mL (20-22) in both in vivo and in
vitro experiments. In addition, a circulating IL-6 level as
high as 3,400 pg/mL was reported in obese human subjects
(41). In the present in vivo study, plasma IL-6 concen-
trations were elevated and remained at 900-1,400 pg/mL
during first the 10 days after adenoviral IL-6 expression in
the liver. We used a similar concentration, 1,200 pg/mL, of
IL-6 in our in vitro experiments.

We analyzed IL-6 effects on insulin secretion comparing
three different settings of pancreatic B-cells, i.e., murine in
vivo, isolated pancreatic islets ex vivo, and a pancreatic
B-cell line, MIN-6 cells in vitro. Notably, all experiments
showed IL-6-induced enhancement of GSIS, suggesting
a direct effect of IL-6 on pancreatic B-cells. In addition,
IL-6R knockdown, PLC inhibitors, and an IP; receptor

diabetes.diabetesjournals.org

antagonist almost completely inhibited the IL-6-induced
enhancement of GSIS. PLC activation reportedly leads to
hydrolysis of PIP, into diacylglycerol and IP3. IP3 binds to
the IP5 receptor on the ER, resulting in the induction of
Ca>* release from the ER. This raises the cytoplasmic free
Ca®" concentration and subsequently enhances insulin
secretion (39). Our findings indicate that activation of the
PLC-IPs—dependent pathway by IL-6 appears to play a ma-
jor role in GSIS enhancement during hyper-IL-6-emia. Ac-
tivation of the PLC pathway by IL-6 signaling has been
reported in several cell types. For instance, direct associ-
ation of gp130 and PLC-y was shown in a Ewing’s sarcoma
cell line (33). Activation of PLC-y, by IL-6 was also
reported in a pheochromocytoma cell line (34). On the
other hand, in this study, siRNA experiments revealed
knockdown of PLC-$;, but not other isoforms, significantly
to blunt IL-6-induced GSIS. Because the degrees of ex-
pression suppression differed among siRNAs specific for
each PLC isoform (Supplementary Fig. 1), these results do
not exclude the possibility that other PLC isoforms con-
tribute to IL-6-induced GSIS. However, the data strongly
suggest involvement of PLC-B; itself in the underlying
mechanism. PLC-B; is reportedly activated by G protein-
coupled receptors (42). Taken together with the results
that long incubation periods, i.e., 24 h, were required for
the stimulatory effects of IL-6 on GSIS, unknown mecha-
nisms involving transcriptional or posttranscriptional
alterations in certain molecules might mediate between
the IL-6R and G protein-coupled receptor pathways.

Stimulatory effects of IL-6 on GSIS were also suggested
in IL-6-KO mice (3). In HF-fed IL-6-KO mice, GSIS was
impaired without alterations in pancreatic (-cell mass,
resulting in postprandial hyperglycemia. The authors mainly
analyzed the effects of IL-6 on pancreatic a-cell expansion,
since IL-6-KO mice exhibited low glucagon levels with im-
paired pancreatic a-cell expansion (3). In the current study,
plasma glucagon concentrations were significantly higher in
IL-6 mice. In addition, interestingly, IL-6 enhanced GSIS
more robustly in vivo and in isolated islets than that in MIN-
6 cells (compare Fig. 3B and 4A with 4B). These findings
suggest that the effects of IL-6 on glucagon secretion from
pancreatic a-cells may have some impact on insulin secre-
tion from B-cells in both in vivo and ex vivo experiments, in
addition to the direct effects of IL-6 on (-cells.

Is the observed IL-6-mediated enhancement of GSIS in-
volved in physiological or pathological states? Obesity leads
to elevation of circulating IL-6. Circulating IL-6 is reportedly
related to fat mass, and this relationship is also observed in
mildly obese human subjects (43), suggesting that circulat-
ing IL-6 increases in the early phase of obesity. Notably, in
human subjects, early in the development of obesity, GSIS
is enhanced (44), and insulin hypersecretion occurs before
blood glucose elevation (45-47). In mice, IL-6 deficiency
reportedly raises postprandial blood glucose levels after HF
diet loading (48) mainly due to impaired GSIS (3). In addi-
tion, in human subjects, circulating IL-6 concentrations
correlate positively with first-phase insulin secretion, and
this correlation is independent of insulin resistance (11).
Taken together, these observations suggest that the mech-
anism elucidated in this study might be involved in GSIS
enhancement in the early stage of obesity development. We
recently identified a neuronal pathway from the liver as
being involved in hyperinsulinemia in obese mice (17). In
this regard, insulin hypersecretion during obesity de-
velopment appears to be mediated by both neuronal and
humoral signals, which are thought to cooperatively regulate
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systemic metabolism (49). These mechanisms likely con-
tribute to maintaining glucose homeostasis during obesity
development. Interestingly, during septic shock states,
hypoglycemia is commonly observed and this phenome-
non is explained by hyperinsulinemia (50,51). It is well-
known that IL-6 is markedly elevated during septic shock.
Collectively, our findings suggest that hyper-IL-6-emia is
involved in the development of hyperinsulinemia in states
of both obesity and septic shock.

In conclusion, in vivo, ex vivo, and in vitro experiments
consistently demonstrated that IL-6 enhances GSIS from
pancreatic B-cells and that this enhancement of GSIS is
likely to be mediated by the PLC-IPs-dependent pathway.
Modulating the PLC pathway in pancreatic 3-cells is a po-
tential therapeutic strategy for achieving efficient post-
prandial insulin secretion.
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Pin1 Associates with and Induces Translocation of CRTC2 to
the Cytosol, Thereby Suppressing cAMP-responsive Element
Transcriptional Activity™
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Pin1 is a unique regulator, which catalyzes the conversion of a
specific phospho-Ser/Thr-Pro-containing motif in target pro-
teins. Herein, we identified CRTC2 as a Pin1-binding protein by
overexpressing Pinl with Myc and FLAG tags in mouse livers
and subsequent purification of the complex containing Pinl.
The association between Pinl and CRTC2 was observed not
only in overexpression experiments but also endogenously in
the mouse liver. Interestingly, Ser'3® in the nuclear localization
signal of CRTC2 was shown to be involved in the association
with Pinl. Pinl overexpression in HepG2 cells attenuated fors-
kolin-induced nuclear localization of CRTC2 and cAMP-re-
sponsive element (CRE) transcriptional activity, whereas gene
knockdown of Pinl by siRNA enhanced both. Pin1 also associ-
ated with CRTCI, leading to their cytosol localization, essen-
tially similar to the action of CRTC2. Furthermore, it was shown
that CRTC2 associated with Pin1 did not bind to CREB. Taken
together, these observations indicate the association of Pinl
with CRTC2 to decrease the nuclear CBP-CRTC-CREB complex.
Indeed, adenoviral gene transfer of Pinl into diabetic mice
improved hyperglycemia in conjunction with normalizing phos-
phoenolpyruvate carboxykinase mRNA expression levels, which
is regulated by CRE transcriptional activity. In conclusion, Pin1
regulates CRE transcriptional activity, by assoc1atmg with
CRTC1 or CRTC2.

Pinl was initially cloned as a NIMA kinase-interacting pro-
tein (1). Since its discovery, numerous proteins have been iden-
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tified as Pinl substrates, including p53, cyclin D1, and Tau
(2-5). Pinl interacts with a number of target proteins through
recognition of phospho-Ser/Pro motifs, and the proline confor-
mational change induced by Pinl modifies the structures and
functions, such as stabilization, phosphorylation, and translo-
cation, of target proteins (4-7). Pinl possesses the WW and
PPlase® domains in its N-terminal (amino acids 1-38) and
C-terminal (amino acids 39-163) regions, respectively. To
date, many reports have supported an important role for Pinl in
diseases such as cancer and Alzheimer disease (4, 5). In this
study, we demonstrated that Pinl1 is also involved in metabolic
disease via regulation of CRTC2 (CREB-regulated transcrip-
tional co-activator 2; also known as TORC).

The cAMP-responsive element (CRE)-binding protein
(CREB) stimulates transcriptional activity through recruit-
ment of the histone acetylase CBP and through an association
with CRTC, leading to formation of the CREB-CBP-CTRC com-
plex on a CRE site (8 -16). Thus, multiple molecular mecha-
nisms affect the CREB-CBP-:CTRC complex, resulting in the
regulation of CRE transcriptional activity. They include the
phosphorylations of CREB at Ser'?, CBP at Ser**®, and CRTC2
at Ser’”" (16, 17). The phosphorylation of CRTC2 at Ser'”*
reportedly leads to an association with 14-3-3 protein and
thereby to its nuclear exclusion and degradation (16).

The CRTC family consists of three members, CRTCI,
CRTC2,and CRTC3 (16, 18). CRTC1 is highly expressed in the
brain, whereas the other two are ubiquitously expressed (19). In
the liver, insulin induces the phosphorylation of CRTC2 at
Ser'”!, and this phosphorylation leads to the aforementioned

3 The abbreviations used are: PPlase, peptidyl-prolyl cis/trans-isomerase; CRE,
cAMP-response element; CREB, CRE-binding protein; NLS, nuclear localiza-
tion signal; MEF, mouse embryo fibroblast; STZ, streptozotocin; PEPCK,
phosphoenolpyruvate carboxykinase; CRTC, CREB-regulated transcrip-
tional co-activator.
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association with 14-3-3 protein and the nuclear exclusion and
degradation of CRTC2 (16, 20). In contrast, glucagon induces
dephosphorylation of CRTC2 and translocation from the
cytosol to the nucleus, thereby forming the CREB-CBP-CRTC2
complex and inducing gluconeogenesis (21). Thus, CRTC2
plays important roles in hepatic glucose metabolism.

In this study, we identified CRTC2 as a Pin1-binding protein.
Interestingly, the portion of CRTC2 responsible for the associ-
ation with Pinl was revealed to be in the nuclear localization
signal (NLS) domain. Herein, we demonstrate that Pinl regu-
lates the functions and subcellular localizations of CRTC family
proteins, thereby altering CRE transcriptional activity.

EXPERIMENTAL PROCEDURES

Materials—Anti-Pinl antibody was generated by immuniz-
ing rabbits with the peptide QMQKPFEDASFATRTGEMSG-
PVFTDSGIHIITRTE (amino acids 129-163 of human Pinl).
Anti-FLAG tag and Myc tag antibodies were purchased from
Sigma-Aldrich. The antibodies against CRTC2, CREB, 14-3-3
protein, GFP, and DsRed were purchased from Cell Signaling
Technology. Anti-rabbit HRP antibodies conjugated to horse-
radish peroxidase were obtained from Amersham Biosciences.
Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine
serum were purchased from Invitrogen. All other reagents were
of analytical grade.

Preparation of Adenoviruses Expressing MEF-tagged Pinl,
CRTC1, and CRTC2—The Myc-TEV-FLAG (MEF) tag cassette
was generated by DNA synthesis and inserted into cloning sites
in the mammalian expression vector pcDNA3 (Invitrogen;
termed pcDNA3-MEF), as reported previously (22). To create
the N-terminally MEF-tagged Pinl construct, human Pinl
cDNA was inserted into pcDNA3-MEF. Then the coding portion
of MEF-tagged Pinl was isolated from pcDNA3-MEF-Pinl, and
the recombinant adenoviruses containing the cDNA coding for
MEF-tagged Pinl were constructed as described previously
(22). Recombinant adenoviruses expressing human Pinl with
the C-terminal HA tag or N-terminal MEF tag were also con-
structed and used for adenoviral gene transfer to HepG2 cells
and mouse liver. Similarly, adenoviruses expressing GFP-
tagged CTRCI1, CRTC2, and GFP-tagged CRTC2 were pre-
pared. Adenovirus encoding LacZ served as a control, and the
adenoviral gene transfer was performed as reported previously
(22).

Purification of MEF-tagged Pin1 from Mouse Livers—Recom-
binant adenovirus expressing MEF-tagged Pinl was generated,
purified, and concentrated using cesium chloride ultracentrif-
ugation as reported previously (22). Adenovirus encoding LacZ
served as a control. Male mice, 9 weeks of age, were obtained
from the Nippon Bio-Supp. Center (Tokyo, Japan). They were
injected, via the tail vein, with adenovirus at a dose of 2.5 X 107
plaque-forming units/g body weight. Four days after adenovi-
rus injection, the mouse livers were removed and lysed in lysis
buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 10% (w/v) gly-
cerol, 100 mm NaF, 10 mm EGTA, 1 mMm NazVO,, 1% (w/v)
Triton X-100, 5 um ZnCl,, 2 mMm phenylmethylsulfonyl fluo-
ride, 10 ug/ml aprotinin, and 1 ug/ml leupeptin). The lysates
were centrifuged at 100,000 X g for 20 min at 4 °C. The super-
natant was passed through a 5-um filter, incubated with 150 ul
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of Sepharose beads for 60 min at 4 °C and then passed through
a 0.65-pm filter. The filtrated supernatant was mixed with 150
wl of anti-Myc-conjugated Sepharose beads for the first immu-
noprecipitation. After incubation for 90 min at 4 °C, the beads
were washed five times with 1.5 ml of TNTG buffer (20 mm
Tris-HCl, pH 7.5, 150 mm NaCl, 10% (w/v) glycerol, 0.1% (w/v)
Triton X-100), twice with buffer A (20 mm Tris-HCI, pH 7.5,
150 mMm NaCl, and 0.1% (w/v) Triton X-100), and finally once
with TNT buffer (50 mm Tris-HCI, pH 8.0, 150 mm NaCl, 0.1%
(w/v) Triton X-100). The washed beads were incubated with 15
units of TEV protease (Invitrogen) in 150 ul of TNT buffer to
release bound materials from the beads. After incubation for
60 min at room temperature, the supernatant was pooled,
and the beads were washed twice with 75 ul of buffer A. The
resulting supernatants were combined and incubated with
25 pl of FLAG-Sepharose beads for the second immunopre-
cipitation. After incubation for 60 min at room temperature,
the beads were washed three times with 500 ul of buffer A,
and proteins bound to the FLAG beads were dissociated by
incubation with 1 mm synthetic FLAG peptides in buffer A
for 120 min at 4 °C. Approximately 3 ug of protein (0.01% of
starting materials) were routinely recovered by this proce-
dure. The samples were electrophoresed and subjected to
SDS-PAGE and immunoblotting.

Cell Culture—Sf9 cells were grown in TC100 (Invitrogen)
medium containing 10% fetal calf serum at 27 °C. HepG2 hep-
atoma cells were grown in DMEM containing 10% fetal calf
serum at 37 °C in 5% (v/v) CO, in air.

Preparation of Baculoviruses Expressing Pinl and CRTC2
Constructs—The full-length coding regions of human Pinl,
GFP, GFP-tagged Pinl, CRTC2, and DsRed-tagged full-length
and various deletion mutant forms of CRTC2 and S136A
CRTC2 were subcloned into pBacPAK9 transfer vector (Clon-
tech), and the baculoviruses were prepared according to the
manufacturer’s instructions. For protein production, Sf9 cells
were infected with these baculoviruses and grown for 48 h.

Preparation of Glutathione S-Transferase (GST)-Pinl Fusion
Protein—The ¢DNAs encoding full-length human Pinl, the
WW domain of Pin1, and the PPlase domain of Pinl were sub-
cloned into a pGEX-5X-1 vector (Amersham Biosciences),
which was used to transform Escherichia coli JM105 (Promega).
Transformed cells were grown to an Agy, of 0.6 in LB medium
supplemented with 0.1 mg/ml ampicillin and stimulated for 3 h
with 1.0 mm isopropyl-B-p-thiogalactopyranoside. GST fusion
proteins were conjugated to glutathione-Sepharose 4B (Amer-
sham Biosciences) and used for GST pull-down experiments.

GST Pull-down—HepG2 cells expressing MEF-CTRC?2 and its
mutants were homogenized with homogenizing buffer (20 mmol/
liter Tris/HCl (pH 7.4), 1% Triton X-100, 0.25% sodium deoxy-
cholate, 0.25 mol/liter NaCl) containing 0.2 mmol/liter phenyl-
methylsulfonyl fluoride and 5 pg/ml aprotinin and centrifuged at
15,000 rpm for 30 min at 4°C, and the supernatants were then
recentrifuged at 100,000 X g for 1 h. The supernatants (2 ug/ml
protein concentration) were incubated with 1 ml of glutathione-
Sepharose 4B for 1 h at 4 °C to remove nonspecifically bound pro-
teins and then incubated with purified GST alone, GST-Pin1, and
GST-Pinl deletion mutant proteins for 1 h and finally washed six
times with homogenizing buffer. glutathione-Sepharose 4B beads
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FIGURE 1. Pin1 associates with CRTC2. A and 8, Pin1 with the N-terminal MEF tag was overexpressed in the mouse liver using adenovirus gene transfer, and
the Pin1-containing complex was purified. The samples were electrophoresed and subjected to silver staining (A). Analysis using LC/MS revealed: Band (1),
DNA-directed RNA polymerase Il A; Band (2), suppressor of Ty 6 homolog + DNA-directed RNA polymerase Il A; Band (3), DNA-directed RNA polymerase Il
polypeptide B + DNA-directed RNA polymerase |. B, the samples were subjected to the immunoblotting with anti-CRTC2 antibody. C, CRTC2 or control LacZ
was overexpressed with GFP or GFP-Pin1. Then the cell lysates were immunoprecipitated (/P) with anti-CRTC2 antibody, followed by immunoblotting (/B) with
anti-GFP antibody. D, the cell lysates from the mouse liver were immunoprecipitated with control IgG or anti-Pin1, and the immunoprecipitates were then
immunoblotted with anti-CRTC2 and anti-Pin-1. £, HepG2 cell lysates expressing CRTC2 with a FLAG tag were incubated with glutathione beads conjugated
with GST or GST-Pin1. After washing the beads, SDS-PAGE was performed followed by immunoblotting with anti-FLAG or anti-GST antibodies. F, HepG2 cell
lysates expressing CRTC2 with a FLAG tag were incubated with glutathione beads conjugated with GST, the GST-WW domain, or the GST-PPI domain. After
washing the beads, SDS-PAGE was performed, followed by immunoblotting with anti-FLAG or anti-GST antibodies. G, CRTC2 and either GFP or GFP-Pin1 were
simultaneously overexpressed in HepG2 cells. With or without okadaic acid treatment for 0.5 h, the cell lysates were immunoprecipitated with anti-CRTC2,

Input GST WW PPI

followed by immunoblotting with anti-GFP antibody. Representative immunoblotting data from three independent experiments are shown.

were boiled in Laemmli sample buffer, which was used for the
SDS-PAGE and immunoblotting.

Preparation of Streptozotocin-treated Diabetic Mice and
Gene Transfer of Pinl into Mouse Livers—Streptozotocin
(STZ)-treated diabetic male C57BL/6 mice (8 —10 weeks of age)
were prepared as reported previously (20). These mice were
injected, via the tail vein, with adenovirus at a dose of 2.5 X 107
plaque-forming units/g body weight. Animals were fasted for
14 h and then were refed for 4 h before sacrifice. Blood glucose
was measured with a portable blood glucose monitor, Glutest-
Ace (Sanwa Kagaku Kenkyusho, Nagoya, Japan). All animal
studies were conducted according to the Japanese guidelines
for the care and use of experimental animals.

Immunoprecipitation and Immunoblotting—For the immu-
noprecipitation experiments, whole-cell extracts from HepG2
or 5f9 cells or mouse liver lysates obtained after an overnight
fast were prepared in lysis buffer, as described above. Cell or
tissue extracts were incubated for 4 h at 4 °C with the indicated
antibody and then for 1 h with 30 ul of protein G-Sepharose
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beads. The pellets were washed five times with 1 ml of lysis
buffer and then resuspended in Laemmli sample buffer, boiled
for 3 min, and analyzed on SDS-polyacrylamide gels.

Western blot analysis was carried out as described previously
(22). In brief, 10 ug of protein were separated by SDS-PAGE
and electrophoretically transferred to polyvinylidene difluoride
membranes in a transfer buffer consisting of 20 mm Tris-HC],
150 mm glycine, and 20% methanol. The membranes were
blocked with 5% nonfat dry milk in Tris-buffered saline with
0.1% Tween 20 and incubated with specific antibodies, followed
by incubation with horseradish peroxidase-conjugated second-
ary antibodies. The antigen-antibody interactions were visual-
ized by incubation with ECL chemiluminescence reagent
(Amersham Biosciences).

Immunostaining—HepG2 cells were fixed with 4% paraform-
aldehyde for 10 min, rinsed with phosphate-buffered saline
(PBS), and then exposed to 0.2% Triton X-100 in PBS for 5 min.
Cells were subsequently incubated for 1 h at room temperature
with anti-rabbit CRTC2 (1:500), and fluorescein isothiocya-
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A. NES C. 121 238 RESULTS

Identification of CRTC2 in the
1 4256 144 271267 308-320 693 Pinl-containing Complex from
Mouse Liver—The adenovirus to
D-1 1 I 124 MEF-tagged Pinl was introduced
D-2 121 S 238 into mice, and the Pinl-containing
D-3 223 I 430 18- AN complex was purified. Purified Pinl
D-4 42100 474 1208er~Ala in the complex was electrophoresed
D5 473 IR 551 and subjected to silver staining,
06 i -G which showed the presence of Pinl
B. ] bait proteins and many binding pro-
IP:GFEP :;g:}gcz { - | teins (Fig. 1A). Bands (1), (2), and (3)
1B: DsRed Inpm:CRTCZ were identified to be DNA-directed
Input : RNA polymerase II A, DNA-di-
IB:GFP Input:GFP-Pin1 rected RNA polymerase IIB, and
Input input: GFP DNA-directed RNA polymerase I
1B: DsRed ) by the analysis using LC/MS, which

GFP-Pin1 + e e s . )
GFP + + o+ + + + GEP agree with previous reports (23).
GFP-Pin1 * + + + + + CRTC2 wilkd * . Then we performed the immuno-
D1 D2 D3 D4 D5 ps CRTC2 136S-A . blotting using many antibodies to

FIGURE 2. Pin1 associates with the NLS domain of CRTC2. A, the constructs of CRTC2 deletion mutants and
baculoviruses expressing these six mutants with the C-terminal DsRed tag were prepared. B, the six deletion
mutants with C-terminal DsRed tags were overexpressed with GFP or GFP-Pin1 in 5f9 cells. The cell lysates were
immunoprecipitated (/P) with anti-GFP antibody, followed by immunoblotting (/B) with anti-DsRed antibody.
The upper panel shows the binding of the Deletion-2 mutant to GFP-Pin1 but not to GFP alone. C, the orienta-
tions of three candidate Ser/Pro motifs in the Deletion-2 mutant involved in the association with Pin1. D, wild-
type CRTC2 or CRTC2 S136A was overexpressed with GFP-Pin1 or GFP in Sf9 cells. The cell lysates were immu-
noprecipitated with anti-CRTC2 antibody followed by immunoblotting with anti-GFP. The upper panel shows
that CRTC2 S136A does not associate with Pin1, unlike the wild-type CRTC2. Representative immunoblotting

data from three independent experiments are shown.

nate-labeled anti-rabbit IgG (1:750) was used as the secondary
antibody. Immunofluorescence was visualized with a laser-
scanning confocal imaging system.

Luciferase Assay—The following plasmids were obtained
from commercial sources: pTAL and pTAL-CRE from Clon-
tech (Palo Alto, CA), pM from Stratagene (La Jolla, CA), and
pGL4 and pRL-TK from Promega (Madison, WI). HepG2 cells
in a 24-well collagen-coated plate were co-transfected with
pTAL-CRE vector (0.25 ug/well) with an internal reporter,
pRL-TK (0.25 pg). Luciferase activities were determined using
the Dual-Luciferase Reporter Assay System (Promega Corp.).

RNA Analysis—RNA extractions were carried out using
TRIzol, followed by purification over a QIAEASY RNA column.
Reverse transcription and quantitative PCR were carried out as
already described. The primer set for human phosphoenol-
pyruvate carboxykinase (PEPCK) was GGTTCCCAGGGTG-
CATGAAA and CACGTAGGGTGAATCCGTCAG (114 bp),
and that for human GAPDH was ACCACAGTCCATGCCAT-
CAC and TCCACCACCCTGTTGCTGTA (451 bp).

Chromatin Immunoprecipitation Assay with Anti-CRTC2,
CBP, or CREB Antibodies—HepG2 cells with or without forsko-
lin stimulation were immunoprecipitated with anti-CRTC2,
anti-CBP, or anti-CREB antibody, using the Chip-IT™ express
enzymatic kit (Active Motif Corp.). Then precipitated DNA
was amplified by PCR using primers against the relevant
promoters.

Statistical Analysis—Results are expressed as means * S.E.,
and significance was assessed using one-way analysis of vari-
ance unless otherwise indicated.
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detect another protein included
in the Pinl-containing complex
because many faint bands were visi-
ble with silver staining.

Many transcriptional co-activa-
tors are included among the target
proteins of Pinl (4, 5). In addition,
although one of the regulatory
mechanisms of Pinl is protein stabi-
lization, recent reports have shown that Pinl is involved in
translocation of target proteins, such as Bax (24). These results
suggest that CRTC2 is a candidate Pin1 target protein because
CRTC2 is a transcriptional co-activator and is translocated
between the cytosol and the nucleus. As a result, immunoblot-
ting using anti-CRTC2 antibody indicated the presence of
CTRC2 in the Pinl complexes (Fig. 1B). To confirm the asso-
ciation between CTRC2 and Pinl, CRTC2 and each GFP-
Pinl or GFP were simultaneously overexpressed in HepG2
and Sf9 cells. As shown in Fig. 1C and supplemental Fig. 1,
GFP-Pinl, but not GFP alone was detected in the anti-
CRTC2 immunoprecipitate. Furthermore, CRTC2 was
detected in the immunoprecipitate with anti-Pinl antibody
but not that with the control IgG from mouse liver (Fig. 1D).
Thus, the association between CRTC2 and Pinl is
physiological.

Pinl possesses the WW and PPlase domains in its N termi-
nus (amino acids 1-38) and C terminus (amino acids 39 -163),
respectively. To identify the domain of Pin1 responsible for the
association with CRTC2, we prepared GST-Pin1, the GST-Pinl
WW domain, and the GST-Pinl PPlase domain. These GST
proteins were conjugated to beads, followed by incubation with
cell lysates from MEF-tagged CRTC2 overexpressing HepG2
cells. GST-Pinl but not GST alone bound to CRTC2 in vitro
(Fig. 1E). Using this pull-down system, it was shown that the
GST-WW domain, but not the GST-PPIase domain, binds to
CRTC?2 (Fig. 1F). In addition, okadaic acid treatment signifi-
cantly increased the association of CRTC2 with Pinl (Fig. 1G),
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A) CRTC2-GFP Wild
Forskolin (-} Forskolin

{B) CRTC2-GFPS136A
Forskolin (-}  Forskolin (+

{€) LacZ

Forskolin{-)

Pin1 overexpression
Forskolin(-)

Forskolin 30 min Forskolin 30 min

Negative siRNA Pin1siRNA
Forskolin{-} Fozsko!mwmm Forskolin{-y  Forskolin 10min

FIGURE 3.Effect of Pin1 on subcellular localization of GFP-tagged CRTC2. A and B, LacZ or Pin1 was overexpressed, or HepG2 cells were treated with control
or Pin1 siRNAs. Then GFP-tagged CRTC2 was overexpressed in HepG2 cells. These cells were treated with forskolin, and the subcellular localization of
GFP-tagged wild type or S136A CRTC2 was examined at the indicated periods after initiating forskolin stimulation. Representative data from four independent
experiments are shown. C, LacZ or Pin1 was overexpressed in HepG2 cells, or the cells were treated with control or Pin1 siRNAs. These cells were treated with
forskolin, and the subcellular localization of endogenous CRTC2 was determined by immunostaining at 10 or 30 min after initiating forskolin stimulation. Nuclei
were stained with DAPI. Representative data from five independent experiments are shown.

suggesting the involvement of serine and/or threonine phos-
phorylation(s) in CRTC2.

Pinl Associates with Ser'*°-containing Motif in the NLS
Domain of CRTC2—Subsequently, to reveal the domain of
CRTC2 responsible for the association with Pinl, six Ds-Red-
tagged CRTC2 N terminus deletion mutants (Fig. 24) and GFP-
tagged Pinl were simultaneously overexpressed in Sf9 cells. As
shown in Fig. 2B, CRTC2 deletion mutant 2 (D-2), containing
amino acids 121-238, was immunoprecipitated with GFP-
tagged Pinl but not with GFP alone. This portion contains
three serine-proline motifs (Fig. 2C). Each of these serine resi-
dues was replaced with alanine, creating a mutant that did not
associate with Pinl. As shown in Fig. 2D, CRTC2 with serine
136 replaced by alanine did not bind to Pinl, whereas CRTC
with serine 129 or 131 bound to Pinl (data not shown). These
observations indicated that the association between CRTC2
and Pinl is mediated via the phosphoserine 136-containing
motif in CRTC2 and the WW domain in Pinl. Ser’ is in the
NLS domain, and a high level of Ser'*® phosphorylation was
demonstrated in a previous report (16).

Pinl Inhibits CRTC2 Translocation from the Cytosol to the
Nucleus—To test whether or not the effect of Pinl on CRE
transcriptional activity is mediated via the effect on the subcel-
lular localization of CRTC2, the GFP-tagged CRTC2 was over-
expressed, and the effects of the Pinl expression level on the
subcellular localization of GFP-tagged CRTC2 were analyzed in
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the absence or presence of forskolin stimulation (Fig. 34). In
the control LacZ-overexpressing or control siRNA-treated
HepG2 cells, GFP-tagged CRTC2 was translocated from the
cytosol to the nucleus, as reported previously (9). Pinl overex-
pression markedly inhibited forskolin-induced translocation of
CRTC2 into the nucleus. In addition, gene silencing of Pinl
using siRNA markedly enhanced the nuclear translocation of
Pinl in comparison with treatment with control siRNA.
Although nuclear CRTC2 S136A (unable to bind to Pinl) was
required for forskolin stimulation, it had no effect on either
Pinl overexpression or Pinl siRNA (Fig. 3B).

In addition, we investigated the effect of Pinl on the distri-
bution of CRTC2 S171A. CRTC2 S171A (unable to bind to
14-3-3) was mainly present in the nucleus regardless of forsko-
lin stimulation (supplemental Fig. 2). Pinl overexpression
slightly increased CRTC2 S171A in the cytosol, whereas Pinl
siRNA treatment reduced the amount of CRTC2 S171A in the
cytosol. This effect of Pinl was essentially in agreement with
the results obtained for wild-type CRTC2.

Similar results were obtained by immunostaining the endog-
enous CRTC2 in HepG2 cells (Fig. 3C). Pinl overexpression
attenuated the forskolin-induced nuclear translocation of
CRTC2 as compared with LacZ overexpression. On the other
hand, treatment with Pinl siRNA increased CRTC2 in the
nucleus under forskolin stimulation as compared with the con-
trol siRNA.
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Neither the distribution nor the expression of Pinl was
changed by forskolin or insulin stimulation (supplemental
Fig. 3). Thus, a change in Pinl is not required for regulation of
the CRTC2 distribution.

Pinl Associates with CRTCI and Induces Its Localization in
the Cytosol—The CRTC family consists of three isoforms,
CRTC1, CRTC2, and CRTC3. The motif of CRTC2 responsible
for the association with Pin1 is present in the NLS and is con-
served in CRTC1 but not in CRTC3 (supplemental Fig. 4A4).
Thus, the associations of Pinl with CRTC1 were also investi-
gated using HepG2 cells. As shown in supplemental Fig. 45,
FLAG-tagged CRTC1 was detected in anti-GFP immunopre-
cipitates from the cells expressing GFP-tagged Pinl and FLAG-
tagged CRTC1. As shown in supplemental Fig. 4C, FLAG-
tagged CRTC1, in which serine 155 is replaced with alanine, did
not bind to GFP-tagged Pinl, unlike the FLAG-tagged wild-
type CRTCL.

Then the effects of Pinl on localizations of CRTC1 were
examined. When LacZ was overexpressed, GFP-tagged CRTC1
was present in the cytosol and translocated to the nucleus in
response to forskolin stimulation (supplemental Fig. 4D). This
translocation was markedly inhibited by Pinl overexpression
(supplemental Fig. 4D).

CRTC2 Associated with Pinl Did Not Bind to CREB—Forma-
tion of the CREB-CBP-CTRC complex, which binds to a CRE
site, is critical for CRE transcriptional activation. We investi-
gated whether or not the CREB-CBP-CRTC2:Pinl complex can
form, using the baculovirus and Sf9 cell overexpression system.
When CRTC2 and CREB were both overexpressed in HepG2 or
Sf9 cells, CREB was detected in the CRTC2 immunoprecipitate.
Interestingly, the overexpression of Pinl markedly reduced the
association between CREB and CRTC2, in either HepG2 or Sf9
cells (Fig. 4, A and B).

Furthermore, the effect of Pin1 on the association between
CRTC2 and 14-3-3 was investigated. In Sf9 cell lysates over-
expressing CREB and CRTC2, both CRTC2 and endog-
enously expressed 14-3-3 protein were detected in anti-
CREB immunoprecipitates (Fig. 4C). In the case of triple
overexpressions of CRTC2, CREB, and GFP-tagged Pinl,
CRTC2 and 14-3-3 were detectable in the GFP-tagged Pinl
immunoprecipitate (Fig. 4D).

Similar results were obtained in the HepG2 cells. The asso-
ciation between MEF-tagged CRTC2 and endogenously
expressed 14-3-3 was not affected by the overexpression of Pinl
(supplemental Fig. 5A). In addition, Pinl overexpression did
not affect the phosphorylation level of Ser'”?, responsible for
the association with 14-3-3, in either basal or forskolin-stimu-
lated conditions (supplemental Fig. 5B). These results suggest
that Pinl-associated CRTC2 is capable of binding to 14-3-3
protein but not to CREB.

Pinl Inhibits CRE Transcriptional Activity and Its Down-
stream PEPCK Expression—Subsequently, to elucidate the role
of Pinl in CRE transcriptional activity, the effects of Pin1 over-
expression and Pinl gene silencing using siRNA on the CRE
and PEPCK luciferase assay, and PEPCK mRNA level were
investigated in HepG2 cells (Fig. 5). The amount of overex-
pressed Pinl was ~5 times that of endogenous Pinl in HepG2
cells. Under these conditions, forskolin-induced transcrip-
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FIGURE 4. Binding of Pin1 to CRTC2 inhibits the association between
CREB and CRTC2 but not that between 14-3-3 and CRTC2. A, MEF-tagged
CRTC2, CREB, and Pin1 were overexpressed in HepG2 cells in the indicated
combinations. The cell lysates were immunoprecipitated (/P) with anti-FLAG
antibody and immunoblotted (/B) with anti-CREB antibody. 8, CRTC2, CREB,
and Pin1 were overexpressed in $f9 cells in the indicated combinations. The
cell lysates were immunoprecipitated with anti-CREB antibody and immuno-
blotted with anti-CRTC2 antibody. C, CREB and CRTC2 were overexpressed in
Sf9 cells. The cell lysates were immunoprecipitated with anti-CREB antibody
and immunoblotted with anti-14-3-3 protein antibody. D, CREB, CRTC2, and
either GFP or GFP-Pin1 were overexpressed in Sf9 cells. The cell lysates were
immunoprecipitated with anti-GFP antibody and immunoblotted with anti-
CRTC2 or anti-14-3-3 protein antibody. Representative data from four inde-
pendent experiments are shown.

tional activity and PEPCK mRNA induction were significantly
attenuated (Fig. 5, A-C). On the contrary, gene suppression of
Pinl using siRNA significantly enhanced these events (Fig. 5,
D-F). In addition, suppressions of CRE-luciferase and PEPCK-
luciferase activities by Pinl overexpression were observed in
immortalized human hepatocytes (supplemental Fig. 6) (25),
suggesting that this mechanism is independent of the glucose
sensitivity of the cell type. An inhibitory effect of Pin1 on CRE
luciferase activity was observed when wild type or S171A
CRTC2, but not S136A, was overexpressed, consistent with the
results showing Pinl to regulate the translocation of CRTC2
(supplemental Fig. 7). Thus, the Pinl expression level was
revealed to negatively regulate CRE transcriptional activity.
Chromatin Immunoprecipitation Assay with Anti-CRTC2
and CREB Antibodies—Because Pinl-associated CRTC2 did
not bind CREB, we performed a ChIP assay to investigate
whether or not Pinl affected recruitment of CRTC2 to cAMP-
responsive elements upstream of PEPCK, NR4A2, and CGA
genes (Fig. 5G). The PCR product obtained using the anti-CREB
immunoprecipitate was unchanged regardless of forskolin stimu-
lation or Pin1 overexpression. In contrast, the PCR product of the
anti-CRTC2 immunoprecipitate was markedly increased by for-
skolin stimulation, and Pinl overexpression abolished this in-
crease. Forskolin stimulation induced CBP recruitment to the pro-
moter as well as CRTC2, but Pinl overexpression had no effect.
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FIGURE 5. Pin1 suppresses CRE luciferase activity and PEPCK mRNA level in HepG2 cells. A and B, LacZ or Pin1 was overexpressed in HepG2 cells
transfected with pTAL and pTAL-CRE or pTAL-PEPCK. D and E, these transfected HepG2 cells were treated with control siRNA or Pin1 siRNA. In two experiments,
with and without forskolin stimulation for 6 h, the cell lysates from HepG2 cells were subjected to the luciferase assay. C and F, PEPCK mRNA levels were also
measured. Representative data from four independent experiments are shown. **, p < 0.01 versus LacZ or negative siRNA. G, HepG2 cells overexpressing LacZ
or Pin1 were subjected to the CHIP assay using anti-CRTC2, anti-CNP, or anti-CREB antibodies and primers corresponding to the PEPCK, NR4A2, and CGA
promoter regions. Representative data from four independent experiments are shown. /B, immunoblot; IP, immunoprecipitation. Error bars, S.E.

Thus, it was suggested that CRTC2 associated with Pinl was
removed from CREB located in the CRE sequence in the PEPCK,
NR4A2, and CGA promoter region.

Hepatic Pinl Overexpression Reduces PEPCK Expression and
Decreases Hyperglycemia in STZ-induced Diabetic Mice—
CRTC2 is a major transcriptional co-activator for hepatic glu-
cose regulation via its effects on PEPCK expression. Thus, we
considered the possibility of the regulation of PEPCK expres-
sion by Pinl in the liver, and an adenovirus expressing Pinl was
introduced into STZ-induced insulin-deficient diabetic mice.
Due to the insulin deficiency, as reported previously, hepatic
PEPCK mRNA and serum blood glucose levels were markedly
increased in fed and fasted state, as compared with the control
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mice (Fig. 6). The adenovirus for Pinl expression was injected
intravenously, and 96 h later, overexpressed Pinl was detected
only in the liver (Fig. 6A4) and not in other tissues. With Pinl
overexpression in the liver, the increased hepatic PEPCK
mRNA level in STZ-mice was normalized, and blood glucose
elevation was also partially but significantly reduced in both the
fed and the fasting state (Fig. 6, B-E). Pinl overexpression
exerted the same effects on other CRE-dependent transcrip-
tional genes, such as G6Pase, PGC-1a, and CPT-1. These find-
ings revealed Pinl to be a regulator of CRE-dependent tran-
scriptional genes in vivo.

Pinl Expression Is Low in Fasting State—Finally, we investigated
the changes in Pinl expressions under different nutrient condi-
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FIGURE 6. Hepatic overexpression of Pin1 restored elevated CRE-dependent transcriptional genes and hyperglycemia in STZ-treated mice. STZ-
treated diabetic C57BL/6 male mice were injected with 2.5 X 107 plaque-forming units/g body weight of adenovirus containing B-galactosidase (LacZ) or
FLAG-tagged Pin1 construct via the tail vein. A, immunoblotting of hepatic tissue lysates with anti-FLAG or anti-Pin1 antibody. B and C, serum glucose
concentrations in fed and fasting states (n = 6, each group). D and E, CRE-dependent transcriptional gene mRNA levels in the liver. **, p < 0.01 versus STZ; **¥,

p < 0.001 versus STZ. Error bars, S.E.
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FIGURE 7. Pin1 expression is regulated by nutrient conditions. Mice were
fed routinely, starved for 20 h, or refed for 4 h after a 20-h fast. Liver (left) and
muscle (right) cell lysates were prepared and then immunoblotted with anti-
Pin1 antibody. A representative immunoblot (IB) is shown in the upper panel.
tions. Interestingly, we found that the Pinl expression level is low
in the fasted state but is increased by feeding (Fig. 7). Thus, Pinl
expression appears to be regulated by nutrient conditions.

DISCUSSION

CRE transcriptional activity is enhanced through associa-
tion of the CREB:CBP-CRTC complex on a CRE site. The
co-activator of CREB termed the CRTC family consists of

ACEVEN
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three isoforms, CRTC1, CRTC2, and CRTC3 (18). CRTC2
was reported to be important for the regulation of CRE tran-
scriptional activity and its downstream PEPCK gene expression
(20). Depletion of nuclear CRTC2 leads to the suppression of
CRE transcriptional activity (20). Thus, both the subcellular
localization of CRTC2 and CREB-CBPCRTC complex forma-
tion are critical for CRE transcriptional activity. CRTC2 is
reportedly phosphorylated by AMPK and SIK, and phosphory-
lated CRTC2 binds to 14-3-3 protein and is thereby shifted from
the nucleus to the cytoplasm (21). The Montiminy group (16) has
identified 12 independent phosphorylated serine residues on
CRTC2 using tandem MS analysis. They demonstrated that PKA
inhibits the activity of SIK and reduces Ser'”' phosphorylation
leading to binding with 14-3-3 protein and translocation to the
cytosol (16). However, the importance of other phosphorylation
sites identified in their study, such as Ser'®® remains unknown.
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In this study, it was demonstrated that Pinl associates with
the CRTC family of proteins consisting of CRTC1 and CRTC2.
Because the portion of CRTC1 and CRTC2 responsible for the
association with Pinl is in the NLS domain, we considered the
possibility that the binding of Pin1 to this portion would inter-
rupt NLS function, resulting in their export from the nucleus.
In fact, our observations using GFP-tagged CRTC1 and CRTC2
as well as staining of endogenous CRTC2 supported our
hypothesis. On the other hand, gene silencing of Pinl using
siRNA markedly induced nuclear localization of CRTC2 when
stimulated with forskolin. It is likely that altered localization of
CTRC2 due to Pinl takes place independently of the binding of
14-3-3 protein to CRTC2 because Pinl overexpression affected
neither the Ser'”! phosphorylation level of CRTC2 nor the
association with 14-3-3.

A further interesting issue is that CRTC2 associated with
Pin1 did not bind to CREB. This phenomenon cannot be attrib-
utable to the different subcellular distributions of CREB, CBP,
and CRTC because highly overexpressed CREB, CBP, and
CRTC2 are present in the cytosol of Sf9 cells. Taken together,
these observations indicate the association of Pin1 with CRTC2
to decrease the nuclear CBP*CRTC2:CREB complex via two
mechanisms (i.e. the export of CRTC2 and interruption of the
association between CRTC2 and CREB). Thus, the Pinl expres-
sion level is a key factor regulating CRE transcriptional activity.

We investigated the effects of various kinase inhibitors on the
association between CRTC2 and Pinl, using HepG2 cells, in an
effort to identify the kinase that is involved in the phosphory-
lation of S136A on CRTC2. However, we were unable to obtain
clear results. Although we did not discover which kinase(s)
phosphorylates the Ser'®® of CRTC2 responsible for the associ-
ation with Pinl in this study, high basal phosphorylation of
Ser’3® was already demonstrated in a previous report (16).

Prior studies have also shown that Pinl expression generally
correlates with cell proliferative potential in normal tissues (1,
26, 27) and is further up-regulated in many human cancers
(28 -31). In addition, interestingly, we noticed that the amount
of Pinl was higher in the fed than in the fasting state, in both
liver and muscle. However, neither insulin nor forskolin has any
effect on the expression of Pinl in HepG2. Thus, the mecha-
nism(s) involved in the altered expression of Pinl remains
unclear, although this is an important issue that merits further
investigation.

In the liver, CRE transcriptional activity plays a critical role in
gluconeogenesis (32-34). In addition, in the diabetic state,
insufficient suppression of CRE transcriptional activity is
regarded as a mechanism underlying hyperglycemia under
fasted conditions (35). In the present study, our final experi-
ment examined whether Pinl overexpression might improve
the hyperglycemia in insulin-deficient STZ-treated mice. In
these mice, gluconeogenic enzymes, such as PEPCK, under the
control of CRE transcriptional activity are reportedly up-regu-
lated (20, 36, 37) due to insulin deficiency and the relatively
increased effect of glucagon. The fact that Pinl overexpression
reduced the high PEPCK expression and its resultant fasting
serum glucose elevation in STZ-treated mice suggests that the
Pinl expression level is involved in regulating glucose metabo-
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lism. Thus, an agent affecting Pinl expression or activity may
represent a novel therapeutic strategy for diabetes.

To date, numerous proteins have been identified as sub-
strates of Pinl (4, 5, 38). With the proline conformational
change induced by Pinl, the structure and function of the target
protein are modified, which affects protein stabilization, sub-
cellular localization, phosphorylation, transcriptional activity,
etc. In the case of CTRC2, both subcellular localization and the
complex-forming function with CREB are affected.

Although we did not investigate the physiological effects
occurring via CRTC1 induced by the association with Pinl, we
did observe that Pin1 is highly expressed in the brain, whereas
its enzymatic activity is blunted by oxidative stress modification
that occurs in the early stages of Alzheimer disease (39).
Although the physiological function of Pinl in neurons remains
largely unknown, numerous reports have implicated CRE tran-
scriptional activity in brain function (40-42). Thus, further
important evidence may be obtained from studies of Pinl and
CRTC1 in the brain or other tissues.

In summary, CRTC2 was identified as a new Pinl-binding
protein. The CBP-CRTC2-CREB complex promotes glu-
coneogenesis. Pinl binding to CRTC2 prevents this complex
formation, thereby suppressing CRE transcriptional activity
(supplemental Fig. 8). These findings indicate that Pinl is a
regulator of gluconeogenesis and may be a new target for
diabetic therapy.
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ORIGINAL ARTICLE

Efficacy and safety of patient-directed titration of
once-daily pre-dinner premixed biphasic insulin
aspart 70/30 injection in Japanese type 2 diabetic
patients with oral antidiabetic drug failure:

STEP-AKITA study

Takuma Narita'*, Takashi Goto?, Yumi Suganuma'?, Mihoko Hosoba'~, Tsukasa Morii', Takehiro Sato', Hiroki Fuijita’,
Takeshi Miura'?, Takashi Shimotomai*®, Yuichiro Yamada', Masafumi Kakei'®

ABSTRACT

Aims/Introduction: To clarify clinical characteristics related to optimal glycemic control achieved after adding once-daily pre-dinner
biphasic insulin aspart 70/30 (BlAsp 30) in Japanese type 2 diabetic (T2D) patients with oral antidiabetic drug (OAD) failure.
Materials and Methods: Under this regimen, we evaluated changes in HbA,. levels and daily self-monitoring blood glucose (BG)
profiles, as well as the incidences of hypoglycemia and retinopathy progression. The patients adjusted BlAsp 30 dosages themselves
every 3-4 days according to a pre-determined algorithm to achieve fasting BG levels of 101-120 mg/dL. HbA, . levels were

expressed as Japan Diabetes Society values.

Results: Of 29 enrolled patients, 22 (HoA,. levels, 8.5 + 1.5% [mean + SDJ) and 20 patients completed the 16- and 24-week
follow-up, respectively. At 16 weeks 68.2 and 45.5%, and at 24 weeks 80.0 and 35% of patients had achieved HbA, levels of <7.0
and <6.5%, respectively. The patients who had achieved optimal glycemic control, including daytime postprandial BG profiles after
treatment, had lower post-breakfast BG excursions at baseline, shorter diabetes durations and younger age. No severe hypoglycemic
episodes were recorded. Progression of retinopathy was observed in 3 of the 29 enrolled patients.

Conclusions: Lower post-breakfast BG excursions, shorter diabetes duration and younger age in Japanese T2D patients with OAD
failure might warrant optimal glycemic control with safety after adding once-daily pre-dinner BlAsp 30 initiating regimen. (J Diabetes

Invest, doi: 10.1111/j.2040-1124.2010.00062.%, 2010)

KEY WORDS: Biphasic insulin aspart 70/30, Insulin initiation, Self-adjusted treatment algorithm

INTRODUCTION

To reduce the risk of diabetic chronic complications, it is crucial
to achieve ideal glycemic control as early as possible in diabetic
patients' . In clinical practice, under recent guidelines, a HbA
level of <6.5-7.0% is recommended as the target for glycemic
control in diabetic patients>®.

The progressive decline in B-cell function in type 2 diabetic
(T2D) patients has been reported, despite lifestyle modifications
and pharmacological interventions using oral antidiabetic agents
(OAD)”®. Therefore, at present, the initiation of insulin therapy
is generally thought to be inevitable in a certain proportion of
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T2D patients. However, how and when to initiate insulin ther-
apy in T2D patients remains controversial.

In recent reports, once or twice daily use of basal insulin ana-
logues as an add-on therapy to OAD (so-called basal-supported
oral therapy [BOT]) in insulin-naive T2D patients has shown
that glargine or detemir can achieve clinically important
improvements in glycemic control, similar to those achievable
with neutral protamine Hagedorn insulin, but with less risk of
hypoglycemia’ . On the basis of these results, the recent guide-
lines from Western countries have recommended that insulin
should be initiated with basal insulin®. However, in a report of
Japanese T2D patients, approximately half of the patients could
not achieve a HbA,, level of <7.0%". In that study, no clear
explanatory characteristics distinguished patients who could
achieve good glycemic control from those who did not.

In contrast to basal analogue insulin, premixed analogue
insulin, such as biphasic insulin aspart 70/30 (BIAsp 30), can
improve postprandial glucose levels and provide basal insulin

© 2010 Asian Association for the Study of Diabetes and Blackwell Publishing Asia Pty Ltd
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coverage by one injection at mealtime. The ability of BIAsp 30
to improve postprandial glucose levels is superior to human pre-
mixed insulin 70/30'®"7. In the recent ‘The 1-2-3 study’, insulin
therapy was initiated with once-daily pre-dinner BIAsp 30,
titrated to a target fasting blood glucose (FBG) level of
80-110 mg/dL by add-on OAD therapies (phase 1), followed by
the addition of pre-breakfast BIAsp 30 (phase 2) and pre-lunch
BIAsp 30 (phase 3), with OAD withdrawal in patients showing
a HbA,. level >6.5% at the end of phase 1 or 2. Just after
phase 1, 2 and 3 of this regimen 41, 70 and 77%, respectively,
of patients had a HbA,. level of <7.0% '®. A recent study that
used a similar step-up regimen with BIAsp 30 in Japanese T2D
patients'® confirmed the efficacy and usefulness of the method.

Quite recently, the regimen of adding a once-daily pre-dinner
injection of BIAsp 30 has been reported to have equal or a
slightly superior efficacy in improving glycemic control than
those of basal insulin analogues as add-on OAD therapies™.
However, the efficacy and safety of this method in Japanese
T2D patients has not yet been sufficiently tested. In particular,
the differences in the clinical characteristics of patients who can
or cannot achieve optimal glycemic control, including postpran-
dial glycemic control, after this regimen need to be elucidated.

In an outpatient setting, patient-directed insulin dosage titra-
tion, according to a predetermined dosage-escalation algorithm,
reportedly shows the same levels of improvement in glycemic
control and safety as physician-led dosage titration*"?*,

We, therefore, investigated the extent to which a regimen with
once-daily pre-dinner BIAsp 30 as an add-on OAD therapy
would improve HbA . levels and daily profiles of blood glucose
(BG) in Japanese T2D patients under OAD failure. In the pres-
ent study, we used patient-directed insulin titration method on
the basis of self-monitoring BG (SMBG) levels according to a
predetermined algorithm. Furthermore, we attempted to identify
differences in clinical characteristics between patients with and
without optimal glycemic control after undergoing this regimen.

MATERIALS AND METHODS

Patients

Eligible patients were as follows: diagnosed with T2D for >1 year,
>20 years-of-age, not pregnant, insulin naive and HbA,_ levels of
>7.0% or fasting plasma glucose levels of 2140 mg/dL on a stan-
dard regimen5 for >3 months with OAD. Sulfonylurea (SU) dos-
ages were to be at least equivalent to a daily dose of 5 mg of
glibenclamide, 80 mg of gliclazide or 3 mg of glimepiride with or
without metformin (MET), thiazolidinedione (TZD) and/or
alpha-glucosidase inhibitors (AGI). In addition, SMBG was intro-
duced to eligible patients during the 4 weeks before initiation of
BIAsp 30. Patients were instructed to monitor their FBG levels
every day. Patients with FBG of 2140 mg/dL (mean of the last
3 days during the 4-week SMBG period) were confirmed as final
eligible patients. Enrolled patients did not have hepatic insuffi-
ciency (alanine transaminase or aspirate transaminase is >2-fold
of the upper reference limit of each institute), renal insufficiency
(serum creatinine >1.4 mg/dL), severe diabetic complications

(overt proteinuria with renal failure, unstable proliferative reti-
nopathy or symptomatic orthostatic hypotension), malignant
tumors or dementia. We carried out this 24-week, open-label,
interventional, multicenter (five hospitals in Akita Prefecture,
Japan: Akita University Hospital, Akita Red Cross Hospital, Akita
City Hospital, Akita Kumiai General Hospital and Yokote
Municipal Hospital) study in accordance with the Declaration of
Helsinki. All the patients provided written informed consent.

Medication and BlAsp 30 Titration

Eligible patients were instructed to add a once-daily BIAsp 30
injection within 15 min pre-dinner to their OAD regimens.
Dosages of SU were reduced to the allowed minimum dosages
for Japan (2.5 mg of glibenclamide, 40 mg of gliclazide or 1 mg
of glimepiride) to avoid hypoglycemia, particularly during the
night. MET, TZD and AGI were taken as baseline treatment in
each patient. The initial dosage of BIAsp 30 was 3 U, followed
by self-adjustment of the pre-dinner BIAsp 30 dosage every
3-4 days on the basis of an average of 34 previous FBG values.
The dosage-titration algorithm was as follows:

Mean fasting <80 81-100 101-120 121-140 141-160 160<
SMBG (mg/dL)

Adjustment =3 ~1 0 +1 +2 +3
of insulin

dosage (U)

On the basis of this method, the present study was named
the ‘STEP-AKITA study’, abbreviated from SMBG based man-
agement of type 2 diabetes under oral antidiabetic drugs failure
with evening premixed biphasic insulin aspart 70/30 injection in
AKITA.

Patients were encouraged to visit an outpatient clinic every
2-4 weeks. If necessary, patients were allowed to consult their
physicians about the adjustment of insulin dosages by phone or
fax. BIAsp 30 was given with the prefilled (3 mL, 100 U/mL)
Novorapid 30 mix FlexPen delivery system (Novo Nordisk,
Bagsvaerd, Denmark).

Assessments

Blood samples for the assessment of HbA, levels were obtained
every 4 weeks along with a routine examination of hepatic and
renal function. HbA,. levels and the proportion of patients
achieving those of <7.0% or <6.5% at 16 and 24 weeks after the
initiation of BIAsp 30 were assessed, as it is unclear how long
an observation period needs to be for sufficient evaluation of
the effect on HbA,. levels in insulin therapies added to OAD.
Patients were encouraged to record 8-point SMBG profiles
(including pre- and post-breakfast, -lunch and -dinner profiles;
bedtime and 03.00 h, where ‘post’ times were 2 h later) at least
once a week. Because sufficient 8-point SMBG profiles were
obtained in more patients around the time BIAsp 30 titration
finished than at 16 or 24 weeks, 8-point SMBG profiles
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recorded just before the initiation of BIAsp 30 (baseline) and
just after BIAsp 30 titration was judged to be finished were used
for evaluation. Bodyweight (BW) was recorded in the outpatient
clinic once a month.

Patients were re-taught how to recognize the symptoms of
hypoglycemia and were instructed to obtain and record their
SMBG level whenever a hypoglycemic event was suspected.
Hypoglycemic episodes were classified as mild when SMBG lev-
els were <70 mg/dL, regardless of hypoglycemic symptoms, and
when patients could manage themselves. Events were classified
as severe when BG levels were <70 mg/dL and when patients
were unable to manage themselves.

To detect any worsening of retinopathy, all patients were
required to consult ophthalmologists before initiation of BIAsp
30 and after titration.

Laboratory Procedures

SMBG was carried out with provided BG (capillary) meters
(One Touch Ultra, LifeScan, Milpitas, CA, USA). HbA,. level
was measured by high performance liquid chromatography
using an automated analyzer at each hospital and values were
calibrated with standard substances recommended by Japan
Diabetes Society (JDS Lot 2). The reference range of HbA,. lev-
els is 4.3-5.8%. HbA . values were expressed as JDS values.

Statistical Analysis

Values are expressed as mean + SD. The Friedman test was
used to identify global differences in values throughout the study
period. Furthermore, values at each time after the initiation of
BIAsp 30 were compared with the value at baseline using
Dunn’s multiple comparison test (non-parametric). The Wilco-
xon signed-ranks test was used for paired comparisons between
values before and after treatment. The Mann-Whitney U-test
and Pearson’s y’-test were used to calculate the significance of
differences in values between groups. Pearson’s correlation anal-
ysis was carried out to explore relationships between corre-
sponding values. All calculations were made using StatFlex
Version 5.0 (Artec, Osaka, Japan). Two tailed P-values of <0.05
were considered statistically significant.

RESULTS

Participants

A total of 29 patients, with a mean fasting SMBG =140 mg/dL,
even in the last 3 days during the 4-week SMBG period, initi-
ated BIAsp 30 according to the protocol. Of those, seven
patients did not complete the study. Reasons for withdrawal
were adverse events in two patients, (progression of diabetic reti-
nopathy and skin allergy at injection site) and non-compliance
of insulin injection or SMBG recording in five patients. Finally,
22 and 20 patients completed 16- and 24-week follow up of
HbA,. levels, respectively. The clinical characteristics of 22
patients are shown in Table 1. No patient had been treated with
SU monotherapy. More than 80% of patients had been treated
with MET or TZD.

Table 1 | Clinical characteristics of type 2 diabetic patients

Meale/female (n) 10/12
Age (years) 62.1 =108
Body mass index (kg/m?) 251 + 50
Duration of diabetes (years) 13+94
Retinopathy (nil/simple/proliferative) (15/7/0)
Albuminuria (normo/micro/macro) (13/3/6)
HbA, ¢ at baseline (%) 85+ 15
No. OAD (%)
Monotherapy 0©
Combination therapy
SU + MET 3(136)
SU + TZD 3(136)
SU + MET + TZD 11 (500)
SU + TZD + AGl 1(45)
SU + MET + TZD + AGI 4(182)
Use of MET 18 (81.8)
Use of TZD 19 (864)

Data are expressed as mean + SD or otherwise indicated.
AGl, alpha-glucosidase inhibitor; MET, metformin; OAD, oral anti-diabetic
agents; SU, sulfonylurea; TZD, thiazolidinedione.

Glycemic Control

Efficacy Achieved as Per HbA;  Levels

Achieved HbA, levels are shown in Figure la. At 8 weeks after
the initiation of BIAsp 30, mean HbA,. level was significantly
decreased (74 + 1.2, vs 85 * 1.5% at baseline; P < 0.05). At
16 weeks, mean HbA, . level had stabilized to 6.8 + 1.0%
(P < 0.01 vs baseline) and showed a tendency toward a slight
decrease until 24 weeks (at 24 weeks, 6.6 + 0.7%, P < 0.01 vs
baseline). At 16 weeks, the rates of patients who achieved HbA,.
levels of <7.0 and <6.5% were 68.2% (15/22) and 45.5% (10/22),
respectively. At 24 weeks, 16 of 20 (80.0%) and 7 of 20 (35.0%)
patients had achieved HbA,. levels of <7.0 and <6.5%, respec-
tively. Reduction of the rate of patients achieving a HbA, level of
<6.5% at 24 weeks was a result of worsening of HbA,_ level to
26.5% in two patients and a patient dropping out before 24-week
follow up, among 10 patients who achieved a HbA,. level of
<6.5% at 16 weeks. When the patients were stratified according
to baseline HbA . levels of <8.0 or >8.0%, 87.5% (7/8) and 75.0%
(9/12) of patients, respectively, had achieved HbA,. levels of
<7.0% at 24 weeks. Further, 37.5% (3/8) and 33.3% (4/12) of
patients with respective baseline HbA, levels of <8.0 and >8.0%
had achieved HbA,. levels of <6.5% at 24 weeks. The rates of
patients who had achieved HbA . levels of <7.0 and <6.5% as the
final evaluations at 24 weeks were not influenced by baseline
HbA . levels. Figure 2b shows a strong linear correlation between
baseline HbA | levels and change in HbA, levels from the base-
line (AHDbA,.) at 24 weeks in 20 patients (Figure 2b), showing
that an even higher HbA,_ level at baseline can be lowered suffi-
ciently by the regimen of the present study.

Efficacy Achieved as Per Daily Profiles of SMBG
Figure 1b shows the improvement in 8-point SMBG profiles in
21 patients whose daily 8-point SMBG profiles at baseline and
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Figure 1 | Clinical parameters during the treatment with pre-dinner
biphasic insulin aspart 70/30. (@) Changes in HbA;. (b) Mean 8-point
self-monitored blood glucose profiles at baseline and just after BlAsp 30
titration. (c) Changes in self-titrated insulin dose. (d) Incidences of
hypoglycemic episodes. Data are expressed as mean + SD in a, b and c.
AB, 2 h post-breakfast; AD, 2 h post-dinner; AL, 2 h post-lunch; BB,
pre-breakfast; BD, pre-dinner; BL, pre-lunch; BT, bed time. *P < 0.05;

P < 001 versus values at 0 week revealed by Dunn's multiple compar-
ison test. *P < 0.05; **P < 001 versus values at 0 week revealed by the
Wilcoxon signed-ranks test.
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Figure 2 | Relationships (a) between post-breakfast blood glucose
excursion (ABG) at baseline and that just after titration of pre-dinner
biphasic insulin aspart 70/30 and (b) between baseline HbA. levels (%)
and changes in HbA levels (AHDA;¢, %) at 24 weeks from baseline.

just after BIAsp 30 titration (after titration) were sufficiently
obtained. All the points of BG measured were significantly
decreased, except for pre-dinner BG. In particular, the decreases
in BG at pre- and post-breakfast, pre-lunch, post-dinner, at
bedtime and at 03.00 h were remarkable (P < 0.01). As shown
in Figure 1b, the BG profiles from post-dinner to pre-breakfast
were well stabilized without post-dinner BG excursion (ABG)
after titration (67.1 £+ 85.4 mg/dL at baseline and —23.6 + 67.4
mg/dL after titration; P < 0.01), whereas post-breakfast ABG
after BIAsp 30 titration remained comparable to that at baseline
(114.7 + 77.9 mg/dL at baseline and 105.8 + 67.7 mg/dL after
titration).

Clinical Characteristics of Patients With or Without Optimal
Post-breakfast ABG Pattern After Treatment

The patients in the present study showed widely divergent post-
breakfast ABG (from —18 to 228 mg/dL) even after nearly ideal
FBG levels had been established by BIAsp 30 titration (Fig. 2a).
Therefore, clinical characteristics with or without optimal post-
breakfast ABG after titration were explored. Individual post-
breakfast ABG at baseline and after BIAsp 30 titration showed a
strong correlation (Fig. 2a), indicating that the treatment might
scarcely influence the individual post-breakfast ABG pattern.
Therefore, we divided the patients into two groups according to
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Table 2 | Clinical characteristics of type 2 diabetic patients divided
according to 2-h post-breakfast blood glucose levels after biphasic
insulin aspart 70/30 titration

Blood glucose at 2 h after breakfast

<200 mg/dL 2200 mg/dL  P-value
n=10 n=11
(Group A) (Group B)
Male/female (n) 8/2 4/7 <005
Age (years) 553 57 668 £ 105 <005
Body mass index (kg/m?) 253 + 4.1 246+ 64 NS
Duration of diabetes (years) 87+70 189+ 117 <005
AGl use (n, %) 3,300 2,181 NS
HbA ¢ levels at O week (%) 89+ 18 87+20 NS
HbA,  levels at 16 weeks (%) 6.7 + 062 68+ 096 NS
AHbA; 0-16 weeks (%) -22+19 -19+14 NS
FBG at 0 week (mg/dL) 1738 £ 800 1663 £528 NS
2h-BG-M at 0 week (mg/dL) 2393+ 1193 3256+ 716 NS
ABG-M at 0 week (mg/dL) 655+ 585 1594 + 666 <001
FBG after BlAsp 30 titration 1067 £ 145 1099 + 198 NS
(mg/dL)
2h-BG-M after BlAsp 30 1528 £ 295 2699 + 369 <001
titration (mg/dL)
ABG-M after BlAsp 30 titration 462 + 335 1600 + 369 <001
(mg/dL)
Insulin dosage after BIAsp 30 021 £ 0.14 023 +015 NS

titration (U/kg)

Data are expressed as mean + SD or otherwise indicated. The
Mann-Whitney U-test and Pearson’s x*test was used to calculate
statistically significant differences of the values between groups.
2h-BG-M, blood glucose 2 h after breakfast; AHbA,. 0-16 weeks,
changes in HbA, levels from baseline to 16 weeks; AG,
alpha-glucosidase inhibitor; FBG, fasting blood glucose; ABG-M, blood
glucose excursion for 2 h after breakfast; NS, not significant.

post-breakfast SMBG levels after BIAsp 30 titration: Group A,
<200 mg/dL; and Group B, >200 mg/dL (Table 2). Figure 3
shows the daily 8-point SMBG profiles at baseline and after
BIAsp 30 titration, indicating relatively flat BG profiles in Group
A and ruggedness in Group B. Table 2 shows the clinical charac-
teristics of both groups. Patients in Group B had a greater propor-
tion of women, older age, longer duration of diabetes and higher
post-breakfast ABG both before and after BIAsp 30 titration.
Despite the rugged daytime BG profiles, even after B[Asp 30 titra-
tion, HbA, levels after BIAsp 30 treatment in Group B were not
significantly higher compared with that in Group A (Table 2).

Insulin Dosages

Insulin dosage (U/kg) was titrated to 0.18 + 0.14 at 4 weeks,
0.19 + 0.09 at 16 weeks, 0.22 + 0.10 at 20 weeks and 0.24 +
0.09 at 24 weeks (Figure 1c).

BW Changes
BW changes from 0 week (kg) were —0.12 + 1.0, 0.23 £ 1.8,
059 £23,11+£22,19+28 and 2.5 + 2.7 at 4, 8, 12, 16, 20
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Figure 3 | Mean 8-point self-monitored blood glucose (BG) profiles at

0 week and just after pre-dinner biphasic insulin aspart 70/30 (BIASp 30)
titration (a) in patients with 2 h post-breakfast BG after BlAsp 30 titration
<200 mg/dL and (b) in patients with 2 h post-breakfast BG after BIAsp
30 titration 2200 mg/dL. AB, 2 hours post-breakfast; AD, 2 h post-dinner;
AL, 2 h post-lunch; BB, pre-breakfast; BD, pre-dinner; BL, pre-lunch; BT,
bed time. *P < 0.05; **P < 001 versus values at 0 week revealed by the
Wilcoxon signed-ranks test.

and 24 weeks, respectively. The Friedman test showed signifi-
cant BW changes throughout the study period (P < 0.01). BW
at 20 and 24 weeks were significantly increased compared with
baseline (P < 0.05 by Dunn’s multiple comparison test).

Hypoglycemic Episodes and Adverse Events

No severe hypoglycemic episodes were reported. Mild hypo-
glycemic episodes were reported by 13 of 29 patients (inclu-
ding 7 patients who withdrew from the study) during the
study at a low rate of 1.95 events per patient over the course
of 6 months (Figure 1d). Principally, patients had experienced
hypoglycemic episodes pre-lunch, post-dinner, at bedtime and
at 03.00 h.

One woman withdrew because of a progression of diabetic
retinopathy (progression from no clinical lesions at baseline to
proliferative retinopathy requiring photocoagulation and surgical
procedure by an ophthalmologist 6 weeks after initiation of
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BIAsp 30). Another woman withdrew because of skin allergy at
the injection site. The patient with a marked retinopathy pro-
gression mentioned previously had a long estimated duration of
diabetes (23 years) and marked poor glycemic control (HbA.
level at baseline of 13.8%, AHbA . at 4, 8 and 12 weeks of —2.7,
—3.8 and —4.5%, respectively). Retinopathy progression was
reported in another two patients who were able to complete the
study. In one woman, simple retinopathy before the initiation of
BIAsp 30 had progressed to proliferative retinopathy 1 month
after the end of this study (HbA,. levels at baseline and at
24 weeks were 7.8, 6.9%, respectively. AHbA, . at 4, 8 and
12 weeks were —0.5, —0.6 and —0.7%, respectively). In another
patient, a man without retinopathy at baseline, simple retino-
pathy was found 24 months after the end of the present study
(HbA,. levels at baseline and at 24 weeks were 7.2 and 6.3%,
respectively. AHbA, at 4, 8 and 12 weeks were —0.3, —1.1 and
—1.6%, respectively).

DISCUSSION

This study showed that in Japanese T2D patients with failed
OAD therapies, patients who had achieved optimal glycemic
control, including daytime postprandial BG profiles after an
addition of appropriate dosage of once-daily pre-dinner BIAsp
30 (Group A), had lower post-breakfast BG excursions at base-
line, shorter diabetes durations and younger age. The other
patients with opposite clinical characteristics (Group B) had still
shown higher daytime postprandial BG excursions, even after
achievement of ideal BG profiles from post-dinner to pre-break-
fast, by the regimen used in the present study.

In Group A patients, the ranges of daily BG profiles before
and after BIAsp 30 titration were relatively flat (Figure 3)
and resembled those of T2D patients from Western countries,
who used BOT or pre-dinner BIAsp 30 as an add-on to
OAD’ 820 Additionally, daily BG profiles after titration were
ideal and didn’t seem to require additional insulin supplementa-
tion at breakfast or lunch. In contrast, Group B patients had
higher daytime postprandial glucose excursions both before and
after BIAsp 30 titration and higher baseline post-breakfast ABG
levels were preserved even after treatment (Figure 3), requiring
bolus dosages at breakfast and/or lunch time to achieve ideal
daily BG profiles. Collectively, higher post-breakfast ABG levels
with OAD failure might predict a need for two or more bolus
supplements of insulin after the establishment of ideal BG pro-
files from post-dinner to pre-breakfast by pre-dinner BIAsp 30
titration.

Group B patients had relatively higher age and longer
durations of diabetes (Table 2), indicating that they had the
characteristics of more declined B-cell function reported in long-
standing T2D patients”®. The main characteristics of Asian T2D
patients have been thought to include declined P-cell func-
tion®?* and a loss of early-phase insulin response®®. Taking
these findings together, Japanese T2D patients with OAD failure
can be divided into two groups: one characterized with relatively
declined B-cell function with higher postprandial glucose

excursions requiring appropriate basal and multiple bolus insu-
lin supplements; and the other with relatively preserved B-cell
function with lower postprandial glucose excursions requiring
only appropriate FBG correction that might be achieved with
the addition of once-daily injections to OAD therapies, such as
pre-dinner BIAsp 30 or basal insulin analogues.

Table 2 shows that there is no difference in HbA,. levels at
16 weeks between Group A and B, despite the markedly differ-
ent patterns of daytime BG excursion (Figure 3). It is difficult
to explain this phenomenon. Daily SMBG profiles had been
well preserved during the study (the post-breakfast ABG last
recorded during the study in Group A and B were 57.6 + 55.5
and 141.7 + 55.5 mg/dL [P < 0.01], respectively). Postprandial
glucose spikes of relatively short duration might have minor
effects on HbA,. levels. Because glycated albumin (GA) is
reported to be a more sensitive marker than HbA,. for glucose
excursions”’, we would have measured GA levels in the present
study.

The results that 80 and 35% of participants were able to
achieve HbA,. levels of <7.0 and <6.5%, respectively, at
24 weeks confirmed the satisfactory results of phase 1 in ‘The
1-2-3 study’ (in which HbA,. level was <7.0% in 41% and
<6.5% in 21% of patients)'®. Recently, it was reported that
HbA, . levels of 7.0 and 6.5% in the USA are equivalent to those
of 6.6 and 6.1% in Japan (JDS values)*®. Considering the meth-
odological differences used to determine HbA,. levels between
Japan and the USA, the result that 35% of the patients in the
present study achieved HbA,. levels of <6.5% (equivalent to
6.9% in the USA) is comparable to the result of ‘The 1-2-3
study’. Recent guidelines from Western countries recommend
that insulin should be initiated with basal insulin analogues as
add-on OAD therapies®. However, the satisfactory results of
“The 1-2-3 study’, the study of Strojek et al*® and the present
study show that adding a once-daily pre-dinner injection of
BIAsp 30 in T2D patients with OAD failure might represent an
alternative regimen at the initiation of insulin therapy.

The present study used an insulin titration method managed
by patients themselves on the basis of SMBG levels according
to a predetermined algorithm®“*>. The satisfactory effects of
the present study on HbA, levels with a minimal incidence of
hypoglycemia also confirmed the usefulness of this insulin titra-
tion method in Japanese T2D patients. Dosage-adjustment levels
at each correction were designed to be approximately one-third
of those applied in Western countries'®*"**, where the body
mass index (BMI) of patients is approximately 30. The BMI of
our patients was approximately 25, suggesting a less insulin-
resistant feature of Japanese T2D patients and the need for a
finer insulin titration regimen.

In the present study, no severe hypoglycemic episodes were
recorded and the frequency of mild hypoglycemic episodes was
considered acceptable. Recording SMBG, especially pre-breakfast
everyday and self-adjustment of pre-dinner BIAsp 30 dosage,
according to SMBG levels might be related to this level of safety.
The reduced dosages of SU at the initiation of BIAsp 30 in the
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