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Figure 3. Pancreatic ROS and NO levels, blood pressure, and plasma ADMA levels in DDAH2 Tg mice. A) DDAH1 (left panels)
and DDAHZ2 (right panels) immunohistochemistry in islets from C57BL6 mice. Bottom panels: insulin immunohistochemistry.
Results are representative of 3 independent experiments. B) Quantitative real-time PCR analysis of islet DDAH1 and DDAH2
expression. Experiments were repeated 3 times. C) Representative immunofluorescence images of pancreatic sections using
antibodies for murine DDAH2 and insulin. D) Quantitative real-time PCR analysis of islet DDAHZ2, insulin 1 (Insl), and insulin
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revealed a protein-protein interaction between DDAH2
and secretagogin, we focused on secretagogin expres-
sion in these mice. We found that islet secretagogin
immunofluorescence was increased in LFD-fed Tg mice
compared with that in LFD-fed WT mice. Islet secreta-
gogin immunofluorescence was reduced in HFD-fed
WT mice, but this reduction was rescued in HFD-fed Tg
mice (Fig. 44). These changes in secretagogin protein
expression were consistent with the changes in secreta-
gogin mRNA expression (Fig. 4B). These data indicate
that, in Tg mice, secretagogin expression is increased
via a transcriptional regulatory mechanism.

We next examined whether B-cell-specific DDAH2
overexpression directly regulates secretagogin expres-
sion in MIN-6 cells, a murine B-cell line with intact
glucose-responsive insulin secretion, similar to that in
primary pancreatic 8 cells (24). In DDAHZ2-overexpress-
ing cells (Fig. 4C), the mRNA and protein expression of
secretagogin was significantly increased (Fig. 4D). GSIS
was also significantly increased at 24 and 48 h after
transfection (Fig. 4E). These data indicate that DDAH2
directly enhances GSIS in $ cells. Therefore, we exam-
ined whether the effects of DDAH2 on GSIS were
dependent on up-regulation of secretagogin by per-
forming knockdown experiments. Secretagogin siRNA
significantly reduced secretagogin mRNA expression in
MIN-6 cells (Fig. 4F, left panel) and markedly blunted
DDAHZ2-enhanced GSIS, indicating that DDAH2 stim-
ulates GSIS by inducing secretagogin expression (Fig.
4F, middle and right panels). We further tested
whether B-cell-specific secretagogin overexpression di-
rectly enhances GSIS in MIN-6 cells. In secretagogin-
overexpressing cells (Fig. 4G, left panel), GSIS was
significantly increased at 24 and 48 h after transfection
(Fig. 4G, right panel). Overall, these data indicate that
DDAH2 overexpression enhances GSIS in pancreatic
cells by up-regulating secretagogin expression.

DDAH?2 is a transcriptional regulator of secretagogin

We determined the transcriptional regulation of secre-
tagogin by DDAHZ2. Sequence analysis using Transcrip-
tion Element Search System (TESS) software (http://
www.cbil.upenn.edu/cgi-bin/tess) revealed putative
binding sites for the transcription factors CEBPaq,
GATAL, Spl, GR, GCN4, TBP, activator protein (AP)-1,
AP-2, and GCF in a 1578-bp region surrounding the
transcriptional start site of secretagogin (Fig. 5A4). We
performed luciferase assays to test whether DDAH2
transfection increases secretagogin promoter activity by
measuring the promoter activity of 5’ deletion con-

structs (—1525 Luc, —680 Luc, —450 Luc, —346 Luc,
and —84 Luc). These assays showed that, in DDAH2-
transfected MIN-6 cells, secretagogin promoter activity
with the promoter region spanning from —1525 and
—680 to the transcription start site was increased by 4.7-
and 4.9-fold, respectively, as compared with that in
control vector-transfected cells (Fig. 5B). However, this
increase in promoter activity was abolished by deleting
the promoter region from —1525 to —450. This indi-
cates that the region spanning —680 to —450 is essen-
tial for DDAHZ2-induced secretagogin expression. TESS
analysis also revealed that the DDAH2 response region
between —680 and —450 contained two consensus Spl
sites between —543 and —483 (Fig. bA).

We previously reported that DDAH?Z binds directly to
PKA, which activates Spl and the promoter of the
VEGF gene (8). Therefore, we hypothesized that these
Spl sites in the secretagogin promoter are involved in
the increased promoter activity induced by DDAH2
overexpression. Because this region contains 2 Spl
sites, we examined the role of these sites by establishing
three constructs with a mutation in the distal Spl site
alone (M1), the proximal Spl site alone (M2), or both
sites (M3) (Fig. 5C). Mutations of either the distal or
proximal Spl sites resulted in a significant decrease in
basal promoter activity. However, the proximal Sp1 site
seems to be more important than the distal site in the
response to DDAHZ2 because disruption of the proximal
Spl site caused a greater decrease in DDAH2 respon-
siveness. Disruption of both Sp1 sites severely impaired
the responsiveness to DDAH2. These results confirm
that the response to DDAHZ2 depends on the integrity
of both Spl sites, although the proximal Spl site was
more important.

To examine whether nuclear protein extracts from
DDAHZ2-overexpressing cells could interact with the
Spl sites, EMSAs (Fig. 5D, ) were performed using a
biotin-labeled consensus Spl probe and nuclear ex-
tracts prepared from MIN-6 cells. Binding to the Spl
oligonucleotide was increased using nuclear extracts
from DDAHZ2-transfected MIN-6 cells as compared with
those from untransfected control cells (Fig. 5D, lane 1
vs. lane 2). The addition of unlabeled Spl oligonucle-
otide attenuated binding (Fig. 5D, lane 3) and an
anti-Spl antibody abolished binding (Fig. 5L, lane 5),
indicating that Spl is the principal DNA-binding com-
ponent of this protein-DNA complex.

It is possible that decreased ADMA levels or in-
creased NO levels caused by DDAH2 overexpression
might affect secretagogin promoter activity. Pretreat-
ment with L-NAME or ADMA failed to alter the secreta-

2 (Ins2) expression in WT or Tg mice fed a LFD or an HFD for 12 wk. Experiments were repeated 3 times. I’) Islet ROS levels.
H,O, was visualized by confocal microscopy with the H,Oo-sensitive fluorescent probe CM-H2DCFDA. Left panels: represen-
tative immunofluorescence images. Right panel: quantification of ROS levels (n=3 mice/group). ) Islet NO content. NO was
visualized by confocal microscopy with the NO-sensitive fluorescent probe DAF-2-DA. Left panels: representative immunoflu-
orescence images. Right panels: quantification of NO levels (r=3 mice/group). G) Pancreatic ADMA levels measured by ELISA.
Scale bars = 100 pm. All images are representative of 3 independent experiments (n=8 mice/group). *P < 0.05 vs. LFD-fed
WT (WT+LFD); 5P < 0.05 vs. LFD-fed Tg (Tg+LED); 1P < 0.05 vs. HFD-fed WT (WT+HFD).
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Figure 4. Up-regulation of secretagogin expression in DDAHZ2 Tg mice. A) Pancreatic sections stained for secretagogin and
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secretagogin mRNA expression in islets from WT or Tg mice fed LFD or HFD for 12 wk. *P < 0.05 vs. WT+LFD; P < 0.05 vs.
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gogin promoter activity in basal (control) or DDAH2-
transfected conditions (Supplemental Fig. $2), suggesting
that the ADMA and NOS/NO pathways do not affect the
basal secretagogin level or mediate DDAH2-induced
up-regulation of secretagogin.

Sirtl regulates the DDAH2/secretagogin pathway

We next sought to identify the upstream regulator of
the DDAH2/secretagogin pathway controlling insulin
secretion. We hypothesized that Sirtl, a NAD-depen-
dent deacetylase, up-regulates DDAH2 expression in 8
cells to ultimately up-regulate secretagogin expression
because it was reported that Sirtl plays a critical role in
insulin secretion and GSIS in the pancreas (25) and
increases DDAH2 expression in vascular endothelial
cells (26). Pancreatic expression of Sirtl, DDAHZ,
and secretagogin was decreased in HFD-fed WT mice
(Fig. 6A). In MING cells, overexpression of Sirtl
up-regulated DDAH2 and secretagogin expression
(Fig. 6B).

On the basis of these results, we examined the
transcriptional regulation of DDAH2 by Sirtl. TESS
analysis revealed several putative binding sites for the
transcription factors nuclear factor 1, AP-1, CREB,
AP-2, and Spl in a 1845-bp fragment surrounding the
transcriptional start site of DDAH2 (Fig. 6C). There-
fore, we performed luciferase assays to test whether
Sirtl overexpression increases DDAH2 promoter activ-
ity by measuring the promoter activity of 5’ deletion
constructs (—1344 Luc, —917 Luc, —648 Luc, —440
Luc, and —109 Luc). These assays showed that in
Sirtl-transfected MIN-6 cells, DDAHZ2 promoter activity
for the promoter regions spanning from —1344, —917,
and —648 to the transcription start site increased by
4.9-, 4.8-, and 4.6-fold, respectively, compared with that
in control vector-transfected cells (Fig. 6D). However,
this increase in promoter activity was abolished by
deleting the promoter region from —1344 to —440.
This indicates that the region spanning —648 to —440
is essential for Sirtl-induced DDAH2 expression. TESS
analysis revealed that the region between —648 and
—440 contained consensus CREB binding sites between
—543 to —483 (Fig. 6C).

It was recently reported that Sirtl deacetylates and
activates CREB-regulated transcription coactivator 1
(TORC1) by promoting its dephosphorylation and its
interaction with CREB (27). Introducing a mutation in
the CREB sites resulted in a significant decrease in
basal promoter activity and the loss of Sirtl-induced
transcription activation of the DDAH2 promoter (Fig.
6L). To examine whether nuclear protein extracts from
Sirtl-overexpressing cells could interact with the CREB
binding sites, EMSAs (Fig. 61, G) were performed using

a biotin-labeled consensus CREB probe and nuclear
extracts prepared from MIN-6 cells. Binding to the
CREB oligonucleotide was increased using nuclear
extracts from DDAH2-transfected MIN-6 cells as com-
pared with those from untransfected control cells (Fig.
61, lane 1 wvs. lane 2). The addition of unlabeled CREB
oligonucleotide (Fig. 6F, lane 3) or an ant-CREB
antibody (Fig. 6G, lane 5) attenuated this binding,
indicating that CREB is the DNA-binding component
of this protein—-DNA complex. Collectively, these data
indicate that Sirtl regulates the DDAH2/secretagogin
pathway by transcriptionally regulating DDAHZ2 expres-
sion.

DDAH2 overexpression rescues defective GSIS in
pancreatic Sirtl deficiency

Finally, we investigated the effects of pancreatic Sirtl
deficiency. To achieve this, we generated pB-cellspecific
Sirt1-KO mice using the Cre-loxP system (RIP-Sirtl ™/~
mice) and measured insulin secretion from B cells.
These mice contained a null mutation for Sirtl in B
cells, as confirmed by immunofluorescence (Fig. 74),
which is consistent with previous reports using these
RIP-Cre transgenic mice (28). DDAH2 and secreta-
gogin protein expression levels were significantly de-
creased in islets isolated from RIP-Sirt]1 ™"~ mice com-
pared with those from RIP-Sirt1*/" mice, confirming
the role of Sirtl as an upstream regulator of the
DDAHZ2/secretagogin pathway (Fig. 7B). We also con-
firmed that Sirtl deletion was specific to islets (Fig. 7C),
consistent with earlier reports (29).

To examine whether restoration of pancreatic
DDAH? affects insulin secretion in RIP-Sirt] ™/~ mice,
we crossed RIP-Sirt]™/~ mice with Tg mice. We as-
sessed the mRNA expression levels of DDAH2 and
secretagogin in islets from WT+RIP-Sirt1*/*, Tg+RIP-
Sirt1*/", WT+RIP-Sirt1 ™/, and Tg+RIP-Sirt]™/~
mice by real-time PCR. Islet DDAH2 expression was
greater in Tg+RIP—Sirtl+/ * mice than in WT+RIP-
Sirt1*/" mice. By contrast, islet DDAH2 expression was
decreased in WT+RIP-Sirt] ™/~ mice, confirming Sirtl-
mediated regulation of DDAH2. This down-regulation
was rescued in islets from Tg-l—RIP-Sirtl‘/ " mice (Fig.
7D). In parallel, secretagogin expression was increased
in islets from Tg+RIP-Sirt1*/* mice compared with
that in islets from WT+RIP-Sirt]*/* mice. Secreta-
gogin expression was decreased in islets from WT+RIP-
Sirtl ™/~ mice because of down-regulation of DDAH2.
This reduction was rescued in islets from Tg+RIP-
Sirt1™/~ mice (Fig. 7F).

Finally, we examined GSIS in $ cells isolated from
these mice. GSIS was reduced in islets from WT+RIP-
Sirtl ™/~ mice, and this reduction was restored in those

panels: effects of control (center) or secretagogin (right) siRNAs on GSIS. *P < 0.05 vs. control at 16.7 mM glucose (n=5
independent experiments). G) MIN-6 cells were transfected with secretagogin or control for 24 h. Left panel: secretagogin
immunoblotting. Right panel: secretagogin overexpression effects on GSIS. *P < 0.05 vs. control at 16.7 mM glucose (n=>5

independent experiments).
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in Tg+RIP-Sirtl/~ mice. Since the expression of
DDAH2 and secretagogin was reduced in WT+RIP-
Sirt] ™/~ mice, these changes resulted in impairments
in GSIS. DDAH?2 overexpression restored GSIS in islets
from Tg+RIP-Sirtl ™/~ compared with islets from
WT+RIP-Sirt] ™/~ mice, indicating a pivotal role of the
Sirtl/DDAH2/secretagogin pathway in B-cell insulin
secretion (Fig. 7F).

DISCUSSION

In the present study, we first elucidated the localization
of DDAH2 in § cells and found that its expression was
decreased in HFD-fed mice. DDAH2 Tg mice showed
improvements in glucose tolerance and insulin secre-
tion compared with WT mice. DDAHZ2 overexpression
improved GSIS by increasing secretagogin transcrip-
tion via Spl-dependent promoter activity. In addition,
using B-cell-specific Sirtl-KO mice, we showed that Sirt1
plays a crucial role in the DDAH/secretagogin pathway.
Finally, we revealed a novel function of DDAH2 in
regulating insulin secretion through an ADMA- and
NO-independent pathway.

HFD-induced impaired GSIS is a major characteristic
of T2DM, and several molecules have been implicated
in this process. Uncoupling protein 2 (UCP2), for
example, may negatively regulate B-cell function, as
mice lacking UCP2 expression have an increased B-cell
mass and retained insulin secretion capacity during
conditions of glucolipotoxicity (30). Ramsey et al. (25)
reported that GSIS was restored in HFD-fed B-cell-
specific Sirtl-overexpressing (BESTO) mice with the
suppression of UCP2 expression. Sirtl expression was
decreased in HFD-fed mice by decreasing intracellular-
type nicotinamide phosphoribosyltransferase (iNampt)
expression, which leads to reduced pancreatic levels of
nicotinamide mononucleotide and Sirtl (31). There-
fore, the HFD may down-regulate pancreatic Sirtl
expression, resulting in increased UCP2 expression and
reduced insulin secretory capacity. However, down-
regulation of UCP2 was also reported to increase ROS
production and increase the risk for B-cell damage,
especially in diabetic conditions (32). In addition,
UCP2 in B cells exerts relatively minor effects on
mitochondrial function, raising questions over the ef-
fects of moderately elevated UCP2 levels in B cells, as
seen in T2DM (83). Our findings imply that pancreatic
Sirtl enhances GSIS via DDAH2-mediated up-regula-
tion of secretagogin. Thus, our current findings suggest
that the Sirtl/DDAH2/secretagogin pathway is in-
volved in HFD-induced impairments of GSIS and that
down-regulation of Sirtl by the HFD may be a critical
event in this pathway (Supplemental Fig. S3A, B). This
mechanism could also explain the improvements in
glucose intolerance in BESTO mice and Sirtl-mediated
improvements in insulin secretion (Supplemental Fig.
S3C). Accordingly, our data support our proposed
mechanism as one of the main pathways linking pan-
creatic DDAH2 to insulin secretion, although other

DDAH ENHANCES PANCREATIC INSULIN SECRETION

mechanisms or signaling pathways might have a greater
influence on GSIS in HFD-fed animals. For example, as
we previously reported (11), DDAHZ2 binds to PKA,
which increases Spl phosphorylation and consequently
up-regulates VEGF. Binding of DDAH2 to PKA might
improve GSIS in Tg mice because the PKA pathway is
one of the major pathways that regulates GSIS (34).
Further studies are needed to examine the involvement
of other mechanisms in this process.

Another explanation for reduced DDAH2 expression
in HFD is that the HFD induces islet interleukin
(IL)-1B expression, which activates the expression of
iNOS, resulting in excessive NO production (35). Ex-
cessive production of NO, interferes with electron
transfer, up-regulates ROS generation, inhibits mito-
chondrial ATP synthesis, and increases the expression
of proinflammatory genes (36). Treatment with an TL-1
receptor antagonist was reported to protect against
HFD-induced apoptosis of $ cells and induced B-cell
proliferation, thus improving GSIS (37). On the other
hand, local ROS generation decreases DDAH2 gene
and protein expression (38). It was also reported that
lipopolysaccharide (39) and high glucose (40) down-
regulate DDAHZ2 expression in endothelial cells by
increasing ROS levels. Therefore, we measured tissue
ROS levels and found that ROS generation was en-
hanced in islets from HFD-fed WT mice (Fig. 3F),
which may reduce DDAH2 expression.

Although the HFD reduced DDAHZ2 expression, it
did not affect plasma or islet ADMA levels. This may be
explained by changes in the expression and/or activity
of other enzymes involved in the production, degrada-
tion, or efflux of ADMA from cells.

ADMA alters the balance between NO and superox-
ide production, and thus increases ROS generation
(41) by uncoupling NOS activity (42). Therefore,
DDAH2 overexpression may support NO bioavailability
by preventing NOS uncoupling and reducing local
ROS. However, islet ROS generation was not stopped in
Tg mice, despite reduced tissue ADMA levels (Fig. 3G).
Our results indicate that ADMA hardly affected HFD-
induced ROS generation in pancreatic § cells. It is
possible that HFD-induced iNOS induction and NO
production play significant roles in NO metabolism in
B cells, whereas DDAHZ2 does not.

Secretagogin is a member of the EF-hand CBP super:
family (43), members of which act as either signaling
proteins (Ca®* sensors) or buffering proteins. Our
present results suggest that secretagogin is a Ca®"
sensor because DDAHZ2-induced secretagogin expres-
sion did not affect Ca®" concentrations. A recent study
(44) revealed that HFD feeding reduced the number of
docked insulin granules without affecting intracellular
Ca®* or ATP concentrations. As secretagogin improved
GSIS independently of Ca®*, the underlying mecha-
nism could involve protein-protein interactions be-
tween secretagogin and 25-kDa synaptosome-associated
protein (SNAP-25). In the central nervous system,
secretagogin interacts with SNAP-25 and enhances the
formation of neurotransmitter vesicles (39). SNAP-25
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Figure 6. Sirtl regulates DDAH?2 expression by activating its promoter. A) Pancreatic Sirtl, DDAHZ2, and SCGN expression in
LFD- and HFD-fed WT mice. **P < 0.01 vs. LFD-fed WT mice (n=3 mice/group). B) Sirtl, DDAHZ2, and SCGN expression in
MIN-6 cells overexpressing Sirtl. Bottom panels: immunoblot quantifications. **P < 0.01 vs. control (n=3 independent
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2312 Vol. 27 June 2013 The FASEB journal - www.fasebj.org HASEGAWA ET AL.



A Sirt1 Insulin Merged B Islet Sirt1 DDAH2 SCGN
5 5 5
) w12 ‘B 1.2 12
RIP-Sirt1++ Sirtt g 10 3 1.0 3 1.0
DDAH2 | # gos 2038 208
« 06 06 © 06
- 2 os 2o
Tubulin & 02 * To2 *  F o2 *
s 2 0.0 ) 2 00
RIP-Sirt1 © A e % T he
., S )
7, s 75 "’7“,, ’;le\ w’"f,,:s}’r,y\
DDAH2 Secretagogin
Hypothalamus Muscle Liver %
3
2 s g
1 § 1
*
0 0
WI__Tg WT__Tg
F RIP-Sirt1** RIP-Sirt1-- RIP-Sirt1+* RIP-Sirt1--
Figure 7. Effects of pancreasspecific Sirtl deletion. A) Sirtl and insulin
801 immunofluorescence in pancreatic sections of RIP-Sirtl™~ and RIP-
ST el Sirt1*/* mice (view: X20). Results are representative of 3 independent
® % experiments. B) Representative Western blots (left panel) and quantifica-
o 2 . . Qe . .. . C Y-
28 4 tion (right panels) of Sirtl expression in isolated islets. RIP-Sirt1 and
£g RIP-Sirt1*/* mice were crossed with DDAH2 Tg mice or WT mice (n=3
7 D 204 independent experiments). C) Sirtl expression in the hypothalamus,
== muscle, and liver from RIP-Sirt1*/* mice (n=8 independent experi-
R Tg WI Tg WT Tg WT Tg ments). D, ) Quantitative real-time PCR analysis of DDAH2 (D) and
- - - " \ i ; jon in i § /T+RIP-Sirt1™/*
RIP-STt17 RIP-Siti- RIP-Sirt1 RIP-Sirt1-- secxetagogm (L) mRNA expression in islets from»\/\"l_“ : s
' ' ' ' Tg+RIP-Sirt1™*, WT+RIP-Sirtl ~/~, and Tg+RIP-Sirtl ™/~ mice. *P <
Glucose 2.8 mM 16.7 mM p N

0.05 vs. WT+RIPSirt1*/*; 8P < 0.05 vs. Tg+RIP-Sirt1*/*; TP < 0.05 vs.
WT+RIP-Sirt1 ™/~ (#=8 mice/group). F) GSIS in isolated islets (n=8
mice/group).

also plays a significant role in the exocytosis of docked
insulin vesicles (45). In RINS-F cells, secretagogin binds
to SNAP-25 and ATP synthase (20). Accordingly, secre-
tagogin may interact with SNAP-25 to enhance GSIS as
a Ca”"signaling protein.

through increased blood supply. Gene silencing studies
(46) revealed that DDAHI1 siRNA increased BP with
changes in plasma ADMA levels, whereas DDAH2
siRNA did not. The different roles of DDAHI and
DDAH2 in the vasculature seem to be responsible for

Although DDAH?2 overexpression did not affect in-
sulin sensitivity, DDAHI overexpression improves insu-
lin resistance, further supporting the differences in the
systemic effects of DDAH1 and DDAHZ2. While DDAH2
overexpression did not affect blood pressure, DDAH1
overexpression lowered blood pressure with an in-
crease in systemic NO and a decrease in systemic ADMA
levels (9). Accordingly, the vasodilatory effects of
DDAH1 overexpression in insulin-sensitive organs
could have favorable effects on glucose metabolism

their different effects on systemic insulin sensitivity.
In summary, we have demonstrated that DDAH2
overexpression in islets may improve GSIS by transcrip-
tionally activating secretagogin expression via Spl in 2
animal models with impaired GSIS. We also showed
that Sirtl transcriptionally regulates the DDAHZ2/secre-
tagogin pathway. Our results suggest that DDAH2 of-
fers a novel therapeutic target for T2DM by reversing
HFD-induced impairments in GSIS.

experiments). C) A 1345-bp fragment of the 5'-flanking region of Ddah2 was isolated and sequenced. Adenine +1 represents
the transcription start site. Putative transcription factor binding sites are underlined. D) Effects of Sirtl overexpression on
DDAH2 promoter activity. Luciferase activity is shown relative to that of the —1344 Luc vector in control cells. Values are
expressed as means * sg. #¥P < 0.01 vs. —1344 Luc in control cells; P < 0.01 vs. —648 Luc in Sirtl-transfected cells (n=3
independent experiments) £) Mutation analysis of Sirtl promoter activity in MIN-6 cells. —648 Luc, WT secretagogin promoter
between —648 and +1; —648(CREBm) Luc, mutation in CREB-binding site. *#P < 0.01 vs. —680 Luc in control cells; " P < 0.01
vs. —680 Luc in Sirtl-transfected cells (n=3 independent experiments). ) EMSAs of 25 pg of nuclear extracts from
Sirtl-transfected (lanes 2 and 3) or untransfected (lane 1) MIN-6 cells using biotin-labeled probes. Arrow indicates the band for
the putative protein-DNA complex of CREB and oligonucleotide. Competition EMSAs were performed with excess unlabeled
probe (lane 3). Results are representative of 3 independent experiments. G) Nuclear extracts were incubated with AP-1, AP-2,
or CREB antibodies before adding the probe. DNA-protein interaction was inhibited by anti-CREB antibodies (lane 5). Results
are representative of 3 independent experiments.

DDAH ENHANCES PANCREATIC INSULIN SECRETION 2313



The authors thank K. Miyashita (Department of Internal

Medicine, School of Medicine, Keio University, Tokyo, Japan)
for providing the MIN-6 cells. This work was supported by the
Scientific Research Fund of the Ministry of Education, Cul-
ture, Sports, Science and Technology of Japan (grant
22790800). Author contributions: H.K., SW., and H.I. de-
signed the experiments and the study; K.H., H.M., and K.F.
collected data or performed the experiments; K.H., SW.,,
MK, HM, KF., KH., MK, YK, T.K, HT. KH., and H.L.
analyzed the data and helped write the manuscript; H.L
supervised all experiments and assisted with preparation of
the manuscript; S.W. is the guarantor of this work, had full
access o all of the data, and takes responsibility for the
integrity and accuracy of the data. The authors declare no
conflicts of interest.

REFERENCES

10.

2314

Wild, S., Roglic, G., Green, A., Sicree, R., and King, H. (2004)
Global prevalence of diabetes: estimates for the year 2000 and
projections for 2030. Diabetes Care 27, 10471053

Shankar, R. R., Wu, Y., Shen, H. Q., Zhu, J. S., and Baron, A. D.
(2000) Mice with gene disruption of both endothelial and
neuronal nitric oxide synthase exhibit insulin resistance. Diabetes
49, 684687

Henningsson, R., Salehi, A., and Lundquist, 1. (2002) Role of
nitric oxide synthase isoforms in glucose-stimulated insulin
release. Am. J. Physiol. Cell Physiol. 283, C296-C304

Qader, S. S, Jimenez-Feltstrom, ., Ekelund, M., Lundquist, I.,
and Salehi, A. (2007) Expression of islet inducible nitric oxide
synthase and inhibition of glucose-stimulated insulin release
after long-term lipid infusion in the rat is counteracted by
PACAP27. Am. J. Physiol. Indocrinol. Metab. 292, ¥.1447-E1455
Lajoix, A. D., Reggio, H., Chardes, T., Peraldi-Roux, S., Tribillac,
F., Roye, M., Dietz, S., Broca, C., Manteghetti, M., Ribes, G.,
Wollheim, C. B., and Gross, R. (2001) A neuronal isoform of
nitric oxide synthase expressed in pancreatic beta-cells controls
insulin secretion. Diabetes 50, 13111323

Cooke, J. P. (2004) Asymmetrical dimethylarginine: the uber
marker? Circulation 109, 1813-1818

Krzyzanowska, K., Mittermayer, F., Wolzt, M., and Schernthaner,
G. (2008) ADMA, cardiovascular disease and diabetes. Diabetes
Res. Clin. Pract. 82(Suppl. 2), S122-S126

Hasegawa, K., Wakino, S., Tanaka, T., Kimoto, M., Tatematsu,
S., Kanda, T., Yoshioka, K., Homma, K., Sugano, N,
Kurabayashi, M., Saruta, T., and Hayashi, K. (2006) Dimethy-
larginine dimethylaminohydrolase 2 increases vascular endothe-
lial growth factor expression through Spl transcription factor in
endothelial cells. Arterioscler. Thromb. Vasc. Biol. 26, 1488-1494
Sydow, K., Mondon, C. E., Schrader, J., Konishi, H., and Cooke,
J- P. (2008) Dimethylarginine dimethylaminohydrolase overex-
pression enhances insulin sensitivity. Arterioscler. Thromb. Vasc.
Biol. 28, 692-697

Leiper, J., Nandi, M., Torondel, B., Murray-Rust, J., Malaki, M.,
O’Hara, B., Rossiter, S., Anthony, S., Madhani, M., Selwood,
D., Smith, C., Wojciak-Stothard, B., Rudiger, A., Stidwill, R.,
McDonald, N. Q., and Vallance, P. (2007) Disruption of methy-
larginine metabolism impairs vascular homeostasis. Nat. Med.
13, 198-203

Hasegawa, K., Wakino, S., Tatematsu, S., Yoshioka, K., Homma,
K., Sugano, N., Kimoto, M., Hayashi, K., and Itoh, H. (2007)
Role of asymmetric dimethylarginine in vascular injury in trans-
genic mice overexpressing dimethylarginie dimethylaminohy-
drolase 2. Circ. Res. 101, e2-¢10

Brown, J. M., Chung, S., Sawyer, J. K., Degirolamo, C., Alger,
H. M., Nguyen, T., Zhu, X., Duong, M. N., Wibley, A. L., Shah,
R., Davis, M. A,, Kelley, K., Wilson, M. D., Kent, C., Parks, J. S.,
and Rudel, L. L. (2008) Inhibition of stearoyl-coenzyme A
desaturase 1 dissociates insulin resistance and obesity from
atherosclerosis. Circulation 118, 1467-1475

Terauchi, Y., Takamoto, I, Kubota, N., Matsui, J., Suzuki, R.,
Komeda, K., Hara, A., Toyoda, Y., Miwa, 1., Aizawa, S., Tsutsumi,
S., Tsubamoto, Y., Hashimoto, S., Eto, K., Nakamura, A., Noda,

Vol. 27 June 2013

14.

16.

17.

19.

20.

21.

23.

24.

26.

27.

28.

The FASEB Journal - www.fasebj.org

M., Tobe, K., Aburatani, H., Nagai, R., and Kadowaki, T. (2007)
Glucokinase and IRS-2 are required for compensatory beta cell
hyperplasia in response to high-fat dietinduced insulin resis-
tance. J. Clin. Invest. 117, 246257

Kang, L., He, Z., Xu, P., Fan, ]., Betz, A., Brose, N., and Xu, T.
(2006) Muncl3-1 is required for the sustained release of insulin
from pancreatic beta cells. Cell Metab. 3, 463-468

Liew, C. W., Bochenski, J., Kawamori, D., Hu, ]., Leech, C. A,,
Wanic, K., Malecki, M., Warram, J. H., Qi, L., Krolewski, A. S.,
and Kulkarni, R. N. (2010) The pseudokinase tribbles homolog
3 interacts with ATF4 to negatively regulate insulin exocytosis in
human and mouse beta cells. J. Clin. Invest. 120, 2876-2888
Kasai, K., Ohara-Imaizumi, M., Takahashi, N., Mizutani, S.,
Zhao, S., Kikuta, T., Kasai, H., Nagamatsu, S., Gomi, H., and
[zumi, T. (2005) Rab27a mediates the tight docking of insulin
granules onto the plasma membrane during glucose stimula-
tion. J. Clin. Invest. 115, 388-396

Fukui, K., Yang, Q., Cao, Y., Takahashi, N., Hatakeyama, H.,
Wang, H., Wada, J., Zhang, Y., Marselli, L., Nammo, T., Yoneda,
K., Onishi, M., Higashiyama, S., Matsuzawa, Y., Gonzalez, F. J.,
Weir, G. C., Kasai, H., Shimomura, 1., Miyagawa, J., Woltheim,
C. B., and Yamagata, K. (2005) The HNF-1 target collectrin
controls insulin exocytosis by SNARE complex formation. Cell
Metab. 2, 373-384

Hasegawa, K., Wakino, S., Yoshioka, K., Tatematsu, S., Hara, Y.,
Minakuchi, H., Washida, N., Tokuyama, H., Hayashi, K., and
Itoh, H. (2008) Sirtl protects against oxidative stress-induced
renal tubular cell apoptosis by the bidirectional regulation of
catalase expression. Biochem. Biophys. Res. Commun. 372, 51-56
Picard, F., Kurtev, M., Chung, N., Topark-Ngarm, A., Senawong,
T., Machado De Oliveira, R., Leid, M., McBurney, M. W., and
Guarente, L. (2004) Sirtl promotes fat mobilization in white
adipocytes by repressing PPAR~y. Nature 429, 771-776

Kumar, D., Hosse, J., von Toerne, C., Noessner, E., and Nelson,
P.J. (2009) JNK MAPK pathway regulates constitutive transcrip-
tion of CCL5 by human NK cells through SP1. /. Immunol. 182,
1011-1020

Moeenrezakhanlou, A., Nandan, D., Shephard, L., and Reiner,
N. E. (2007) lalpha,25-dihydroxycholecalciferol activates bind-
ing of CREB to a CRE site in the CD14 promoter and drives
promoter activity in a phosphatidylinositol-3 kinase-dependent
manner. J. Leukoc. Biol. 81, 1311-1321

Wagner, L., Oliyarnyk, O., Gartner, W., Nowotny, P., Groeger,
M., Kaserer, K., Waldhausl, W., and Pasternack, M. S. (2000)
Cloning and expression of secretagogin, a novel neuroendo-
crine- and pancreatic islet of Langerhans-specific Ca” “-binding
protein. J. Biol. Chem. 275, 24740-24751

Bauer, M. C., O’Connell, D. J., Maj, M., Wagner, L., Cahill, D. ],
and Linse, S. (2011) Identification of a high-affinity network of
secretagogin-binding proteins involved in vesicle secretion. Mol.
Biosyst. 7, 2196-2204

Ishihara, H., Asano, T., Tsukuda, K., Katagiri, H., Inukai, K.,
Anai, M., Kikuchi, M., Yazaki, Y., Miyazaki, J. 1., and Oka, Y.
(1993) Pancreatic beta cell line MING exhibits characteristics of
glucose metabolism and glucose-stimulated insulin secretion
similar to those of normal islets. Diabetologia 36, 1139-1145
Bordone, L., Motta, M. C,, Picard, F., Robinson, A., Jhala, U. S,
Apfeld, J., McDonagh, T., Lemieux, M., McBurney, M., Szilvasi,
A., Easlon, E. J., Lin, S. J., and Guarente, L. (2006) Sirtl
regulates insulin secretion by repressing UCP2 in pancreatic
beta cells. PLoS Biol. 4, €31

Yuan, Q., Peng, J., Liu, S. Y., Wang, C. J., Xiang, D. X, Xiong,
X. M., Hu, C. P, and Li, Y. J. (2010) Inhibitory effect of
resveratrol derivative BTM-0512 on high glucose-induced cell
senescence involves dimethylaminohydrolase/asymmetric dim-
ethylarginine pathway. Clin. Lixp. Pharmacol. Physiol. 37, 630-635
Jeong, H., Cohen, D. E., Cui, L., Supinski, A., Savas, J. N.,
Mazzulli, J. R, Yates, J. R., 3rd, Bordone, L., Guarente, L., and
Kraine, D. (2012) Sirt]l mediates neuroprotection from mutant
huntingtin by activation of the TORCI1 and CREB transcrip-
tional pathway. Naf. Med. 18, 159-165

Ramsey, K. M., Mills, K. F,, Satoh, A., and Imai, S. (2008)
Age-associated loss of Sirtl-mediated enhancement of glucose-
stimulated insulin secretion in beta cell-specific Sirtl-overex-
pressing (BESTO) mice. Aging Cell 7, 7888

Liadis, N., Salmena, L., Kwan, E., Tajmir, P., Schroer, S. A,,
Radziszewska, A., Li, X., Sheu, L., Eweida, M., Xu, S., Gaisano,

HASEGAWA ET AL.



31.

32.

33.

34,

35.

36.

37.

38.

H. Y., Hakem, R., and Woo, M. (2007) Distinct in vivo roles of
caspase-8 in beta-cells in physiological and diabetes models.
Diabetes 56, 23022311

Joseph, J. W., Koshkin, V., Zhang, C. Y., Wang, J., Lowell, B. B.,
Chan, C. B., and Wheeler, M. B. (2002) Uncoupling protein 2
knockout mice have enhanced insulin secretory capacity after a
high-fat diet. Diabetes 51, 3211-3219

Yoshino, J., Mills, K. F., Yoon, M. J., and Imai, S. (2011)
Nicotinamide mononucleotide, a key NAD™ intermediate,
treats the pathophysiology of diet- and age-induced diabetes in
mice. Cell Metab. 14, 528536

Leibiger, I. B., and Berggren, P. O. (2005) A SIRTain role in
pancreatic beta cell function. Cell Metab. 2, 80-82

Hals, 1. K., Ogata, H., Pettersen, E., Ma, Z., Bjorklund, A.,
Skorpen, F., Egeberg, K. W., and Grill, V. (2012) Marked over
expression of uncoupling protein-2 in beta cells exerts minor
effects on mitochondrial metabolism. Biochem. Biophys. Res.
Commun. 423, 259264

Chepurny, O. G., Kelley, G. G., Dzhura, L., Leech, C. A,, Roe,
M. W., Dzhura, E., Li, X., Schwede, F., Genieser, H. G., and
Holz, G. G. (2010) PKA-dependent potentiation of glucose-
stimulated insulin secretion by Epac activator 8-pCPT-2-O-Me-
cAMP-AM in human islets of Langerhans. Am. J. Physiol. Iindo-
erinol. Metab. 298, E622-E633

Kwon, G., Corbett, J. A., Hauser, S., Hill, J. R., Turk, J., and
McDaniel, M. L. (1998) Evidence for involvement of the pro-
teasome complex (26S) and NF-kB in IL-1B-induced nitric
oxide and prostaglandin production by rat islets and RINm5F
cells. Diabetes 47, 583-591

Arafat, H. A., Katakam, A. K., Chipitsyna, G., Gong, Q., Vancha,
A. R., Gabbeta, |., and Dafoe, D. C. (2007) Osteopontin protects
the islets and beta-cells from interleukin-1 beta-mediated cyto-
toxicity through negative feedback regulation of nitric oxide.
Endocrinology 148, 575-584

Sauter, N. S., Schulthess, F. T., Galasso, R., Castellani, L. W., and
Maedler, K. (2008) The antiinflammatory cytokine interleukin-1
receptor antagonist protects from high-fat diet-induced hyper-
glycemia. Iindocrinology 149, 2208-2218

Tanaka, M., Osanai, T., Murakami, R., Sasaki, S., Tomita, H.,
Maeda, N., Satoh, K., Magota, K., and Okumura, K. (2006)
Effect of vasoconstrictor coupling factor 6 on gene expression

DDAH ENHANCES PANCREATIC INSULIN SECRETION

39.

40.

41.

42.

43.

44.

46.

profile in human vascular endothelial cells: enhanced release of
asymmetric dimethylarginine. /. [ypertens. 24, 489-497

Xin, H. Y, Jiang, D. ], Jia, S. ., Song, K., Wang, G. P, Li, Y. J.,
and Chen, F. P. (2007) Regulation by DDAH/ADMA pathway of
lipopolysaccharide-induced tissue factor expression in endothe-
lial cells. Thromb. Haemost. 97, 830-838

Sorrenti, V., Mazza, F., Campisi, A., Vanella, L., Li Volti, G., and
Di Giacomo, C. (2006) High glucose-mediated imbalance of
nitric oxide synthase and dimethylarginine dimethylaminohy-
drolase expression in endothelial cells. Curr. Neurovasc. Res. 3,
49-54

Sydow, K., and Munzel, T. (2003) ADMA and oxidative stress.
Atheroscler. Suppl. 4, 41-51

Boger, R. H., Bode-Boger, S. M., Tsao, P. S., Lin, P. S., Chan,
J- R, and Cooke, J. P. (2000) An endogenous inhibitor of nitric
oxide synthase regulates endothelial adhesiveness for mono-
cytes. J. Am. Coll. Cardiol. 36, 2287-2295

Rogstam, A., Linse, S., Lindqvist, A., James, P., Wagner, L., and
Berggard, T. (2007) Binding of calcium ions and SNAP-25 to
the hexa EF-hand protein secretagogin. Biochem. J. 401, 353-363
Collins, S. C., Hoppa, M. B., Walker, J. N., Amisten, S., Ab-
dulkader, F., Bengtsson, M., Fearnside, ]., Ramracheya, R., Toye,
A. A, Zhang, Q., Clark, A,, Gauguier, D., and Rorsman, P.
(2010) Progression of dietinduced diabetes in C57BL6] mice
involves functional dissociation of Ca®* channels from secretory
vesicles. Diabetes 59, 1192-1201

Nagamatsu, S., Nakamichi, Y., Yamamura, C., Matsushima, S.,
Watanabe, T., Ozawa, S., Furukawa, H., and Ishida, H. (1999)
Decreased expression of +SNARE, syntaxin 1, and SNAP-25 in
pancreatic beta-cells is involved in impaired insulin secretion
from diabetic GK rat islets: restoration of decreased -SNARE
proteins improves impaired insulin secretion. Diabetes 48, 2367—
2373

Wang, D., Gill, P. S., Chabrashvili, T., Onozato, M. L., Raggio, J.,
Mendonca, M., Dennehy, K., Li, M., Modlinger, P., Leiper, J.,
Vallance, P., Adler, O., Leone, A., Tojo, A., Welch, W. J., and
Wilcox, C. S. (2007) Isoform-specific regulation by N(G),N(G)-
dimethylarginine dimethylaminohydrolase of rat serum asym-
metric dimethylarginine and vascular endothelium-derived re-
laxing factor/NO. Circ. Res. 101, 627-635

Received for publication December 27, 201 2.
Accepted for publication February 11, 20135.

2315



Endocrine Journal 2014, 61 (2), 149-157

ORIGINAL

Lower beta cell function relates to sustained higher glycated
albumin to glycated hemoglobin ratio in Japanese patients

with type 2 diabetes

Yoshifumi Saisho!’, Kumiko Tanaka'), Takayuki Abe?), Toshihide Kawai') and Hiroshi Itoh")

4 Department of Internal Medicine, Keio University Schoal of Medicine, Tokyo 160-8582, Japan
9 Center - for Clinical Research, Keio University School of Medicine, Tokyo 160-8582, Japan

Abstract. The aim of this study was to clarify the relationship between baseline beta cell function and future glycated
albumin (GA) to glycated hemoglobin ratio (GA/HbA Ic) in patients with type 2 diabetes. In our retrospective cohort, 210
type 2 diabetic patients who had been admitted to our hospital and in whom HbA 1c and GA had been measured at baseline
and 2 years after admission were included in this study. Baseline beta cell function was assessed by postprandial C-peptide
immunoreactivity index (PCPRI) during admission. With intensification of treatment during admission, HbA lc and GA
were significantly decreased | year and 2 years after admission. While baseline HbA fc was not significantly correlated
with HbA I ¢ after 2 years, baseline GA/HbA 1¢ was strongly correlated with GA/HbA 1 ¢ after 2 years (= 0.575, P <0.001).
When the patients were divided into two groups according to median PCPRI, patients with low PCPRI showed higher GA/
HbA 1¢ both at baseline and after 2 years compared to those with high PCPRI. There was a significant negative correlation
between PCPRI and GA/HbA Ic after 2 years (r = -0.379, P <0.001). Multiple regression analysis revealed that PCPRI was
an independent predictor of GA/HbA ¢ after 2 years. [n conclusion, our findings suggest that lower beta cell tunction is

associated with sustained higher GA/HbA Ic ratio in patients with type 2 diabetes.

Key words: Glycated albumin, Glycated hemoglobin, Type 2 diabetes, Beta cell function, C-peptide

TYPE 2 DIABETES is characterized by impaired beta
cell function to maintain normoglycemia [1, 2]. Beta
cell function has been reported to be an important pre-
dictor of treatment failure in patients with type 2 diabe-
tes [3, 4]. We have previously reported that lower beta
cell function was associated with higher HbA lc after
2 years in patients with type 2 diabetes [5]. However,
the association of beta cell function with other glyce-
mic indices remains established.

Glycated albumin (GA) is another glycemic index,
which reflects average blood glucose level for the past
1 to 2 weeks, and it has recently been reported that
GA more sensitively reflects glycemic excursion than
does HbA1c {6-10]. Previous studies have suggested
an association between postprandial glucose excursion
and cardiovascular disease [11-15]. Since it has been

reported that GA or the ratio of GA to HbA lc, but not
HbA lc, was associated with the progression of carotid
artery intima-media thickness [16], GA or GA/HbAlc
ratio is also expected to be a superior predictor of car-
diovascular disease compared with HbA lc.

We and others have reported that lower beta cell func-
tion is associated with higher GA and GA/HbA I¢ ratio
in patients with type 2 diabetes, at least partly refiect-
ing the association between lower beta cell function
and greater glycemic excursion [8, 17, 18]. However,
those studies were cross-sectional, and the association
between beta cell function and future GA/HbA I ¢ level,
especially after intensification of treatment, remains
uncertain. Therefore, in this study, using a retrospec-
tive, longitudinal cohort of patients who had been
admitted to our hospital for poor glycemic control, we
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aimed to clarify 1) whether GA/HbA lc changes after
intensive treatment during and after admission and 2)
whether beta cell function predicts future GA/HbAlc
level in patients with type 2 diabetes.

Methods

Subjects

The details of our retrospective cohort have been
reported elsewhere [5, 8]. This retrospective cohort
consisted of subjects with type 2 diabetes who had been
admitted to our hospital between 2000 and 2007. We
excluded subjects with renal failure defined as serum
creatinine level > 2 mg/dL (corresponding to glomeru-
lar filtration rate (GFR) < ~30 mL/min/1.73m?), sub-
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jects with nephrotic syndrome and subjects with liver
cirrhosis, which affect GA/HbA ¢ ratio [19]. Since it
has been reported that the beta cell response to glucose
is blunted above a plasma giucose level of 180 mg/dL
[20], subjects with fasting plasma glucose (FPG) level
> 200 mg/dL on the day of CPR measurement were
also excluded. Among the entire cohort (n = 689), gly-
cated albumin levels were available in 316 subjects [8].
Of those, 210 subjects (66%) in whom glycated albu-
min level 2 years after admission was available (137
men and 73 women, age 63 £ 12 years (mean + SD),
duration of diabetes 12 + 10 years, BMI 24.7 + 4.2 kg/
m?, Table 1) were included in this study. There was no
significant difference in clinical characteristics such as
age, sex, duration of diabetes, BMI and HbA ¢ between

Table 1 Baseline characteristics according to baseline PCPRI level.

0S5l ios  (ELGE P vaue
Sex (male/female) 137/73 65/40 72/33 0.39
Age (years) 63+12 6413 63%12 0.41
Duration of diabetes (years) 12+ 10 1511 108 0.001
Family history of diabetes (%) 50.0 524 47.6 0.58
BMI (kg/m?) 24.7+4.2 234+3.6 260+43 <0.001
eGFR (mL/min/1.73m?) 68.6+193 694+204 67.8:+182 0.53
HbAlc (%) 98+ 1.7 102+1.8 95%1.5 0.002
GA (%) 279 6.9 30.8%7.0 25.1£5.6 <0.001
GA/HbAlc 283+£048 3.02+047  2.65+041 <0.001
CPR indices
FPG (mg/dL) 146+ 28 149 + 30 142 +£ 25 0.07
FCPR (ng/mL) 1.72+0.97 1212060 223+1.01 <0.001
FCPRI 1.20£0.68 0.81+035 1.59+0.70 <0.001
PPG (mg/dL) 242+ 64 264 £ 69 221 51 <0.001
PCPR (ng/mL) 444242 278115 6.10£2.20 <0.001
PCPRI 1.94£1.15 1.05+£033  2.82+099 <0.001
UCPR (pg/day) 669+49.0 468+358 86.8+523 <0.001
Medication before admission :
SU (%) 51.4 49.5 53.3 0.68
Glinide (%) 1.9 1.0 29 0.37
BG (%) 124 8.6 16.2 0.14
TZD (%) 133 13.3 13.5 1.00
a-Gl (%) 314 314 314 1.00
Insulin (%) 16.7 276 5.7 <0.001
Medication at discharge
SU (%) 21.0 9.5 324 <0.001
Glinide (%) 10.0 7.6 124 0.36
BG (%) 124 5.7 19.1 0.006
TZD (%) 1.0 0.0 1.9 0.50
a-GI (%) 31.0 314 30.5 1.00
Number of OHA 0.75£080 054077 096+0.78 <0.001
Insulin (%) 64.8 86.7 42.9 <0.001

Low and high PCPRI groups were divided by the median of PCPRI (1.63).

€GFR, estimated glomerular filtration rate; GA, glycated albumin; FPG, fasting plasma glucose;
FCPR, fasting C-peptide immunoreactivity; FCPRI, FCPR index; PPG, postprandial plasma
glucose; PCPR, postprandial CPR; PCPRI, PCPR index; UCPR, urinary CPR; SU, sulfonylurea;
BG, biguanide; TZD, thiazolidinedione; a~Gl, a-glucosidase inhibitor; OHA, oral hypoglycemic
agent. Data are expressed as mean = SD or percentage. P value; low vs. high PCPRI.
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the patients included in this study and those excluded
from this study, most of whom were not able to be fol-
lowed for 2 years because of referral to other hospitals
or clinics (N = 106, all P >0.05, data not shown).

Before admission, 108 subjects (51.4%) were
treated with a sulfonylurea, 4 (1.9%) with a glinide, 26
(12.4%) with a biguanide, 28 (13.3%) with a thiazo-
lidinedione, 66 (31.4%) with an g-glucosidase inhibi-
tor and 35 (16.7%) with insulin. Sixty-two subjects
(29.5%) were receiving no medication. Most patients
had been admitted to hospital for one to two weeks
because of poor glycemic control, and received bas-
al-bolus insulin therapy using regular and NPH insulin
during admission. At discharge, 44 subjects (21.0%)
were treated with a sulfonylurea, 21 (10.0%) with a
glinide, 26 (12.4%) with a biguanide, 2 (1.0%) with
a thiazolidinedione, 65 (31.0%) with an o-glucosidase
inhibitor and 136 (64.8%) with insulin. Among the
subjects treated with insulin, nine (6.6%) were treated
with once daily injection, 71 (52.2%) with twice daily
injections and 50 (36.8%) with multiple daily injections
(basal-bolus therapy). Seven subjects (3.3%) were
receiving no medication. All patients were treated by
diabetes specialists according to the guidelines of the
Japan Diabetes Society (JDS) [21]. This study was
conducted according to the principles expressed in the
Declaration of Helsinki, and was approved by the eth-
ics review committee of Keio University School of
Medicine, Tokyo, Japan.

Measurements

All measurements were conducted during admis-
sion, and assayed by the Department of Laboratory
Medicine, Keio University School of Medicine as pre-
viously described [5, 8]. Plasma glucose and serum
CPR levels were measured after overnight fasting and
2 h after breakfast during admission, usually within
a few days after admission under basal-bolus insulin
therapy. All patients received the ideal dietary caloric
intake calculated from their ideal body weight (i.e.
height (m)? x 22 x 25 kcal/kg) when blood samples were
obtained. Plasma glucose was measured by glucose
oxidase method, and CPR was measured by enzyme
immunoassay (ST AIA-PACK C-Peptide, TOSOH,
Tokyo, Japan). CV of the within-run and between-day
precision of CPR was 2.39% and 2.97%, respectively.
Fasting and postprandial CPR indices were calculated
as previously reported 5, 8]; i.e., fasting or postprandial
serum CPR (ng/mL) / fasting or postprandial plasma

glucose (mg/dL) x 100, respectively. In addition, 24 h
urinary CPR was also measured within a few days after
admission. HbA 1c and GA were measured at the time
of admission, one year and two years after admission.
HbA 1c was measured by HPLC and expressed as the
National Glycohemoglobin Standardization Program
(NGSP) value, as defined by JDS [22]. GA was mea-
sured by enzymatic method. Coefficient of variance
(CV) of within-run and between-day precision were
0.4-1.0% and 0.5-0.9% for HbAlc, and 0.9-1.2% and
0.6-0.7% for GA, respectively. Estimated glomerular
filtration rate (¢GFR: mL/min/1.73 m?) was calculated
according to the Statement of the Japan Nephrology
Society (JNS) as follows: 194 x serum creatinine (mg/
dLy 9% x age (years) %287 (x 0.739 for women) [23].

Statistical analysis

Descriptive statistics were calculated for the baseline
characteristics. Homogeneity of distributions between
the two groups was examined with Student’s ¢ test or
Fisher’s exact test. Paired ¢ test was used to assess
the changes in glycemic parameters. The association
between two variables was estimated with Pearson’s
correlation coefficient. Univariate regression analy-
sis was performed, followed by stepwise multivariate
regression analysis including confounders to evalu-
ate the robustness of the results. These analyses were
performed with the Statistical Package for the Social
Sciences (version 19.0; SPSS, Chicago, IL). Data were
expressed as mean = S.D. in the text and tables, and
mean * S.E. in the figures. Values of P <0.05 were
considered statistically significant.

Results

Changes in glycemic indices after admission

In the total subjects, HbAlc and GA were signifi-
cantly decreased at 1 year and 2 years after admis-
sion with intensification of treatment during and after
admission (HbA1c: 9.8+ 1.7,7.8+ 1.3 and 7.9 £ 1.3%,
GA:27.9+£6.9,21.7+4.3 and 21.9 + 5.3% at baseline,
1 year and 2 years, respectively, all P <0.001 vs. base-
line). GA/HbA 1¢ ratio also decreased after admission,
while the statistical significance was marginal (2.83 +
0.48,2.79 +£0.37 and 2.77 £ 0.42 at baseline, 1 year and
2 years, P = 0.04 and 0.02 vs. baseline, respectively).
There was a significant correlation between baseline
GA and GA after 2 years (» = 0.244, P <0.001, Fig. 1),
whereas the correlation between baseline HbAlc and
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Fig. 1 Correlations between baseline values and values 2 years after admission of HbA I¢ (A), GA (B) and GA/HbA Ic ratio (C).

HbA Ic after 2 years was not significant (» = 0.110, P
= 0.11). Baseline GA/HbAIc was strongly correlated
with GA/HbA 1¢ after 2 years (» = 0.575, P <0.001).

Association between postprandial CPR index level
and GA/HbA I c ratio after 2 years

To elucidate the correlation between postprandial
CPR index (PCPRI) and future GA/HbAlc ratio, we
classified the subjects into two groups according to
the median of PCPRI (1.63). Comparison of base-
line characteristics between the two groups is shown
in Table 1. Subjects with low PCPRI showed longer
duration of diabetes, lower BMI, higher HbA I¢, higher
GA and higher GA/HbA Ic, as previously reported {8].
All CPR indices were significantly lower in patients
with low PCPRI than in those with high PCPRI. Most
of the subjects with low PCPRI had started insulin ther-
apy at discharge.

Changes in glycemic indices after admission are
shown in Fig. 2. In both groups, HbAlc and GA
were significantly ameliorated 1 year and 2 years after
admission (Fig. 2A and B), although GA/HbAc ratio
significantly decreased only in the low PCPRI group

(Fig. 2C). HbAlc and GA remained significantly
higher in the low PCPRI group compared with the high
PCPRI group at | year and 2 years after admission, and
GA/HbA ¢ ratio also remained significantly higher at
| year and 2 years after admission in the low PCPRI
group (Fig. 2). There were significant negative correla-
tions between PCPRI and HbA 1c, GA and GA/HbAlc
ratio after 2 years (r = -0.182, P = 0.008, r = -0.365, P
<0.001, and r = -0.379, P <0.001, Fig. 3), although the
correlation was stronger for GA and GA/HbA ¢ ratio
than for HbAlc.

Baseline parameters relating to GA/HbA Ic after 2 years

Univariate regression analysis showed that age, dura-
tion of diabetes, BMI, baseline GA, eGFR, use of BG
and TZD, as well as PCPR1 were associated with GA/
HbA Ic ratio after 2 years (Table 2). Stepwise multiple
regression analysis revealed that age, BMI, baseline
HbAlc, baseline GA, eGFR, PCPRI and use of insu-
lin were independent variables predicting GA/HbAlc
ratio 2 years after admission (Table 2).

Since multivariate analysis suggested an independent
effect of insulin therapy on GA/HbA Ic ratio, the effect
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Table 2 Univariate and stepwise multivariate regression analysis of baseline parameters for association with GA/

HbA Ic ratio after 2 years,
N . tepwise multivariate regression

Variables Univariate regression Step (adjusted R? =0, 43%;)

Odds ratio (95%CI) P value QOdds ratio (95%Cl) P value
Sex (male = 1, female = 0) 0.99 (0.88 - 1.12) 0.93 - -
Age (years) 1.01 (1.01-1.02) <0.001 1.01 (1.00 - 1.01) 0.04
Duration of diabetes (years) 1.01 (1.01-1.02)  <0.001 - -
Family history of diabetes (yes = 1, no =0) 0.98 (0.87 - 1.10) 0.71 - -
BMI (kg/m?) 0.96 (0.95-0.97) <0.001 0.98 (0.97 - 0.99) 0.006
HbAlc (%) 0.98 (0.95~1.02) 0.31 0.90 (0.86 - 0.93) <0.001
GA (%) 1.02 (1.01-1.03) <0.001 1.04 (1.03 - 1.05) <0.001
eGFR (mL/min/1.73m?) 0.96 (0.96 - 0.96) 0.003 0.99 (0.99 - 0.99) 0.03
PCPRI 0.87 (0.83-0.91) <0.001 0.91 (0.87 - 0.96) <0.001
Use of SU (yes = 1, no = 0) 0.95 (0.83 - 1.09) 0.48 - -
Use of glinide (yes = 1, no = 0) 1.18 (0.98 - 1.43) 0.08 - -
Use of BG (yes = 1. no = 0) 0.83 (0.70 - 0.99) 0.04 - -
Use of TZD (yes = 1, no = 0) 0.53(0.30-0.95) 0.04 - -

Use of «=Gl (yes = 1, no = 0) 1.04(0.92-1.17) 0.55 - -
Number of OHAs 0.98 (0.92 - 1.06) 0.64 - -
Use of insulin (yes = |, no =0) 1.09 (0.97 - 1.23) 0.15 0.87 (0.78 - 0.97) 0.01
CI. confidence interval. eGFR. estimated glomerular filtration rate: GA, glycated albumin; PCPRI, postprandial CPR
index; SU, sulfonylurca, BG, biguanide; TZD, thiazolidinedione; ¢-Gl, a-glucosidase inhibitor; OHA, oral hypogly-
cemic agent. Medication at discharge was included in the analysis. All variables listed in this table were included in
stepwise multiple regression analysis. Adjusted R?; a measure for the model fit.
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Fig. 4 Eftects of insulin therapy on change in GA/HbA l¢ ratio 2 years after admission in low postprandial CPR index (PCPRI) (A)
and high PCPRI groups (B). Open circles and dotted line; no insulin use afier admission (N = 14 and 60 in low PCPRI group
and high PCPRI group, respectively), closed circles; insulin use after admission (N = 62 and 39), closed triangles; continuous
insulin use before and after admission (N = 29 and 6). * P <0.05 vs. 0 year.

35,2.81£0.39 vs. 2.81 £ 0.47, P =0.98). Asignificant
reduction in GA/HbA 1¢ was observed in both subjects

of insulin therapy on the change in GA/HbAlc ratio
after 2 years was also assessed. Starting insulin therapy

after admission was associated with a significant reduc-
tion in GA/HbA Ic ratio after 2 years (N = 101,299 +
0.49 vs. 2.79 + 0.44, P <0.001), whereas no reduction in
GA/HbA 1c ratio after 2 years was observed in subjects
who either did not start insulin therapy after admission
(N =174,2.64 + 042 vs. 2.71 £ 0.36, P = 0.04) or had
already started insulin therapy before admission (N =

treated with once or twice daily insulin injections (N =
62,2.99 + 0.42 vs. 2.85 £ 0.50, P = 0.005) and subjects
with multiple daily injections (N = 34, 2.98 £ 0.59 vs.
2.72+£0.32, P=0.01). The same effect of insulin ther-
apy on GA/HbA | ¢ was observed in both the low PCPRI
and high PCPRI groups (Fig. 4).
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Discussion

In this study, we report that 1) baseline GA/HbAlc
ratio was significantly correlated with GA/HbA I ¢ after
2 years even though the HbA 1c level was ameliorated
with intensification of treatment during this period, and
2) lower baseline PCPRI was independently related to
higher GA/HbA I ¢ ratio after 2 years.

Epidemiological studies have shown that postpran-
dial hyperglycemia rather than fasting hyperglycemia
predicts future development of cardiovascular disease
[11, 12]. It has been shown that GA and GA/HbAlc
are more sensitively correlated with postprandial glu-
cose excursion than is HbAlc [6, 7, 8, 9]. Thus, not
only HbAlc but also GA and GA/HbA I¢ are expected
to be important markers for the development of diabetic
complications [24]. However, the longitudinal change
in GA or GA/HbA I ¢ in clinical settings, especially after
intensification of treatment, remains uncertain.

The strong association between baseline GA/HbAlc
and GA/HbA Ic after 2 years observed in this study sug-
gests that GA/HbA l¢ remains relatively constant over
the years. Therefore, it is of interest to explore the factors
associated with future GA/HbAlc. It has been reported
that various factors including age and BMI affected GA/
HbA Ic in cross-sectional studies [8, 25]. We were able
to confirm the association between these factors and
future GA/HbA I¢ in univariate and multivariate regres-
sion analyses. In addition, we also demonstrated that
low beta cell function related to not only baseline GA/
HbA 1¢ ratio but also GA/HbA I ¢ after 2 years.

Beta cell dysfunction is a hallmark of type 2 diabetes
and progressively declines with disease duration {26,
27]. The association between lower beta cell function
and higher GA/HbA Ic after 2 years observed in this
study suggests that patients with lower beta cell func-
tion are exposed to sustained greater glucose excursion
even after improvement of HbA 1¢ by intensification of
treatment. These findings indicate the importance of
beta cell function for reducing glycemic variability. It
has also been reported that GA or GA/HbA ¢, but not
HbA 1c, was associated with the severity of coronary
atherosclerosis or progression of carotid artery intima-
media thickness [16, 28, 29]. Thus, it could be spec-
ulated that lower beta cell function may contribute to
the progression of atherosclerosis through sustained
glycemic instability. On the other hand, recent anal-
ysis comparing the predictive ability between GA and
HbA Ic in a subpopulation of the Diabetes Control and

Complications Trial (DCCT) cohort showed a signifi-
cant association between cardiovascular disease and
HbA 1c but not GA in patients with type 1 diabetes [30].
Thus, the association between GA, GA/HbAlc ratio
and cardiovascular disease remains unclear and further
investigations are needed to clarify this hypothesis.

Multivariate regression analysis in this study
revealed that other than PCPRI, age, BMI, baseline GA,
baseline HbA Ic, eGFR and insulin therapy were inde-
pendently correlated with future GA/HbA l¢, which is
consistent with the findings of previous cross-sectional
studies [8, 25]. We observed a significant reduction in
GA/HbA 1c of ~0.2 after 2 years in subjects who started
insulin therapy after admission, in both the low PCPRI
and high PCPRI groups. Therefore, the introduction
of insulin therapy might have resulted in improvement
of GA/HbA I ¢ during the study, especially in patients
with low beta cell function, in most of whom insulin
was introduced during admission, suggesting the effi-
cacy of insulin therapy to reduce glycemic variability
in these subjects. Recent studies have shown that intro-
duction of insulin therapy improved beta cell function
[31, 32]. Thus, the reduction of GA/HbA lc after intro-
ducing insulin therapy may partly reflect improvement
of beta cell function. Unfortunately we were not able
to confirm this possibility in the present study since we
did not evaluate PCPRI during the follow-up period.

It was, however, noted that even after introducing
insulin therapy, GA/HbA Ic level in the patients with
low beta cell function remained significantly higher
than that in those with high beta cell function. Recent
studies suggest that the effect of treatment strategy on
glycemic variability is relatively small {9, 10, 33, 34].
Whether this was due to insufficient control of glyce-
mic variability with current therapy or to other factors
affecting GA/HbA Ic should be addressed in future
prospective studies.

There are limitations of this study. Although we
excluded patients with renal failure, nephrotic syn-
drome or liver cirrhosis, which affect GA/HbA ¢ ratio,
anemia or thyroid disease in patients also might affect
GA/HbAIc ratio [19]. Second, incretin therapy was
not available during this study period. Since incretin
therapy has been reported to improve beta cell function
and reduce glycemic variability in patients with type
2 diabetes [35], the effects of incretin therapy on GA/
HbA Ic need to be investigated in future studies.

In conclusion, our study showed that lower beta cell
function was associated with a sustained higher GA/
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HbAlc ratio even after amelioration of HbAlc with
intensive treatment in patients with type 2 diabetes.
These findings emphasize the importance of beta cell
function in controlling glycemic variability.

10.
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Renal tubular Sirt1 attenuates diabetic albuminuria
by epigenetically suppressing Claudin-1 overexpression

in podocytes

Kazuhiro Hasegawa!, Shu Wakino!, Petra Simic?, Yusuke Sakamaki?, Hitoshi Minakuchi!, Keiko Fujimural,
Kozi Hosoya!, Motoaki Komatsu', Yuka Kaneko!, Takeshi Kandal, Eiji Kubota?®, Hirobumi Tokuyama!,

Koichi Hayashi!, Leonard Guarente? & Hiroshi Itoh!

Sirtuin 1 (Sirt1), a NAD+-regulated deacetylase with numerous known positive effects on cellular and whole-body metabolism,
is expressed in the renal cortex and medulla. It is known to have protective effects against age-related disease, including
diabetes. Here we investigated the protective role of Sirtl in diabetic renal damage. We found that Sirt1 in proximal tubules
(PTs) was downregulated before albuminuria occurred in streptozotocin-induced or obese (db/db) diabetic mice. PT-specific
SIRT] transgenic and Sirt1 knockout mice showed prevention and aggravation of the glomerular changes that occur in diabetes,
respectively, and nondiabetic knockout mice exhibited albuminuria, suggesting that Sirt1l in PTs affects glomerular function.
Downregulation of Sirtl and upregulation of the tight junction protein Claudin-1 by SIRT1-mediated epigenetic regulation in
podocytes contributed to albuminuria. We did not observe these phenomena in 5/6 nephrectomized mice. We also demonstrated
retrograde interplay from PTs to glomeruli using nicotinamide mononucieotide (NMN) from conditioned medium, measurement
of the autofluorescence of photoactivatable NMN and injection of fluorescence-labeled NMN. In human subjects with diabetes,
the levels of SIRT1 and Claudin-1 were correlated with proteinuria levels. These results suggest that Sirtl in PTs protects against
albuminuria in diabetes by maintaining NMN concentrations around glomeruli, thus influencing podocyte function.

Diabetic nephropathy is the most common cause of end-stage renal
disease, affecting about one-third of subjects with diabetes mellitus!.
Early diabetic nephropathy is characterized by mesangial hypertro-
phy and glomerular hyperfiltration with microalbuminuria. Sirtuin
1 (Sir2, also called Sirt1) is a NAD*-dependent protein deacetylase
and a member of the sirtuin class of proteins. Sirtl, a mammalian
ortholog of Sir2, deacetylates histones and various transcription fac-
tors, protecting against acute and chronic stress>3. Sirtl mitigates
diabetes by attenuating hepatic insulin resistance®> and enhancing
pancreatic insulin secretion®. Recently, the renal protective effects
of Sirtl (refs. 7,8) and a pathogenic role for Sirtl in diabetic nephro-
pathy?-12 have been reported, although the relationship between
renal Sirt1 and the pathogenesis of kidney damage in diabetes has not
been investigated.

Our group recently produced transgenic (TG) mice overexpressing
SIRT1 specifically in the PTs and reported that SIRT1 alleviated acute
kidney injury!®!4, In diabetic nephropathy, PT changes are evident
even in the early stages'®. PT changes are reportedly closely linked to
loss of renal function and predict the progression of diabetic nephro-
pathy more accurately than glomerular changes!®. Therefore, our
TG mice are good models for exploring the PT-specific role of Sirt1
in diabetic nephropathy. We used these mice, as well as PT-specific

Sirt] knockout (KO) mice, to investigate the protective role of Sirtl
in diabetes-induced albuminuria.

RESULTS
Sirtl in diabetes and the effects of SIRT1 overexpression
Downregulation of Sirtl expression in a diabetic milieu or high-
glucose condition has been reported in various cells!®17. We exam-
ined Sirt1 expression in PTs and glomeruli after streptozotocin (STZ)
treatment of male C57BL/6] mice. By immunostaining, we detected
Sirtl expression in both PTs and glomeruli before STZ treatment.
Eight weeks after STZ treatment, Sirt1 levels were decreased in PTs
but remained unchanged in glomeruli. Twenty-four weeks after STZ
treatment, Sirtl levels in glomeruli were also decreased (Fig. 1a).
Laser microdissection followed by RT-PCR revealed that Sirt] mRNA
expression decreased in PTs before it decreased in glomeruli in dia-
betic mice (Fig. 1b and Supplementary Fig. 1a,b). These observa-
tions indicate that the molecular alterations in PTs occur at a very
early stage in diabetes before the increase in albuminuria, as has been
documented in previous reports!8-20,

To delineate the importance of this change in PTs before a change
in glomeruli, we examined the effects of Sirtl overexpression in PT-
specific Flag-tagged SIRTI TG mice. First we confirmed that TG mice

1Department of Internal Medicine, School of Medicine, Keio University, Tokyo, Japan. 2Department of Biology, Massachusetts Institute of Technology,
Cambridge, Massachusetts, USA. 3Department of Internal Medicine, Shizuoka Red Cross Hospital, Shizuoka, Japan. Correspondence should be addressed

to S.W. (swakino@sc.itc.keio.ac.jp).

Received 29 June; accepted 29 August; published online 20 October 2013; doi:10.1038/nm.3363

1496

VOLUME 19 | NUMBER 11 | NOVEMBER 2013 NATURE MEDICINE



