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Aims. We analyzed the prevalence of nephropathy according to past body weight status in Japanese subjects with type 2 diabetes
because the influence of past obesity on diabetic complications is not certain. Methods. We examined the prevalence of nephropathy
in 2927 subjects with type 2 diabetes mellitus according to current BMI and maximum BMI in the past. We defined “current obesity”
as BMI on hospitalization of 25 or more, “previous obesity” as BMI on hospitalization of less than 25 and self-reported maximum
BMI in the past of 25 or more, and “continuously lean” as maximum BMI of less than 25. Results. The prevalence of nephropathy
was significantly higher in subjects with current obesity (40.6%) or previous obesity (35.6%) than in those who were continuously
lean (24.3%) (P < 0.017). In logistic regression analysis, previous obesity, as well as current obesity, was a significant risk factor for
nephropathy, independent of sex, age, disease duration, hypertension, dyslipidemia, HbAlc, and diabetic retinopathy. Conclusions.

Obesity in the past, as well as the present body weight status, was a risk factor for diabetic nephropathy.

1. Introduction

The majority of Japanese patients with type 2 diabetes mellitus
are not obese, as reported by Kosaka and Ogata more than
50 years ago [1]. This is a well-known fact about Japanese
type 2 diabetes mellitus [2]. Eastern Asian subjects might
share common characteristics of the disease, comparable to
those reported in Korean people [3]. It is, therefore, debatable
whether we can apply epidemiological evidence obtained
from studies of Caucasian subjects with type 2 diabetes
and obesity to eastern Asian people, especially in the fields
of diabetic complications, which are influenced not only
by hyperglycemia but also by obesity. For example, type 2
diabetes is a relative risk factor for cardiovascular disease in
Asians, as in Western societies, but the absolute risk differs
greatly between these populations [4-7].

Recently, the “legacy effect” of intensive glycemic control
early after the diagnosis of diabetes was advocated based on
the UKPDS follow-up study [8]. However, there is no report
about the legacy effect of past obesity over a lifetime on dia-
betic complications. Although there have been inconsistent
results as to whether obesity is a risk for diabetic nephropathy
[9-12], it was reported that current obesity and maximum
past body mass index (BMI) were significant risk factors
for diabetic nephropathy in the Japanese [12]. Although
Caucasian subjects with type 2 diabetes usually maintain their
body weight status during their disease course, the majority of
patients of eastern Asian ethnicity begin to lose body weight
from around the time of diagnosis of diabetes [3, 13]. This
was easily overlooked, even if the effect of obesity in the past
persisted for a long time, because they were already nonobese
at the start of clinical follow-up. To clarify the influence of



past obesity on diabetic complications is an important clinical
concern in patients of eastern Asian ethnicity.

We therefore analyzed the difference in the prevalence of
diabetic nephropathy in Japanese type 2 diabetics according
to their history of body weight status to clarify the effect of
past obesity on diabetic nephropathy.

2. Materials and Methods

We examined subjects with type 2 diabetes whose estimated
glomerular filtration rate (eGFR) was 30 mL/min/1.73 m* or
more and who were admitted to Saiseikai Central Hospital
from January 1999 to December 2004 (n = 1834) or Keio Uni-
versity Hospital from April 1998 to September 2010 (n =
1093) for the management of metabolic control. The study
protocol was reviewed and approved by the ethics committee
of both hospitals. Those subjects in whom the etiology of
renal disease was strongly suspected to be other than diabetic
nephropathy were excluded. According to the history of body
weight status and the Japanese criteria for obesity [14], we
defined “current obesity” as BMI on hospitalization of 25 or
more, “previous obesity” as BMI on hospitalization of less
than 25 and self-reported maximum BMI in the past of 25 or
more, and “continuously lean” as maximum BMI of less than
25.

HbAlc level on admission was determined by high-
performance liquid chromatography (HPLC: Arkray Inc.,
Kyoto, Japan) according to the recommended method by
the Japan Diabetes Society (JDS) at that time and converted
to the National Glycohemoglobin Standardization Program
(NGSP) value [15]. eGFR (mL/min/1.73 m?) was calculated
as 194 x Cr %% x Age ™7 (with further multiplication by
0.739 for female subjects) using the equation provided by the
Japanese Society of Nephrology [16].

Subjects with albumin excretion rate (AER) of 20 yg/min
or more in 24-hour urine were considered to have diabetic
nephropathy. All subjects underwent funduscopic examina-
tion by trained ophthalmologists during or just before admis-
sion. The diagnosis of diabetic retinopathy was made based
on the Davis classification [17]. Hypertension was defined
as systolic blood pressure >140 mmHg, diastolic blood pres-
sure >90mmHg, or the prescription of antihypertensive
medication. Dyslipidemia was defined as LDL cholesterol
>3.63 mmol/L, triglyceride >1.72 mmol/L, HDL cholesterol
<1.04 mmol/L, or the prescription of lipid-lowering medica-
tion.

Continuous variables are expressed as mean + SD. Dif-
ferences in baseline characteristics among the obesity cate-
gories were analyzed by ANOVA and chi-squared test. Chi-
squared test was also performed to evaluate differences in
prevalence, with Bonferroni’s correction for post hoc multiple
comparisons. As a result, the probability equivalent to the
usual P = 0.05 was P = 0.017. Logistic regression analysis
with forced entry method was performed to detect significant
independent predictors of diabetic nephropathy. We adopted
as covariates factors such as sex, age, disease duration, hyper-
tension, dyslipidemia, HbAlc, and obesity status (current
obesity, past obesity, and continuously lean) in this study.
Obesity status was converted to two dichotomous variables
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with dummy coding. P < 0.05 was considered statistically
significant. All analyses were performed using IBM SPSS
software ver. 18.0 (SPSS Inc., an IBM company, Japan).

3. Results

We analyzed a total of 2927 persons (males 2038, females
889, age 59.3 + 10.6 years, BMI 24.0 + 4.0, duration of
diabetes 10.4 + 28.0 years, HbAlc 9.3 + 2.8%). The subjects’
characteristics are shown in Table 1. The prevalence of current
obesity in the total subjects was 33.6%, previous obesity
41.5%, and a continuous lean state 24.8%. The prevalence of
nephropathy was significantly different among the categories,
and both currently obese (40.6%) and previously obese
(35.6%) patients had a significantly higher prevalence of
diabetic nephropathy than that in continuously lean patients
(24.3%) (P < 0.017).

When we divided the patients into quartiles according
to current BMI, the prevalence of nephropathy significantly
increased as current BMI increased (Figurel, P < 0.001).
When we similarly divided them into quartiles according
to previous maximum BMI, the prevalence of nephropathy
significantly increased as previous maximum BMI increased
(Figure 1, P < 0.001). Current BMI and previous maximum
BMI were highly correlated with each other (r = 0.785,
P <0.001).

In logistic regression analysis, both current obesity
and previous obesity revealed a significant odds ratio for
nephropathy, as well as diabetic retinopathy, independent of
sex, age, disease duration, hypertension, dyslipidemia, and
HbAlc (Table 2).

4. Discussion

We confirmed that previous obesity, as well as present obesity,
was closely associated with nephropathy in type 2 diabetes.
The notable finding of this study was that obesity is an
independent risk factor, not only if it is present, but also if
it was present in the past. This might indicate a legacy effect
of obesity on nephropathy. The mechanism is the theme for
investigation of how obesity in the past can influence diabetic
complications over time.

Both current BMI and previous maximum BMI were
associated with the nephropathy, as demonstrated in Figure 1.
However, current BMI and previous maximum BMI were
highly correlated with each other. So, generally, the higher the
previous BMI, the higher the current BMI. When we analyzed
the effects of previous obesity, we had to separate the effects
of current obesity from those of previous obesity. This was the
reason we analyzed the effect of previous obesity according to
the categories defined as previous maximum BMI and current
BMI. As a result, we could elucidate the effect of previous
obesity on diabetic nephropathy.

Whether nephropathy in type 2 diabetes really derives
from diabetes has always been a point of discussion. However,
type 2 diabetes per se is a disease so closely linked with obesity
and the metabolic syndrome that we cannot strictly distin-
guish the cause among the components of the syndrome. We
here found that the effect of obesity was independent of the
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(26.12-)
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\
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F1GURE 1: Prevalence of diabetic nephropathy divided by quartiles of current BMI and quartiles of previous maximum BMI. As for quartiles of
current BMI, Quartile 1; BMI £ 21.42, Quartile 2; BMI: 21.43-23.52, Quartile 3; BMI: 23.53-26.11, and Quartile 4; BMI > 26.11. As for quartiles
of previous maximum BMI, Quartile 1 (Q1); BMI £ 25.00, Quartile 2 (Q2); BMI: 25.01-27.10, Quartile 3 (Q3); BMI: 27.11-29.78, and Quartile
4 (Q4); BMI > 29.78. Prevalence of diabetic nephropathy was significantly different among the quartile groups of current BMI (P < 0.001 by
chi-squared analysis). Prevalence of diabetic nephropathy was significantly different among the quartile groups of previous maximum BMI

(P < 0.001 by chi-squared analysis).

existence of diabetic retinopathy, and we expect this result can
be applied to all type 2 diabetes patients.

Several groups, including us, have reported that albu-
minuria was the strongest predictor of the progression of
diabetic nephropathy [18-22]. We did not chronologically
follow the decline of glomerular filtration rate (GFR) in
this study. However, as we defined diabetic nephropathy by
albuminuria, obesity, either current or past, might relate to
the GFR decline through albuminuria.

Recently, the concept of obesity-related nephropathy
has been advocated [23]. Although this concept is strictly
defined with exclusion of both nephrosclerosis and diabetic
nephropathy, the suspected mechanisms, including the con-
traction of efferent glomerular arterioles by the activated
renin-angiotensin system (RAS) and glomerular hyperfil-
tration, as well as glomerular hypertrophy due to insulin
resistance, are very similar to those of diabetic nephropathy.

The border between the concepts of diabetic nephropathy
and obesity-related nephropathy is unclear, and they cannot
be distinguished clinically if a patient has both. Vivante et
al. reported that overweight state and obesity in adolescents
were associated with significantly increased risk for both
diabetic and nondiabetic ESRD during a 25-year period [24].
If obesity even before the diagnosis of diabetes influences
kidney function later, these concepts are continuous and
indivisible.

There are some limitations of this study. One is that this
study was retrospective, based on self-reported body weight
in the past. As for the other limitation, we might have to
consider how they lost their body weight because the study
subjects required metabolic interventions for poor glycemic
status. The duration of obesity must be a factor of interest
affecting the results. However, we only have the data of
maximum body weight and the body weight on admission but
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TasLE I: Characteristics of study subjects.

Total Continuously lean Previous obesity Current obesity P value
Age 59.3 £ 10.6 61.1£9.4 60.4 +10.0 56.7 £ 11.6 <0.01
Sex (male/female) 2038/889 486/243 870/345 682/301 ns
BMI 240+ 4.0 20.5+2.1 22.6+1.7 283 +3.2 <0.01
Max. BMI 27.7+4.3 23.0+17 27.5+23 314+4.1 <0.01
Disease duration (years) 10.4 +28.0 104 +£8.4 122 +42.2 821738 <0.01
SBP (mmHg) 132+18 131 +17 132 +18 133+ 18 ns
DBP (mmHg) 75+ 11 74 %11 75+ 11 75+ 10 ns
FPG (mmol/L) 9.9+4.0 9.5+4.0 9.9+4.1 10.2 £ 3.9 ns
HbAlc (%) 93+28 9.1+£27 9.5+34 9.3+20 <0.05
TC (mmol/L) 53+12 53+1.0 52+1.0 55+ 1.6 <0.01
HDL (mmol/L) 1.3+£0.5 1.5+0.5 1.3+04 12+03 <0.01
TG (mmol/L) 16+14 14+0.2 1.5+ 1.1 1.9+ 1.6 <0.01
Cr (mmol/L) 66.3 £ 19.4 64.5+16.8 66.3+19.4 68.9 +20.3 <0.01
eGFR (mL/min/173 m?) 81.8 +28.8 81.4 +20.5 83.1+31.1 80.6 +31.0 ns
Retinopathy 2111/505/311 558/116/55 824/225/166 729/164/90 <0.01

(none/simple/proliferative)

Continuous variables are expressed as mean * SD. Differences in baseline characteristics among the obesity categories were analyzed by ANOVA and chi-
squared test. The numbers of each stage of diabetic retinopathy are noted on the row of retinopathy. SBP: systolic blood pressure, DBP: diastolic blood pressure,
FPG: fasting blood glucose, TC: total cholesterol, HDL: HDL cholesterol, TG: triglyceride, ns: not significant.

TaBLE 2: Logistic regression analysis with forced entry method for
diabetic nephropathy.

95% confidence

Odds ratio . P value
interval

Age 1.011 1.002-1.019 <0.05
Disease duration 1.001 0.998-1.004 ns
Sex (male: 1, female: 0) 1.955 1.606-2.378 <0.001
Hypertension 1.232 1.023-1.484 <0.05
Dyslipidemia 1.306 1.096-1.556 <0.01
HbAIc 1.014 0.984-1.044 ns
Diabetic retinopathy 3.856 3214-4.626  <0.001
Previous obesity: 1, other: 0 1.656 1.323-2.073  <0.001
Current obesity: 1, other: 0 2.480 1.959-3.141 <0.001

Adjusted R? = 0.166, P < 0.001. ns: not significant.

not the duration. So the hypothesis needs to be confirmed in
a future large cohort study with more detailed information.
In spite of these limitations, this was an analysis of a large
population over 10 years. We therefore believe it includes
important suggestions on the effect of obesity on diabetic
nephropathy.

5. Conclusion

Our study indicated that obesity in the past, as well as present
obesity, was a risk factor for diabetic nephropathy. We should
consider the effect of earlier obesity on diabetic nephropathy
even if it has been present before the diagnosis of diabetes.
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In the paper, the dosage of telmisartan is incorrect due to a
typographical error. Twelve patients, assigned to telmisartan
group, received telmisartan at a dose of 40 mg, not 20 mg,
once a day. The correct sentences should appear as given
below.

(1) “Nineteen hypertensive NAFLD patients with type 2
diabetes were randomly assigned to receive telmisar-
tan at a dose of 40 mg once a day (n = 12) or losartan
at a dose of 50 mg once a day (n = 7) for 12 months”
in the “Methods” section of the “Abstract”

(2) “Nineteen hypertensive NAFLD patients with type 2
diabetes were randomly assigned to the telmisartan
(T) group (receiving a standard dose of 40 mg once
daily, n = 12) or the losartan (L) group (receiving a
standard dose of 50 mg once daily, n = 7)” in Section
22.
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Nakamura Y, Kanai T, Saeki K, Takabe M, Irie J, Miyoshi J,
Mikami Y, Teratani T, Suzuki T, Miyata N, Hisamatsu T, Nakamoto N,
Yamagishi Y, Higuchi H, Ebinuma H, Hozawa S, Saito H, Itoh H, Hibi
T. CCR2 knockout exacerbates cerulein-induced chronic pancreatitis with
hyperglycemia via decreased GLP-1 receptor expression and insulin secre-
tion. Am J Physiol Gastrointest Liver Physiol 304: G700-G707, 2013. First
published February 28, 2013; doi:10.1152/ajpgi.00318.2012.—Glucagon-
like peptide-1 (GLP-1) promotes insulin release; however, the rela-
tionship between the GLP-1 signal and chronic pancreatitis is not well
understood. Here we focus on chemokine (C-C motif) ligand 2
(CCL2) and its receptor (CCR2) axis, which regulates various im-
mune cells, including macrophages, to clarify the mechanism of
GLP-1-mediated insulin secretion in chronic pancreatitis in mice. One
and multiple series of repetitive cerulein administrations were used to
induce acute and chronic cerulein pancreatitis, respectively. Acute
cerulein-administered CCR2-knockout (KO) mice showed suppressed
infiltration of CDI11b*Gr-1'*% macrophages and pancreatic inflam-
mation and significantly upregulated insulin secretion compared with
paired wild-type (WT) mice. However, chronic cerulein-administered
CCR2-KO mice showed significantly increased infiltration of CD11b™/
Gr-17 and CD11b%/Gr-1"g" cells, but not CDI1b*/Gr-1""" cells, in
pancreas with severe inflammation and significantly decreased insulin
secretion compared with their WT counterparts. Furthermore, al-
though serum GLP-1 levels in chronic cerulein-administered WT and
CCR2-KO mice were comparably upregulated after cerulein admin-
istrations, GLP-1 receptor levels in pancreases of chronic cerulein-
administered CCR2-KO mice were significantly lower than in paired
WT mice. Nevertheless, a significantly higher hyperglycemia level in
chronic cerulein-administered CCR2-KO mice was markedly restored
by treatment with a GLP-1 analog to a level comparable to the paired
WT mice. Collectively, the CCR2/CCL2 axis-mediated CD11b*-cell
migration to the pancreas is critically involved in chronic pancreatitis-
mediated hyperglycemia through the modulation of GLP-1 receptor
expression and insulin secretion.

cerulein; pancreatitis; macrophage; glucose tolerance; islet cell

IN THE YEAR 2000, more than 171 million people worldwide were
reported to have diabetes; it is estimated that this number will
almost double by 2030 (23). Diabetes is a serious metabolic
disorder that causes hyperglycemia as a result of poor insulin
production and insulin resistance. Clinical evidence shows that
diabetes occurs in the late phase of chronic pancreatitis. Nu-
merous clinical cases of chronic pancreatitis and insulin ther-
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apy have been studied; however, the relationship between
chronic pancreatitis and insulin secretion is still unknown.

Therapies for chronic pancreatitis include changing patients’
alcohol habits and prescribing drugs of digestive enzymes
and/or analgesic drugs, which are usually effective to control
the symptoms. Because chronic pancreatitis is rarely treated
with surgery, specimens of pancreatic -cells from patients
with chronic pancreatitis are difficult to obtain; histological
investigation of such tissue is consequently challenging. There-
fore, animal models are often used to investigate the relation-
ship between insulin secretion and chronic pancreatitis. Ceru-
lein-induced pancreatitis is a standard model for investigating
acute pancreatitis (12) and chronic pancreatitis (24). However,
the mechanism of insulin secretion in the chronic model of the
disease is unclear.

Infiltration of mononuclear cells is a hallmark of pathogen-
esis of various immune diseases. Among them, macrophages
play a key role in innate immunity for the maintenance of
homeostasis, for example inflammation dampening via the
production of anti-inflammatory cytokines such as IL-10 and
TGF-B, debris scavenging, angiogenesis, and wound healing
(9, 11). Chemokine (C-C motif) ligand 2 (CCL2) is a small
cytokine of the CC chemokine family, and its receptor (CCR2)
plays an important role in the recruitment of monocytes,
memory T cells, and peritoneal macrophages in inflammatory
tissues (1, 19, 22). Recently we showed that CCL2-deficient
mice are resistant to acute cerulein pancreatitis by affecting the
migration of pathological TNF-a-producing CD11b"8/CD11c™/
Gr-1'"% macrophages (16). However, no studies on the role of the
CCR2/CCL2 axis and its involvement in insulin secretion in
chronic pancreatitis have been reported to date.

Glucagon-like peptide-1 (GLP-1), secreted from intestinal L
cells, is associated with increased intracellular cyclic AMP,
leading to insulin release from B-cells during hyperglycemia
and suppression of inappropriate glucagon secretion from
a-cells. Consistent with this mechanism, a long-acting GLP-1
analog, liraglutide, has been developed for the treatment of
type 2 diabetes (14). However, the relationship between GLP-1
and diabetes with chronic pancreatitis has not been clarified.

The aims of this study were to clarify the role of the
CCR2/CCL2 axis in the pathogenesis of chronic cerulein
pancreatitis and to examine the mechanisms underlying insulin
secretion and GLP-1 signals in chronic pancreatitis.

MATERIALS AND METHODS

Animals. Breeding pairs of CCR2-deficient mice (knockout)
(CCR2-KO) on a C57BL/6J background (Jackson Laboratory, Bar

http://www.ajpgi.org
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Harbor, ME) and wild-type (WT) C57BL/6] mice (Charles River
Laboratories Japan, Tokyo, Japan) were used. All mice were main-
tained and bred at the animal facilities at Keio University, Japan, and
all experiments were approved by and performed according to the
guidelines of the Experimental Animal Committee of Keio University,
School of Medicine.

Mouse models of acute and chronic cerulein pancreatitis. Acute
cerulein pancreatitis was induced in 8-wk-old male mice with seven
hourly intraperitoneal injections of cerulein (American Peptide,
Sunnyvale, CA), at a dose of 50 pg/kg. Chronic cerulein pancreatitis
was induced by six hourly intraperitoneal injections of cerulein, at a
dose of 50 pg/kg, given twice per week for 10 wk (25). Control
animals were injected with the same volume of physiological saline.
Mice were euthanized with an overdose of pentobarbital. Blood and
pancreatic tissues were collected | h after the final cerulein injection
for acute pancreatitis and at 8:00 in the morning 1 wk after the final
cerulein injection for chronic pancreatitis.

Histological analyses, including interstitial space, necrosis, islet
cell, and fibrotic space using hematoxylin and eosin (HE) stain and
Masson-Trichrome stain, were quantified using a LuminaVision anal-
ysis system (Mitani, Fukui, Japan) (10, 13).

Blood examination. Concentrations of serum amylase (AMY) and
lipase (LIP) were measured by a commercial laboratory (SRL, Tokyo,
Japan). Plasma glucose was measured with a Onetouch UltraVue
meter (Johnson & Johnson, New Brunswick, NJ), serum insulin with
an insulin measuring kit (Morinaga Institute of Biological Science,
Kanagawa, Japan), and plasma GLP-1(7-36) and GLP-1(9-36) with
an enzyme immunoassay kit (Yanaihara Laboratory, Shizuoka, Ja-
pan), according to manufacturers’ instructions.

Immunohistochemistry. Pancreatic tissue fixed with paraffin was
deparaffinized in xylene, hydrated with ethanol, and finally rinsed in
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PBS. Anti-insulin antibody (Dako, Glostrup, Denmark) and GLP-1R
antibody (Abcam, Cambridge, UK) were used as primary antibodies
and were incubated with a mixture of two fluorescence-conjugated
secondary antibodies [FITC-conjugated goat anti-guinea pig antibody
for insulin (Abcam) and Alexa-568-conjugated goat anti-rabbit anti-
body for GLP-1R (Invitrogen, Carlsbad, CA)] in PBS for 30 min at
room temperature.

Western blotting. Pancreatic tissues taken from the mice after
euthanasia were immediately frozen in liquid nitrogen and stored at
—80°C. The tissues were homogenized with RIPA buffer (Thermo
Scientific, Rockford, IL) containing protease inhibitors (Thermo Sci-
entific). After being centrifuged for 15 min at 4°C at 14,000 revolu-
tion/min, the supernatant was transferred to new tubes, and protein
concentrations were determined with a BCA protein assay kit (Pierce,
Rockford, IL). Samples were run on NuPAGE 4-12% Bis-Tris gels
(Invitrogen) and transferred to PVDF membranes (GE Healthcare,
Buckinghamshire, UK). The membranes were incubated with primary
antibodies against GLP-1R, insulin, and B-actin (Santa Cruz Biotech-
nology, Santa Cruz, CA).

Flow cytometry analysis. Fresh pancreatic tissue was minced and
digested with 3 mg/ml collagenase A (Roche, Mannheim, Germany)
for 15 min at 37°C. The digest was filtered through a 40-pum cell
strainer and washed with Hank’s balanced salt solution containing
1.5% FCS, as described previously (16). Viability was ascertained
using with 7-AAD and annexin V (BD Pharmingen, Franklin Lakes,
NJ) double staining; specimens with =80% living cells were selected
for examination. Isolated cells were incubated with anti-CD16/CD32
antibody (BD Pharmingen) to prevent nonspecific antibody binding.
Surface antigens were stained with CDI11b-phycoerythrin-Cy7 and
Ly6C-allophycocyanin-Cy7 (Gr-1, clone: RB6-8C5; BD Pharmin-
gen). Flow cytometry was performed on a FACSCanto II/TM (BD
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(scale bar = 100 pm, rop and middle; scale bar = 10 wm, botrom). Wild-type (WT) and chemokine (C-C motif) ligand 2 (CCL2) receptor knockout (CCR2-KO)
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AJP-Gastrointest Liver Physiol « doi:10.1152/ajpgi.00318.2012 « www.ajpgi.org



G702

Biosciences, San Jose, CA). All data were reanalyzed with FlowJo
Version 7.2.5 software (TreeStar, Ashland, OR).

Glucose tolerance test and insulin sensitivity. Glucose tolerance
test (GTT) was performed to measure changes in blood glucose
concentrations after an intravenous injection of 20% glucose at 2 g/kg.
Insulin sensitivity was measured by examining the changes in blood
glucose levels after an intravenous injection of regular insulin Novolin
R (Novo Nordisk Pharma, Bagsvaerd, Denmark), at a dosage of 0.75
U/kg. GTT was performed on WT and CCR2-KO mice with chronic
pancreatitis treated with and without the GLP analog, liraglutide
(Novo Nordisk Pharma). For 3 days before the GTT, liraglutide was
injected intraperitoneally twice each day at dosages of 100 pg/kg
body wt on the first day, 200 p.g/kg on the second day, and 300 pg/kg
on the final day.

Quantitative RT-PCR analysis with isolated islet cells. Islet RNA
was extracted with Trizol (Invitrogen) from isolated mouse islet cells,
as previously described (8) using collagenase-p (Roche, Basel, Swit-
zerland). Reverse transcription and quantitation of mRNA expression
were performed as previously described (20) using the SYBR Premix
Ex Taq (Perfect Real Time) kit in a Thermal Cycler Dice Real Time
system (TaKaRa Biologicals, Ohtsu, Shiga, Japan).
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Statistical analysis. All data are expressed as means * SD. The
two-tailed nonparametric test (unpaired #-test) was used for statistical
analysis. P < 0.05 were considered statistically significant.

RESULTS

CCR2-KO mice were resistant to acute cerulein pancreatitis.
Acute cerulein pancreatitis in WT and CCR2-KO mice was
analyzed with HE staining of pancreatic tissues, and serum
AMY and LIP levels were measured. We confirmed that both
WT and CCR2-KO mice were healthy until they were 40 wk
old (data not shown). Saline-administered WT and CCR2-KO
mice showed no pancreas abnormalities. In contrast, cerulein-
administered WT mice developed acute pancreatitis with
edema and infiltration of inflammatory cells into the pancreas;
however, the severity in cerulein-administered CCR2-KO mice
was markedly reduced (Fig. 14). Consistently, absolute num-
bers of inflammatory cells (Fig. 1B), serum AMY (Fig. 10),
serum LIP (Fig. 1D), necrotic cells (Fig. 1E), and interstitial
space (Fig. 1F) in cerulein-administered CCR2-KO mice were
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Fig. 2. Mouse model of chronic cerulein pancreatitis. A: micrographs of pancreatic tissues with HE staining for chronic cerulein pancreatitis (scale bar = 100
wm, top and top, middle; scale bar = 10 pm, bottom, middle), and micrographs of pancreas tissues with Masson trichrome staining for chronic cerulein
pancreatitis (scale bar = 100 pm, bortom). WT and CCR2-KO mice were treated with cerulein injections or saline injections for 10 wk. B: total number of
inflammatory cells in each HPF. Levels of serum AMY and LIP were measured in blood taken from mice 1 wk after the final cerulein injection. C: serum AMY
levels. D: serum LIP levels. E: total number of necrotic cells per 100 acinar cells. F: percentage of interstitial space in each HPF. G: percentage of fibrosis space
in each HPF. B, E, F, and G evaluations were averaged by counting the numbers in each pancreas in 10 fields. N = 5. *P < 0.05. H: changes in body weight
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significantly less than in cerulein-administered WT mice,
whereas no differences were observed between the two types in
the paired saline-administered mice.

CCR2-KO mice were sensitive to chronic cerulein pancreatitis. In
contrast to the saline-administered mice, long-term administra-
tion of cerulein for the chronic model induced severe edema,
infiltration of inflammatory cells, and fibrosis (Fig. 2A). Sur-
prisingly, however, contrary to the results observed in acute
cerulein pancreatitis, cerulein-administered CCR2-KO mice
developed severe pancreatitis compared with the WT mice
(Fig. 2A). The absolute numbers of inflammatory cells (Fig.
2B), the serum AMY (Fig. 2C) and LIP (Fig. 2D), and
interstitial space (Fig. 2F) in cerulein-administered CCR2-KO
mice were significantly higher than in cerulein-administered
WT mice, whereas no differences were observed between the
two mouse types in the paired saline-administered mice. Ne-
crotic cells and fibrosis space did not significantly differ
between cerulein-administered WT and CCR2-KO mice (Fig.
2, E and G). As with the acute model (Fig. 1), the body weight
of cerulein-administered WT mice decreased after the first
sequential cerulein injection, whereas their cerulein-adminis-
tered CCR2-KO counterparts maintained their body weight
(Fig. 2E). However, 1 wk after the onset of chronic cerulein
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pancreatitis, the body weight of cerulein-administered WT
mice started to increase more rapidly than that of the cerulein-
administered CCR2-KO mice and, at 7 wk after the first
injection, was significantly higher than that of the cerulein-
administered CCR2-KO mice, which had more severe pancre-
atitis. The body weight of WT mice and CCR2-KO mice that
received saline injections for 10 wk did not differ.

CDI11b*/Gr-1~ and CDI1b*/Gr-1"¢" macrophages mark-
edly accumulated in CCR2-KO mice receiving long-term
cerulein. Phenotypes of inflammatory cells in the pancreas
were analyzed with flow cytometry. Consistent with our pre-
vious results (16), in the acute cerulein pancreatitis model, the
absolute number of CD11b™/Gr-1"°% cells in the pancreas of
cerulein-administered WT mice was significantly higher than
in the cerulein-administered CCR2-KO mice (Fig. 3, C and D).
The saline-administered WT and CCR2-KO mice showed no
significant differences in inflammatory cells (Fig. 3, A and B).
In the chronic cerulein pancreatitis model, CD11b™*/Gr-1"%
macrophages disappeared; however, the absolute cell numbers
of CD11b*/Gr-1" and CD11b*/Gr-1"#" macrophages in pan-
creases of cerulein-administered CCR2-KO mice were signif-
icantly higher than in cerulein-administered WT mice (Fig. 3,
E and F).
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Fig. 4. Plasma glucose and serum insulin concentrations. Blood samples were
taken 1 h after the final cerulein injection in acute pancreatitis and at 8:00 in
the morning 1 wk after the final cerulein injection in chronic pancreatitis; mice
had unrestricted access to food and water. Mice were treated with cerulein or
with saline. A and B: plasma glucose concentration and serum insulin concen-
tration in acute cerulein pancreatitis. C and D: plasma glucose concentration
and serum insulin concentration in chronic cerulein pancreatitis. E: glucose
tolerance test (GTT) in chronic cerulein pancreatitis measured changes in
blood glucose levels after intravenous injection of 20% glucose 2 g/kg body
wt. F: for insulin sensitivity, changes in blood glucose levels were measured
after intravenous injection of regular insulin at a dose of 0.75 U’kg body wt.
Red line and circles, CCR2-KO CR+ mice; black line and crosses, WT CR++
mice; red dashed line, CCR2-KO CR™ mice; black dashed line, WT CR™
mice. N = 5. *P < 0.05. **P < 0.05 compared with CCR2-KO CR* and WT
CR* mice.

CCR2-KO mice that received long-term cerulein developed
severe hyperglycemia with less insulin production. Concentra-
tions of blood glucose and serum insulin were measured in
mice that had in acute and chronic cerulein pancreatitis and
given unrestricted access to food and water. In the acute
pancreatitis model, cerulein-administered CCR2-KO mice
showed lower blood glucose than did paired WT mice, but the
saline-administered WT and CCR2-KO mice did not differ
(Fig. 4A). Consistently, serum insulin concentrations in ceru-
lein-administered CCR2-KO mice were significantly higher
than in their paired WT counterparts, but there was no differ-
ence between the saline-administered groups of mice (Fig. 4B).
In the chronic pancreatitis model, results were the reverse of
those in the acute pancreatitis model; chronic cerulein-admin-
istered CCR2-KO mice showed higher blood glucose (Fig. 4C)

CHRONIC PANCREATITIS AFFECTS GLP-1R SIGNAL THROUGH CCR2

and less insulin secretion (Fig. 4D) compared with the chronic
cerulein-administered WT mice.

We next conducted GTTs to confirm glucose intolerance in
the chronic pancreatitis models. The GTT showed greater
glucose levels in the chronic cerulein-administered CCR2-KO
mice than in the chronic cerulein-administered WT mice (Fig.
4F), but no differences in GTT between WT and CCR2-KO
mice without cerulein pancreatitis were observed. On the other
hand, insulin sensitivity in cerulein-administered mice was not
different in the two types of mice (Fig. 4F), indicating that poor
insulin secretion is the major cause of glucose intolerance in
chronic cerulein-administered CCR2-KO mice.

Islet number and size did not decrease in mice receiving
long-term cerulein. Because CCR2-KO mice had more severe
pancreatitis than WT mice, the number and size of islets in
chronic cerulein pancreatitis were counted in each mouse. The
number of islets from mice with cerulein-induced chronic
pancreatitis was greater than that from paired mice without
cerulein (Fig. 5A), but the difference between WT and
CCR2-KO mice was not significant. The sizes of islets in mice
with cerulein-induced chronic pancreatitis were not different
between WT and CCR2-KO mice with and without cerulein-
induced chronic pancreatitis (Fig. 5B).

GLP-1 receptor expression was downmodulated in CCR2-KO
mice recetving long-term cerulein. One mechanism of insulin
secretion from pancreatic B-cells involves the GLP-1 signal
(5). Therefore, serum GLP-1 and GLP-1 receptor in the pan-
creas were measured. To exclude differences in food intake
among the mice, tissues and blood samples were taken follow-
ing overnight fasting. GLP-1 levels in chronic cerulein-admin-
istered WT and CCR2-KO mice were found to be greater than
in the paired saline-administered mice (Fig. 6A). However,
there were no differences in GLP-1 levels between WT and
CCR2-KO mice, irrespective of saline or cerulein administra-
tion (Fig. 6A). In contrast, GLP-1R expression in the pancreas of
chronic cerulein-administered WT and CCR2-KO mice was sig-
nificantly lower than in the paired saline-administered mice, but
the decrease was greater in cerulein-administered CCR2-KO
mice, resulting in a significant difference between cerulein-
administered WT and CCR2-KO mice, whereas the insulin
levels were not different between these groups (Fig. 6, B and
(). The immunohistochemistry results for insulin and GLP-1R
in pancreatic tissues also showed lower GLP-1R expression in
cerulein-administered CCR2-KO mice than in their cerulein-
administered WT counterparts, whereas insulin levels were
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Fig. 5. Numbers and sizes of islet cells in chronic cerulein pancreatitis. A: total
number of islet cells was counted in each low-power field (LPF). B: sizes of
islet cells were measured in each LPF. Averages were calculated by analyzing
each pancreas in 10 fields. N = 5. *P < 0.05.
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comparable in both groups (Fig. 6D). Because islet cells are
only 1-2% of total pancreatic cells, RT-PCR for GLP-IR in
isolated islet cells from each mouse was analyzed; GLP-IR
mRNA expression was lower in CCR2-KO with chronic
cerulein-administered mice than WT with chronic cerulein-
administered mice, but no difference was seen between WT
and CCR2-KO without cerulein pancreatitis (Fig. 6E).
GLP-1 analog treatment rescued impaired glucose tolerance
in chronic cerulein-administered mice. Last, we examined the
effects of the GLP-1 analog, liraglutide, on mice with chronic
cerulein pancreatitis. To evaluate pancreatitis with liraglutide
treatment, pancreas and blood from WT mice were analyzed.
The severity of pancreatitis was not different, and inflamma-
tory cell infiltration of pancreas was higher, but not signifi-
cantly higher, in mice with liraglutide treatment (Table 1).
Fluorescence-activated cell sorting analysis showed cell num-

Relative GLP-1R mRNA level

Table 1. Chronic cerulein pancreatitis
and liraglutide treatment

CpP CP + Liraglutide P Value

AMY, TU/ml 560 =73 610 = 82 N.S.
LIP, TU/ml 32 £5.6 3371 N.S.
Cell Infiltration Cells/HPF 209 30 £ 14 N.S.
Necrotic Cells per 100 Acinar

Cells 0.25 = 0.05 0.26 = 0.05 N.S.
Interstitial Space, % 1149 10 =245 N.S.
Fibrosis Space, % 9929 9.6 =34 N.S.

Values are means = SD. Wild-type (WT) mice were treated with cerulein
injections (CR™) for 10 wk, and then treated with the glucagon-like peptide 1
(GLP-1) analog, liraglutide, for 3 days. Levels of serum amylase (AMY) and
lipase (LIP) were measured in blood taken from mice on the day after the final
liraglutide injection. Total number of inflammatory cells in each high-power
field (HPF), total number of necrotic cells per 100 acinar cells, percentage of
interstitial space in each HPF, and percentage of fibrosis space in each HPF,
were averaged by analyzing each pancreas in 10 fields. N =5. CP, cerulein
pancreatitis; N.S.; not significant.
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Fig. 6. Glucagon-like peptide 1 receptor
(GLP-1R) levels in pancreatic tissue with
chronic cerulein pancreatitis. A: plasma
GLP-1 levels in WT and CCR2-KO mice
with chronic cerulein pancreatitis. B: West-
ern blots of GLP-1R and insulin from pan-
creatic tissue with chronic cerulein pancre-
atitis. C: relative GLP-1R quantification.
Blots were reprobed for B-actin used as a
loading control, and the bands were quanti-
fied by densitometry. Mice were treated with
cerulein injections or saline injections for 10
wk. Tissue and blood samples were taken
from mice after overnight fasting. Blots were
representative of 5 independent experiments.
D: immunohistochemistry for insulin and
GLP-1R in chronic cerulein pancreatitis.
Shown are micrographs of pancreatic tissues
(X400) with insulin antibody with FITC
1 green), and GLP-1R antibody with Alexa-
568 (red). E: quantization of mRNA expres-
sion for GLP-IR in isolated islet cells. The
0 . amount of mRNA was normalized to 18S

wr coroko W ccreko  MRNAL N = 50%P < 0.05.
CR- CR.  CR+ CR+

CCR2-KO
CR- CR+ CR+

bers increasing after liraglutide treatment, but flow cytometry
showed no specific pattern for CD11b and Gr-1 (Fig. 7, A and
B). Flow cytometry data of chronic pancreatitis without lira-
glutide treatment was the same as that of chronic pancreatitis as
shown in Fig. 3, E and F. Surprisingly, our data showed that
liraglutide treatment rescued the impaired glucose tolerance of
the cerulein-administered CCR2-KO mice (Fig. 7C).

DISCUSSION

Although chronic pancreatitis is closely related to insulin
insufficiency and diabetes mellitus (2), the molecular relation-
ship between insulin secretion and chronic pancreatitis is
unclear (17). This study demonstrates that CCR2-KO mice
receiving long-term cerulein develop more severe chronic
pancreatitis via /) downmodulation of GLP-1R expression,
2) decrease in insulin release, and 3) hyperglycemia. It also
provides the first evidence of a protective role for the CCR2/
CCL2 axis against diabetes.

The CCR2/CCL2 axis plays a pivotal role in the pathogen-
esis of many immune diseases characterized by mononuclear
cell infiltration, including chronic pancreatitis (16). First, our
present study showed that CCR2-KO mice develop less severe
acute cerulein pancreatitis with decreased accumulation of
CD11b*/Gr-1'" macrophages. This was not surprising, as we
previously showed that CCL2-KO mice developed less severe
pancreatitis with less infilration of TNF-o-expressing CD11b*/
Gr-1'""/F4/80* macrophages into the pancreas. Taken to-
gether, we conclude that CCR2* macrophages are involved in
the pathogenesis of pancreas tissue damage, at least in the
acute phase of pancreatitis. However, it was very surprising
that, compared with WT mice, CCR2-KO mice reproducibly
developed more severe chronic cerulein pancreatitis with ac-
cumulation of CD11b*/Gr-1~ and CD11b*/Gr-1"#", but not
CD11b*/Gr-1%, macrophages. Together with the histological
findings on the long-term cerulein-administered CCR2-KO
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Fig. 7. WT and CCR2-KO mice were treated with cerulein injections or saline injections for 10 wk, and then with the GLP-1 analog, liraglutide, for 3 days.
A: cell numbers calculated by flow cytometry in WT mice with chronic cerulein pancreatitis with or without liraglutide. Open bar, without liraglutide (similar
to Fig 3F); shaded bar, with liraglutide. Flow cytometry is representative of 5 independent experiments; N = 5. #*P < 0.05. B: flow cytometry in WT mice with
chronic cerulein pancreatitis after liraglutide treatment. C: GTT results after 3 days of treatment with GLP-1 analog. Changes in blood glucose levels were
measured after intravenous injection of 20% glucose 2 g/kg body wt. Bold line and circles, CCR2-KO mice; thin line and crosses, WT mice.

mice, it seems that CCR2" cells (yet unidentified) emerge at
the late phase of pancreatitis to mediate tissue repair of chronic
pancreatitis, but lack of these cells may allow the accumulation
of other immune components, including CD11b*/Gr-1" and
CD11b*/Gr-1#" macrophages. Further studies are warranted
to clarify the protective role of CCR2* monocytes in chronic
pancreatitis.

A previous study showed that insulin secretion in rats with
chronic pancreatitis was significantly lower than in controls
(4). We found a consistent inverse relationship between levels
of chronic pancreatic damage and insulin secretion, as insulin
secretion was markedly impaired in the chronic cerulein-
administered CCR2-KO mice but well-preserved in acute ce-
rulein-administered CCR2-KO mice. This also suggests that a
CCR2-dependent tissue repair system arises after acute inflam-
mation to maintain insulin secretion. Presently, the mechanism
of decreased insulin secretion in chronic pancreatitis is unclear.
We confirmed that plasma GLP-1 levels in chronic pancreatitis
increased to similar levels in both WT and CCR2-KO mice, as
reported previously (6). However, this is the first report to
show a significant decrease in GLP-1R expression in chronic
cerulein-administered CCR2-KO mice compared with paired
WT mice. Therefore, we conclude that, in chronic cerulein-
administered CCR2-KO mice, which lack such a CCR2-depen-
dent tissue repair system at the late phase of inflammation,
other mechanisms induce the downmodulation of GLP-1R
expression.

Last, the clinical relevance of this study should be debated.
In this study, we also showed that treatment with a GLP-1
analog diminished the differences in GTT between chronic
cerulein-administered WT and CCR2-KO mice, indicating that
GLP-1 treatment is appropriate for patients with diabetes
secondary to chronic pancreatitis, who clinically appear to
have impaired insulin secretion (21). Moreover, the finding that
GLP-1 analog treatment improves GTT in a mouse model of
chronic pancreatitis is new. Therefore, we propose that GLP-1
analog is a potential candidate to treat diabetes induced in
chronic pancreatitis. Although GLP-1 analog treatment has
been thought to have adverse effects on the pancreas, such as
acute pancreatitis and pancreatic neoplasm, recent studies have
reported no associated risk of pancreatic diseases (3, 15).
Furthermore, recent studies reported that GLP-1 induces mac-

rophage polarization toward the M2 phenotype (18) and has
other anti-inflammatory effects (7). As our data of GLP-1
analog injection over 3 days showed no protective or adverse
roles for pancreatitis, longer treatment with a GLP-1 analog
should be necessary to clarify any effects for chronic pancre-
atitis.
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The hydrolase DDAH2 enhances pancreatic insulin
secretion by transcriptional regulation of
secretagogin through a Sirtl-dependent mechanism

in mice
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Keiko Fujimura,* Koji Hosoya,* Motoaki Komatsu,* Yuka Kaneko,* Takeshi Kanda,*
Hirobumi Tokuyama,* Koichi Hayashi,* and Hiroshi Itoh*

*Department of Internal Medicine, School of Medicine, Keio University, Tokyo, Japan; and
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ABSTRACT The role of dimethylarginine dimethyl-
aminohydrolase 2 (DDAH2) in glucose metabolism is
unknown. Here, we generated DDAH2 transgenic (Tg)
mice. These mice had lower plasma glucose levels (60
min: 29832 vs. 41835 mg/dl; 120 min: 205x15 vs.
284+20 mg/dl) and higher insulin levels (15 min:
2.1+0.2 vs. 1.5+0.1 ng/ml; 30 min: 1.8%£0.1 vs. 1.5+0.1
ng/ml) during intraperitoneal glucose tolerance tests
when fed a high-fat diet (HFD) compared with HFD-fed
wild-type (WT) mice. Glucose-stimulated insulin secre-
tion (GSIS) was increased in Tg islets by 33%. Pancre-
atic asymmetrical dimethylarginine, nitric oxide, and
oxidative stress levels were not correlated with im-
provements in insulin secretion in Tg mice. Secreta-
gogin, an insulin vesicle docking protein, was up-regu-
lated by 2.7-fold in Tg mice and in pancreatic MIN-6
cells overexpressing DDAH2. GSIS in MIN-6 cells was
dependent on DDAH2-induced secretagogin expres-
sion. Pancreatic Sirtl, DDAH2, and secretagogin were
down-regulated in HFD-fed WT mice by 70, 75, and
85%, respectively. Overexpression of Sirtl overex-
pression by 3.9-fold increased DDAH2 and secreta-
gogin expression in MIN-6 cells by 3.2- and 2.5-fold,

Abbreviations: ADMA, asymmetrical dimethylarginine; AP,
activator L)rotein; BESTO, B-cellspecific Sirtl-overexpressing;
CBP, Ga“*—binding protein; CM-H2DCFDA, 5-(and-6)-chlo-
romethyl-2’,7’-dichlorodihydrofluorescein diacetate acetyl ester;
CREB, cAMP response elementbinding protein; DAF-2-DA,
diaminofluorescein-2-diacetate; DDAH, dimethylarginine dim-
ethylaminohydrolase; ELISA, enzyme-linked immunosorbent as-
say; EMSA, electrophoretic mobility shift assay; GSIS, glucose-
stimulated insulin secretion; HFD, highfat diet; IGTT,
intraperitoneal glucose tolerance test; HI'TT, intraperitoneal in-
sulin tolerance test; IL, interleukin; iNOS, inducible nitric oxide
synthase; KO, knockout; LFD, lowfat diet; NO, nitric oxide;
NOS, nitric oxide synthase; PKA, protein kinase A; RIP, rat
insulin promoter; ROS, reactive oxygen species; siRNA, small
interfering RNA; SNAP-25, 25-kDa synaptosome-associated pro-
tein; T2DM, type 2 diabetes mellitus; Tg, transgenic; TORCI,
CREB-regulated transcription coactivator 1; UCP2, uncoupling
protein2; VEGF, vascular endothelial growth factor; WT, wild

type
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respectively. DDAH2 overexpression improved GSIS
in pancreas-specific Sirt1-deficient mice. In summary,
the Sirtl/DDAH2/secretagogin pathway is a novel
regulator of GSIS.—Hasegawa, K, Wakino, S.,
Kimoto, M, Minakuchi, H., Fujimura, K., Hosoya, K.,
Komatsu, M., Kaneko, Y., Kanda, T., Tokuyama, H.,
Hayashi, K., Itoh, H. The hydrolase DDAH2 en-
hances pancreatic insulin secretion by transcriptional
regulation of secretagogin through a Sirtl-dependent
mechanism in mice. FASEB J. 27, 2301-2315 (2013).

www.fasebj.org

Key Words: B cells - glucose-stimulaled insulin  secrelion -
glucose lolerance + knockoul = overexpression

Tyrr 2 DIABETES MELLITUS (T2DM) is one of the most
serious metabolic disorders and is predicted to affect
millions of people worldwide (1). T2DM is character-
ized by insulin resistance and impaired glucose-stimu-
lated insulin secretion (GSIS). Several factors are in-
volved in the pathogenesis of insulin resistance,
including a reduction in nitric oxide (NO) bioavailabil-
ity and knockdown of NO synthase (NOS) (2). How-
ever, the effects of NO on pancreatic insulin secretion
are controversial, as some researchers reported that
neuronal NOS (3) and inducible NOS (iNOS; ref. 4) in
islets suppress GSIS, whereas others reported that neu-
ronal NOS enhances GSIS (5).

Asymmetrical dimethylarginine (ADMA) is an en-
dogenous inhibitor of NOS and is associated with
hypertension (6). Intriguingly, insulin resistance and
T2DM are associated with elevated plasma ADMA levels
(7). ADMA is degraded by the enzyme dimethylargin-

! Correspondence: Department of Internal Medicine, School
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ine dimethylaminohydrolase (DDAH). There are two
isoforms of DDAH, DDAH1 and DDAH2, which have
divergent functions (6), including reducing ADMA
levels and increasing NO levels. Both isoforms also act
in an ADMA-independent manner. We previously re-
ported that DDAH?2 binds directly to protein kinase A
(PKA), which activates the promoter of the vascular
endothelial growth factor (VEGF) gene through an Spl
site (8).

The physiological functions of DDAHI were eluci-
dated in studies of transgenic (Tg) mice overexpressing
DDAHI1 (9) and in DDAH]1-knockout (KO) mice (10).
In terms of insulin resistance, it was reported that
insulin resistance was improved in DDAHI1 Tg mice fed
a normal diet (9). We have generated DDAH2 Tg
(hereafter Tg) mice and previously reported that cor-
onary atherosclerosis was alleviated in these mice as
compared with wild-type (WT) mice (11). However, the
role of DDAH2 in insulin resistance or glucose metab-
olism remains unknown. Therefore, the aim of this
study was to examine the role of DDAH2 in glucose
metabolism in mice and to identify the potential signal-
ing pathways by which DDAHZ2 may regulate glucose
metabolism. This study showed that DDAH2 overex-
pression in islets may improve GSIS by transcriptionally
activating secretagogin expression vie Spl in two ani-
mal models with impaired GSIS. Furthermore, Sirtl
transcriptionally regulates the DDAH2/secretagogin
pathway. Our results suggest that DDAH2 offers a novel
therapeutic target for T2DM by reversing high-fat diet
(HFD)-induced impairments in GSIS.

MATERIALS AND METHODS

Animals and metabolic analysis

All mice were raised on a C57BL/6 genetic background. All
experimental procedures were approved by the Institutional
Animal Care and Use Committee of Keio University School of
Medicine. DDAH2 Tg mice were generated as described
previously (11). DDAH2 Tg mice and WT mice (n=8) were
fed a low-fat diet (LFD; CE-2; Clea Japan, Tokyo, Japan) or an
HFD (HFD-32; Clea Japan) for 12 wk. Metabolic parameters
were determined using an Oxymax (Columbus Instruments,
Columbus, OH, USA). Intraperitoneal glucose tolerance tests
(IGTTs), intraperitoneal insulin tolerance tests (IITTs), and
plasma biochemical tests were conducted as described previ-
ously (12). In the IGTT, the mice were denied access to food
overnight (12 h) and then intraperitoneally injected with
glucose at a dose of 1 g glucose/kg body weight. Blood
glucose levels were measured before glucose injection and at
15, 30, 60, and 120 min after injection. In the IITT, the mice
were denied access to food overnight (12 h) and then
intraperitoneally injected intraperitoneally with 0.1 U/ml
insulin (Humulin R; Eli Lilly, Indianapolis, IN, USA) in sterile
PBS ata dose of 0.5 U insulin/kg body weight. Blood glucose
levels were measured before and at 15, 30, 60, and 90 min
after insulin injection. Plasma and tissue concentrations of
ADMA were measured by HPLC (11).
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Islet studies

Islet size and number were determined by computer-aided
morphometric analysis (13). Pancreatic insulin content was
measured using a rat/mouse insulin enzyme-linked immu-
nosorbent assay (ELISA) kit (Linco Research, St. Charles,
MO, USA). Immunofluorescence was performed with affinity-
purified anti-insulin (Dako, Tokyo, Japan), anti-DDAH2 (pro-
vided by M.K.), and anti-secretagogin (Abcam, Cambridge,
MA) antibodies. Immunoblotting was performed using anti-
bodies against DDAH2 (provided by M.K.), secretagogin
(Abcam), Sirtl (Millipore, Bedford, MA, USA) and B-actin
(Abcam). Gene expression levels of DDAHZ2, secretagogin,
B-actin, insulin 1, and insulin 2 were determined by real-time
PCR with the following primers (forward and reverse):
DDAH2, GGTTGATGGAGTGCGTAAAGC and TCCACAA-
TTCGGAGTCCCAA; secretagogin, CCCAGAAGT-
GGATGGATTTG and GTTGGGGATCAGGGGGTTTAT;
B-actin, TGCTCTGGCTCCTAGCACCATGAAGATCAA and
AAACGCAGCTCAGTAACAGTCCGCCTAGAA; insulin 1,
CTGCTGGCCCTGCTTGC and GGGTCGAGGTGGGCCTT;
insulin 2, CCTGCTGGCCCTGCTCTT and GGCTGGG-
TAGTGGTGGGTCTA.

Islet function studies

Islets were isolated by collagenase digestion, and GSIS was
determined as described previously (14). Insulin levels were
determined using an ELISA kit (Linco Research). ATP levels
were measured using an ATP bioluminescent assay kit (Sigma,
St. Louis, MO, USA). Ca®* concentrations were measured using
the Ca®*-sensitive dye fluo4 AM (Invitrogen, Carlsbad, CA,
USA). Docked insulin granules were counted as described
previously (15). Given their average diameter of 350 nm, secre-
tory granules whose centers were located within 100-200 nm of
the B-cell membrane were considered docked. Distances were
determined by drawing a straight line from the granule center to
the nearest plasma membrane (16).

DNA microarray analysis

Mice in the WT + LFD and Tg + LFD groups were killed at
20 wk of age. Tissues were immediately prepared for total
RNA isolation and subjected to Affymetrix Mouse Genome
430 2.0 microarray chip analysis using standard protocols
(Affymetrix, Santa Clara, CA, USA; hup://www.affymetrix.
com). Genes were excluded when the signal strength was not
significantly greater than the background value or when their
expression did not reach a threshold value for reliable
detection (P<0.05) in all 3 independent studies. Genes were
also excluded if the expression level did not differ by =3-fold
or =0.33-fold between the WT + STZ and Tg + STZ groups.
The remaining genes were subjected to nonparametric Welch
{tests and are reported with their respective fold changes and
Pvalues.

Cell culture and transfection

MIN-6 cells were cultured as described previously (17). Mu-
rine DDAHZ2 cDNA was prepared, and the cells were treated
with small interfering RNAs (siRNAs) targeting secretagogin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), as de-
scribed previously (8). siRNA for green fluorescent protein
(6'-GGCTACGTCCAGCAGCGCACC-3") mRNA was used as a
negative control. The Sirtl expression vector was cloned and
transfected as described previously (18).
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Determination of reactive oxygen species (ROS) and NO
levels in islets

ROS levels were measured using the fluorescent probe
5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein  di-
acetate acetyl ester (CM-H2DCFDA; Invitrogen). NO levels
were detected using diaminofluorescein-2-diacetate (DAF-2-
DA; Invitrogen).

Generation of Sirtl B cell-specific conditional-KO mice

Mice heterogeneous for the floxed Sirtl allele (Sirt1 ™)
raised on a C57BL/6] background were kindly provided by
Leonard Guarente (Massachusetts Institute of Technology,
Cambridge, MA, USA; ref. 19). Sirt]1 ¥/~ mice were bred with
mice carrying the rat insulin promoter-Cre recombinase
(RIP-Cre) gene on a C57BL/6] background (Jackson Labo-
ratory) for B-cell-specific Sirt1-KO (RIP-Cre/Sirtl lox/lox; RIP-
Sirt1*/™) mice. Male F2 offspring littermates derived from
crosses between male F1 RIP-Sirt*/~ mice and female F1
DDAH2 Tg mice were analyzed in the DDAHZ2 rescue exper-
iments. Mice of each genotype, including WT littermates,
were fed the LFD for 12 wk.

Luciferase assays and electrophoretic mobility shift
assays (EMSAs)

A 1583-bp fragment (—1525 to +53) of the 5’ flanking region
of the murine secretagogin gene was isolated from the
murine BAC genomic clone using the restriction endonu-
cleases Sspl and Bbsl. Plasmids —680, —450, —346, and —84
Luc were made by subcloning the Mspl, Msil, Maelll, and
BsePl inserts from —1525 Luc. These secretagogin/pGL3
plasmids (—1525 Luc, —680 Luc, —450 Luc, —346 Luc, and
—84 Luc) containing the mouse secretagogin promoter se-
quences between —1525, —680, —450, —346, and —84 and
+53 were fused to a pGL3 vector, a firefly luciferase reporter
plasmid, and were transfected using Lipofectamine 2000
(Invitrogen). The DDAHZ2 expression plasmid and pRL-CMV
(Renilla luciferase reporter vector; Promega, Madison, WI,
USA) were cotransfected into cells. Similarly, a 1345-bp
fragment (—1344 to +1) of the 5’ flanking region of the
murine DDAH2 gene was isolated from the murine BAC
genomic clone using the restriction endonucleases Apol and
Sall. Plasmids —917, —648, —440, and —109 Luc were made
by subcloning the Psd, PfIFI, Ahdl, and Nspl inserts from
—1344 Luc. These DDAH2/pGL3 plasmids (—1344 Luc,
—917 Luc, —648 Luc, —440 Luc, and —109 Luc) containing
the mouse DDAHZ2 promoter sequences between —1344,
=917, —648, —440, and —109 and +1 were fused to a pGL3
vector, a firefly luciferase reporter plasmid and transfected
using Lipofectamine 2000 (Invitrogen). The Sirtl expression
plasmid and pRL-CMV (Renilla luciferase reporter vector;
Promega) were cotransfected into cells. Luciferase activity was
measured as described previously (8). The EMSAs were
performed using an EMSA kit (Panomics, Redwood City, CA,
USA) and a nuclear extraction kit (Panomics), as described previ-
ously (8). The antibodies for Spl (07-645) and cAMP response
elementbinding protein (CREB; 06-863) were purchased from
Millipore. Previous reports (20, 21) using the same antibodies
revealed significant attenuation of protein binding to the Spl or
CREB oligonucleotides as compared with a control antibody, but
no supershified bands were observed.

Statistical analysis

Data are expressed as means * sk. Data were analyzed by 1- or
2-way ANOVA, as appropriate, followed by Bonferroni’s mul-
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tiple-comparison posi hoc test. Values of P < 0.05 were
considered statistically significant.

RESULTS

GSIS is enhanced in DDAH2 Tg mice

We first examined the effects of systemic DDAH2
overexpression (Fig. 1). WT and DDAH?2 Tg (Tg) mice
were fed an LFD or an HFD. In WT and Tg mice,
weight gain, adipocyte size, and serum lipid levels were
significantly greater in HFD-fed mice than in LFD-fed
mice, although there were no differences between the
WT and Tg mice fed either diet (Supplemental Fig.
S1). At 20 wk of age, the body weights of WT and Tg
mice fed the LFD were 38.0 £ 4.1 and 38.1 = 5.0 g,
respectively, while those of WT and Tg mice fed the
HEFD were 46.4 = 6.0 and 45.9 * 5.8 g, respectively. In
LFD-fed mice (Fig. 1A, B), blood glucose and plasma
insulin levels during the IGTT were not significantly
different between WT and Tg mice. However, in HFD-
fed mice (Fig. 1C, D), blood glucose levels were signif-
icantly lower in Tg mice than in WT mice at 60 and 120
min after the glucose load (Fig. 1C, top panel). Insulin
levels at 15 and 30 min after the glucose load were
significantly greater in HFD-fed Tg mice than in HFD-
fed WT mice (Fig. 1C, bottom panel). There were no
differences in IITT results between Tg and WT mice
fed the HFD (Fig. 1D). These results indicate that
insulin secretion was enhanced in HFD-fed Tg mice
compared with that in HFD-fed WT mice, although
insulin sensitivity was not improved in Tg mice. Glucose
and insulin levels in the fed and unfed states were
higher in HFD-fed mice than in LFD-fed mice in both
genotypes (Fig. 1E). In the unfed state, glucose and
insulin levels were similar between WT and Tg mice fed
with either diet. In the fed state, glucose levels were
lower and insulin levels were higher in HFD-fed Tg
mice than in HFD-fed WT mice (Fig. 1E, bottom
panel).

To identify the mechanisms involved in the amelio-
ration of glucose metabolism in Tg mice, we examined
islet structure and function. The numbers of islets were
not significantly different between WT and Tg mice fed
either diet (Fig. 24). Although islet size was greater in
HFD-fed mice, there were no differences in islet size
between WT and Tg mice (Fig. 2B). Insulin content in
isolated islets was not significantly different between Tg
and WT mice fed either diet (Fig. 2C). GSIS following
exposure to 16.7 mM glucose was impaired in islets
isolated from HFD-fed WT mice compared with islets
from LFD-fed WT mice, consistent with previous re-
ports showing that prolonged exposure to HFD ex-
hausts individual islets and ultimately blunts insulin
release (4). GSIS was significantly higher in Tg mice
than in WT mice fed either diet (Fig. 2D). To explore
the mechanism responsible for the enhanced GSIS in
Tg mice, we measured glucose-induced Ca®" release
(Fig. 2E) and ATP production (Fig. 2F). Although
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exposure to 16.7 mM glucose increased islet Ca®*
release and ATP content compared with 2.8 mM glu-
cose in both Tg and WT mice, these parameters did not
differ between WT and Tg mice. Finally, we counted
the number of docked insulin granules. As shown in
Fig. 2G, there were fewer docked insulin granules in
HFD-fed WT mice than in LFD-fed WT mice. However,
the number of docked granules was greater in Tg mice
than in WT mice fed either diet. These results indicate
that DDAH2 overexpression in the Tg mice amelio-
rated HFD-induced glucose intolerance by increasing
both GSIS and the number of docked insulin granules.

DDAH2 is the dominant isoform in mouse islets

Our Tg mice showed increased GSIS and numbers of
docked insulin granules, which indicates that DDAH2
plays a pivotal role in regulating insulin secretion.
Therefore, we next performed immunohistochemistry
to determine the relative expression levels of DDAH1
and DDAH2 in whole islets from C57BL6 mice. We
found that DDAH2 protein was constitutively expressed
in the islets, whereas DDAH1 protein was hardly de-
tected (Fig. 3A). These results are consistent with the
mRNA expression levels of DDAHI and DDAH2 in the
pancreas (Fig. 3B).

DDAH2 affects GSIS independently of pancreatic
NO metabolism

We next examined whether NO metabolism was altered
in Tg mice. Immunofluorescence studies confirmed
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that DDAH2 was decreased in the islets from HFD-fed
WT mice, but this decrease was rescued in the islets
from HFD-fed Tg mice (Fig. 3C). The mRNA expres-
sion level of DDAH2 was also decreased by the HFD,
but it was reversed by DDAH2 overexpression. The
mRNA expression levels of insulin 1 and insulin 2 were
unaffected (Fig. 3D). These changes in DDAH2 expres-
sion were compatible with the changes in GSIS in Tg
mice, suggesting that DDAH2 is involved in GSIS in
pancreatic B cells. Although the HFD increased pan-
creatic ROS (Fig. 3F) and NO (Fig. 3F) levels, there
were no differences in their levels between WT and Tg
mice fed either diet, indicating that pancreatic NO and
ROS do not contribute to the difference in insulin
secretion between WT and Tg mice. Although pancre-
atic ADMA levels were lower in TG mice than in WT
mice, they were not affected by the HFD (Fig. 3G).
These data indicate that the pancreatic changes in
ADMA, NO, or ROS levels are not associated with the
HFD-induced changes in GSIS in Tg or WT mice.
Taken together, these results indicate that DDAH2
affects GSIS via an ADMA-independent mechanism.

Secretagogin is involved in insulin secretion in
DDAH2 Tg mice

To determine the molecular mechanism involved in
the enhanced insulin secretion in HFD-fed Tg mice, we
performed DNA microarray analysis to examine islet
gene expression profiles. The expression levels of sev-
eral genes associated with insulin vesicle docking, in-
cluding secretagogin, Rab3d, and Rab27, were higher
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Figure 2. Islet morphology and function in DDAH2 Tg mice. A) Number of islets per square millimeter of pancreas tissue (n=8
mice/group). B) Islet size determined by immunohistochemistry with anti-insulin antibodies. Top panels show representative
images. Scale bar = 100 pm. View = X100. *P < 0.05 vs. LFD-fed WT mice (n=8 mice/group). C) Pancreatic insulin content
was determined using acid—ethanol extracts (=8 mice/group) and is expressed as nanograms of insulin per microgram of
pancreatic protein. D-F) Islets cultured overnight were incubated for 60 min in Krebs-Ringer bicarbonate buffer with 2.8 or 16.7
mM glucose. D) GSIS in isolated islets (n=8 mice/group). £) Ca®>* response to glucose. Islets attached to coverslips were loaded
with 10 pM Fluo-4 AM and placed in a perfusion chamber, and Ca®* concentrations were measured by confocal microscopy
as the fluorescence intensity after stimulation (F)/fluorescence intensity at rest (/). Values are expressed as means =
SE. (n=8 mice/group), F) ATP concentrations in response to glucose. (=8 mice/group). G) Number of docked insulin
granules counted under electron microscopy. At least 15 cells were analyzed in each group (5 cells in each of 3 animals). Dashed
lines indicate the plasma membrane. Arrows and arrowheads indicat representative undocked and docked granules,
respectively. P < 0.05 vs. LFD-fed WT mice; 5P < 0.05 vs. LFD-fed Tg mice; 12 < 0.05 vs. HFD-fed WT mice (n=8 mice/group).

in Tg mice than in WT mice (Supplemental Table S1).  factors, or apoptosis. Secretagogin is an EF-hand Ca®*-
However, there were no differences in the expression  binding protein (CBP) that was originally cloned from
levels of genes related to insulin signaling, transcription pancreatic B cells (22). Since a previous study (23)

DDAH ENHANCES PANCREATIC INSULIN SECRETION 2305



