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TaBLE I: Characteristics of study subjects.

Total Continuously lean Previous obesity Current obesity P value
Age 59.3 £ 10.6 61.1+94 60.4 + 10.0 56.7 +11.6 <0.01
Sex (male/female) 2038/889 486/243 870/345 682/301 ns
BMI 240+4.0 205+2.1 226+1.7 283+3.2 <0.01
Max. BMI 27.7+43 23.0+1.7 27.5+2.3 314+4.1 <0.01
Disease duration (years) 10.4 £ 28.0 104 +£84 122 +£42.2 82+78 <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+40 9.5+4.0 9.9+4.1 10.2+3.9 ns
HbAlc (%) 9.3+28 9.1+27 95+34 9.3+2.0 <0.05
TC (mmol/L) 53+12 53+1.0 52+10 55+1.6 <0.01
HDL (mmol/L) 13+05 1.5+0.5 1.3+04 1.2+0.3 <0.01
TG (mmol/L) 1.6+14 14+0.2 15+1.1 19+16 <0.01
Cr (mmol/L) 663+ 194 64.5 + 16.8 66.3+£194 68.9 £20.3 <0.01
eGFR (mL/min/L73 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
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5. Conclusion

Our study indicated that obesity in the past, as well as present
obesity, was a risk factor for diabetic nephropathy. We should
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even if it has been present before the diagnosis of diabetes.
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with type 2 diabetes and CVD [5,7,8,9,10,11]. Therefore, these
biomarkers appear to be useful to detect subjects at high risk of
metabolic syndrome, type 2 diabetes and CVD.

Although associations between CRP or HMW-adiponectin and

Introduction

Metabolic syndrome is now widely appreciated as a cluster of
metabolic abnormalities such as visceral obesity, hypertension,

hyperglycemia and dyslipidemia [1]. To date, incidence of
metabolic syndrome is continuously increasing worldwide. Since
subjects with metabolic syndrome are at risk for development of
type 2 diabetes, cardiovascular disease (CVD) and cancer [1,2],
prevention of metabolic syndrome is an urgent issue.

Higher levels of C-reactive protein (CRP) and lower levels of
high-molecular-weight (HMW) adiponectin have been both
reported to correlate with obesity and metabolic syndrome
[3,4,5,6]. These biomarkers have been also reported to correlate
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metabolic syndrome have been well established, there have been
few studies to examine the usefulness of combination of both
biomarkers for prediction of metabolic syndrome. Especially, in
clinical settings it is essential to compare the predictive utility of
these biomarkers for metabolic syndrome with that of the
traditional markers. Therefore, in this longitudinal cohort study
we sought to address the following questions: 1) Is there any
additive effect of the combination of CRP and HMW-adiponectin
for prediction of metabolic syndrome compared with each of them
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alone? 2) Are predictive values of the traditional markers such as
BMI or waist circumference for metabolic syndrome improved by
adding these biomarkers?

Methods

Ethics Statement

The present study was conducted according to the principles
expressed in the Declaration of Helsinki. Written informed
consent was obtained from each subject after a full explanation
of the purpose, nature and risk of all procedures used. The
protocol was approved by the ethical review committees of the
Health Center and the Faculty of Medicine, Keio University
School of Medicine, Tokyo, Japan.

Subjects

We conducted a prospective cohort study of 1,552 Japanese
teachers and workers at Keio University (1,067 men and 485
women) who had participated in an annual health checkup in
2007. More than 95% of the workers and teachers at Keio
University participated in this annual health checkup. In this
study, we primarily enrolled subjects aged 40 years and older
because the incidence of metabolic syndrome is low in the subjects
younger than 40 years old [12]. Then we randomly enrolled
subjects younger than 40 years old. As a result, we measured CRP
and HMW-adiponectin in 1,250 subjects out of 1,552 subjects
(81%). Among them, 42 subjects were excluded because of their
CRP>0.5 mg/L. Of those (1,208 subjects), 884 subjects (73%,
676 men and 208 women) had been followed up in an annual
health checkup in 2011. Finally, a total of 750 subjects (558 men
and 192 women, age 46*8 years) who had not met the criteria of
metabolic syndrome defined by National Cholesterol Education
Program Adult Treatment Panel III (NCEP-ATP III) and Japan
Society for the Study of Obesity (JASSO) in 2007 were enrolled in
this study (Table 1). The subjects with whom we were not able to
follow up in 2011 (N = 324) were older (49*14 vs. 47£8 years,
p<<0.05) and predominantly female (32.4% vs. 23.5%, p<<0.05)
than the study participants (N = 884), although the difference was
clinically small, presumably reflecting retirement or resignation
from work. Information regarding smoking, alcohol intake,
physical activity and medication was obtained from questionnaires
to the subjects.

Measurement

Systolic and diastolic blood pressure was measured in the sitting
position after resting for at least 3 min using an automatic
electronic sphygmomanometer (BP-103i II; Nippon Colin, Ko-
maki, Japan) with cuff size of 14.5 cm in width and 52.0 cm in
length. Blood samples were collected in the morning after an
overnight fast.

Plasma glucose and serum lipids were assayed by routine
automated laboratory methods as previously described [13].
Serum insulin concentration was measured by an enzyme
immunoassay, using a commercially available kit (Tosoh, Tokyo,
Japan), with intra- and interassay coefficients of 2.9 to 4.6% and
4.5 to 7.0%, respectively. The insulin resistance index was assessed
by a homeostasis model assessment of insulin resistance (HOMA-
IR), which was calculated as fasting serum insuln (mU/L) x
fasting plasma glucose (mmol/L)/22.5 [14].

HMW-adiponectin was measured using a commercially avail-
able kit (HMW adiponectin ELISA Kit, Fujirebio, Tokyo, Japan)
as previously reported [13]. This ELISA system does not need a
denaturing step, and the monoclonal antibody (IH7) is reported to
react specifically with the HMW form of adiponectin [15]. The
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dilution curve was parallel to the standard curve. Intra- and
interassay coeflicients were 2.4 to 3.0% and 4.2 to 5.1%,
respectively. We have previously reported that HMW-adiponectin
and HMW-adioponectin to total adiponectin ratio were more
sensitively associated with metabolic syndrome than total adipo-
nectin alone [16,17,18]. Thus we measured HMW-adiponectin
rather than total adiponectin in this study. Serum CRP levels were
measured by nephelometry, a latex particle-enhanced immunoas-
say (N Latex CRP II, Dade Behring, Tokyo, Japan) with both
intra- and interassay coeflicients of <5.0%. For the analysis of
CRP values under the assay detection limit of 0.04 mg/L, an
approximate value of 0.02 mg/L was used.

Definition of Metabolic Syndrome

Metabolic syndrome (MetS) was defined according to the
revised NCEP ATP III criteria [1] as 3 or more of 5 components
in which the cut-off point of waist circumference was modified for
Japanese as =90 cm in men and =80 c¢cm in women according to
the recommendation by the International Diabetes Federation
(IDF) [19], the cut-off points of the other components were systolic
blood pressure =130 mmHg and/or diastolic blood pressure
=85 mmHg for blood pressure, =150 mg/dL for triglycerides,
<40 mg/dL in men and <50 mg/dL in women for HDL-
cholesterol, and =100 mg/dL for fasting plasma glucose. Subjects
receiving antihypertensive, lipid-lowering agent or hypoglycemic
medication were considered to have the respective component.
Japanese metabolic syndrome (JMetS) defined by the Examination
Committee for Criteria of Metabolic Syndrome [20] was also
examined. The criteria of JMetS is waist circumference =85 cm in
men and 290 cm in women plus 2 or more of the following 3
components; systolic blood pressure =130 mmHg and/or diastol-
ic blood pressure =85 mmHg, triglycerides =150 mg/dL and/or
HDL cholesterol <40 mg/dL, and fasting plasma glucose
=110 mg/dL.

Statistical Analysis

Comparisons between the two groups were performed with
Student’s t-tests or Fisher’s exact tests and odds ratios were
determined by logistic regression analysis using the Statistical
Package for the Social Sciences (version 19.0; SPSS, Chicago, IL,
USA). Receiver operating characteristic (ROC) curves for MetS
and JMetS were plotted separately and the area under the curve
(AUC) (also referred to as C-statistic in the case of a binary
outcome) of ROC curves was calculated. ROC analysis was
performed using Proc Logistic in SAS 9.2 (SAS Institute, Cary,
NC), which estimates AUC using the trapezoidal method of
integration of the sensitivity curve. All normally distributed data
are expressed as mean * S.D., while non-normal data are
expressed as median (interquartile range) and the logarithms of the
non-normal data were used for the analyses. Values of p<<0.05
were considered statistically significant.

Results

Baseline Characteristics of Subjects According to
Development of Metabolic Syndrome

During 4 years, 61 subjects (8.1%, 51 men and 10 women)
developed MetS and 53 (7.1%, 50 men and 3 women) developed
JMetS, respectively. Comparisons of baseline characteristics
according to the development of metabolic syndrome are shown
in Table 1. CRP and C/A ratio were significantly higher, and
HMW-adiponectin was significantly lower in subjects who
developed metabolic syndrome compared with those who did
not (all p<0.001). HMW-adiponectin and CRP are significantly
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Table 1. Characteristics of subjects according to development of metabolic syndrome after 4 years.

Total MetS

46+8

Age (years)

75+11 75%11

No exercise (<150 min/week) (%) 619 623

89 (85-94)

121+28 120*27

79 (53-113)
0.78+0.14

0.91 (0.67-1.31

HMW-adiponectin (ug/mL)

syndrome, JMetS; Japanese metabolic syndrome.
*P<0.05,

**p<0.01,

*P<0.001 vs. MetS(—) or JMetS(—).
doi:10.1371/journal.pone.0073430.t001

correlated with BMI and waist circumference (Table 2), whereas
the correlation was stronger in HMW-adiponectin compared with
CRP.

Association between CRP, HMW-adiponectin and
Development of Metabolic Syndrome

In univariate logistic regression analysis, both CRP and HMW-
adiponectin were significantly associated with development of
metabolic syndrome (odds ratio: 1.54 and 0.45 for MetS and 1.65
and 0.33 for JMetS, respectively, Table 3). However, when the
model was adjusted for age, sex and traditional markers of
adiposity such as BMI or waist circumference, HMW-adiponectin,
but not CRP, was significantly associated with development of

PLOS ONE | www.plosone.org

62.7+10.5

79.5+8.0

20 (17-24

25 (17-40)

89 (85-94)

76 (52-110)

0.78+0.14

JMetS

7124106+

7148871
o

86.7£7.7% 87.516.67

8411+

751

848+

574 624 54.7

e

20 (17-25) 20 (17-23) 24 (19-28)**

e

37 (26-71)* 24 (17-40)

94 (89-97)* 89 (85-94)

135+35%* 121£27 12332

114 (84-148)7 75 (52-109) 123 (97-149)F

0.81+0.16 0.78£0.14 0.84:£0.13**

1.18 (0.86-1.68)* 0.89 (0.66-1.26)

2.3 (1.6-3.3)T ’

2.7 (1.8-3.9)1 4.3 (2.6-6.5)

Values are expressed as mean *+ SD for variables with normal distribution and median (interquartile range) for those with non-normal distribution. MetS; metabolic

metabolic syndrome (Table 3). Adding the other variables which
relate to development of metabolic syndrome to the model did not
change the results (Models 3 and 4, Table S1).

Predictive Values of CRP and HMW-adiponectin for
Metabolic Syndrome

Finally we evaluated additive effects of CRP and HMW-
adiponectin on BMI and waist circumference for prediction of
metabolic syndrome (Table 4). ROC analysis revealed that there is
no significant change in the AUC of the combination of CRP and
HMW-adiponectin compared with that of each of them alone.
The AUC of BMI or waist circumference itself was greater than
that of CRP, HMW-adiponectin or the combination of both.
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Table 2. Correlations among HMW-adiponectin, CRP, BMI and waist circumference.

Waist circumference

CRP 0.194%*

BMI Waist circumference

HMW-adiponectin CRP

—0.409**

0.221%%

-0.117* 1

*P=0.001,
**P<0.001.
doi:10.1371/journal.pone.0073430.t002

Comparison between predictive ability of the models using CRP
and HMW-adiponectin after adjusting for BMI or waist circum-
ference, and the models using BMI or waist circumference alone,
was done using the ROCCONTRAST statement in SAS. All but
one of these comparisons showed no significant difference, but the
only significant difference was not meaningful, as the actual
difference in AUC was less than 1%. Thus the AUC of BMI or
waist circumference was not significantly improved by adding
CRP, HMW-adiponectin or both. These findings did not change
when the subjects were stratified by sex (Tables S2 and S3).

Discussion

In this study, we report that 1) Combination of CRP and
HMW-adiponectin did not improve predictive value for metabolic
syndrome compared with each of them alone, 2) Adding these
biomarkers to BMI or waist circumference failed to improve
predictive value for metabolic syndrome among the Japanese
population.

CRP and HMW-adiponectin are both well-known markers for
metabolic syndrome, type 2 diabetes and CVD in various ethnics
including Japanese [3,4,5,6,7,8,9,10,11]. In this study, we also
showed that higher CRP and lower HMW-adiponectin were
associated with future development of metabolic syndrome defined
by either modified NCEP criteria or JASSO criteria. However, the
association between metabolic syndrome and CRP, but not
HMW-adiponectin, was markedly attenuated after adjustment for
age, sex and BMI or waist circumference. It has been reported that
CRP is more closely correlated with obesity than metabolic

for development of metabolic syndrome.

syndrome [21,22,23]. Our findings also suggested that the
association between CRP and metabolic syndrome are largely
explained by obesity.

On the other hand, the association between HMW-adiponectin
and metabolic syndrome was significant independently of BMI or
waist circumference. Adiponectin is an adipokine secreted from
adipose tissue and negatively correlated with visceral obesity and
presence of CVD [5,6,8,9,10,11]. In animal studies adiponectin
has been shown to ameliorate metabolic parameters and suppress
progression of atherosclerosis [24]. Specifically, we have shown, as
well as others in the field that HMW-adiponectin is a more
sensitive marker for metabolic syndrome [16,17,18,25] and type 2
diabetes [26,27] than total adiponectin. However, the usefulness of
HMW-adiponectin for prediction of metabolic syndrome com-
pared with the traditional markers remains uncertain. In this
study, the predictive value of HMW-adiponectin for metabolic
syndrome by ROC analysis was not significantly greater than that
of BMI or waist circumference and adding HMW-adiponectin to
BMI or waist circumference did not improve predictive ability,
suggesting the lack of utility of HMW-adiponectin to predict future
development of metabolic syndrome.

In this study, we further investigated the utility of combination
of CRP and HMW-adiponectin for predicting metabolic syn-
drome. Tabara et al. have reported the synergistic effect of CRP
and HMW-adiponectin for prediction of metabolic syndrome in a
general population [28]. On the other hand, we and others have
previously reported that C/A ratio did not improve the predictive
ability for metabolic syndrome compared with each of them alone
[13,29]. Recently, Ong et al. have reported that CRP and total

Table 3. Odds ratios (95% Cl) according to univariate and multivariate logistic regression analyses of HMW-adiponectin and CRP

Mets

Model 1

Sex {male=1, female =0) 1.83 (0.91-3.68) 0.55 (0.24-1.28)

Ln{HMW-adiponectin (ung/mL)}  0.45 (0.31-0.64)t 0.60 (0.38-0.96)*

Waist circumference (cm) 1.11 (1.07-1.15)t -

Model 2

0.60 (0.26-1.36)

0.56 (0.36-0.88)*

1.09 (1.05-1.13)

JMetS

Model 1 Model 2

6.20 (1.91-20.11)** 0.56 (0.16-1.98) 0.53 (0.15-1.88)

0.48 (0.30-0.78)**

0.33 (0.22-0.49)} 0.50 (0.30-0.81)**

o

113 (1.09-1.17)F -

1.09 (1.05-1.14)F

Cl; confidence interval.

*P<0.05,

**P<0,01,

P<0.001.
doi:10.1371/journal.pone.0073430.t003
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Table 4. Comparison of predictive values of biomarkers for
metabolic syndrome.

Variables AUC of ROC curve (95% Cl)

CRP (mg/L) 0.646 (0.581-0.711) 0.683 (0.626-0.741)

C/A ratio 0.698 (0.637-0.759) 0.753 (0.699-0.807)

0.763 (0.711-0.816) 0.758 (0.705-0.811)

s -

BMHWC 0.763 (0.712-0.814)

0.795 (0.751-0.840)

BMI+ADPN 0.795 (0.742-0.849) 0.769 (0.717-0.822)

s

e

BMI+ADPN-+CRP 0.772 (0.719-0.824)

@

0.795 (0.742-0.849)

WC+ADPN

o

0.768 (0.713-0.822) 0.810 (0.761-0.859)

WC+ADPN+CRP

0.768 (0.714-0.823) 0.810 (0.761-0.859)

AUC; area under the curve, ROC; receiver operating characteristics, Cl;
confidence interval, C/A ratio; CRP to HMW-adiponectin ratio. Lines with
variables written with “+” signs indicate that the ROC given is a measure of how
well the combination of variables listed explain MetS or JMetS, where values
closer to 1 indicate better explanation.

doi:10.137 1/journal.pone.0073430.t004

adiponectin levels independently predict the deterioration of
glycemia [30]. However, to our knowledge, there has been no
study to investigate the utility of combination of both markers for
predicting future development of metabolic syndrome in a
longitudinal cohort. In the present study, we demonstrated that
there is little additive effect of combination of CRP and HMW-
adiponectin or C/A ratio for predicting metabolic syndrome
compared with each of them alone.

Finally, we examined the additive effect of these biomarkers on
the traditional markers for prediction of metabolic syndrome. As a
result, ROC analysis revealed that adding CRP and HMW-
adiponectin to the traditional markers did not improve the
predictive ability for metabolic syndrome. Recently, it has been
reported that inflammatory biomarkers including CRP failed to
predict type 2 diabetes after adjustment for the traditional markers
such as age, sex, BMI and waist circumference [31,32], whereas
Ong et al., have reported that adding CRP and adiponectin to the
traditional markers improved predictive ability for deterioration in
glycemia, especially in women [30]. Further studies are needed to
clarify whether the combination of CRP and HMW-adiponectin
improve predictive ability for development of metabolic syndrome

and type 2 diabetes.
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Change in p-Cell Mass in Japanese Nondiabetic Obese
Individuals
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Aim: The aim of this study was to clarify the change in g-cell mass in Japanese obese individuals.

Methods: We obtained the pancreas at autopsy from 39 lean and 33 obese Japanese nondiabetic
individuals (aged 47 + 13vs 47 = 12y, P= .83, body mass index 20.4 1.6 vs 28.5 + 3.9 kg/m?, P <.01).
Pancreatic sections were stained for insulin, and g-cell area (%BCA) was measured as the fraction of the
B-cell area to the total pancreas area. p-Cell mass was then calculated as the product of %BCA and
estimated pancreas weight. B-Cell replication and apoptosis were assessed by double staining for
insulin and Ki67 and insulin and single-stranded DNA, respectively. The frequencies of insulin-positive
duct cells and scattered B-cells were assessed as the surrogate markers of p-cell neogenesis. The «a-cell
area (% ACA) was also measured, and the %ACA to %BCA ratio was determined.

Results: There was no increase in g-cell mass in obese individuals compared with lean individuals
(0.6 = 0.4vs 0.7 = 0.4 g, P = .12). B-Cell replication, g-cell neogenesis, and p-cell apoptosis were
not significantly increased in the presence of obesity. There was no significant difference in % ACA
to %BCA ratio between obese and lean individuals (0.91 + 1.09 vs 0.75 = 0.51, P = .47).

Conclusion: There was no increase in g-cell mass and no detectable change in B-cell turnover in
Japanese obese individuals. (J Clin Endocrinol Metab 98: 3724-3730, 2013)

ype 1 and type 2 diabetes are both characterized by a
deficit of B-cell mass (BCM) (1-6). Preservation or
recovery of BCM is therefore an important therapeutic
strategy for both type 1 and type 2 diabetes. However, the
physiological changes in BCM prior to the development of
diabetes remain unclear.

Insulin secretion increases in the face of obesity to com-
pensate insulin resistance (7). Although an increase in
BCM has been reported in obese individuals (4, 8), there
are no data available on Japanese individuals. There has
been one report from Korea showing a positive correlation
between fractional B-cell area and body mass index (BMI);
however, the positive correlation was seen in only a small
number of nondiabetic subjects (2). Recent studies have
shown that insulin secretion in Japanese is lower than that
in Caucasians (9-11), suggesting that the physiological
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response of BCM may also differ between Japanese and
Caucasians. Therefore, in this study we sought to address
the following questions: 1) is BCM increased in Japanese
obese individuals; 2) is there any change in B-cell turnover
in Japanese obese individuals; and 3) does a-cell area to
B-cell area ratio change in Japanese obese individuals?

Materials and Methods

Subjects
Specimens of pancreas obtained at autopsy were obtained
with the permission of the bereaved families. The Keio University
School of Medicine Review Board approved this study.
Potential cases were first identified by retrospective analysis
of the Keio University autopsy database. To be included, cases
were required to have the following characteristics: 1) been aged

Abbreviations: %ACA, fractional a-cell area; %BCA, fractional g-cell area; BCM, B-cell
mass; BMI, body mass index; HbA1¢, glycated hemoglobin; ssDNA, single-stranded DNA.

doi: 10.1210/jc.2013-1373
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Table 1. Characteristics of Subjects
Total Lean (BMI < 25 kg/m?) Obese (BMI = 25 kg/m?) P Value

n 72 39 33

Sex (male/female) 46/26 22/17 24/9 23

Age, y 47 = 12 (22-69) 47 + 13 (22-69) 47 + 12 (23~69) .83

Height, cm 165 £ 9(150-182) 164 = 9 (150-182) 167 = 9(150-182) 24

Weight, kg 66 + 17 (44-132) 55 + 6 (44-74) 80 + 15 (58-132) <.01

BMI, kg/m2 24.1 £ 5.0(16.1-44.3) 20.4 £ 1.6(16.1-24.1) 28.5 + 3.9 (25.2-44.3) <.01

Data are expressed as mean = SD (range).

20-69 years; 2) had a full autopsy within 24 hours of death; 3)
medical information prior to death; 4) no history of diabetes,
pancreatitis, or pancreatic surgery; 5) no use of glucocorticoids;
and 6) pancreatic tissue stored that was of adequate size and
quality. Cases were excluded if pancreatic tissue had undergone
autolysis. As a result, we reviewed approximately 1000 autopsy
cases between 1999 and 2011, and 72 cases were found to be
eligible for this study. Most (n = 65) specimens were sampled
from the body or tail portion of the pancreas and 7 specimens
were sampled from the head of the pancreas. The characteristics
of the cases are summarized in Table 1, with causes of death in
Supplemental Table 1, published on The Endocrine Society’s
Journals Online web site at http:/jcem.endojournals.org.

Cases were divided into 39 lean [body mass index (BMI) <
25 kg/m?] and 33 obese (BMI = 25 kg/m?) cases according to
the definition of obesity by the Japan Society for the Study of
Obesity (12).

Pancreatic tissue processing

The pancreas was fixed in formaldehyde at autopsy and then
embedded in paraffin for subsequent analysis. Then 5-um sec-
tions were stained for light microscopy as follows: 1) with he-
matoxylin-eosin, 2) for insulin (peroxidase staining) with hema-
toxylin, 3) for glucagon with hematoxylin, 4) for insulin and
Ki67 for assessment of B-cell replication, and $) for insulin and
single-stranded DNA (ssDNA) for assessment of B-cell apoptosis
{13-15). For immunohistochemical staining, guinea pig poly-
clonal antibodies against porcine insulin and rabbit polyclonal
antibodies against human glucagon were used (DAKO Japan,
Kyoto, Japan). Furthermore, rabbit polyclonal antibodies
against ssDNA (IBL, Takasaki, Japan) and murine monoclo-
nal antibodies against human Ki67 (DAKO Japan) were used
for the detection of apoptotic cells and proliferating cells,
respectively. B-Cell apoptosis was also assessed by rabbit
polyclonal antibodies against large fragment (17/19 kDa) of
cleaved caspase-3 (Cell Signaling Technology, Boston, Mas-
sachusetts) and rabbit polyclonal antibodies against large
fragment (89 kDa) of cleaved human poly(ADP-ribose) poly-
merase-1 (Cell Signaling Technology).

Morphometric analysis

To quantify fractional B-cell area (%BCA), the entire pan-
creatic section (219 = 93 mm?) was imaged at X200 magnifi-
cation (X20 objective) using a Mirax Scan and Mirax Viewer
(Carl Zeiss Microlmaging GmbH, Goettingen, Germany). The
ratio of B-cell area to total pancreas area was digitally measured
using Image Pro Plus software (Media Cybernetics, Silver Spring,
Maryland) as previously reported (8). Interlobular connective
tissue, large blood vessels, and adipocytes were excluded from
total pancreas area; thus, total pancreas area consisted to the
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greatest extent of pancreatic acinar tissue and pancreatic islets.
Likewise, the ratio of a-cell area to total pancreas area (% ACA)
was also digitally measured, and the ratio of %ACA to %BCA
was determined in each case. All measurements were conducted
by a single investigator (K.K.), and intraobserver coefficient of
variance (computed in S cases studied on 5 occasions) was 7%.
All measurements were conducted twice, and the mean of the 2
measurements was used. At the measurement the investigator
was blinded to the BMI status of each specimen. In a preliminary
analysis, the measurements of the % BCA independently assessed
by 2 investigators (K.K. and Y.S.) were sufficiently comparable
(n=351,r=0.9,P<.01,y (percentage) = 1.04x (percentage) +
0.1). Interobserver variance was about 12%.

To measure individual B-cell size, 6 islets per case were se-
lected at random using a Mirax Viewer (Carl Zeiss Microlmag-
ing). These islets were then examined to identify 6 representative
B-cells in each. Selection criteria included a circular shape (sim-
ilar dimensions in all directions) and the appearance to the ob-
server that the cell had been sectioned through its maximum
diameter. For the determination of the mean cell diameter, 6
distances between 2 adjacent B-cell nuclei (including one of the
nuclei) were measured in each of the 6 islets (ie, total of 36
diameters in each case). The B-cell size was determined as mean
B-cell diameter.

To conduct further morphometric analysis, scattered B-cells,
insulin-positive duct cells, B-cell replication, and apoptosis were
quantified in randomly selected areas of the pancreas (26.2 =
13.5 mm?) that contained more than 100 islets in each case, using
a Mirax Viewer (Carl Zeiss Microlmaging). Scattered B-cells
were defined as a cluster of three or fewer B-cells in acinar tissue,
and the density of scattered B-cells was determined as the number
of scattered B-cells/pancreas area (square millimeters). Insulin-
positive duct cells were also counted and expressed as the number
of insulin-positive duct cells/pancreas area (square millimeters).
B-Cell replication and apoptosis were quantified, and the fre-
quencies of B-cell replication and apoptosis were expressed as
percentage of islets. A total of 7778 islets (108 *+ 7 islets per
section) were assessed for these analyses.

Pancreas parenchymal volume

Because pancreas weight was not available in most cases, to
determine BCM, the pancreas parenchymal volume was esti-
mated using equations based on population data described in
detail elsewhere (16). Briefly, the pancreas parenchymal volume
increases in childhood to reach a plateau at age 20 years. From
age 20-60 years, pancreas parenchymal volume is stable and is
described as a function of obesity. Thus, we estimated pancreas
parenchymal volume of each autopsy case using the equation:
yP = 34.6 + 0.55x [y": pancreas parenchymal volume (cubic
centimeters), x: BMI].
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Figure 1. Representative photomicrographs of pancreas
immunostained for insulin (brown) and with hematoxylin (X20
objective). No increase in B-cell area was observed in an obese
individual (43 y old man, BMI 26.1 kg/m?; B) compared with a lean
individual (49 y old man, BMI 18.3 kg/m?; A). Scale bar, 300 um.

Assessment of B-cell mass

BCM was calculated as the product of %BCA, determined by
immunohistochemical staining in each individual, and estimated
pancreas parenchymal weight, determined as above (assuming
1 g of weight per 1 cm?® pancreas volume).

Statistical analysis

Data are presented as mean * SD in the text and tables and
mean = SEM in the figures. Statistical comparisons were carried
out using a Student’s ¢ test, with a P < .05 taken as significant.
Simple regression was carried out for correlation analysis.

J Clin Endocrinol Metab, September 2013, 98(9):3724-3730

Results

B-Cell mass in obesity

Representative pictures of the pancreas in lean and
obese individuals are shown in Figure 1. The %BCA in
obese subjects was significantly decreased compared with
that in lean subjects (1.14 = 0.81 vs 1.57 £ 0.84%, P =
.03, Figure 2A). There was a significant negative correla-
tion between B-cell area and BMI (r = —0.25, P = .04,
Figure 2B), although the range of B-cell area largely over-
lapped between lean and obese subjects. Based on the pop-
ulation data, the pancreas parenchymal volume was esti-
mated to be approximately 10% greater in obese subjects
than in lean subjects (50.3 + 2.2 vs 45.8 = 1.0 cm?, P <
.01). Despite the greater pancreas volume in obese sub-
jects, BCM, which was a product of %BCA, and the es-
timated pancreas parenchymal volume (assuming 1 g of
weight per 1 cm® pancreas parenchymal volume) re-
mained lower in obese subjects than in lean subjects, al-
though the difference was not statistically significant
(0.57 £0.40vs0.72 = 0.38 g, P = .12, Figure 2C). There
was no significant correlation between BCM and BMI (r =
—0.16, P = .19, Figure 2D).

To exclude possible confounding factors, we con-
ducted several subanalyses. After excluding subjects who
died from malignancy, we confirmed no increase in
%BCA and BCM in obese compared with lean subjects
(n=29,0.80*+0.12vs1.63 = 0.30%,P = .01and 0.40 =

0.06 vs 0.74 = 0.14 g, P = .03, re-

A B spectively). Similarly, after exclud-
P =0.03 . .

204 r__._:..______l 6 ing subjects whose samples were ob-
| - o R=-0.25 tained from the pancreatic head,
£ 15 % o P=0.04 there was no increase in %BCA and
§ & o BCM in obese compared with lean
3 b £ subjects (n = 65, 1.13 = 0.13 vs
S o5 3 1.63 = 0.14%, P = .01, and 0.57 =
@ o 0.07 vs 0.74 = 0.06 g, P = .06). Fi-
0.0 o p— - - T pA 2 nally, the results were also the same
BMI in subjects aged 60 years or less (n =
C 66, %BCA: 1.16 = 0.15 vs 1.52 =
1.0- P=0.12 25+ _ 0.14%, P = .08, and BCM: 0.58 =
= os. B 50l o RIS 0.08vs 0.70 + 0.06 g, P = .25,
a in obese vs lean subjects, respec-

il ™ in obese vs lean subjects, resp
g 061 g | tively). There was no correlation
B 0.4 § 107 o o between age and %BCA or BCM
3 oz & 051 (r=-0.21,P=.09andr = —0.12,

0.0- P = .34).
00 Lean Obese {0 2}) 3|0 4'0 5I0
BMI B-Cell turnover in obesity

Figure 2. The %BCA and BCM in relation to obesity in Japanese individuals. The %BCA was
significantly decreased in obese subjects compared with lean subjects (A), and there was a
significant negative correlation between %BCA and BMI (B). After adjustment for pancreas
volume, the estimated BCM in obese subjects was not significantly different from that in lean
subjects (C). There was no significant correlation between BCM and BMI (D).
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Individual B-cell size determined
as B-cell diameter was not signifi-
cantly different between lean and
obese subjects (8.53 = 0.72 vs
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groups (0.91 = 1.09vs 0.75 = 0.57,
P = 47, Figure 4B). There was a sig-
nificant positive correlation between
the % ACA and the %BCA (r = 0.46,
P < .01, Figure 5).

Discussion

Obes: - .
€ In this study we demonstrated that in

Japanese nondiabetic obese individ-
uals, we found the following: 1) there
was no significant increase in BCM,
2) there was no detectable change in
B-cell turnover, ie, B-cell replication,
B-cell apoptosis, and B-cell neogen-
esis, and 3) there was no significant
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Figure 3. Comparisons of individual g-cell diameter (A), B-cell replication (B), scattered B-cells
(C), and insulin-positive duct cells (D) between lean and obese subjects. None of them was

significantly changed in obese subjects compared with lean subjects.

8.45 * 0.79 pm, P = .68, Figure 3A). There was no sig-
nificant difference in B-cell replication between the groups
(0.29 +0.61vs0.60 = 1.01 per 100 islets, P = .12, Figure
3B). Neither scattered B-cells nor insulin-positive duct
cells were increased in obese subjects compared with lean
subjects (3.4 + 2.5 vs 4.2 = 2.4/mm? P = .13 and P =
.009 £ 0.029 vs 0.031 = 0.088/mm?, P = .17, respec-
tively, Figure 3, C and D). B-cell apoptosis (ie, ssDNA
positive B-cell) was not detected in either group. The rarity
of the B-cell apoptosis was also confirmed by immuno-
staining for cleaved caspase-3 and cleaved poly(ADP-ri-
bose) polymerase-1 (data not shown).

a-Cell to B-cell ratio

Similarly to B cell area, there was no significant increase
in % ACA in obese compared to lean subjects (0.79 = 0.67
vs1.06 £0.75%, P = .14, Figure 4A). The ratio of % ACA
to %BCA was not significantly different between the 2

change in a-cell to B-cell ratio com-
pared with that in lean individuals.

Type 2 diabetes is characterized
by a deficit of BCM (1-4). However,
the physiological change in BCM in
humans remains largely unknown because of the difficulty
accessing the pancreas. To date, BCM can be reasonably
measured only by immunohistochemical analysis of the
pancreas.

Obesity is an established risk factor for type 2 diabetes
(17-19). Insulin sensitivity is decreased in the face of obe-
sity, and insulin secretion is increased to compensate for
this decreased insulin sensitivity to maintain normal glu-
cose tolerance (7,20, 21). However, there are limited data
available as to the change in BCM in the presence of obe-
sity in humans. It has been reported that BCM is signifi-
cantly increased in obese individuals compared with lean
individuals, and there is a significant positive correlation
between BMIand BCM (2, 4, 8). To our knowledge, how-
ever, there are no data available in the Japanese
population.

In this study, unexpectedly, BCM was not significantly
increased in obese subjects compared with lean subjects.
Because we used estimated pancreas
volume to assess BCM, this might
have affected estimated BCM in this
study. However, most importantly,
%BCA was significantly decreased
in obese subjects compared with lean
subjects, which is a striking differ-
ence from previous reports in the
Caucasian population showing a sig-
nificant increase in %BCA in obese

Obese
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Figure 4. The %ACA (A) and the ratio of %ACA to %BCA (B) in lean and obese subjects are
shown. There was no significant difference in %ACA and the ratio of %ACA to %BCA between

lean and obese subjects.
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Obese individuals (8).
To exclude possible confounding

factors that could affect BCM, we
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Figure 5. Correlation between %ACA and %BCA. There was a
significant positive correlation between a-cell and g-cell area.

performed several subanalyses. It has been reported that
the proportion of B-cells is different in the ventral portion
of the pancreas head compared with other parts of the
pancreas (3). However, we confirmed consistent results in
a subanalysis excluding samples obtained from the pan-
creas head. It has been reported that the pancreas volume
starts to decline after 60 years of age (16). Because of the
difficulty of obtaining eligible cases, we included subjects
aged 20-69 years in this study. Thus, the use of the equa-
tion for estimating pancreas volume in those aged older
than 60 years might affect our findings. However, the re-
sults were consistent in the subanalysis excluding those
aged older than 60 years.

We also observed that there was no significant change
in B-cell turnover, ie, B-cell replication, B-cell neogenesis,
and B-cell apoptosis. We used surrogate markers (ie, scat-
tered B-cells and insulin positive duct cells) to assess B-cell
neogenesis because itis not possible to directly assess B-cell
neogenesis in humans (1, 22). BCM is regulated by input
(ie, B-cell replication and neogenesis) and output (ie,
mostly apoptosis) of B-cells (23-25). Butler et al (22) re-
ported a significant (~50%) increase in BCM in pregnant
women, accompanied by an increase in small islets and
scattered B-cells, suggesting that B-cell neogenesis may
contribute to the increase in BCM during pregnancy.
Thus, the absence of a significant change in 8-cell turnover
in obese subjects in this study is also suggestive of no
change in BCM in Japanese obese individuals, although it
is possible that we were not able to detect any change in
B-cell turnover in the obese subjects because the change in
insulin sensitivity with obesity is more gradual compared
with that with pregnancy.

An absence of increase in BCM in obese subjects was
also confirmed by assessing the ratio of a-cell area to B-cell
area. It has been reported that a-cell mass and a-cell to
B-cell ratio are increased in subjects with type 2 diabetes
(2, 3, 26). Whether a-cell to B-cell ratio is changed in the
presence of obesity would be of interest. Henquin and
Rahier (27) have reported that a-cell mass was not in-
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creased in obese subjects compared with lean subjects. In
the present study, there was no increase in %ACA in obese
subjects, and the ratio of a-cell to B-cell area was not
significantly changed in those subjects. Thus, our and pre-
vious studies strongly suggest that there is no increase in
a-cell mass in the presence of obesity.

Taken together, our findings consistently suggested
that BCM was not increased in Japanese nondiabetic
obese subjects compared with lean subjects. Although this
result is distinct from those of previous reports, most of
those studies have been conducted in Caucasian popula-
tions (4, 8). There has been one study from Korea report-
ing a positive correlation between %BCA and BMI; how-
ever, the positive correlation was seen in only a small
number of nondiabetic subjects (n = 9), and the correla-
tion between BCM and BMI was not reported (2). Recent
studies have revealed that there is ethnic variability in the
pathophysiology of type 2 diabetes. It is now widely ap-
preciated that Asian populations with type 2 diabetes are
leaner than Caucasian populations (28, 29). However, the
underlying mechanism of this difference remains un-
known. One possible explanation is that there is less B-cell
functional capacity in Asians compared with Caucasians
(9-11). An increase in insulin secretion in the face of obe-
sity has also been shown in the Japanese population, but
the degree of increment may be limited (30, 31). Our find-
ings suggest that lower B-cell functional capacity in Asians
may be associated with less B-cell regenerative capacity in
response to obesity.

As with other autopsy studies, our study was not free of
limitations. First, the cause of death or treatment prior to
death might have affected BCM in our study population.
Also, we did not have information on the changes in nu-
tritional status or body weight prior to death. However,
this should affect both the lean and obese groups. Like-
wise, illness prior to death, especially malignancy, might
cause a loss of body weight at the time of death, which
might result in underestimation of BMI. However, be-
cause the mean B-cell area of the lean subjects in this study
was comparable with that of Caucasians (8), underesti-
mation of BMI was unlikely to be the cause of the com-
parable BCM in lean and obese subjects observed in this
study. We also confirmed our findings in a subanalysis of
subjects without malignancy in whom the change in nu-
tritional status prior to death was relatively small.

Mean BMI of obese subjects in this study was lower
than that in previous studies in Caucasian populations (4,
8). It can be speculated that the undetectable change in
BCM in this study was because of less adiposity in this
study population. Although we were not able to assess
insulin sensitivity in our study population, it has been re-
ported that Asian people often have a greater degree of
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visceral adiposity and higher risk of type 2 diabetes for the
same BMI (28, 29, 32, 33), indicating that insulin sensi-
tivity deteriorates at a lower BMI in Japanese compared
with Caucasians. Thus, it is likely that the obese subjects
in our study had lower insulin sensitivity compared with
the lean subjects. Furthermore, previous studies have dem-
onstrated a positive linear correlation between BMI and
B-cell area or mass in the range of BMI of our study pop-
ulation (4, 8). In contrast, the correlation between B-cell
area and BMI in this study rather tended to be negative. It
is possible that BCM may increase in Japanese with more
severe obesity comparable with that in Caucasians (ie,
BMI = 30 kg/m?), although individuals with BMI = 30
kg/m? comprise only approximately 2% of the Japanese
population (12).

Although we obtained information on the presence of
diabetes from medical records, if there were more subjects
with undiagnosed diabetes in the obese group than in the
lean group, this might result in underestimation of BCM
in obese subjects. However, in the subjects in whom we
were able to obtain glycated hemoglobin (HbA1lc) level
within 1 year prior to death (n = 38), none was apparently
diabetic [ie, HbAlc = 6.5% and random plasma glu-
cose = 200 mg/dL (34)] and there was no significant dif-
ference in HbA1c level between obese and lean subjects
[5.2 £0.5vs 5.4 = 0.8%, P = .41, data are expressed as
the National Glycohemoglobin Standardization Program
value (35)]. Even in the subgroup of subjects whose
HbA1c levels were less than 6.0% (n = 31), there was no
increase in %BCA and BCM in obese subjects compared
with lean subjects (1.16 £0.74 vs 1.92 = 1.12%, P = .03,
and 0.59 = 0.37 vs 0.87 £ 0.51 g, P = .14, respectively).

Finally, although we carefully chose a similar study de-
sign to that of the previous study in a Caucasian popula-
tion (8), it should be noted that our findings cannot be
directly compared with the findings reported in that study.
Technically, the use of a different scanning device or an-
tibodies and the involvement of different investigators
might have affected the different findings between the 2
studies. Moreover, because the subjects had been selected
from different institutions, a difference in background
characteristics of the study populations between the stud-
ies may exist. Thus, our findings should be confirmed in
another Asian cohort. On the other hand, although we
used the same equation to estimate pancreas parenchymal
volume, the equation was estimated in a cohort in which
the majority were Caucasian (16). Therefore, if the change
in pancreas volume in Japanese differs from that in Cau-
casians, this might have affected our findings. However, a
comparable change in pancreas mass or volume with obe-
sity in Japanese has been reported in both anatomical (36)
and imaging studies (37). In our previous study mentioned
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above (16), we also confirmed a similar change in pancreas
parenchymal volume with obesity in Asians compared
with Caucasians (Saisho, Y., unpublished data). Nonethe-
less, future investigations to clarify the effect of obesity on
pancreas mass in the Japanese population are clearly
warranted.

In this study, %BCA was decreased in obese subjects,
and there was a significant negative correlation between
%BCA and BMI. Based on this finding, one might assume
that BCM decreased with obesity in Japanese. However,
because of the facts that the significance of the difference
between obese and lean subjects disappeared after adjust-
ing for pancreas volume and that there was not an in-
crease in apoptosis, a decrease in B-cell replication, or a
decrease in neogenesis in obese subjects, we assume this
possibility is unlikely and further studies are needed to
address this question.

In conclusion, there was no increase in BCM and no
detectable change in B-cell turnover in Japanese nondia-
betic obese individuals. Our findings suggest the possibil-
ity that B-cell regenerative capacity in Japanese may differ
from that in the Caucasian population. To test this hy-
pothesis, we encourage further studies on BCM in differ-
ent Asian cohorts, and if our findings are confirmed, direct
comparison among different ethnicities will be warranted.
Further comparison of islet morphology among different
ethnic groups may provide an insight into the mechanism
of B-cell regeneration in humans.
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ORIGINAL ARTICLE

Loss of Pdk1-Foxol Signaling in Myeloid Cells
Predisposes to Adipose Tissue Inflammation and

Insulin Resistance

Yoshinaga Kawano,' Jun Nakae,' Nobuyuki Watanabe,? Shiho Fujisaka,® Kristy Iskandar,*
Risa Sekioka,' Yoshitake Hayashi,” Kazuyuki Tobe,> Masato Kasuga,® Tetsuo Noda,’
Akihiko Yoshimura,® Masafumi Onodera,” and Hiroshi Itoh'

Chronic inflammation in adipose tissue contributes to obesity-
related insulin resistance. The 3-phosphoinositide-dependent
protein kinase 1 (Pdk1l)/forkhead transcription factor (Foxol)
pathway is important in regulating glucose and energy homeosta-
sis, but little is known about this pathway in adipose tissue macro-
phages (ATMs). To investigate this, we generated transgenic mice
that carried macrophage/granulocyte-specific mutations, including
a Pdk1 knockout (LysMPdk1™™), a Pdkl knockout with trans-
activation-defective Foxol (A256LysMPdk1 ™), a constitutively
active nuclear (CN) Foxol (CNFoxoI ™), or a transactiva-
tion-defective Foxol (A256Fox01™¥*M). We analyzed glucose
metabolism and gene expression in ATM populations isolated
with fluorescence-activated cell sorting. The LysMPdkl™™ mice
exhibited elevated M1 macrophages in adipose tissue and insulin
resistance. Overexpression of transactivation-defective Foxol res-
cued these phenotypes. CNFoxo1*#¥ promoted transcription of
the C-C motif chemokine receptor 2 (Ccr2) in ATMs and increased
M1 macrophages in adipose tissue. On a high-fat diet, CNFozo1#sM
mice exhibited insulin resistance. PdkI deletion or Foxol acti-
vation in bone marrow—derived macrophages abolished insulin
and interleukin-4 induction of genes involved in alternative mac-
rophage activation. Thus, Pdkl regulated macrophage infiltration
by inhibiting Foxol-induced Ccr2 expression. This shows that the
macrophage Pdkl/Foxol pathway is important in regulating in-
sulin sensitivity in vivo. Diabetes 61:1935-1948, 2012

besity is a predisposing factor for the develop-
ment of type 2 diabetes, hypertension, hyperlip-
idemia, and atherosclerosis (1). Chronic activation
of intracellular proinflammatory pathways in ad-
ipose tissue contributes to obesity-related insulin resistance.
Adipose tissue macrophages (ATMs) are a major source of
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proinflammatory cytokines, including interleukin (IL)-6, IL-1j3,
and tumor necrosis factor (TNF)-o, which can decrease
insulin sensitivity in insulin target cells (2). However, only
sparse evidence suggests that ATMs may become insulin
resistant and play a role in insulin signaling (3-9).

The 3-phosphoinositide-dependent protein kinase 1 (Pdk1)-
forkhead transcription factor (Foxol) signaling path-
way regulates energy and glucose metabolism in several
insulin-responsive tissues, including pancreatic -cells and
proopiomelanocortin and agouti-related protein neurons
(10,11). However, few studies investigate this signaling path-
way in ATMs. Recent reports suggest that activation of
Foxol in macrophages promotes inflammation by inducing
IL-1B expression (12) or toll-like receptor 4-mediated sig-
naling (13). They show that Foxol could induce inflamma-
tory cascades, but they do not investigate the role of Foxol
specifically in ATMs in vivo.

In the current study, we generated transgenic mice that
carried macrophage-specific mutations, including a Pdkl1
knockout, a constitutively nuclear (CN) Foxol, or a trans-
activation-defective Foxol. We analyzed insulin sensitivity
in these mice in vivo. We found a novel Pdk1-Foxol signal-
ing mechanism that regulated M1 macrophage recruitment.

RESEARCH DESIGN AND METHODS

Mice. All experimental protocols with mice were approved by the animal ethics
committees of the Keio University School of Medicine (09134-1). To create
macrophage-specific Pdk1 knockout mice, Pdk ™™ mice (11) were crossed
with LysMCre transgenic mice (14). The generation of R2¢neoCNFowol jce
was described previously (11). Only animals from the same generation of the
mixed-background strain were compared. All mice studied were examined on
a B6/129 mixed genetic background. Mice were obtained from two inde-
pendent cohorts of independent breeders, and littermates were used for every
in vivo study. Animals were housed in sterile cages in a barrier animal facility
at 22-24°C with a 12-h light/dark cycle.

Antibodies. All antibodies used in the current study are available upon request.
Analytical procedures. For high-fat diet (HFD) studies, we used age-matched
(28-week-old) mice. We started the HFD at age 4 weeks for the 24-week HFD
and at age 24 weeks for the 4-week HFD. All of the HFD mice were compared
with age-matched mice fed a normal chow diet (NCD). The HFD was described
previously (15). Analysis was limited to male mice because they are more
susceptible to insulin resistance and diabetes. We performed intraperitoneal
glucose tolerance tests (IPGTTs) after an overnight fast and insulin tolerance
tests (ITTs) after fasting for 3-5 h. The area under the curve (AUC) was cal-
culated from the level of each measured point by the trapezoidal method.
Flow cytometric analysis. Flow cytometric analysis was performed as de-
scribed previously (16).

Hepatic glycogen content. We measured glycogen content as described
previously (17).

Immunofluorescence. Double-positive cells were counted and marked digi-
tally to prevent multiple counts with Adobe Photoshop CS4 EXTENDED and
ImageJ software (National Institutes of Health, Bethesda, MD). Cells were
counted in eight mice for each HFD duration. At least 300 cells were counted in
each mouse.
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FIG. 1. Characterization of InsR, Pdk1, and Foxol in ATMs during an HFD. A: The percentages of InsR* cells among F4/80* cells in epididymal fat
from age-matched wild-type mice fed an NCD and 24 weeks of an HFD. Values are means + SEM of eight mice. *P < 0.005, **P < 0.01, and ***P <
0.05 (one-factor ANOVA). B: Representative immunofluorescence images of epididymal fat double labeled for InsR and F4/80 in wild-type mice fed
an HFD for 24 weeks. Cells that exhibit high expression level of InsR protein (ftop); cells that exhibit low or faint expression level of InsR
(bottom). Red, green, and blue indicate InsR, F4/80, and DAPI staining, respectively. C: The percentages of phospho-PDK1* cells among F4/80*
cells in epididymal fat from age-matched wild-type mice fed an NCD and 24 weeks of an HFD. Values are means + SEM of eight mice. *P < 0.005,
#=#P < (.01, ***P < 0.05 (one-factor ANOVA). D: Real-time PCR analysis of Foxo family members in cell populations sorted by flow cytometric
analysis of the SVF from the epididymal fats of wild-type mice fed an HFD for 16 weeks, using anti-F4/80, anti-CD11¢, and anti-CD206 antibodies.
The levels of each transcript were normalized to the level in M1 macrophages. Values are means + SEM of three mice. *P < 0.05 (one-factor
ANOVA, M1 vs. M2 macrophages). E: The percentages of nuclear Foxol* cells among F4/80" cells in the epididymal fat of age-matched wild-type
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H;0; production. Measurement of HyO, production was performed as de-
scribed elsewhere (18). Epididymal fat was dissected from age-matched male
C57BL/6J mice on either an NCD or a 4-24 week HFD.

Counting crown-like structures. Measurement of number of crown-like
structures (CLSs) was performed as described previously (16).

Cell size measurements. Adipocyte size was measured with FLVFS-LS soft-
ware (Flovel, Tokyo, Japan) by manually tracing a minimum of 1,200 adipocytes
for each mouse. We measured adipocytes in at least six mice of each genotype.
Isolation of murine bone marrow-derived macrophages. Isolation of bone
marrow—derived macrophages (BMDMs) was performed as described else-
where (19).

Transwell migration assay. Transwell migration assays were performed as
previously described (20).

Viral transduction. Adenovirus constructs that encoded Foxol mutants are
described elsewhere (21,22). RAW264.7 cells were infected with adenoviruses
(10-100 multiplicity of infection [MOI]) and harvested after 48 h. For
cotransductions, cells were first transduced with an adenovirus that encoded
Flag-CNFoxol at the indicated MOI for 8 h. The virus was then removed from
the culture dish, and the cells were transduced with another adenovirus that
encoded HA-A256Foxo1 at the indicated MOI for 8 h.

RNA isolation and real-time PCR. The isolation of total RNA and real-time
PCR were performed as described previously (15). All primer sequences are
available upon request.

Western blotting. Western blotting was performed as described previously
(15). Insulin-stimulated phosphorylation of insulin receptor substrates (IRSs)
and Akt were performed as described elsewhere (23).

Construction of C-C motif chemokine receptor 2 promoter-directed
luciferase reporter vectors. Several DNA fragments containing the mouse
C-C motif chemokine receptor 2 (Ccr2) promoter were PCR-amplified from
mouse genomic DNA. After verifying their nucleotide sequences by DNA se-
quencing, the Cer2 promoter fragments were cloned into the luciferase re-
porter pGL3-Basic vector (Promega, Madison, WI). All primer sequences are
available upon request.

Site-directed mutagenesis. The QuickChange II site-directed mutagenesis kit
(Stratagene, La Jolla, CA) was used to alter the consensus Foxol binding
elements in the Ccr2 promoter in PGL3-Basic vectors. Mutated nucleotides
were confirmed with DNA sequencing. All primer sequences are available
upon request.

Luciferase assay. The luciferase assay was performed as described pre-
viously (22).

Electrophoretic mobility shift assay. Electrophoretic mobility shift assay
(EMSA) and the super shift assay were performed as described previously (24).
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation
(ChIP) assay was performed as described previously (22).

Statistical analysis. We calculated descriptive statistics with ANOVA fol-
lowed by Fisher test (Statview; SAS Institute Inc.). P < 0.05 was considered
significant. Differences between two groups or among three groups were in-
vestigated with two-way repeated-measures ANOVA with an ad hoc multiple
comparison method (Fisher least significant differences [LSD] test).

RESULTS

Insulin receptor expression and Pdk1 phosphorylation
in ATMs during an HFD. To explore the significance of
insulin signaling pathway in ATM, we examined insulin re-
ceptor (InsR) protein expression in ATMs by double im-
munofluorescence with anti-InsR and anti-F4/80 antibodies.
During the HFD, ATM InsR protein levels were significantly
reduced by ~50% compared with controls (Fig. 14 and B).

Next, we explored Pdkl expression in ATMs under dif-
ferent diets. Immunofluorescence of epididymal fat from
ChH7BL/6J mice on an HFD for 16 weeks revealed that cells
positive for the macrophage marker CD68 were also positive

for Pdk1 (Fig. 24, top). Because Pdk! activity depends on Ser
241 phosphorylation (25), we probed with an antiphospho-
Pdkl antibody. On an NCD, ~80% of F4/80" cells were
stained with antiphospho-Pdkl. On an HFD for 24 weeks,
the proportion of phospho-Pdkl™ ATMs gradually decreased
from 80% to from 40 to 50% (Fig. 1C). These data confirm
that the InsR-Pdk1 pathway was functionally regulated in
ATMs during the HFD.

Foxol in ATMs under an HFD. To explore the relative
importance of Foxo family members in ATMs, we compared
the expression of Foxol, Foxo3a, and Foxo4 in M1 and M2
macrophages isolated from the stromal vascular fraction
(SVF) of epididymal fat from C57BL/6J mice fed an HFD for
16 weeks. We defined F4/80*CD11c¢*CD206~ cells as M1
macrophages and F4/80"CD11lc¢™CD206* cells as M2 mac-
rophages (16). M1 macrophages showed significantly in-
creased Foxol expression compared with M2 macrophages.
Foxo3a expression was also increased in M1 compared
with M2 macrophages but not significantly. In contrast, M1
and M2 macrophages showed similar Foxo4 expression
(Fig. 1D). These observations suggest that Foxol played an
essential role in ATMs.

Because Foxol activity depends on its subcellular lo-
calization (26), we examined Foxol with immunofluores-
cence in ATMs from age-matched C57BL/6J mice fed an
NCD or HFD. Under the NCD, ~20% of Foxol was localized
to the nucleus. After 24 weeks of an HFD, ~45% of Foxol
was localized to the nucleus (Fig. 1E and F). These data
suggest that Foxol was functionally significant in ATMs.

Foxol is regulated by oxidative stress through HyO, pro-

duction and the Jun NH-terminal kinase (JNK)-mammalian
Ste20-like kinase 1 (MST1) pathway, which induces Foxol
nuclear translocation (27-30). The production of H;O, signifi-
cantly increased at ~24 weeks of HFD (Fig. 1G). Further-
more, JNK and MST1 phosphorylation significantly increased
after 24 weeks of HFD (Fig. 1H and I). These data suggest
that both decreased Pdkl phosphorylation and activation
of the JNK-MST1 pathway may contribute to Foxol nuclear
localization.
Deletion of Pdkl in ATMs causes insulin resistance
with rescue by transactivation-defective Foxol. To
clarify the function of Pdkl in ATMs, we generated mice that
lacked Pdk] in macrophages/granulocytes (LysMPdkl ™" ).
Efficient, specific Pdk! deletion was evidenced by immuno-
fluorescence (Fig. 2A4) and Western blot analysis (Fig. 2B).
Thus, we could study the effects of cell-specific Pdk1
deficiency.

The deletion of Pdk! in ATMs was expected to cause
nuclear localization of Foxol. Immunofluorescence with
an anti-Foxol antibody in epididymal fat revealed that ~60—
70% of Foxol was localized to the nuclei of ATMs in
LysMPdkl™’~ mice (Fig. 2C). We assumed that Foxol
was active in Pdk1-deficient ATMs and that this activity
could be blocked with the dominant-negative form of
Foxol (A256Foxo1l), which lacked a COOH-terminal trans-
activation domain (31). To investigate this, we crossed

mice fed an NCD and 24 weeks of an HFD. Values are means + SEM of eight mice. *P < 0.001, **P < 0.005 (one-factor ANOVA). F: Representative
immunofluorescence images of epididymal fat double labeled for Foxol and F4/80 in wild-type mice fed an HFD for 24 weeks. Cytosolic (top) and
nuclear Foxol (bottom). Red, green, and blue indicate Foxol, F4/80, and DAPI staining, respectively. G: The release of HyO, from epididymal fats
from age-matched male C57BL/6.J mice fed an NCD or 4-24 weeks of an HFD. Values are expressed as mean + SEM of five mice in each condition.
#*P < 0.001 (one-factor ANOVA). H: Western blotting of epididymal fats from age-matched male C57BL/6J mice fed an NCD or 4-24 weeks of an
HFD. After transference to nylon membrane, tissue lysates (200 pg) were blotted to the indicated antibodies. I: Quantitative analysis of JNK and
MST1 phosphorylation in epididymal fats. The intensity of each band was measured using NIH Image 1.62, and the intensities of bands of phospho-
JNK or phospho-MST1 bands were corrected by total JNK or MST1 and calculated as the fold change from NCD. Data are means + SEM of five mice
in each genotype. *P < 0.001, **P < 0.005, and ***P < 0.05 (one-factor ANOVA of NCD vs. HFD). WAT, white adipose tissue; P, phospho; W, weeks.
(A high-quality digital representation of this figure is available in the online issue.)
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FIG. 2. Effects of the deletion of Pdkl or inhibition of the transactivation of Foxol on glucose metabolism and insulin sensitivity. A: Represen-
tative immunofluorescence images of epididymal fat double labeled for CD68 and PDK1 in 24-week-old wild-type and LysMPdk1 ™~ mice. Green,
red, and blue indicate CD68, PDK1, and DAPI staining, respectively. B: Expression of Pdkl in peritoneal macrophages and peripheral tissues.
Western blot of Pdkl and tubulin (loading control) in the white adipose tissue (WAT), liver, spleen, brown adipose tissue (BAT), lungs, heart, and
kidneys of control and LysMPdk1 ~~ (KO) mice. C: The percentages of nuclear Foxol* among F4/80" cells in epididymal fat of control, LysMPdkl ™",
and A256LysMPdk1 ~~ mice aged 20-24 weeks. Counting of cells stained with anti-F4/80 and anti-FOXO1 are described in RESEARCH DESIGN AND METHODS.
Values are means + SEM of three mice in each genotype. *P < 0.005 (one-factor ANOVA). D: Body weight of control, LysMPdkl1™~, and
A256LysMPdk1 ~/~ fed an NCD. Data are means + SEM of 18-20 mice in each genotype. E: IPGTT of control (open circle), LysMPdk1 /- (red
circle), and A256LysMPdk1 - (blue circle) mice fed an NCD. Data are means + SEM of 20-25 mice in each genotype at age 20-24 weeks. *P < 0.05
(two-way repeated-measures ANOVA with an ad hoc multiple comparison method [Fisher LSD test] of LysMPdkl ~~ vs. control or
A256LysMPdk1™"" mice). F: Comparison of AUC in control, LysMPdk1 ™", and A256LysMPdk1 " mice during IPGTT. Data are means + SEM of 20-25
mice in each genotype. *P < 0.01 (two-way repeated-measures ANOVA with Fisher LSD test of LysMPdkl ™~ vs. A256LysMPdk1 ™" mice) and
**P < (.05 (two-way repeated-measures ANOVA with Fisher LSD test of LysMPdk1 ~/~ vs. control mice). G and H: Insulin secretion (G) of control
(open circle), LysMPdk1 ™~ (red circle), and A256LysMPdkl ™" (blue circle) mice during IPGTT and blood glucose (H) during ITT. Data are
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R2gloaneod256Fox01 1) with LysMCre transgenic mice
to generate R26/105ne0AL56F0x01 [y o8 1Cre (A256F 00 1°¥™)
double heterozygotes. Real-time PCR analysis and im-
munofluorescence confirmed the macrophage-specific ex-
pression of the transgene and the nuclear localization of
FLAG-A256Foxo01, respectively (Supplementary Figs. 1 and 2).
We crossed A256Foxol™*™ with Pdk ™" to generate double
mutant mice (A256Foxo1“Y*MPdk1™"). Finally, these mice
were crossed with PdkF™* to generate A256Fox-
0I*¥Mpqk] ™'~ (A256LysMPdkI ") mice (Supplementary
Fig. 3). As expected, A256LysMPdk1 ~~ mice showed excess
nuclear Foxol in F4/80" cells from epididymal fat (Fig. 2C).

The LysMPdkl ™~ and A256LysMPdk1 ™'~ mice exhib-
ited normal body weight when fed an NCD (Fig. 2D), and
their epididymal fat tissue weight and adipocyte sizes were
similar to those of control mice (Supplementary Fig. 44
and B). However, the IPGTTs revealed that LysMPdkl ™™,
but not A256LysMPdkl1 ™", mice exhibited glucose in-
tolerance (Fig. 2F and F). Insulin secretion during the
IPGTT was higher in LysMPdkI ™~ mice than in controls
and A256LysMPdkl ™'~ mice, but the difference was not
significant (Fig. 2G). Furthermore, insulin tolerance sig-
nificantly decreased in LysMPdk1 ~~ mice compared with
control and A256LysMPdk1 ™'~ mice (Fig. 2H). These data
indicate that the deletion of Pdk1 deteriorates insulin sensi-
tivity and that the ectopic expression of A256Foxol
ameliorates insulin sensitivity.

To identify the tissues that are responsible for insulin

resistance, we investigated insulin-stimulated phosphory-
lation of IRS1, IRS2, and/or Akt in epididymal fats, liver,
and skeletal muscle from control, LysMPdkI™"~, and
A256LysMPdk1™"~ mice. In epididymal fat and liver, insulin-
stimulated phosphorylation of IRS1 or IRS2 and Akt was
significantly decreased in LysMPdkl ™'~ mice compared
with control mice (Fig. 2I). However, insulin-stimulated
phosphorylation of IRS and Akt in epididymal fat and liver
from A256LysMPdk1 ™"~ mice was similar to that of control
mice (Fig. 2I). The expression of G6pc was significantly
increased in liver from LysMPdkl™~ compared with
A256LysMPdk1™’" mice (Fig. 2J); moreover, the he-
patic glycogen content of LysMPdkl '~ mice was
significantly decreased compared with control and
A256LysMPdk1™" mice (Fig. 2K). In contrast, Akt phos-
phorylation in skeletal muscle from LysMPdkl ™~ mice
was similar to that of control and A256LysMPdk1 ™~ mice
(Fig. 2I). These data indicate that the deletion of Pdk! in
ATMs led to insulin resistance, mainly in adipose tissue and
liver, and that ectopic expression of A256Foxol amelio-
rated insulin resistance in those tissues.
Deletion of Pdkl caused an increase of M1 macro-
phages in adipose tissues. A CLS is the accumulation of
immune cells around dead adipocytes (32). We found that
the number of ¥4/80" CLSs per field in epididymal fat was
significantly higher in LysMPdk 1 ~/“mice than in control
and A256LysMPdkl ™"~ mice (Fig. 34).

The SVF of adipose tissue from 20-week-old mice con-
tained a substantially higher proportion of F4/80" cells
in LysMPdk1 '~ compared with control mice (Fig. 3B and
(). Analysis of macrophage subpopulations in the SVF
showed a higher proportion of F4/80*CD11¢*CD206™ cells
in LysMPdkI " mice than in control mice (Fig. 3B and C).
In contrast, the adipose tissue of A256LysMPdkl ™~ mice
showed significantly reduced proportions of F4/80*
cells and F4/80*CD11¢*CD206~ cells compared with
LysMPdkl™~ mice (Fig. 3B and C). These data suggest
that the deletion of Pdkl caused a significant increase in
the proportion of M1 macrophages in epididymal fat, and
the proportion was reduced with the overexpression of
A256Foxol.

Consistent with the above findings, the expression of

chemokine (C-C motif) ligand 2 (Ccl2) (also known as
monocyte chemoattractant protein-1 [Mcp-1]) and Cd68 in
epididymal fat (Fig. 3D) and of Ccr2 and Tnfo in SVF from
LysMPdk1™~ mice were significantly increased compared
with control and A256LysMPdk1 ™'~ mice (Fig. 3E). Fur-
thermore, the expression level of IL-1 receptor antagonist,
which is a naturally occurring antagonist of IL-1B and
produced by adipose and other tissues (33), in SVF from
LysMPdk1™~ mice was significantly decreased compared
with control mice (Fig. 3E). These data support the notion
that the deletion of PdklI increased the recruitment of M1
macrophages to adipose tissues.
Macrophage-specific CNFoxol transgenic (CNFoxol™#s")
mice exhibited insulin resistance. To clarify the func-
tion of Foxol in ATMs, we generated macrophage-specific
CNFoxol transgenic mice. We crossed Rosa26-CNFoxol
(11) with LysMCre (CNFoxol***™) mice. Real-time PCR
revealed that the transgene was expressed exclusively in the
spleen, liver, hypothalamus, and lung and in ATMs from the
epididymal fat (Supplementary Fig. 5). These tissues have
tissue-specific macrophages, which include the cells in the
sinusoidal lining of the spleen, Kupffer cells in the liver,
microglia in the hypothalamus, and alveolar macrophages in
the lung (14,34,35). Therefore, resident macrophages likely
account for the increased expression of the transgene in
these tissues. Immunofluorescence of the epididymal fat
showed that FLAG-CNFoxol was exclusively localized in
the nucleus of F4/80" macrophages (Supplementary Fig. 6).
Furthermore, immunofluorescence revealed that ~50% of
F4/80* cells in epididymal fat of CNFoxoI™** mice were
positive for FLAG (Fig. 4A4) and that the percentages of
nuclear Foxol* cells in adipose tissue of CNFoxoI™¥¥ fed
an HFD for 16 weeks was significantly increased compared
with control mice fed an HFD or CNFoxoI““* fed an NCD
(Fig. 4B). These results show that CNFoxo ¥ mice were
an appropriate model for studying the specific effects of
overexpressing Foxol in ATMs.

On an NCD, CNFoxo1*¥*" mice exhibited normal body
weight, glucose tolerance, insulin secretion, and insulin
sensitivity (Supplementary Fig. 7A-D). On an HFD, the body

-

means + SEM of 20-25 mice in each genotype. *P < 0.05 (two-way repeated-measures ANOVA with Fisher LSD test of control vs. LysMPdk1 or
A256LysMPdk1™~ mice). I: Insulin-stimulated phosphorylation of IRSs and Akt in epididymal fat (WAT), liver, and skeletal muscle from control,
LysMPdk1™", and A256LysMPdk1 ~~ mice. For Western blotting with phospho- and total Akt, the same filters, in which tissue lysates (200 pg)
were transferred, were blotted with the indicated antibodies. For immunoprecipitation of IRSs, tissue lysates (10 mg) were immunoprecipitated
with the indicated antibodies and blotted with anti-phosphotyrosine antibody and then reblotted with anti-IRS antibody. J: Expression of genes
specific for gluconeogenesis in liver from control, LysMPdkl1 = ~, and A256LysMPdkl1 ~/~ mice in the random fed state. Values were normalized to
B-actin expression and represent means + SEM of 8-10 mice in each genotype. *P < 0.05 (one-factor ANOVA of LysMPdk1 ~~ vs.A256LysMPdk1™"").
K: Hepatic glycogen content. Control (n = 9), LysMPdk1 = (n =9), and A256LysMPdk1 = (n = 8) mice were killed in the random fed state for the
determination of glycogen levels in liver extracts. Data are means + SEM of hepatic glycogen content corrected by the weight of liver per genotype.
*P < 0.05 (one-factor ANOVA of control vs. LysMPdkl1 ~~ mice). (A high-quality digital representation of this figure is available in the online

issue.)
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