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Fig 2. (A) Comparison of insulin secretion index in the basal state
across the range of glucose tolerance. Insulin secretion decreases
with increasing glucose intolerance. (B) Early-phase insulin secretion
decreases remarkably with increasing glucose intolerance. *Signifi-
cant differences assessed by analysis of variance.

correlation coefficients of these indices with G-AUC in simple
regression analysis and 8 values and P values of multiple
regression analysis are shown in Table 2. As estimates of basal
insulin secretion and sensitivity, 8 value of HOMA B-cell was
higher than HOMA-IR. As estimates of postchallenge insulin
secretion and sensitivity, 8 value of insulinogenic index was
considerably higher than ISI composite.

DISCUSSION

Indices of insulin secretion (HOMA B-cell) and insulin re-
sistance (HOMA-IR) were evaluated from a fasting sample by
HOMA.16-12 These estimations correlated well with the insulin
secretion and insulin sensitivity indices of minimal model
analysis.!” Matsuda and DeFronzo!? have reported a new index
of insulin sensitivity as an ISI composite, which has been
validated by glucose clamp study. The insulinogenic index
(30minutes) is a well-known measure of early-phase insulin
secretion during OGTT.2021 Comparison of these 4 indexes
across the range of glucose tolerance indicates that Japanese
type 2 diabetic patients are characterized primarily by a de-
crease in insulin secretion and show less attribution of insulin
resistance. BMI is a strong determinant of insulin resistance,
and it is concordant with the evidence that the mean BMIs of
representative epidemiologic studies of Japanese diabetic pa-
tients are from 23 to 25, lower than the studies of the other
ethnic populations.”-10

These data indicate that the major factor in glucose intoler-
ance that is characteristic of type 2 diabetes also differs in
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Japanese patients. Tripathy et al!! found using OGTT in the
Botnia study that the factors responsible for the development of
glucose intolerance are decreased insulin secretion and sensi-
tivity,. Using HOMA-IR, insulin resistance increased nearly
2-fold from 1.7 as glucose intolerance increased from NGT to
IGT and 3.6-fold in DM in that study. Using the same index,
insulin resistance of Japanese subjects also increased from 1.2
to 1.5 as glucose intolerance increased from NGT to IGT and
from 1.5 to 2.4 as glucose intolerance increased from IGT to
DM, remarkably less than in the Botnia study. The difference
of HOMA-IR in DM patients between Caucasian and Japanese
becomes more than double as a number. Considering even the
difference of insulin assay method and the existence of proin-
sulin, insulin resistance indices of Caucasian are remarkably
higher than those of the Japanese. The HOMA-IR of Japanese
subjects also is lower compared with that in other ethnic
populations of previous studies.?3-27

On the other hand, the reduction in insulin secretion in
Japanese subjects is remarkable. The insulinogenic index
(30minutes) of Japanese subjects decreased from 10.0 to 5.3 as
glucose intolerance increases from NGT to IGT and from 5.3 to
1.7 as glucose intolerance increases from IGT to DM. In the
Botnia study, insulin secretion decreased from 22 by half as
glucose intolerance increased from NGT to IGT and by half as
glucose intolerance increased from IGT to DM. The insulin
secretion in Japanese subjects is considerably lower both than
these and those reported in other populations.?®2° These find-
ings are in accord with those in the Japanese-American popu-
lation, suggesting a common predisposition of Japanese popu-
lations.30:31), Multiple regression analysis revealed that
HOMA-IR, HOMA -cell, ISI composite, and insulinogenic
index are independently associated with G-AUC. The correla-
tion coefficients of insulinogenic index are considerably higher
than the ISI composite (Table 2). In this study, the mean of all
the subjects of fasting and 2-hour glucose levels were 6.8
mmol/L. and 11.3 mmol/L, respectively, and their glucose in-
tolerance was very mild. Compensately, increase in insulin
secretion can make the fasting glucose levels stay near the
normal range in these subjects. However, glucose intolerance,
expressed as G-AUC during OGTT, appears after the challenge
of glucose. Thus, indices using the results not only fasting
levels, but after the glucose load, can detect a slight difference
of glucose tolerance in subjects with mild glucose intolerance.
Matsuda and DeFronzo!® reported ISI composite is a good
surrogate measure of whole body insulin sensitivity in compar-
ison to clamp studies. We also have confirmed the validity of
ISI composite using the minimal model analysis.>2

The factors responsible for the ethnic differences in glucose
tolerance are not yet fully clarified. Body fat distribution plays
an important role in insulin resistance and glucose tolerance in
some studies. We have reported not only visceral, but subcu-
taneous adiposity contributes to glucose intolerance suggesting
the characteristic of Japanese patients.3® Recently, the contri-
bution of B-cell function to ethnic difference and genetic pre-
disposition was described using precise estimation method of
insulin secretion by simultaneous measurement of glucose,
insulin, and C-peptide.3435 The analysis of body fat distribution
and further estimation of insulin secretory capacity will give
more explanations for ethnic differences in glucose tolerance.
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Fig 3. The relationship between G-AUC and the indices of insulin secretion and sensitivity. (A, B} As estimates of basal state, HOMA g-cell
and HOMA-IR had significant relationships with G-AUC (r = —0.45, P < .0001, and r = 0.41, P < .0001, respectively). {C, D) As estimates of insulin
secretion and sensitivy including postchallenge state, there were significant relationships between G-AUC and insulinogenic index {r = —0.42,

P < .0001), and ISl composite (r = —0.29, P < .0001).

In addition, we compared the indices of insulin secretion and
sensitivity between the subgroups of the prediabetic state to elu-
cidate the profile of glucose tolerance (isolated IFG: 6.1 < FPG <
7 and 2-hour PG level < 7.8(n = 44) and isolated IGT: FPG
level < 6.1 and 7.8 < 2-hour PG level < 11.1(n = 102)). Isolated
IFG is characterized that they cannot keep fasting plasma glucose
levels within normal limit at basal steady state, even if they have
reserve capacity of insulin secretion after the glucose challenge. In
these study subjects, we found HOMA B-cell of isolated IFG was
significantly higher than that of isolated IGT (36.5 and 58.1,
respectively, P < .0001), but there were no significant differences

Table 2. Relationship of the Indices of Insulin Secretion and
Sensitivity With G-AUC

Correlation

Coefficients Standardized 8 PValue
HOMA j-cell —0.45 —0.61 <.0001
HOMA-IR 0.4 0.53 <.0001
Insulinogenic index —~0.42 ~0.20 <.0001
1Sl composite -0.29 -0.1 <.001

in other indices. It is considered that the difference between IFG
and IGT is, at least in part, in the different disrupted balance of
insulin secretion and sensitivity at the fasting state. We described
the importance of early-phase insulin secretion for the elevation of
2-hour PG levels in Japanese subjects.36 Further studies are nec-
essary to clarify the different mechanisms of regulation between
FPG and 2-hour PG levels.

The incidence of type 2 diabetes has increased recently in Japan
and is now comparable to that in other countries, but the causation
of the glucose intolerance differs.3-25:3031 [t is important in terms
of prognosis and therapeutic strategy for each diabetic patient to
consider the contribution of impaired insulin secretion and insulin
resistance to glucose intolerance.3” The present study clearly
shows the clinical relevance of lower basal and impaired early-
phase insulin secretion in type 2 diabetes in Japanese patients.
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Abstract

Previous studies have established that impaired glucose tolerance (IGT) patients with fasting hyperglycemia (IGT/FH: fasting
plasma glucose (FPG) level 6.1-7.0 mmol/l and 2 h PG level of 7.8-11.1 mmol/l) exhibit higher insulin resistance than those
with isolated IGT (FPG level <6.1 mmol/l and 2 h PG level of 7.8—11.1 mmol/l), but the association with microalbuminuria has
not been determined. Here, we evaluate the prevalence of microalbuminuria in non-diabetic Japanese males 20-70 years of age.
The subjects were classified into four groups based on the results of OGTT: normal glucose tolerance (NGT: n = 71), impaired
fasting glucose (IFG: n = 24), isolated IGT (n = 36), and IGT/FH (n = 23). A urinary albumin-to-creatinine ratio (ACR)
from 30 to 300 Jug/mg creatinine was counted as microalbuminuria. The prevalence of microalbuminuria was higher in subjects
with IGT/FH than in subjects with isolated IGT (26% versus 14%). Logistic regression analysis showed microalbuminuria to
be more significantly associated with IGT/FH (OR = 3.82, 95% CI 1.09-13.36) than with isolated IGT (OR = 1.75, 95%
CI 0.50-6.17). While insulin resistance (HOMA-IR) in isolated IGT was not significantly different from that in NGT, insulin
resistance in IGT/FH was significantly higher (P < 0.01). Regression analysis of ACR in IGT showed a significant correlation
with insulin resistance (P = 0.012). Accordingly, microalbuminuria is more strongly associated with IGT/FH than with isolated
IGT, most likely due to the higher insulin resistance.
© 2003 Elsevier Ireland Ltd. All rights reserved.

Keywords: Microalbuminuria; Impaired glucose tolerance; Fasting hyperglycemia; Type 2 diabetes; Insulin resistance

1. Introduction

* Corresponding author. Tel.: +81-75-751-3560;

fax: +81-75-751-4244 Microalbuminuria reflects widespread vascular
E-mail address: fukusima@metab.kuhp kyoto-u.ac jp damage due to gengralized endothelial dysfunction
(M. Fukushima). [1-3], and is a predictor of all-cause mortality and

0168-8227/8 — see front matter © 2003 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.diabres.2003.11.008
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cardiovascular morbidity in diabetic patients as well
as in non-diabetic subjects [4-7]. Microalbuminuria
has a significant association with impaired glucose
tolerance (1GT), and both increasing insulin resistance
and hypertension are thought to be major factors in
its development [8—11].

As impaired fasting glucose (IFG) has been iden-
tified as a pre-diabetic condition by 1998 WHO di-
agnostic criteria [12], IGT can be divided into IGT
without fasting hyperglycemia (isolated IGT; FPG
level: <6.1 mmol/l, 2h PG level: 7.8-11.1 mmol/l)
and IGT with fasting hyperglycemia (IGT/FH; fast-
ing plasma glucose (FPG) level: 6.1-7.0 mmol/l, 2 h
plasma glucose (PG) level: 7.8—11.1 mmol/l). Sev-
eral studies have shown that subjects with IGT/FH
have higher insulin resistance than those with iso-
lated IGT [13-15]. However, the association between
IGT/FH and microalbuminuria has not been de-
termined. In the present cross-sectional study, we
have evaluated the prevalence of microalbuminuria
in Japanese males with varying degrees of glucose
intolerance.

2. Material and methods
2.1. Subjects

We consecutively recruited Japanese male subjects
undergoing 75 g OGTT for closer evaluation if they
had a family history of diabetes, positive urine glucose
test, or >5.5% of HbA . level at initial examination for
regular medical check-up at Kyoto University Hospi-
tal and its affiliated hospitals between 1991 and 2001.
OGTT was performed within 3 months of initial ex-
amination. Subjects with clinical proteinuria or occult
blood in urine were excluded because of possible pro-
gressive diabetic nephropahty or other renal diseases.
Subjects with FPG level higher than 11.0 mmol/l and
those who had received any treatment for diabetes or
hypertension also were excluded. The study was de-
signed in compliance with the ethics regulations of the
Helsinki Declaration.

Standard oral glucose tolerance test was admin-
istered according to National Diabetes Data Group
recommendations [16], which require the subject to
fast overnight for 10-16h. Blood samples for the
determination of blood glucose were drawn 0 and

120 min after oral administration of 75g glucose.
Blood samples for measurement of HbA., insulin,
total cholesterol, HDL-cholesterol, and triglyceride
were drawn after an overnight fast.

Based on the results of 75 g OGTT, the subjects
were classified into the following five groups: normal
glucose tolerance (NGT), impaired fasting glucose
(IFG), isolated IGT, IGT/FH, and DM. The NGT
group included subjects with FPG level less than
6.1 mmol/l and 2 h PG level less than 7.8 mmol/l (n =
71). The IFG group included subjects with FPG level
between 6.1 and 7.0 mmol and 2 h PG level less than
7.8 mmol/1 (n = 24). The isolated IGT group included
subjects with FPG level less than 6.1 mmol/l and 2 h
PG level between 7.8 and 11.1 mmol/l (n = 36). Sub-
jects with FPG level between 6.1 and 7.0 mmol/] and
2h PG level between 7.8 and 11.1 mmol/I comprised
the IGT/FH group (n = 23). Subjects with FPG
level not less than 7.0mmol/l and/or 2h PG level
not less than 11.1 mmol/l comprised the DM group
(n = 149).

2.2. Measurements

Weight and height were measured in light clothing
without shoes, and body mass index (BMI, kg/m?)
was calculated. Blood pressure was checked at the
brachial artery in supine position after 10 min rest.
Plasma glucose was measured by glucose oxidase
method using a Hitachi Automatic Clinical Analyzer
7170 (Hitachi, Tokyo, Japan). Serum insulin was
measured by radioimmmunoassay (Dainabot, Tokyo,
Japan). Serum total cholesterol, HDL-cholesterol,
and triglyceride level were measured on a Hitachi
7170 (Hitachi, Tokyo, Japan), as reported previously
[17].

As the measure of insulin resistance, the index of
insulin resistance by homeostasis model assessment
(HOMA-IR) was used (FPG (mmol/l) x fasting in-
sulin (mU/1)/22.5) [18]. HOMA-IR correlates well
with measurements obtained by glucose clamp and
minimal model studies [19,20].

Early momning first voided urine samples were
collected. Urine albumin was measured by a com-
mercial immunoprecipitation assay (LX2000, Eiken,
Tokyo, Japan) with sensitivity of 3.0 pg/m! and
intra- and inter-assay coefficients of variation of
less than 10%. Urinary creatinine was determined
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by enzyme assay (Hitachi, Tokyo, Japan). The uri-
nary albumin-to-creatinine ratio (ACR) was calcu-
lated, and less than 30 pg/mg creatinine was counted
as normoalbuminuria and ACR between 30 and
300 pg/mg creatinine as microalbuminuria, based
on American Diabetes Association criteria [21]. Mi-
croalbuminuria in untimed specimens (30 pg/mg
creatinine) corresponds to not less than 30mg al-
bumin in 24h urine collection and not less than
20 pg/min in timed specimens [22]. Subjects with
ACR of more than 300 pg/mg creatinine were ex-
cluded from the study due to possible clinical
proteinuria.

2.3. Statistical analyses

All analyses were performed using the Statisti-
cal Package for the Social Sciences version 10.0J
(SPSS Inc., IL, USA). Age, BMI, systolic and di-
astolic blood pressure, FPG/2h PG, HbA ., fasting
insulin, insulin resistance, triglycerides, total choles-
terol, and HDL-cholesterol were compared among
NGT, IFG, isolated IGT, and IGT/FH by general
analysis of variance (ANOVA; Table 1). Dunnett’s
procedure as post hoc analysis was applied to com-

pare with the NGT group. The prevalence of mi-
croalbuminuria of each subgroup was evaluated by
Chi-square test and was compared with that of the
NGT group. In addition, in subjects with IGT, age,
BMI, systolic and diastolic blood pressure, FPG, 2h
PG, HbA |, fasting insulin, insulin resistance, triglyc-
erides, and total and HDL-cholesterol were compared
according to the presence of microalbuminuria by
unpaired Student’s -test (Table 2). In both of these
analyses, the value of fasting insulin, insulin resis-
tance (HOMA-IR), triglycelides, total cholesterol,
and HDL-cholesterol were log-transformed before
analysis so their distribution would be close to nor-
mal. Probability (P) values less than 0.05 were con-
sidered statistically significant. Data are expressed
as mean = S.E.

Multiple logistic regression analyses were per-
formed to investigate the association between mi-
croalbuminuria and the various subgroups based on
OGTT (Table 3). Microalbuminuria is the dependent
variable and the independent variables are (1) glucose
tolerance status, (2) glucose tolerance status and age,
(3) glucose tolerance status, age, and hypertension,
and (4) glucose tolerance status, age, hypertension,
and insulin resistance. The Wald test was used to

Table 1
Demographic/metabolic characteristics and prevalence of microalbuminuria of all study subjects

NGT IFG Isolated IGT IGT/FH DM Total
n 71 24 36 23 149 303
Age (years) 453+ 12 527 £ 1.9***  50.0 & 1.3* 54.0 £ 1.3** 513 £ 0.6*** 50.1 £ 0.5
BMI (kg/mz) 241 £03 236 £ 0.6 2344+ 04 243 £ 05 244 £ 0.2 242 £ 02
Systolic BP (mmHg) 128 £ 2 132 £ 4 123 +£3 130 £ 4 130 &£ 1 129 £ 1
Diastolic BP (mmHg) 78 £2 79 £ 2 75 +2 78 £ 3 78 £ 1 77 £ 1
FPG (mmol/1) 53 £ 0.1 6.3 £ 0.0%** 56+ 0.1 6.5 & 0.1*** 7.8 + 0.1%* 6.7 + 0.1
2h glucose (mmol/l) 5.8 £02 62 +03 8.9 £ 0.2*** 9.6 £ 0.2¥* 152 + 0.3*** 1.1 £ 03
HbA . (%) 55+ 0.1 59 £ 0.1 59+ 0.1 6.1 £ 0.1* 72 £ 0.1** 64 £ 0.1
Fasting insulin (pmol/l)® 238 £ 1.6 268 £ 3.1 288 £2.7 289 £ 35 273 &£ 1.2 267 £ 09
Insulin resistance (mU mmol/12)2? 0.9 £ 0.1 13 £02 1.2 £ 0.1 14 £ 0.2* 1.6 & 0.1%** 1.3 +£02
Triglycerides (mmol/1)? 1.13 £0.09 1.01 &£ 0.13 1.65 £ 0.17* 1.52 £ 020 1.54 4 0.08*** 140 + 0.05
Total cholesterol (mmol/l)* 504 £ 011 5.06 +0.18 5.08 £ 0.15 5.18 &+ 0.19 525 + 0.08 5.16 & 0.05
HDL-cholesterol (mmol/1) 1.25 £ 0.04 137 £ 0.07 1.02 & 0.04** 1.15 £ 0.06 1.16 &+ 0.03 1.18 £ 0.02
Prevalence of microalbuminuria (%) 9 (6/71) 13 (3724) 14 (5/36) 26 (6/23)T 26 (39/149)T 19 (59/303)

Data are means 4 standard error. Microalbuminuria: urine albumin-to-creatinine ratio >30 pg/mg creatinine.

*P < 0.05; ** P < 0.01; ** P < 0.001 vs. NGT.
? Data are adjusted for age and BMI.
b HOMA-IR = fasting insulin x fasting glucose/22.5.
T P<0.05 vs. NGT by Chi-square test.
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Table 2

Demographic/metabolic characteristics of IGT subjects in relation
to the presence of microalbuminuria

Table 4
Standardized partial regression coefficients of urine albumin-to-
creatinine ratio and metabolic variables in IGT subjects (n = 59)

Microalbuminuria Standardized B P-value
No Yes P-value Insulin resistance® 0.306 0.012
sBP 0.238 0.060
" 48 3 dBP 0.147 0.250
Age (years) 509 % 1.1 546+ 25 0.139 BMI 0.101 0.420
BMI (kg/mz) 237+ 04 241+ 1.0 0.705 FPG 0122 0.352
Systolic BP 124 + 3 134+ 6 0.115 2h glucose 0.148 0235
(mmHg) Fasting insulin® 0.255 0.039
Diastolic BP 75+ 2 78+ 4 0.509 HbA,, ~0.109 0.390
(mmHg) Triglycerides® 0.132 0.299
FPG (mmol/l) 59 % 0.1 6.1 + 0.2 0.335 Total cholesterol® 0.008 0.950
2h glucose(mmol/t) 9.1 £ 0.1 97+ 04 0082 HDL-cholesterol® 0018 0.891
HbA|. (%) 6.0 £ 0.1 59+ 02 0.742
Fasting insulin 26 £ 2 377 0.048 Partial correlation coefficients adjusted for age by linear regression.
(pmol/l) 2 HOMA-IR = fasting insulin x fasting glucose/22.5.
Insulin sensitivity i24+02 1.7+ 0.3 0.041 b Log-transformed.
(mU mmol/12)?
Triglycerides 1.57 + 0.15 1.57 + 0.36 1.000
(mmol/l) was used to measure insulin resistance, and was
Total cholesterol 5.15 + 0.13 5.02 £ 0.27 0.677 divided to create quartiles for analysis
mmol/l )
ngL-cholz.sterol 109+ 004 1064013 0716 To evaluate the metabolic factors associated with
(mmol/l) microalbuminuria in IGT subjects (n = 59), lin-

? HOMA-IR = fasting insulin x fasting glucose/22.5.

determine the statistical significance of each coeffi-
cient. To quantify the proportion of variation due to
dependent variables, Nagelkerke R2_statistics were
calculated on each model [23]. For these analyses,
age was divided into four groups: <40, 40-50, 5060,
and >60 years. Hypertension was defined as systolic
blood pressure more than 140 mmHg or diastolic
blood pressure more than 90 mmHg [24]. HOMA-IR

ear regression analyses of ACR as the dependent
variable and each of the metabolic variables as in-
dependent variables were performed (Table 4). A
partial standardized regression coefficient (8) was
used to show the magnitude of association between
ACR and each independent variable. Age was in-
cluded in all models as an independent variable. For
analysis, ACR, HOMA-IR, fasting insulin, triglyc-
erides, total cholesterol, and HDI.-cholesterol were
transformed to natural logarithms to satisfy statistical
assumptions.

Table 3
Multiple logistic regression analysis of the presence of microalbuminuria across the subgroups based on OGTT
Adjusted for Glucose tolerance status R
IFG Isolated IGT IGT/FH DM
OR  95% CI OR  95% CI OR  95% CI OR  95% CI
None 1.55 (0.36-6.74) 1.75 (0.50-6.17) 3.82 (1.09-1336)* 3.84 (1.54-957)"  0.066
Age 1.68 (0.37-7.52) 186 (0.52-6.68) 4.39 (1.17-1640)* 440 (1.67-11.58)* 0.072
Age, hypertension 1.62  (036-7.31) 1.85 (0.51-6.66) 4.41 (1.17-16.54)* 456 (1.73-11.99*  0.090
Age, hypertension, insulin resistance 1.38 (0.30-6.30) 1.59 (0.43-5.83) 345 (0.89-1341) 326 (1.18-9.02)" 0.126

Divided into three groups: <40, 40~50, 50—60 and >60 years. Hypertension: a systolic blood pressure of >140 mmHg, or a diastolic blood
pressure of >90 mmHg. Quartile of HOMA-IR as a measurement of insulin sensitivity.

*P < 0.05; *P < 0.01 vs. NGT.
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3. Results

Demographic and metabolic characteristics of the
subjects are shown in Table 1. Three hundred three
subjects were enrolled. The average age and BMI
was 50.1 £ 0.5 and 24.2 £ 0.2, respectively. Alto-
gether, 19% of the subjects were found to have mi-
croalbuminuria (ACR > 0pg/mg creatinine). There
was no significant difference in BMI and blood pres-
sure among the four groups. The IGT/FH group had
significantly higher FPG, 2 h PG, and HbA | than the
NGT group, while the isolated IGT group had only
significantly higher 2h PG level. Insulin resistance
(HOMA-IR) in the IGT/FH group was significantly
higher than in the NGT group (£ = 0.024), but there
was no significant difference between the isolated IGT
and the NGT groups. The lipid profile of the isolated
IGT group was similar to that of the IGT/FH group,
and was deteriorated relative to the NGT group. The
prevalence of microalbuminuria in the IGT/FH group
(26%, P = 0.028 versus NGT by Chi-square test)
was higher than in the isolated IGT group (14%, P =
0.381 versus NGT by Chi-square test). Mean ACR
was 16.2 = 3.6 ng/mg creatinine in the isolated IGT
group and 42.24+10.7 pg/mg creatinine in the IGT/FH
group, while the mean ACR in the NGT group was
15.5 4+ 2.6 pg/mg creatinine.

The demographic and metabolic characteristics of
the IGT subjects according to the presence or ab-
sence of microalbuminuria are shown in Table 2. Sub-
jects with microalbuminuria had significantly higher
insulin resistance (higher HOMA-IR) and higher fast-
ing plasma insulin than those without microalbumin-
uria (P = 0.041 and 0.048, respectively). The lipid
profiles of both groups were similar.

The results of multiple logistic regression analy-
sis with microalbuminuria as a dependent variable
and glucose tolerance status as an independent vari-
able are shown in Table 3. With no adjustment, mi-
croalbuminuria showed a significant association with
IGT/FH (P = 0.036). After adjustment for age and
hypertension, the odds ratio of microalbuminuria in
the IGT/FH group was still significant (OR = 4.41,
95% CI 1.17-16.54; P = 0.028). There was no sig-
nificant association of microalbuminuria with isolated
IGT (OR = 1.85,95% C1 0.51-6.66; P = (.348). The
R?-values suggest that 9% of the variance was due to
age, hypertension, and glucose tolerance status. The

addition of insulin resistance to the analysis resulted
in loss of significant association of microalbuminuria
with IGT/FH, but increased the proportion of variation
explained (R?) by 3%.

Table 4 shows the partial correlation coeffi-
cients of urine albumin-to-creatinine ratio (ACR;
log-transformed) with insulin resistance and other
metabolic variables in subjects with IGT. After ad-
justment for age, there was a significant correlation
between ACR and insulin resistance (£ = 0.012).
Fasting insulin also had a significant relation to ACR
(P = 0.039), while systolic blood pressure had a
marginal relation (P = 0.060) and there was no sig-
nificant relation with the other variables. In all mea-
sured variables, insulin resistance was the strongest
determinant of ACR (standardized 8 = 0.306).

4. Discussion

Microalbuminuria has been shown to be a predic-
tor of renal dysfunction and cardiovascular diseases in
both non-diabetic and type 2 DM subjects [4,5], and
is significantly associated with IGT [8,9]. As previ-
ous studies have shown that isolated IGT and IGT/FH
have different metabolic profiles [13—15], we com-
pared the prevalence of microalbuminuria in the two
subgroups. Our analyses clearly demonstrate that mi-
croalbuminuria in these subjects is more strongly as-
sociated with IGT/FH than with isolated IGT, which
reflects the higher insulin resistance in IGT/FH.

In addition to higher insulin resistance, subjects
with IGT/FH exhibit higher age, blood pressure, BMI,
plasma glucose, cholesterol, and fasting insulin than
those with isolated IGT and NGT, so these factors all
might be related to the appearance of microalbumin-
uria in IGT/FH [10,11,25]. Regarding age and hyper-
tension, the absolute differences between subjects with
isolated IGT and IGT/FH are small, and the odds ratio
of microalbuminuria in IGT/FH is high even after ad-
justment for age and hypertension. In addition, linear
regression analysis of urine ACR shows insulin resis-
tance to be the stronger determinant of microalbumin-
uria and fasting insulin the weaker determinant, and
no significant correlation with other variables such as
BM], plasma glucose level, or cholesterol level. How-
ever, the link between insulin resistance and microal-
buminuria is unclear.
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Some studies report that hyperglycemia and/or hy-
perinsulinemia alters permeability of the glomerular
membrane and increases intraglomerular pressure
[26,27]. Epidemiological studies suggest that hyper-
glycemia or hyperinsulinemia itself is not the major
cause of increased microalbuminuria among IGT
subjects {8,10]. However, insulin resistance has been
shown to produce changes in the amount and/or the
effects of nitric oxide and other chemical mediators by
causing endothelial dysfunction [28,29]. Dysfunction
at the glomerular capillary wall might well induce
increased leakage of albumin at the glomerulus that
results in microalbuminuria [30,31]. Another possi-
bility is that endothelial dysfunction causes parallel
defects of microalbuminuria and insulin insensitiv-
ity, since several studies report that insulin resistance
correlates with impaired peripheral vasodilation [32].
However, the role of blood flow in the modulation of
insulin-mediated glucose utilization is controversial.

In conclusion, our results show an increased preva-
lence of microalbuminuria in IGT/FH subjects com-
pared to isolated IGT subjects that is closely associated
with increased insulin resistance. Because IGT/FH pa-
tients have heightened risk of cardiovascular and other
diabetic complications requiring more intensive ther-
apeutic approaches, the results of 75g OGTT should
be clinically useful in pre-diabetic patients.
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Table 1 HROBRKRE
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FREEL, FYHEREE» -V T-VTH2.
BT T —EOLEIZIE P REY, FHEORBIZIT tIRET AW,
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72(20.7% vs 56.3%). T/, BIFERIARRBEICILL
WRROZKAEHIEEFHEOE S % {(343% vs
54.2%), GHFETITIE, #IEME (12.9% vs 29.2%) &
FHAZMEE (18.6% vs 33.3%) 2 T2 &I &ML o 7.
2) BRIGICEEL ZRABERDX ML AFEHR
APVABERE LTRIAEDS D - -HEB A
FEEICHETAZ L (188 %H 80 &, 426%)THD,

[EHEICETAZ L ](15%, 8%)% & THh - 72(Ta-
ble2). Mz bu— e BEEFOAMLAER
DEEITIE, MEE o7z,

3) m¥Ear bE—-JLHHC A -, HERBICEDEL -
BE4EEOX L ARRICHT20-E0
FP, MEI L PO—NERFTF I —BHDOREE
5 L7 (Table 3)., #OEE, iEa >y bu—i
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FERIE  47% 115 (2004)

Table 3 MEI Fa—LERXFSFY—RODEE

Mgz ra—i

APTFV-4R BiFEt TEBE

(n=140) (n=48)
R AR R EALRY 72.1 56.3
BBy MBI R 27.9 43.8

Y2 HRE 1 p<0.05

Table 4 MfET > PO —VHICA AR OE S

miEa > ru—)v

3 LR RIFEE TE¥
(n=140)  (n=48) p*
FHEE 6.7(3.9) 63(4.0)  0.502
xRl 44(29)  50(31) 0227
HERWEEERR 4.0(3.4) 41(3.4) 0.913
RESER 7.5(4.3) 7.6(4.3)  0.883
Hoaorbto-#8  53(3.7) 6.7(4.3)  <0.05
BeIopt 2in 39(3.1)  49(26) <0.05
BEfRRY 5.2(3.3) 6.4(3.9) <0.05
B EHmE 7.7(4.3)  75(46)  0.756

RPHE | Py (RERE)
* L RIFHEARBEOFIGED LB (t RE)

FREEU84L ™21 4, 43.8%) Tld, BIFE(140% %
39 %, 27.9% ) ICH~_BEPLENE O ST T o
7z (p<0.05).

BwT, mMEay yu— VR (BRIF#Evs TRE) IS
8 ODKRHMEI DR % B L 7z (Table 4). #:8EE! (3.9
+3.1vs 4.9+26, p<0.05), BEME & (52433 vs 64+
3.9, p<0.05), HE I ¥ b o — VEI(53+3.7vs 6.7E
4.3, p<0.05) T, MY PO - VARBREOB AR
HECHL, Ehodz. FFEE, fHRE, HEWXE
BERE, BEESEAE, SEFMECRAmHICEEERD
Lo, :

2 &

O—¥ U OIS EEMT, ST ST NEN
KRALNTWE, 1T, ALy —a2l AR
BLAEMSE T RBERRE] L, REORELZX
AIEEHLE O 2BEICHET A HEN L CHVS
NTWaY, SEAWAZSCITR, A M55 Y-
DIEMPA N FI—JEBBWA LT 5T — |95#
NENIHIE LTV A,

INFTHDEL O TIE, [HIBERRE NI ML
ABUGEERL, SI[EEROE IZEnE e €
BEVIHIRTHELT S LTRIFILTBY, HERFE
EEWNBILLHIEICBWTHREBETHHY. Fl i,

L LTa—Y 7 E e b 2R T, [RER
BB RFemMET Y P - VBB T AL ENT
WAST L LEBRIZE, 22 L A7 VIR
123 LTI ERRE oA TBWAEDOTIE R, [
B TEERLE L HVTEB Y, @S2
DEYATOINTG AL AEY, SCIEAVWTHY Y
Y IERITIBES, MEORESTHET LI LD
BHLNTWAY, 2T, XFETIE, HEREEAE
DALy H—-2EREET, FRIIFLTEDLS
RTEE & o oh vk, [REBHRE L EEF.OE W
EEESANREMERErLEESE, F0ELLEEL
Awhiciha—¥ U728l T s Lz ni.

FORER, MDY PO - VARSI RIFEIZKL,
BRI MERLORS % &L ADBEVEZ VI EAHL I
oz,

2 FERFBRE BRI, 4D L) ITHERFICHE
BEL-HAEEENR FLVARRZBREIET, £
WLTEDEI Za— ¥y Lttt EENIIHRET
Lz v, Lo L—Rkasicid, [MEEhH.OR ] X
D [RIREMR A | AT R BN RS DHD, A MLV ALK
FELHIETEBLEELNTVAY, FLid, WERK
CEEL-AFEFENA FLVABRRICOWTY, —#%
BIZEDbNTWAZ L EEBFICY, [HEMFRE% %
LB T TBEIEDFEN, 2EERBEE
rLBMIIRESE, BRPKELR SOFBILITED
Elsh, BFafigEa Y bo- BN DT
BWhEEZTWS, L2L, SEIOFKER,HIE, [H
BRRE )2 EMICHVIBEOFOREIIOVWTE
BETAZL3TELZY, BA0EFZEMICRAER
BIEICLY, FOREIIOWTSERETTALEN
Hab.

RIZZOEEFEET 2, MFEI Y P a— VR EAL
BMOBEELE LA, 2O, 2> PO—-LAR
BEIRIFEICIH L, JEE - HEREE - BCo v bo
—VEIOBEREWI EDBH L2 o7z, EEERNIC
3, [#oMEIFET A FE2EB LI £0KR
PERLABLLIIICE- 2] v BEVE TN,
I S LB R ITHT I L2 E X 5 0AR TS
L. BEEE[FOZLIzonWTHTHhEZTE LRV
Iy LlilldbeidesriiclrebnzwvniEBo
7l YoEBroh), MELRSLUVEET LD
T AMMEITH A, BRI v ba—VEIZE, [B
BOLAPRBLIMMOZ L ICHEBLZWVWEIHICL
I ESEIRESREWE S IC LR Y OEB A
EIn, BOORETHE LIRS ZVEHILT S
SHREITH 5.

INHLDZ EML, MEI Y - VAREE, B
FEEICHL, Bo0REZIIL, MED O LHEICE

— 886 —

_32_



2EIERBREND -V /eIy bu— VORE

WHTZ e 2E272h, MBrEhIIETHE VS
IERDH L EEZ LN,

HeRER] b BERRELL, SCI TRBEEMWA NI F V-0
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VLS, BEIMA NS F V- RANA NS F U —F
NEFNLHETERSIN TS, L) >T, g
M- VAREBELIBWTESTLMEEOA N T FY
— & L BEMLSE VO, KR - BRI LT
Auwoha Z LICRRT 2 8ELNDH 5.

BB I, TFeT IV ARRBICHE
LY, BRERRHFEEOGHEL DO TRED S
HE LI EN TV A, Sinzato 59%, HERBEE ¥
HEREDEERE TV, EFEBIRERCRL, A
DURVEND OO, HELEBEEIIT L Tkl
TOMMETLERE L. IER R HELD -
Bl o - S3MmED Y b — IV CEE I R o
72500, WEESCELE-CEEREOSHEL DM
HiIdbo EREL TG,

IDEHI, MERPELAFTENRLIETEAIL
Ao ORBIT R IIRBEOWE RO OICE
HBThreBbhd i, REMIGIEIHEICLZLEER
&9, BT, BREL, MEBETESLOVET LI
TAINLETH Y, ZIITERBIEEISEVIRED |2
BTaLdEZONE. ZDLH T EhL, HkiE
CBEMEELL, daily hassles (293 & N AMER B ICREE
LZZHEEFEDOR bV ARE~OIGE L TEAET
HHrLEZOND, MFEI Y M- VEITEE, R
FRICEE L AEEFOA NV ARERICH LT, #*iF
OB 70 ST ICHEREIIFR L T AR
LT, "EBELOEFELLEEZLNLS.

KRB Ta—Errk 6252 LOFAE, BRE
FRIEELA-BEAFOA N VARRIZL o Ta—¥
YODORERBEINEZ TV EICTTHTNWLT
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FRMEI VPO —NVICERRa - e b L E
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DEES, BEILo THRAR~OEHEZKEVL
Exzon, a-Y U7 BEE RITTARESD 5

R, TNOOERIEOEVI, BERBICEEL -
HEEEDOA M ABRROY £ 7RFDOFMOE %
ELEEBLEZONEID, AL ABEROFHD
BWIDEREPDC/-REVBLETHD. 288E L
T, 11.9% (26 &) IC D12 5 RO KEUINE DT %
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BEEI8ZEDR, RAYE 26 BSHITME S
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Physiology of GIP - A Lesson from GIP Receptor

Knockout Mice

Abstract

A much greater insulin response is observed after oral glucose
load than after intravenous injection of glucose. The hormonal
factor(s) implicated as transmitters of signals from the gut to
pancreatic B-cells was referred to incretin; gastric inhibitory
polypeptide or glucose-dependent insulinotropic polypeptide
(GIP) is identified as one of the incretins. GIP exerts its effects
by binding to its specific receptor, the GIP receptor, which is
expressed in various tissues including pancreatic islets, adipose
tissue, and brain. However, the physiological role of GIP has been

generally thought to stimulate insulin secretion from pancreatic
B-cells, and the other actions of GIP have received little atten-
tion. We have bred and characterized mice with a targeted mu-
tation of the GIP receptor gene. From these studies, we now
know that GIP not only mediates early insulin secretion by act-
ing on pancreatic B-cells, but also links overnutrition to obesity
by acting on adipocytes.

Key words
Diabetes - Obesity

Introduction

A much greater insulin response is observed after oral glucose
load than after intravenous injection of glucose [1]. This effect is
attributed to signals that arise from the gut following ingestion
of glucose and stimulate insulin release from pancreatic p-cells.
The hormonal factor(s) implicated as transmitters of signals
from the gut to pancreatic B-cells are collectively referred to as
incretins [2].

Two incretins have been identified - gastric inhibitory polypep-
tide or glucose-dependent insulinotropic polypeptide (GIP) and
glucagon-like peptide 1 (GLP-1) (Fig.1). Both gut hormones are
secreted in proportion to the quantity of meal ingested and po-

tentiate insulin secretion. GIP was first isolated from porcine in-
testine on the basis of its ability to inhibit gastric acid secretion;
this 42-amino-acid hormone is released from duodenal endo-
crine K cells after absorption of glucose or fat. Subsequent stud-
ies have revealed that GIP potentiates glucose-induced insulin
secretion from pancreatic p-cells {3].

GIP exerts its effects by binding to its specific receptor, the GIP
receptors, and activating adenylyl cyclase. We isolated the hu-
man GIP receptor (GIPR) gene and ¢cDNA {4]. The GIPR has seven
potential membrane-spanning domains, a feature characteristic
of the vasoactive intestinal peptide (VIP)/glucagon/secretin re-
ceptor family of G protein-coupled receptors. The GIP receptor
is expressed in various tissues including pancreatic islets, adi-

Affiliation

1 Department of Diabetes and Clinical Nutrition, Kyoto University Graduate Schoo} of Medicine, Kyoto, Japan

2 Kansai-Denryoku Hospital

Correspondence

Y. Yamada, M.D,, Ph.D . Department of Diabetes and Clinical Nutrition, Kyoto University Graduate School of
Medicine - 54 Shogoin-Kawahara-cho- Sakyo-ku - Kyoto 606-8507 - [apan - Phone: +81(75) 751-3561 . Fax: +81
(75) 7513677 - E-Mail: yamada@metab.kuhp.kyoto-u.ac.jp

Received 5 August 2004 - Accepted after revision 19 August 2004

Bibliography

Horm Metab Res 2004; 36: 771-774 © Georg Thieme Verlag KG Stuttgart - New York -
DOI 10.1055/s-2004-826162 - ISSN 0018-5043

_.35_




Glucose

Insulin
Incretin I
>(GIP,GLP;1) o é}é@
Receptor
Glucose
pancreétitB cell
Small Intestine

Fig. T Not only direct effect of glucose but also indirect effect of glu-
cose via release of incretin such as GIP and GLP-1 stimulate insulin se-
cretion from pancreatic B-cells.

pose tissue, and brain {5]. However, the physiological role of GIP
has generally been taken to be to stimulate insulin secretion
from pancreatic B-cells; its other actions of GIP have received lit-
tle attention.

We generated and characterized mice with a targeted mutation
of the GIP receptor gene {6-11]. From these studies, we now
know that GIP not only mediates early insulin secretion by acting
on pancreatic f-cells, but also links overnutrition to obesity by
acting on adipocytes.

GIP Receptor I{nockout (KO) Mice

GIP receptor KO mice were generated as follows [6]. The 1.2-kb
fragment containing exons 4 and 5 of the GIP receptor gene was
replaced with a cassette containing the neomycin resistance
gene. A negatively selectable marker gene, the herpes simplex
virus thymidine kinase gene (HSV-TK), was placed external to
the 3’ region of homology with the target locus. Embryonic
stem (ES) cells were cultured without feeders in the presence of
leukemia inhibitory factor, transfected with the targeting con-
struct, and selected in the presence of G418 and gancyclovir. Col-
onies surviving positive and negative selection were isolated
and screened to confirm that genuine homologous recombina-
tion had occurred on both sides of the gene. The chimeric mice
were produced by microinjection of a targeted ES clone into blas-
tocysts. Mice with the targeted allele were backcrossed to C57BL/
6 mice before analysis of homozygous mice, The absence of GIP
receptors was confirmed by batch-incubation studies using
isolated pancreatic islets. GIP stimulated insulin secretion 2.9-
fold from the islets of wild-type mice, but had no insulinotropic
effect in the GIP receptor KO mice. The GIP receptor KO mice
showed no gross abnormalities in general behavior or feeding or
any histological abnormalities in pancreas, antrum, duodenum,
or adrenal gland.
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Fig.2 Glucose tolerance test. Blood glucose levels (left) and plasma
insulin levels (right) after oral glucose loading for the wild-type mice
(open circle) and the GIP receptor Ki mice (filled box). Estimated insufin
secretion induced by GIP is shaded. From reference [€].

GIP as an Insulinotropic Peptide

In an intraperitoneal glucose tolerance test (IPGTT), blood glu-
cose levels were not significantly different between wild-type
or GIP receptor KO- mice. However, in an oral glucose tolerance
test (OGTT), the peak levels of blood glucose were delayed and
significantly higher in GIP receptor KO mice compared to wild-
type mice (Fig. 2). Fasting insulin levels in the GIP receptor KO
mice were identical to those in the wild-type mice. In contrast,
at 15 min after glucose challenge, insulin levels in the GIP recep-
tor KO mice were significantly lower than in the wild-type mice.
The islets isolated from the GIP receptor KO mice secret insulin
responding to glucose in a dose-dependent manner, and in vitro
perfusions were carried out to confirm that insulin secretions
stimulated by glucose in the wild-type and the GIP receptor KO
mice were comparable [8]. Therefore, the decrease of insulin se-
cretion after oral glucose challenge is not caused by impaired
glucose-induced insulin secretion, but by disruption of the GIP
enteroinsular axis. These results show the physiological role of
GIP as an incretin, and further demonstrate that insulin secretion
from the pancreatic B-cells is regulated not only by glucose but
also by GIP, especially in the early phase after glucose ingestion
(Fig. 2).

Glucose-stimulated insulin secretion from pancreatic p-cells de-
pends on glucose metabolism and electrical activity controlled
by plasma membrane ion channels. The ATP-sensitive K (Kxpp)
channel links glucose metabolism to membrane potentials. Re-
cently, Kup channel-deficient mice were generated by genetic
disruption of Kir6.2 [12]. The Kir6.2 KO mice still showed the in-
sulin response after oral glucose loading in vivo, suggesting that
elevation of intracellular cAMP concentration might induce insu-
lin secretion even in the absence of the Kap channel. We gener-
ated mice that were deficient in both GIP receptor and Kupp chan-
nel [11]. The GIP receptor and Kir6.2 double KO mice showed
elevated blood glucose levels after oral glucose loading, and the
insulin response was almost completely lost although insulin se-
cretion from isolated islets was stimulated by GLP-1. Therefore,
GIP is the major insulinotropic factor in the secretion of insulin
in response to oral glucose loading in Kup channel-deficient
mice.
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Interaction of GIP and GLP-1 on Insulin Secretion

Perfusion and batch-incubation studies have demonstrated that
the GIP receptor KO mice exhibit an increased insulin secretion
in response to GLP-1 [8}, which are consistent with the findings
that GLP-1 produces higher intracellular cAMP levels in the GIP
receptor KO mice than in the wild-type mice, implying that §-
cell sensitivity to GLP-1 was increased. These results revealed
upregulation of the compensatory mechanisms that take place
within the enteroinsular axis.

We and the other group have generated and characterized the
double incretin receptor KO mice with complete loss of both GIP
and GLP-1 receptor action [9,10]. Double-incretin receptor KO
mice showed impaired glucose tolerance and decreased insulin
secretion after oral glucose loading. Furthermore, the glucose-
lowering actions of dipeptidylpeptidase IV (DPP-1V) inhibitors
were eliminated in the double-incretin receptor KO mice, sug-
gesting that the GLP-1 and GIP signaling are the main targets for
DPP-1V inhibitors, and that both incretins play a critical role in
insulin release after meal ingestion.

GIP as an Obesity-promoting Factor

Plasma GIP concentrations have been reported as elevated in
obese type 2 diabetic patients [13] and obese diabetic ob/ob mice
[14], suggesting that GIP might induce obesity. Furthermore,
functional GIP receptors was identified on adipocytes [15] and
GIP has been shown to stimulate the synthesis and secretion of
lipoprotein lipase in rat adipose tissue that hydrolyzes lipopro-
tein-associated triglycerides to produce free fatty acids available
for local uptake [16]. However, the physiological significance of
the anabolic effect of GIP was previously unclear. Using the GIP
receptor KO mice, we have revealed that GIP directly links over-
nutrition to obesity {7].

The wild-type and the GIP receptor KO mice were fed either a
control diet or a high-fat diet. On the control diet, which supplied
13% of calories as fat, 60% as carbohydrate and 27 % as protein,
with energy density of 3.57 kcal/g, body weights of the wild-
type and the GIP receptor KO mice remained similar; on the
high-fat diet, which supplied 45 % of calories as fat, 35% as carbo-
hydrate, and 20% as protein, with energy density of 3.57 kcal/g,
the wild-type mice exhibited 35% body weight gain in the 50-
week period. In contrast, there was no weight gain in the GIP re-
ceptor KO mice. Both visceral and subcutaneous fat mass was in-
creased, and liver steatosis and hypertrophy of adipocytes was
observed in high-fat-fed wild-type mice, but there was no such
change in high-fat-fed GIP receptor KO mice. Insulin-tolerance
test revealed that high-fat-fed wild-type mice had insulin resist-
ance and that high-fat-fed GIP receptor KO mice remained as
sensitive to insulin as controls, demonstrating that inhibition of
the GIP signal prevents insulin resistance as well as obesity.

Obese obJob mice exhibit a marked increase in adipose tissue
due to hyperphagia caused by mutation of the leptin gene. By
crossbreeding the GIP receptor KO mice with ob/ob mice and
generating double KO mice, we can show the role of the GIP sig-
naling in adiposity, even in addition to leptin signaling,
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The high-fat-fed GIP receptor KO mice showed the similar energy
intake. We evaluated energy expenditure by measuring the re-
spiratory quotient and oxygen consumption by indirect calori-
metry. The respiratory quotient represents the proportion of fat
and carbohydrate oxidation and the oxygen consumption repre-~
sents the amount of energy combustion. After 3 weeks of high-
fat feeding, the GIP receptor KO mice exhibited a significant re-
duction of respiratory quotient during the light phase, indicating
that fat is utilized as preferred energy substrate in the GIP recep-
tor KO mice and is not efficiently accumulated in adipocytes.
After another 3 weeks on the high-fat diet, the wild-type mice
consumed less oxygen than the GIP receptor KO mice during the
light phase. These results clearly show that the resistance to
obesity of the GIP receptor KO mice was due to higher energy
expenditure rather than lower energy intake.

The GIP receptor is expressed in adipocytes and GIP stimulates
cellular uptake of glucose and increases in heparin-releasable li-
poprotein lipase (LPL) activity in 3T3-L1 adipocytes [7]. There-
fore, GIP stimulates efficient uptake of nutrients into adipocytes;
the loss of peripheral GIP actions in the GIP receptor KO mice
may well have contributed to the increased fat oxidation without
accumulating in adipocytes in these mice.

GIP has a physiological role on nutrient uptake into adipocytes,
and is a key molecule linking overnutrition to obesity (Fig. 3). Ex-
cessive fat intake induces hypersecretion of GIP. Hypersecretion
of GIP increases nutrient uptake in the adipocytes that readily
cause obesity and insulin resistance. Hyperinsulinemia could
further increase nutrient uptake into the adipocytes, completing
a vicious cycle of developing adiposity and insulin resistance. In
the absence of GIP receptor, fat is not efficiently accumulated in
adipocytes, but is used predeminantly as the preferred energy
source.,

Here, we have shown that the GIP receptor expressed in pancre-
atic B-cells contributes to meal-induced insulin secretion, espe-

High fat diet or Hyperphagia
!

Excessive GIP secretion

V

Nutrient uptake

/- into adipocytes f‘\

Obesity Hyperinsulinemia

\\* Insulin resistance /

Fig.3 GIP links excessive intake of nutrients to obesity. See text in de-
tail.
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cially in the early phase; we have also shown that the GIP recep-
tor expressed in adipocytes contributes to nutrient uptake into
adipocytes. Expression of GIP receptor other than in pancreatic
B-cells and adipocytes has been demonstrated. The physiological
significance of GIP will be uncovered after full characterization of
the GIP receptor KO mice.
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