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FIG. 4. Body weights of male mice (line Tg23). (Top) Photograph of male Tg mouse and control littermate (WT) at 12 weeks of age. (Bottom)
Body weights of male WT (open circles) and Tg (solid circles) mice were similar to those of WT mice at days 0 and 7. The growth curve of male
mice from day 0 to 20 weeks of age (n = 10) is shown. **, P < 0.01; at 6 weeks, §, P < 0.005; after 9 weeks, §§, P < 0.001.

markedly reduced, as were insulin content and mRNA levels.
Since, as we previously have shown, the levels of B-cell-specific
transcripts, such as GLUT?2, glucokinase, PDX-1, and IAPP,
are downregulated by hyperglycemia (33, 36, 37), normaliza-
tion of insulin gene expression to another B-cell-specific gene
would not be valid. The islet deficits are partly due to the
depletion of B cells, but some of the reductions are direct
effects of the overexpression of ICER. The insulin promoter
luciferase assays showed that ICER directly repressed insulin
gene transcription. In addition, as shown by electron micros-
copy insulin granules were remarkably decreased in individual
B cells, thereby confirming the inhibitory effect of ICER on
insulin expression. Thus, in this Tg model, diabetes resulted
from a decreased number of § cells, further compounded by
impaired insulin expression in individual § cells.

After birth, replication of preexisting B cells is the main
means of expanding the B-cell population (24). Islets in late
fetal life have an equal proportion of § and non-p cells, but
after the perinatal burst of replication, the p cells comprise
about 75% of the islet. This increase in proportion results from
the discordance of proliferation between the B and non-g
endocrine cells in the perinatal period. CREM and CREB
have been reported to be involved in the regulation of cell
proliferation and regeneration in the liver (8, 52). One effect
may be through cyclin A, whose expression at S phase and
association with cdc2 are required for cell proliferation (48,
56). The induction of the cyclin A gene is limited to a short
period of the cell cycle during which the expression levels of
phosphorylated CREM and CREB are high while that of
ICER is low (9). Furthermore, a moderate amount of cyclin A
is required for normal cell cycle progression, since the G,/S

transition is accelerated by cyclin A overexpression (49).
Therefore, it is possible that overexpressed ICER had inhibi-
tory effects on the cell cycle and its progression. Consistent
with the ability of ICER to suppress cyclin A promoter activity
(Fig. 1C), cyclin A mRNA and protein levels were markedly
reduced in islets of Tg mice compared to WT mice, but not in
acinar cells. Furthermore, using double immunostaining for
insulin and Ki67, a marker for -cell proliferation, we found
few, if any, B cells in the replicative cycle at 7 days of age even
though about 30% of the B cells of the WT mice were in the
cell cycle. These results suggest that reduction of cyclin A
expression by ICER may limit B-cell proliferation. In addition,
the presence of singlets-doublets of insulin-positive cells scat-
tered throughout the pancreas suggested that neogenesis was
still occurring. No evidence of abnormally increased apoptosis
was seen at this time, although it cannot be ruled out that there
was increased apoptosis earlier, possibly in the fetal period.
Therefore, decreased replication is the likely basis of depletion
of B cells within Tg mouse islets.

During the preparation of this paper, a report on dominant-
negative A-CREB Tg mice showed an increased apoptosis via
IRS2 reduction in B cells, leading to a late-onset, mild diabetes
(32). A-CREB is a dominant-negative inhibitor of CREB, con-
structed by replacing the CREB basic region with an acidic
amphipathic protein sequence; it is only 82 amino acids long
whereas the full-length CREB is 342 amino acids (1). These
mice have normal blood glucose levels and islet architecture
until 8 weeks of age, after which apoptosis leads to a decreased
B-cell number and mild diabetes by 12 weeks of age. In con-
trast, our ICER mice developed early severe diabetes with
markedly reduced insulin secretion and islet insulin content
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FIG. 5. Insulin secretion and B-cell morphology of isolated islets (line Tg23). (A and B) Glucose-stimulated insulin secretion (A) and insulin
content (B) were examined using islets freshly isolated from 12-week-old male Tg (# = 5) and WT (# = 5) mice. These islets were matched for
size. Three independent isolations and/or experiments were performed. *, P < 0.05; §, P < 0.005; §§, P < 0.001. (C) Northern blot analysis of
insulin mRNA levels in male (M) or female (F) mice. Total istet RNA (20 pg) freshly extracted from isolated islets of 10-week-old Tg (n = 10)
and WT (n = 10) mice was used. (D) B-cell morphology as shown by electron microscopy at 36 weeks of age. Control B cells (left) contained
numerous mature insulin secretory granules surrounded by clear wide halos. In contrast, there were markedly fewer insulin secretory granules

within B cells in Tg mice (right).

and a reduced number of B cells. What is striking about our Tg
mouse model was that the animals became hyperglycemic by 7
days of age, and islet morphology was stable with marked
reduction of B cells from an early age. The stability of islet
morphology is more consistent with an impaired proliferation
than with increased apoptosis. With increased apoptosis and
no compensatory increase in replication, there should be a
steady decline in the proportion of  cells in the islets, yet this
is not what we observed. In fact apoptosis, as shown by
TUNEL staining, was not increased at this early age, and @-cell
replication, which is normally active at this age, was severely
decreased in our ICER Tg mice. Thus, the reduced number of
B cells in our Tg mice is more consistent with a decreased
proliferation than with increased apoptosis.

The discrepancy between our data and those for A-CREB
Tg mice must be based on the different mechanisms of inhibi-

tion of ICER and A-CREB. ICER has a strong binding ability
(29), and a small amount of ICER efficiently competes and
prevents binding of activators. While ICER homodimer for-
mation is more favored than that of the heterodimer ICER-
CREM activator, ICER also forms heterodimers with all
CREM proteins and CREB, generating nonactivating dimers
(41). Thus, ICER occupies DNA-binding sites (CREs) as ei-
ther a homodimer or an inactive heterodimer and blocks pro-
moter activity by preventing the binding of other members of
the basic leucine zipper (B-Zip) proteins, such as CREB,
CREM, ATF, Jun, and Fos. In contrast, A-CREB as a ho-
modimer is less stable than a CREB homodimer but selectively
forms with CREB a very stable heterodimer that is 3,300-fold
more stable than a CREB homodimer (1). However, A-CREB
is unable to form heterodimers with other B-Zip proteins and
so selectively prevents the binding of CREB to DNA (1).
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FIG. 6. Islet morphology (line Tg23). (A) Immunohistochemical staining of pancreatic sections from 0-day-old (nondiabetic condition) to
36-week-old (severe diabetes) mice with anti-insulin and antiglucagon antibodies. In Tg mice far fewer insulin-positive (pink) cells are present even
at day 0, so the islets appear severely disorganized with a significantly increased proportion of glucagon-positive (red) cells, indicating that these
changes result directly from the increased ICER Iy and are not due secondarily to hyperglycemia. (B) Reduced insulin-positive cells in Tg mice
(arrowhead) at 7 days. Additionally in the Tg mouse there is a marked variation in the amount of insulin per cell (degranulation) as shown by the
insulin staining. (C) Dual staining of IAPP (red) as a p-cell marker and glucagon (green) was analyzed by confocal microscopy. (D) Scattered
singlets-doublets of insulin-positive cells (arrowheads) in Tg mice. Magnification, X1,000 (B and C) and X400 (D).

Considering that other B-Zip proteins, such as ATF-2, ATF-3,
ATF-4, Jun, and Fos, can form heterodimers with each other
and bind to CRE to activate gene transcription (20, 22, 50), it
is possible that these B-Zip proteins could function in CREB-
independent signaling pathways or compensate for CREB
function in CREB-dependent signaling pathways in the A-
CREB Tg mice, as was observed with CREB-knockout mice
(3, 26). Taken together, these different mechanisms of repres-
sion may account for the very different, but complementary,
findings from the work of Jhala et al. (32).

In conclusion, we found that inhibition of CRE-binding ac-
tivator function in pancreatic B cells by the repressor ICER Iy
suppresses insulin and cyclin A expression. The early severe
diabetes in this model probably results from both the depleted
insulin expression in individual B cells and the decreased num-
ber of § cells resulting from their impaired proliferation. Dy-
namic changes in ICER lv, from transient induction to its own
suppression, are likely to be important for pancreatic B-cell
physiology both directly by regulation of gene expression and
indirectly by regulation of p-cell mass.
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FIG. 7. Cyclin A expression and proliferation in islets at day 7 of
age (line Tg23). (A) Dual staining of Ki67 (green) as a marker of cell
proliferation and insulin (red) was analyzed by confocal microscopy.
Ki67 was detected in 30% of the nuclei of B cells in WT mice but in few
nuclei, if any, in Tg mice. (B) At day 7, normally a time of active cell
proliferation, cyclin A protein was detected in most of the nuclei in
islets in WT mice but in only a few islets of Tg mice. Magnification,
%x1,000 (A) and x400 (B). (C) Cyclin A mRNA level determined by
semiquantitative PCR with islet cDNA is greatly reduced in Tg mouse
istets. TBP, TATA-binding protein. *, P < 0.05.
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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 -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 f-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-
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Fig.1 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 Knockout (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 fevels (left) and plasma
insulin levels (right) after oral glucose loading for the wild-type mice
(open circle) and the GIP receptor Kl mice (filled box). Estimated insulin
secretion induced by GIP is shaded. From reference [6].

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 p-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 (Kupp)
channel links glucose metabolism to membrane potentials. Re-
cently, Ksp 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 Ksp channel. We gener-
ated mice that were deficient in both GIP receptor and K, 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 Kyp channel-deficient
mice,
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Inieraction 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 B-
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 ob/ob 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 obfob mice and
generating double KO mice, we can show the role of the GIP sig-
naling in adiposity, even in addition to leptin signaling.

Yamada Y, Seino Y. Physiology of GIP - A Lesson from GIP Receptor Knockout Mice -

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 predominantly 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

l

Nutrient uptake

/ into adipocytes ?‘\

Obesity Hyperinsulinemia

\ Insulin resistance /

Fig.3 GIPlinks 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
p-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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Pamir, Nathalie, Francis C. Lynn, Alison M. J.
Buchan, Jan Ehses, Simon A. Hinke, J. Andrew Pospi-
silik, Kazumasa Miyawaki, Yuichiro Yamada, Yutaka
Seino, Christopher H. S. McIntosh, and Raymond A.
Pederson. Glucose-dependent insulinotropic polypeptide
receptor null mice exhibit compensatory changes in the
enteroinsular axis. Am J Physiol Endocrinol Metab 284:
E931-E939, 2003. First published January 21, 2003;
10.1152/ajpendo0.00270.2002.—The incretins glucose-depen-
dent insulinotropic polypeptide (GIP) and glucagon-like pep-
tide-1 (GLP-1) are gut hormones that act via the enteroinsu-
lar axis to potentiate insulin secretion from the pancreas in a
glucose-dependent manner. Both GLP-1 receptor and GIP
receptor knockout mice (GLP-1IR~/~ and GIPR™’~, respec-
tively) have been generated to investigate the physiological
importance of this axis. Although reduced GIP action is a
component of type 2 diabetes, GIPR-deficient mice exhibit
only moderately impaired glucose tolerance. The present
study was directed at investigating possible compensatory
mechanisms that take place within the enteroinsular axis in
the absence of GIP action. Although serum total GLP-1 levels
in GIPR knockout mice were unaltered, insulin responses to
GLP-1 from pancreas perfusions and static islet incubations
were significantly greater (40-60%) in GIPR™/~ than in
wild-type (GIPR*’/7) mice. Furthermore, GLP-1-induced
cAMP production was also elevated twofold in the islets of
the knockout animals. Pancreatic insulin content and gene
expression were reduced in GIPR™/~ mice compared with
GIPR*/* mice. Paradoxically, immunocytochemical studies
showed a significant increase in B-cell area in the GIPR-null
mice but with less intense staining for insulin. In conclusion,
GIPR~/~ mice exhibit altered islet structure and topography
and increased islet sensitivity to GLP-1 despite a decrease in
pancreatic insulin content and gene expression.

insulin; GLP-1; pancreas perfusion; cAMP; incretin

THE TERM ENTEROINSULAR AXIS was first proposed by Un-
ger and Eisentraut (42) to describe the nutrient, neu-
ral, and endocrine interactions between the gut and
the endocrine pancreas that amplify insulin secretion.
The increased insulin release in response to oral glu-
cose vs. intravenous administration is called the incre-

tin effect. The two most important incretins that act
via the enteroinsular axis are glucose-dependent in-
sulinotropic polypeptide [GIP-(1-42)] and truncated
forms of glucagon-like peptide-1 (GLP-1): GLP-1-(7-
36NHy) and GLP-1-(7-37) (15, 34).

These peptides account for nearly 50% of postpran-
dial insulin release and therefore play a major role in
glucose homeostasis (30). The insulinotropic effects of
GIP and GLP-1 are transduced through specific G
protein-coupled receptors on the B-cell, resulting in
stimulation of adenylyl cyclase (5, 46) and phospho-
lipase Az (9) and increased levels of intracellular Ca?*
(20, 25). In addition to their insulinotropic effects, both
incretins stimulate insulin gene expression and biosyn-
thesis in the B-cell (5, 11). Non-B-cell-mediated effects
of GLP-1, including inhibition of gastric emptying and
glucagon secretion, also contribute to its blood glucose-
lowering effects (3, 47). The possible involvement of
GIP and GLP-1 in the etiology of diabetes is still
controversial. Studies have shown that, although GIP
action is diminished, GLP-1 activity is preserved in
type 2 diabetes (28, 29). A recent study from Lynn et al.
(24) linked decreased GIP action to reduced GIP recep-
tor levels in the Vancouver Diabetic Zucker (VDF)
animal model of type 2 diabetes. Although GLP-1 se-
cretion has been reported to be normal (13, 29, 44),
increased (16, 32), or decreased (43) in type 2 diabetes
due to its preserved insulinotropic activity in the dia-
betic state, GLP-1 has been widely studied as a possi-
ble therapeutic agent (17).

The relative contribution of the incretins to the en-
teroinsular axis is still under investigation. Mice that
are deficient in functional GIP or GLP-1 receptors
(GIPR™/~ and GLP-1R~'~ mice, respectively) provide
unique models for the study of incretin physiology.
Both mouse models have impaired glucose tolerance
but normal feeding behavior and body weight (26, 37).
Different fasting plasma glucose levels have been re-
ported in different colonies. We report that the GLP-
1R/~ colony exhibits normal glucose levels, whereas
others have reported increased fasting levels (33, 37).

Address for reprint requests and other correspondence: Raymond
A. Pederson, Dept. of Physiology, Faculty of Medicine, Univ. of
British Columbia, 2146 Health Sciences Mall, Vancouver, BC, Can-
ada V6T 1723 (E-mail: pederson@interchange. ube.ca).

http://www.ajpendo.org

0193-1849/03 $5.00 Copyright © 2003 the American Physiological Society

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

E931



E932

In addition, GLP-IR™/~ mice have elevated plasma
GIP levels and increased B-cell sensitivity to GIP, dem-
onstrating that disruption of one component of the
enteroinsular axis may be compensated for by another
(33). We hypothesized that this compensatory mecha-
nism is due to a physiological balance between the
increting, allowing for maintenance of glucose ho-
meostasis, and that a similar compensation (enhanced
GLP-1/insulin axis) would be observed in the GIPR~/~
mouse. In the present study, we have tested this hy-
pothesis and report that the sensitivity of the B-cell to
GLP-1 is indeed enhanced in the GIPR™/~ mouse
along with reduced pancreatic insulin content and al-
tered islet topography.

MATERIALS AND METHODS

Animals. The background and generation of GIPR-defi-
cient C57BL/6 mice used in this study have been previously
described (26). All animal experiments were performed in
accordance with the guidelines put forth by the University of
British Columbia Committee on Animal Care and the Cana-
dian Council on Animal Care. For all the experiments, only 9-
to 14-wk-old male GIPR™/~ and C57BL/6 control mice were
used.

Oral glucose tolerance test and hormone radioimmunoas-
says. After an overnight fast, control and GIPR™/~ mice were
administered 1 g/kg glucose (as a 10% solution) via gavage.
Blood glucose levels were measured individually for each
mouse by use of a handheld glucometer (Surestep; Lifescan,
Burnaby, BC, Canada). Because only a limited volume of
blood could be removed from each mouse and it was neces-
sary to measure plasma GIP, GLP-1, and insulin levels in
each sample, blood from 5—6 animals was pooled at ¢ = 0 and
t = 20 min after an oral glucose tolerance test (OGTT).
Plasma was then separated by centrifugation at 12,000 g for
15 min at 4°C and stored at —20°C until hormone radioim-
munoassay (RIA). The GIP RIA utilized a COOH-terminally
directed antibody (rabbit anti-human) that has been exten-
sively used for measuring total GIP immunoreactivity [GIP-
(1-42) and GIP-(3-42)] (33). Total GLP-1 concentrations
were measured by using the rat total GLP-1 kit from Linco
(St. Charles, MO) as directed by the manufacturer. The
GLP-1 antibody recognizes total immunoreactive GLP-1
(GLP-1-(7-36NHz), GLP-1-(7-37), and NHs-terminally trun-
cated forms) and has a detection limit of 3 pM. Insulin was
assayed by using a sensitive rat insulin kit (Linco) with an
antibody that cross-reacts 100% with mouse insulin. Plasma
dipeptidyl peptidase IV (DP IV) activity (pU/ml) was mea-
sured colorimetrically (405 nm) through enzymatic release of
p-nitroanilide (p-NA) from H-gly-pro-p-NA (35).

Insulin tolerance test. GIPR*/* and GIPR™/~ mice were
fasted for 3 h and given 0.01 U/g insulin (Humulin R, 100
U/ml; Lilly, Toronto, ON, Canada) by intraperitoneal injec-
tion. Blood glucose was measured with a handheld glucom-
eter.

In vitro perfused pancreas. GIPR*'* and GIPR™’~ mice
were fasted overnight and anesthetized by intraperitoneal
injection of 80 mg/kg pentobarbital sodium (Somnotol; MTC
Pharmaceuticals, Cambridge, ON, Canada) before surgery.
The surgical procedure and the pancreas perfusion protocol
are described in Pederson et al. (33). Briefly, the abdominal
aorta and the portal vein were cannulated with PE-50 tubing
(Cole-Palmer, Chicago, IL). The perfusate consisted of a
Krebs-Ringer bicarbonate buffer supplemented with 3% dex-
tran (Sigma, Ogkville, ON, Canada) and 0.2% bovine serum

COMPENSATION OF ENTEROINSULAR AXIS IN GIPR~/~ MICE

albumin (BSA, fraction V, RIA grade; Sigma) gassed with 5%
CO. to achieve and maintain pH 7.4, The flow rate was
maintained at 1 ml/min, and the outflow was collected at
1-min intervals. GIP and GLP-1 (both from Probiodrug, Hala,
Germany) were delivered by sidearm infusion in the presence
of 16.7 mM glucose, resulting in a 1 nM final concentration,
whereas arginine (10 mM; Sigma) was mixed directly into the
perfusate containing 8.8 mM glucose. Insulin was measured
by RIA as previously described (33).

Isolation and culture of pancreatic islets. Fed mice were
anesthetized with Somnotol, and islets of Langerhans were
isolated by collagenase digestion. Collagenase (type V, 2
mg/ml; Sigma) in Hanks’ balanced salt solution (HBSS;
GIBCO-Life Technologies, Burlington, ON, Canada) supple-
mented with 10 mM HEPES (GIBCO), 2 mM r-glutamine
(Sigma), and 0.2% BSA was injected into the common bile
duct to inflate the pancreas. The pancreas was then removed
and digested at 37°C for 10 min. The pancreas was then
dispersed mechanically with a siliconized Pasteur pipette,
washed, filtered through a 1-mm nylon screen, and washed
again. Islets were separated by centrifugation at 1,800 g for
20 min in a discontinuous dextran gradient. Hand-picked
islets were cultured overnight in RPMI 1640 (Sigma) with 8.8
mM glucose, 10% fetal calf serum (Cansera, Rexdale, ON,
Canada), 50 U/ml each of penicillin G (Sigma) and strepto-
mycin (Sigma), 0.07% human serum albumin (Sigma),
0.0025% human apotransferrin (GIBCO), 25 pM sodium se-
lenite (VWR, Mississauga, ON, Canada) and 10 p.M ethanol-
amine (VWR).

Islet cAMP and insulin measurements. After overnight
culture, 15-18 healthy islets were selected, washed twice
with 0.5 ml of Krebs-Ringer supplemented with 0.2% BSA
and 4.4 mM glucose, and incubated at 37°C for 30 min.
Thereafter, islets were incubated in the presence or absence
of 10 nM GIP or GLP-1 or 10 pM forskolin (Sigma) in the
same buffer with 0.5 mM 3-isobutyl-1-methylxanthine (Re-
search Biochemicals International, Natick, MA) and 16.7
mM glucose. After a 30-min incubation, islets were lysed by
boiling for 3 min in 0.05 N HCl. Samples were subsequently
dried by vacuum centrifugation (Speed-Vac; Sorvall, Farm-
ingdale, NY) and stored at —20°C. cAMP levels were assayed
by using a kit according to the manufacturer’s instructions
(Biomedical Technologies, Stoughton, MA). For insulin mea-
surements, islets were collected after overnight culture,
washed twice with Krebs-Ringer, and incubated for 45 min in
4.4 mM glucose containing Krebs-Ringer supplemented with
0.1% BSA. After a short centrifugation, the medium was
replaced with either 16.7 mM glucose alone or 16.7 mM
glucose plus 10 nM GIP or GLP-1. After 45 min, islets were
lysed by boiling for 5 min in 1 M acetic acid and centrifuged,
and supernatants were assayed for insulin (24).

Measurement of pancreatic insulin content. Animals were
rendered unconscious with COz and exsanguinated. Pancre-
ata were removed, homogenized in 2 M acetic acid, and then
boiled for 5 min. Homogenates were centrifuged at 15,000 g
for 15 min, and the supernatant was stored at —70°C. Total
protein levels were measured with a bicinchoninic acid kit
(Pierce, Rockford, IL), and insulin values (measured as de-
scribed) were normalized to total protein content (ng/pg pro-
tein) (33).

Isolation and measurement of islet insulin and GLP-1
receptor mRNA by reverse transcriptase real-time polymerase
chain reaction (PCR). Freshly isolated islets were washed
twice with HBSS and solubilized in 1 ml TRIzol (GIBCO) and
kept at —70°C. After isolation, 50 ng of total RNA were
subjected to reverse transcription (RT) in a volume of 10 pl
containing 0.5 mM deoxynucleotide triphosphates, 15 pmol
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specific primers targeted at the carboxy termini of the mouse
GLP-1 receptor open reading frame (5'-ACC AAC AGG GAG
GAC CGG-3') or the mouse insulin II gene (5'-GTA GTT CTC
CAG CTG GTA GAG GG-3') 100 U Superscript IT RNAse H™
reverse transcriptase (GIBCO), 10 U RNAse inhibitor (RNA
Guard; Amersham Pharmacia, Piscataway, NJ), 1 mM di-
thiothreitol, 50 mM Tris-HCl (pH 8.3), 75 mM KCJ, and 3
mM MgClo. After RT, 10 ng (2 nl) of mouse cDNA were used
in the real-time PCR reaction to measure insulin and GLP-1
receptor expression. The PCR reaction mix consisted of 1X
TagMan Buffer A (PE Applied Biosystems, Foster City, CA),
10 mM MgCls, 200 pM each dATP, dCTP, and dGTP, 400 uM
dUTP, 200 nM mouse GLP-1 receptor 5 forward primer
(6'-CAG GGC TTG ATG GTG GCT ATC-3’) or mouse insulin
11 5’ forward primer (5-TGG AGG CCC GGG AGC-3'), 200
nM mouse GLP-1 receptor 3' reverse primer (5'-CGC TCC
CAG CAT TTC CG-3') or mouse insulin II 3’ reverse primer
(5'-ATC TAC AAT GCC ACG CTT CTG C-3'), and 100 nM
GLP-1 receptor probe colabeled with the fluorescent dyes VIC
and 6-carboxy-tetramethylrhodamine (TAMRA) (5’-ACT
GCT TTG TCA ACA ATG AGG TCC AGA TGG-3') or insulin
II probe colabeled with fluorescent dyes TET and TAMRA
(56"-ACC TTC AGA CCT TGG CAC TGG AGG TG-3"), 0.01
U/nl AmpErase-uracil N-glycosylase (UNG; PE Applied Bio-
systems), and 0.025 U/ul AmpliTaq Gold (PE Applied Biosys-
tems). PCR reactions were carried out in triplicate in the PE
Applied Biosystems 7700 sequence detection system. The
reaction profile included a 10-min preincubation at 50°C to
allow the UNG to degrade any uracil-containing nucleic acids
and a further 10-min incubation at 94°C to activate the
AmpliTaq Gold. After these preincubations, a two-step PCR
protocol was carried out, which included a denaturation step
at 94°C for 15 s followed by a 1-min annealing/extension step
at 60°C. Fluorescence was measured during the annealing/
extension steps over 40 cycles and used to calculate a cycle
threshold (Ct), i.e., the point at which the reaction is in the
exponential phase and is detectable by the hardware. All
reactions followed the typical sigmoidal reaction profile, and
Ct was used as a measure of amplicon abundance (12). The
results were normalized over total wild-type mRNA levels.
Immunocytochemistry. Mice were fasted overnight before
being killed. Pancreata from wild-type and knockout mice
(n = 5 each) were fixed separately in Bouin’s solution (75%
picric acid, 8% formaldehyde, 5% glacial acetic acid) for 1 h at
room temperature and washed thoroughly with 70% ethanol.
The tissue was embedded in paraffin wax, and three consec-
utive 5-um sections were taken 300 um apart and mounted
on glass slides. The study was carried out blind: slides were
coded to prevent identification of +/+ and —/~— tissues
before quantification. The sections were dewaxed in xylene
and cleared in petroleum ether (Sigma). The sections were
then rehydrated in PBS (80 mM NasHPO4, 1.47 mM
KH2PO4, 2.86 mM KCl, 137 mM NaCl). To control for intra-
immunostain variability, all of the sections were incubated in
the same batch of solutions and stained simultaneously. The
B-cells were detected by overnight incubation with a poly-
clonal rabbit anti-mouse insulin antibody (1:100, Santa Cruz
Biotechnologies, Santa Cruz, CA), followed by a 90-min in-
cubation with a biotinylated goat anti-rabbit secondary an-
tibody (1:300, Jackson Labs, West Grove, PA) at room tem-
perature. Sections were then washed and incubated with
avidin-biotin peroxidase complex (Vector Labs, Burlington,
ON, Canada) at a dilution of 1:1,000 in PBS supplemented
with 5% horse serum (Sigma). The peroxidase reaction was
developed with 2% diaminobenzidine tetrahydrochloride in
0.05 M Tris (pH 7.5) with 0.2% H,0s. Afier being counter-
stained with hematoxylin for 5 min, the sections were dehy-
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drated through graded alcohol, and coverslips were applied
with Permount (Fisher Scientific, Nepean, ON, Canada). The
sections were analyzed using the NIH Image software (http:/
rsb.info.nih.gov/nih-image/), and data were analyzed as islet
area over total pancreatic area. Five separate fields of view
(under X10 magnification) per section were randomly cho-
sen, the periphery of the islets in this area was outlined, and
area was determined by using the analysis software. The
islet area from the five random samples was then normalized
to the total pancreatic area in those five fields. Once the
quantification had been completed, the source of the sections
(GIPR*'™ or GIPR™/~) was identified and statistical signif-
icance was assessed.

Data analysis. All data are expressed as means * SE. An
unpaired Student’s ¢-test and a Mann-Whitney U-test (exclu-
sively for immunocytochemistry) were used to compare the
control values with GIPR™/~ mouse values, where P < 0.05
was considered statistically significant. The data analysis
and area under the curve calculations were carried out by
using graphic analysis software (Graphpad, Prism, San Di-
ego, CA).

RESULTS

OGTT. The OGTT profile of GIPR~/~ mice over 120
min is very similar to that of the wild-type control
animals (Fig. 1A). The 15- and 30-min blood glucose
were moderately (18%) but significantly greater in
GIPR ™/~ mice. To allow for concurrent measurement
of insulin and incretin levels, basal and 20-min blood
samples from another OGTT were pooled. This time
point was chosen on the basis of preliminary studies to
achieve near-peak incretin levels (data not shown).
Fasting glucose and insulin levels were both compara-
ble in GIPR™/~ and wild-type mice (Fig. 1, B and C).
However, after a glucose challenge, the 20-min plasma
glucose levels were significantly higher in GIPR™/~
mice than in wild-type mice (P < 0.05), and insulin
levels were 45% lower in GIPR~/~ mice than in wild-
type mice (Fig. 1, B and C). To further assess the
hormonal components of the enteroinsular axis in
GIPR~'~ mice, fasting and 20-min total plasma immu-
noreactive GLP-1 and immunoreactive GIP levels were
determined (Fig. 1, D and E). Total GLP-1 levels did
not differ in GIPR~/~ mice compared with wild-type
(Fig. 1D, P > 0.05). However, fasting plasma GIP levels
were elevated, whereas the 20-min levels were lowered
by 25% in GIPR ™/~ compared with GIPR*’ " mice (Fig.
1E, P < 0.05). Plasma DP IV activity was unaltered
between groups: values for fasting were 10.5 £ 0.9 vs.
10.2 * 0.8 pU/ml and 9.1 + 1.5 vs. 8.7 + 0.6 pU/ml for
20-min in GIPR"’* and GIPR™/~ mice, respectively.

To explain the alterations in plasma GIP levels, the
duodeno-jejunal GIP content was also measured in fed
mice. A reduction of 15% in GIPR™/~ mice was ob-
served compared with control animals (67.5 = 8.2 pg/
ml, n = 6,in GIPR™/* vs. 59.7 + 4.8 pg/ml, n = 7, in
GIPR™'~ mice, P < 0.05).

Insulin tolerance test. To investigate the insulin sen-
sitivity of the GIPR™/~ mice, blood glucose levels were
determined after an insulin challenge. Blood glucose
profile over 1 h did not differ in GIPR~/~ mice com-
pared with wild-type control mice (Fig. 2).
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Fig. 1. Oral glucose tolerance test (OGTT) and fasting and 20th-min OGTT plasma total immunoreactive (ir)
glucagon-like peptide (GLP)-1, and glucose-dependent insulinotropic polypeptide (GIP) levels in wild-type (WT)
and GIPR ™/~ mice. A: blood glucose levels in WT (0, n = 7) and GIPR™/~ (8, n = 11) mice during an OGTT. B: blood
glucose levels for fasting and 20th min of an OGTT in WT (filled bars, n = 21) and GIPR~/~ (empty bars, n = 23)
animals. C: plasma fasting and 20th-min insulin levels in WT (filled bars, n = 4, pooled from 21 animals) and
GIPR-/~ (empty bars, n = 4, pooled from 23 animals). Plasma total irGLP-1 (D) and irGIP (E) levels in WT and

GIPR=/~. Values are means = SE (*P < 0.05).

In vitro insulin responses to GIP, glucose, arginine,
and GLP-1. To verify that GIP was unable to stimulate
insulin secretion from the pancreata of GIPR™/~ ani-
mals, in vitro perfusions were carried out (Fig. 3A). As
expected, 1 nM GIP generated no insulin response from
the perfused knockout pancreata. Subsequently, low
(4.4 mM) and high (16.7 mM) glucose perfusions were
also performed, demonstrating that glucose-stimulated
insulin secretions in GIPR~/~ and wild-type mice were
comparable (Fig. 3B). In type 2 diabetic patients, insu-
lin responses to secretagogues such as high glucose,
sulfonylurea, and arginine are blunted (45). To assess
the insulin response of GIPR™'~ islets to a stimulant
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Fig. 2. Insulin tolerance test. Blood glucose was measured after
insulin challenge in WT control (+/+; o, n = 8) and in GIPR~/~
(—/—; 8, n = 8) mice. Values are means + SE.

other than glucose, high-dose arginine (10 mM) perfu-
sions were performed in the presence of 8.8 mM glucose
(Fig. 3C). The results showed no significant differences
in insulin secretion between GIPR™/~ and control an-
imals. However, GIPR™/~ mice exhibited a higher
peak and sustained insulin release in response to
GLP-1 perfusion (Fig. 3D). The integrated insulin re-
sponse to perfusion with 1 nM GLP-1 was 60% greater
in GIPR™/~ mice compared with wild-type mice (Fig.
3E). To determine whether these results were due to an
inherent change in islet physiology, islets were iso-
lated, cultured overnight, and stimulated with low (4.4
mM) and high (16.7 mM) glucose alone or in the pres-
ence of either 10 nM GIP or GLP-1 (Fig. 4A). The
insulin secreted over 45 min was 40% greater in re-
sponse to GLP-1 stimulation for GIPR™/~ vs. GIPR*/~
islets (P < 0.05), consistent with the data from perfu-
sion experiments. Additionally, GIP did not stimulate
insulin release from GIPR™/~ islets, and the insulin
response to 16.7 mM glucose was comparable in both
groups.

Intracellular cAMP production in isolated islets. To
correlate GLP-1-stimulated insulin release with recep-
tor activation, we measured ¢cAMP production in re-
sponse to GLP-1 in isolated islets (Fig. 4B). Forskolin
was used as a positive control to assess maximal cAMP
production and thus allow normalization of responses
to account for discrepancies in islet size and number.
Interestingly, basal (16.7 mM glucose) cAMP levels
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Fig. 3. Insulin secretion from perfused pancreas in response to GIP, glucose alone, arginine, and GLP-1 in WT and
GIPR ™/~ mice. Insulin secretion from the perfused pancreas in response to: 1 nM GIP in WT control (0, n = 3) and
GIPR™/~ (m, n = 4) mice (A); 4.4 and 16.7 mM glucose in WT control and GIPR™/~ mice (n = 4; B); and 10 mM
arginine in WT control and GIPR~/~ mice (n = 4; C). D: 1 nM GLP-1, presented as fold of basal, in control and
GIPR™/~ mice (n = 6). E: mean integrated insulin response for GIPR*/* and GIPR~/~ mice (*P < 0.05). AUC, area
under the curve. Arrows indicate switching between conditions. Values are means + SE,

were significantly increased in GIPR™/~ mice com-
pared with wild-type mice. GLP-1-stimulated cAMP
production was also significantly increased in GIPR™/~
animals vs. wild-type mice (P < 0.05), implying that
B-cell sensitivity to GLP-1 was increased. Thus these
findings are also consistent with the perfusion and
static islet stimulation experiments.

Pancreatic insulin content and islet insulin and
GLP-1 mRNA content. Both GIP and GLP-1 stimulate
insulin gene transcription and protein synthesis in the
B-cell (11). Thus absence of GIP action may lead to
alterations in insulin gene transcription and, there-
fore, pancreatic insulin content. The total insulin con-
tent from fed mice pancreata was significantly lower
(~40%) in GIPR "/~ than in GIPR"/* mice (Fig. 64;
P < 0.05). Furthermore, these data are supported by
the finding that insulin mRNA levels were significantly
reduced (~40%) in isolated islets of GIPR™/~ mice
compared with controls (Fig. 5A, P < 0.05). Finally,
assessment of GLP-1 receptor mRNA levels revealed
that, despite an increase in GLP-1 sensitivity, there
was no increase in GLP-1 receptor mRNA levels in the
islets of GIPR™/~ mice (Fig. 5B).

Immunocytochemistry. Immunocytochemical studies
were carried out to assess the effect of GIP receptor
deficiency on islet and pancreas morphology. B-Cell
area as a percentage of total pancreatic area was sig-
nificantly increased (~45%) in knockout vs. wild-type

mice (Fig. 6B; P < 0.05). Additionally, when stained
under identical experimental conditions, the staining
intensity for insulin was reduced in GIPR/~ islets
(Fig. 6, C and D). The whole pancreas weight was not
different between groups: 1.6 = 0.4 vs. 1.7 = 0.3 g in
GIPR*'* and GIPR™'", respectively.

DISCUSSION

The reduced effect of GIP on insulin secretion in
type 2 diabetic patients has been described (21, 29).
It has been suggested that this might be due to
reduced receptor expression in the B-cell, resulting
in its lowered sensitivity to GIP (18). Recently, this
possibility was addressed in a model of type 2 diabe-
tes, the VDF rat, in which it was demonstrated that
GIP receptor expression was reduced (24). Therefore,
mice with a targeted disruption of the GIPR gene
(GIPR™’7) may provide a useful model for studying
the potential implications of a lack of GIP signaling
on glucose homeostasis and the development of type
2 diabetes. Miyawaki et al. (26) have shown that
these mice exhibit modest glucose intolerance along
with a 50% reduction in insulin secretion in response
to oral glucose, whereas weight gain was reported to
remain unchanged under both normal and high-fat
diet conditions. It was the hypothesis of the present
study that these mice would exhibit compensatory
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Fig. 4. Static stimulation of isolated pancreatic islets from WT and
GIPR™’/~ mice. A: insulin secretion in response to GIP (n = 4) and
GLP-1 (n = 6) in WT control (filled bars) and GIPR~/~ (empty bars)
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c¢AMP production in response to GIP and GLP-1 stimulation in
isolated islets from WT control (filled bars) and GIPR~/~ (empty
bars) mice. Data have been normalized to forskolin and are pre-
sented as %forskolin. C: cAMP production presented with the real
values without normalization to forskolin. For all conditions, n =
5-8; #P < 0.05 WT vs. GIPR=/~; *P < 0.05: vs. basal. Values are
means * SE.

changes in the enteroinsular axis to overcome the
absence of GIP action.

Immunoneutralization studies examining the rela-
tive contribution of GIP to the enteroinsular axis were
first reported in the early 1980s (6—8). In more recent
studies, the treatment of rats with a GIP antagonist,
GIP-(7-30NHy), has been shown to result in a 72%
decrease in postprandial insulin release along with
normal glucose levels (40). Later, the same group pro-
vided evidence that GIP-(7-30NHp) inhibits glucose
transport from the small intestine, which might in part
explain the relatively small rise in serum glucose levels
after oral glucose despite a profound decrease in post-
prandial insulin levels (41). Studies using a GIPR

COMPENSATION OF ENTEROINSULAR AXIS IN GIPR~/~ MICE

antibody have suggested that GIP acts as an anticipa-
tory signal to the B-cell to potentiate insulin release,
which in turn primes the periphery for glucose disposal
(22). The same antibody was used on GLP-IR™/~ and
GLP-1R*’" mice, and it was concluded by Baggio et al.
(2) that GIP had a restricted role in the regulation of
glucose homeostasis. These studies involved relatively
short-term antagonist administration and therefore
may not be reflective of the consequences of the chronic
absence of the GIP action. The use of GIPR-null mice
provides a new approach to the investigation of the
effects of GIP.

Despite the loss of GIP receptors, the 2-h blood
glucose profiles for GIPR™/~ and wild-type mice are
remarkably similar (Fig. 14). Blood glucose reached
peak values for both groups of animals at the 15-min
time point, and the curves merged after 40 min. The
subtle increase (18%) in plasma glucose levels at the
20th min of the OGTT does not correlate with the more
profound reduction (55%) in plasma insulin levels in
the GIPR™/~ animals (Fig. 1, B and C), suggesting a
possible change in insulin sensitivity or glucose dis-
posal. Controversy exists as to whether GLP-1 is capa-
ble of exerting insulin-like effects on peripheral tissue
in addition to the well-studied insulinotropic effects.
Studies have shown that GLP-1 improves glucose dis-
posal in type 2 diabetes by enhancing insulin-stimu-
lated glucose utilization (36), and these effects have
been shown to be independent of the amount of insulin
secreted (4, 14). Recently, Ahren and Pacini (1) re-
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Fig. 5. Isolated pancreatic islet insulin and GLP-1 receptor mRNA
content. A: islet insulin mRNA levelsin GIPR*/* (filled bars, n = 10)
and GIPR™’/~ (empty bars, n = 9) mice. B: islet GLP-1 receptor
mRNA levelsin GIPR*/* (n = 12) and GIPR~/~ (n = 12). Values are
presented relative to WI mRNA represented as 1.0 and are means =
SE (*P < 0.05).
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ported that, in mice, the effects of GLP-1 on glucose
homeostasis were mainly insulin mediated and the use
of a relatively specific GLP-1 receptor antagonist, ex-
endin-(9-39), reversed these actions. It remains un-
clear whether an increased extrapancreatic sensitivity
to GLP-1 might play a role in the alteration in glucose
clearance in GIPR~/~ mice. We report normal sensi-
tivity to insulin in GIPR™~ mice (Fig. 2); therefore, it
appears that enhanced GLP-1 action is not insulin
mediated. However, GLP-1 is able to potentiate insulin
action (36), and it is possible that, in GIPR~/~ mice,
enhanced GLP-1 action ameliorates insulin action.
Furthermore, it is also possible that, in these mice, the
enhanced glucose disposal (relative to the insulin lev-
els present) could be a result of the delayed gastric
emptying (caused by GLP-1) (81) due to increased
peripheral tissue GLP-1 sensitivity.

Similar to GIPR™'~ mice, GLP-IR~/~ mice have
been shown to exhibit modest glucose intolerance, with
upregulation, in this case, of the GIP component of the
enteroinsular axis (33). The present study was de-
signed in part to test whether the converse was true
in GIPR~/~ animals. Miyawaki et al. (26) showed that,
when administered an intraperitoneal glucose challenge
(thus bypassing the enteroinsular axis), GIPR~/~ mice
exhibited no alteration in glucose disposal relative to

E937

- Fig. 6. Total pancreatic insulin con-

tent and pancreatic B-cell area. A: total
pancreatic insulin content in fed
GIPR*’/* (filled bars, n = 5) and
GIPR~/~ {empty bars, n = 5) mice.
Insulin content was normalized for to-
tal protein content. B: relative area
occupied by B-cells (fold total area) in
GIPR*’* and GIPR™/~ mice (*P <
0.05). Peroxidase staining for insulin
in GIPR*/* (C) and GIPR~/~ mice (D)
shows that the area occupied by the
B-cells in the GIPR* /™ mice is smaller
than in GIPR~/~ mice.

wild-type animals. In the present study, pancreas per-
fusion (Fig. 3), static islet stimulation (Fig. 44), and
cAMP production (Fig. 4B) data clearly showed that
the GLP-1 component of the enteroinsular axis in
GIPR ™/~ mice was upregulated. These data agree with
the evidenced alteration in oral glucose tolerance in the
face of unchanged intraperitoneal glucose tolerance.
The combined findings that in vitro insulin responses
to high glucose and arginine are similar and that islet
GLP-1 receptor mRNA Ilevels in GIPR™/~ and in
GIPR*’™* mice are comparable suggest that compensa-
tion occurs distally to the GLP-1 receptor on the 3-cell.
Because both incretins act through G protein-coupled
receptors and signal via the adenylyl cyclase-cAMP
system (5, 27, 46), it could be hypothesized that the
permanent absence of GIP receptors leads to a compen-
satory increase in coupling efficiency of GLP-1 recep-
tors. Although the GLP-1 receptor mRNA levels are
comparable, we do not have information about the
protein synthesis. Hence, despite similar gene expres-
sion, the protein synthesis might be enhanced, leading
to increased sensitivity to GLP-1. The possibility of
upregulation of GLP-1 secretion appears unlikely,
since no changes in GLP-1 levels were observed 20 min
after an oral glucose challenge (Fig. 1D), nor were
there changes in activity of plasma DP IV, the primary
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inactivating enzyme for GIP and GLP-1 (35). Together
these data suggest that the majority of the compensa-
tory changes in the GLP-1 axis of GIPR '~ mice lay at
a postreceptor level in the B-cell. That said, the ob-
served reduction in circulating insulin levels and mod-
est increase in blood glucose show that compensation
by the GLP-1 axis is not complete and that, although
the functions of GIP and GLP-1 overlap, both are
required for proper glycemic control.

GIPR™'~ mice were shown to have a 40% reduction
in pancreatic insulin content and gene expression con-
comitant with a twofold increase in B-cell area (Fig. 6,
A and B), suggesting that insulin gene expression and
content were reduced in the GIPR-null mice on a cel-
lular level. Because both GIP and GLP-1 stimulate
insulin gene expression (5, 11), it might be predicted
that an increase in B-cell GLP-1 sensitivity in the
absence of GIP action could protect against a decrease
in islet insulin mRNA and protein levels. The decrease
in insulin mRNA and protein synthesis in GIPR™/~
mice is comparable to the 35% decrease that was
shown by Pederson et al. (33) in GLP-IR™/~ mice.
Hence, absence of either of the incretins results in
abnormalities within the B-cell, leading to impaired
insulin content. Thus the compensation by GLP-1 or by
GIP at the B-cell level, in GIPR™/~ and in GLP-1IR™/~
mice, respectively, seems not to extend as far as insulin
biosynthesis.

In addition to stimulation of insulin production on
the cellular level, GLP-1 has also been shown to be
involved in the morphological development of the islets
of Langherhans. In immunocytochemical studies, Ling
et al. (23) showed a- and 3-cell migration toward the
islet core and a reduction in islet size in GLP-IR ™/~
mouse pancreata. Examination of pancreatic sections
from GIPR ™/~ mice with the same objective showed no
such changes in endocrine cell distribution, only in
B-cell area (Fig. 6). Reduced insulin gene expression
and insulin content correlated well with less intensely
stained islets in GIPR '~ mice (Fig. 6). Immunostain-
ing for glucagon and somatostatin showed normal to-
pology and distribution with no indication of migration
toward the islet core (data not shown). Very recently, it
has been shown that GLP-1 has growth hormone-like
effects on pancreatic islets and on B-cells (19). Thus the
enhanced GLP-1 action on the GIPR~/~ mouse pan-
creas, indicated by pancreas perfusions and static islet
stimulation, was consistent with the observed increase
in B-cell area. Recently, studies have shown on BTC3
insulin-secreting tumors that GIP is a regulator of
upstream kinases of apoptosis cascades. In this regard,
our finding of increased B-cell area in GIPR ™/~ mice is
not fully understood (10, 38, 39). Further studies are
required to examine the role of GIP on islet growth and
insulin gene expression to clarify these findings. To
date, there have been no conclusive studies that have
examined the effects of GIP on islet/g-cell development
and survival in vivo.

In summary, we have demonstrated that disruption
of the GIP component of the enteroinsular axis in mice
results in decreased insulin gene transcription and
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protein biosynthesis, increased islet sensitivity to
GLP-1, and changes in islet structure. We report that
compensation for the absence of a functional GIP re-
ceptor occurs, in part, by upregulation of the GLP-1
component of the enteroinsular axis. The physiological
changes that take place in both the GIPR™/~ and the
GLP-1R™/~ strains of knockout mice suggest that the
incretins act in concert to maintain glucose homeosta-
sis and that a balance between the two is required for
proper function of the entercinsular axis. Further ex-
periments, targeted at clarifying the molecular
changes that occur within the B-cell, are required to
extend our understanding of GIP physiology.
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Porphyromonas Gingivalis Infection Is Associated With Carotid Atherosclerosis
in Non-Obese Japanese Type 2 Diabetic Patients

Ataru Taniguchi, Fusanori Nishimura, Yoji Murayama, Shoichiro Nagasaka, Mitsuo Fukushima,
Masahiko Sakai, Satoru Yoshii, Akira Kuroe, Haruhiko Suzuki, Yoshihiro lwamoto, Yoshihiko Soga,
Takahide Okumura, Masahito Ogura, Yuichiro Yamada, Yutaka Seino, and Yoshikatsu Nakai

The aim of the present study was to investigate whether non-obese Japanese type 2 diabetic patients with porphyromonas
gingivalis infection have atherosclerotic vascular diseases. A total of 134 non-obese Japanese type 2 diabetic patients (96 men
and 38 women, aged 36 to 84 years, body mass index [BMI] 20.1 to 26.9 kg/m?) were studied. In conjunction with BMI,
glycosylated hemoglobin (HbA, ), fasting glucose, and serum lipids (triglycerides, total cholesterol, high-density lipoprotein
[HDL] cholesterol, low-density lipoprotein [LDL] cholesterol) were measured. LDL cholesterol was calculated using the
Friedewald formula. Using high-resolution B-mode ultrasound scan, we measured intimal medial thickness (IMT) in plaque-
free segments of bilateral common carotid arteries, and the mean of IMT in 2 vessels was used for the analysis. Furthermore,
we calculated the degree of stenosis in plaque segments of bilateral common carotid arteries. The degree of carotid
atherosclerosis was expressed as a percentage ratio between the area of plaque and that of the lumen using the formula
(Lumen Area Residual — Lumen Area)/Lumem Area % 100. Both the areas were automatically measured by the system on a
frozen transverse scanning plane at the site of maximal narrowing. When 2 or more plaques were present in the vessel, only
that causing the greatest degree of stenosis was considered for analysis. Values represent mean+SEM unless otherwise
stated. Immunoglobulin G (IgG) titer against porphyromonas gingivalis was 245 * 65 (mean * 2 SD) in nondiabetic healthy
subjects. In contrast, there was a wide variation in lgG titer against porphyromonas gingivalis in type 2 diabetic patients
studied (range, 16 to 26,800). Thus, we classified our type 2 diabetic patients into 2 subpopulations according to the value of
mean * 2 SD (= 310) of nondiabetic healthy subjects: one with high IgG titer against porphyromonas gingivalis {>310)
(1,422 + 408) and the other with normal IgG titer against porphyromonas gingivalis (<310) (152 = 10, P = .002). The
populations did not differ with respect to age, sex, BMI, fasting glucose, HbA,_, serum triglycerides, total, HDL, and LDL
cholesterol levels. Although the mean IMT in plaque-free segments was not different between the 2 groups (0.73 =0.03 v
0.68 = 0.02 mm, P = .098), the degree of stenosis in plaque segments was significantly higher in the high IgG titer group
(12.0% = 2.2%} than in normal one (5.5% = 1.4%, P = .009). From these results, it can be concluded that porphyromonas
gingivalis infection, although still a subclinical infection, is associated with atherosclerotic vascular disease in non-obese
Japanese type 2 diabetic patients.

Copyright 2003, Elsevier Science (USA). All rights reserved.

HE MAJOR CLINICAL consequence of type 2 diabetes is
mortality and morbidity from atherosclerotic vascular
disease. Regarding the risk factors responsible for the evolution
of atherosclerosis in diabetic patients, Bierman’ previously
estimated that typical risk factors including smoking, choles-
terol, and blood pressure (BP) can account for no more than
25% to 30% of excess cardiovascular risk factors in diabetic
patients. This suggests that other factors might play a key role
in the progression of atherosclerosis in diabetes. The degree of
atherosclerosis can be evaluated by high-resolution B-mode
ultrasound scan. Carotid atherosclerosis is important in view of
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its relationship to cerebrovascular ischemic diseases and coro-
nary atherosclerosis.?

Whereas insulin resistance is established to be one of the risk
factors for the evolution of coronary heart disease (CHD),3
there are some data suggesting that subclinical inflammation is
hypothesized to be associated with CHD events in man.*7
Elevated levels of C-reactive protein (CRP), although still for
the most part in the healthy reference range, have been shown
to be associated with increased risk of future CHD events.4-¢
Some cross-sectional and case-control studies have reported
elevated antibody titers directed against Chlamydia pneu-
moniae, Helicobacter pyroli, and Cytomegalovirus among
those with prevalent heart disease.”

Type 2 diabetic patients are known to have a high prevalence
of atherosclerosis and periodontal discase.® Porphyromonas
gingivalis has been shown to play an important role in the
periodontis of type 2 diabetic patients.® Thus, periodontis es-
pecially porphyromonas gingivalis infection is hypothesized to
be associated with atherosclerosis in type 2 diabetic patients.
To the best of our knowledge, however, the relationship be-
tween porphyromonas gingivalis infection and the degree of
atherosclerosis has not been fully clarified in type 2 diabetic
patients. In this regard, a major problem is that the degree of
being overweight or of hyperglycemia per se affects athero-
sclerosis in man. To overcome this difficulty, we recruited
non-obese well-controlled unique Japanese type 2 diabetic pa-
tients who had no evidence of cardiovascular disease, ischemic
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stroke, or chronic renal failure and investigated the relation-
ships between porphyromonas gingivalis infection and the de-
gree of carotid atherosclerosis. This is the first description that
porphyromonas gingivalils infection is associated with carotid
atherosclerosis in non-obese Japanese type 2 diabetic patients.

SUBJECTS AND METHODS

One hundred and 34 non-obese Japanese type 2 diabetic patients who
visited Kansai-Denryoku Hospital were enrolled for the present study.
Type 2 diabetes mellitus was diagnosed based on the criteria of the
World Health Organization (WHO).!0 They had no evidence of current
acute illness including clinically significant infectious disease. The
duration of diabetes was 11.2 = 0.7 years (mean = SEM), Ninty-three
of 134 diabetic patients were taking sulfonylureas (gliclazide) to con-
trol their diabetes and the rest with diet alone. None of the patients have
received insulin therapy. All subjects had ingested at least 150 g of
carbohydrates for the 3 days preceding the study. None of the subjects
had significant renal, hepatic, or cardiovascular disease, They did not
consume alcohol or perform heavy exercise for at least | week before
the study.

The blood was drawn in the moming after a 12-hour fast. Plasma
glucose was measured with the glucose oxidase method. Triglycerides,
total and high-density lipoprotein (HDL) cholesterol were measured.
The low-density lipoprotein (LDL) cholesterol was calculated using the
Friedewald formula.!

Serum immunoglobulin G (1gG) antibody titer against porphyromo-
nas gingivalis was assayed by enzyme-linked immunosorbent assay as
described previously.'2 Porphyromonas gingivalis SU 83 was used as
an antigen. A soluble fraction of whole bacterial sonicates was used as
an antigen and was prepared as described previously.'?

A carotid sonography was performed with high-resolution B-mode
scanning equipment (Logic 500 GE Yokogawa, Milwaukee, WI) with
a 7.5-MHz sector scanner probe.’? The common carotid arteries of both
sides were examined with longitudinal and transverse scans, because
we could not analyze the internal and external carotid arteries fully in
all patients. The coefficient of variation (CV) for interobserver vari-
ability was found to be 8.5% and the CV for intraobserver variability
was 6.0%. The intimal plus medial thickness (IMT) of the common
carotid artery was measured in plaque-free segments as the distance
from the leading edge of the first echogenic line to that of the second
echogenic line. The mean of IMT in plaque-free segments of bilateral
common carotid arteries was used for the analysis. The degree of
stenosis was also measured in the plaque segments of bilateral common
carotid arteries. It was calculated as a percentage ratio between the area
of the plaque and that of the lumen using the formula (Lumen Area —
Residual Lumen Area)/Lumen Area X 100. Both the areas were auto-
matically measured by the system on a frozen transverse scanning
plane at the site of maximal narrowing. When 2 or more plaques were
present in the vessel, only that causing the greatest degree of stenosis
was considered for analysis,

Statistical Analysis

The statistical analysis was performed with the StatView 5 system
(Statview, Berkeley, CA). The differences of mean were determined by
the Student’s ¢ test, taking a value of P < .05 as significant. Data were
expressed as the mean > SEM unless otherwise stated.

RESULTS

The subjects studied were all Japanese type 2 diabetic pa-
tients (96 men and 38 women) with an age range of 36 to 84
years (60.8 * 0.8) and a body mass index (BMI) of 20.1 t0 26.9
kg/m? (23.3 *= 0.2). They were all non-obese.'* The fasting
plasma glucose was 147 = 3 mg/dL and glycosylated hemo-

Table 1. Clinical Characteristics in High and Normal IgG Titer
Against Porphyromonas Gingivalis

Characteristic High Titer Normal Titer P
Antibody titers >310 <310 -
Antibody titers 1,422 + 408 152 + 10 .002
No. of subjects studied 70 64 -
Male/Female 48/22 48/16 .056
Degree of carotid stenosis (%) 12.0 = 2.2 556=14 .009
Mean IMT {mm) 073003 068=0.02 .098
Triglycerides (mg/dL) 130+ 9 127 =10 .393
Total cholesterol {mg/dL) 206+ 4 200 = 4 .148
LDL cholesterol (mg/dL}) 128 £ 3 1215 100
HDL cholesterol {mg/dL) 51+2 532 234
BMI (kg/m?3) 23.3+02 23302 475
Fasting glucose (mg/dL) 148 = 4 147 =5 452
HbA,; (%) 7.2 %01 74x02 198
Age (yr) 62 =1 60 =1 150
Systolic blood pressure 129 = 2 1312 253
Diastolic biood pressure 75 =1 76 = 1 .247

globin (HbA ) was 7.1% = 0.1%. Serum triglycerides, total,
and HDL cholesterol levels were 129 + 7 mg/dL and 203 + 3
mg/dL, and 52 * | mg/dL, respectively. Serum LDL concen-
tration was 125 = 3 mg/dL.. Mean IMT in plaque-free segments
was 0.71 = 0.02 mm. In contrast, the degree of carotid stenosis
in plaque segments was 8.9% * 1.4%.

IgG titer against porphyromonas gingivalis was 245 * 65
(mean = 2 SD) in nondiabetic healthy subjects. In contrast,
there was a wide variation in IgG titer against porphyromonas
gingivalis in type 2 diabetic patients studied (range, 16 to
26,800). Thus, we classified our type 2 diabetic patients into 2
subpopulations according to the value of mean * 2 SD of
nondiabetic healthy subjects (= 310): one with a high IgG titer
against porphyromonas gingivalis (> 310) (1,422 = 408) and
the other with a normal IgG titer against porphyromonas gin-
givalis (< 310) (152 =10, P = .002). There was no overlap in
1gG titer between the 2 populations. Seventy-one percent (50/
70) of the patients with a high titer and 68% (43/64) of those
with a normal titer were treated with sulfonylurea. The rests
were treated with diet alone. No significant difference was
observed in medication status between the 2 groups. When the
patients were divided into high and normal IgG titer subgroups,
the degree of carotid stenosis was significantly higher in high
titer subgroups than in normal titer subgroups (12.0% * 2.2%
v 5.5% * 1.4%, P = .009). The mean IMT in plaque-free
segments was higher in the high IgG titer group than in the
normal one, but was not statistically significant (0.73 % 0.03 v
0.68 = 0.02 mm, P = .098). Serum triglycerides, total, and
LDL cholesterol levels were higher in the patients with a high
IgG titer than in those with a normal IgG titer, but they were not
statistically significant between the 2 groups. No significant
difference was observed in HDL cholesterol, BMI, fasting
glucose, HbA,, age, and systolic and diastolic BP between the
2 subgroups (Table 1).

DISCUSSION

Our main observation in the present study is that 70 of 134
patients (52%) had high IgG titer against porphyromonas gin-



