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Gastric inhibitory polypeptide (GIP) is an incretin and directly promotes fat accumulation in adipocytes.
Inhibition of GIP signaling prevents onset of obesity and increases fat oxidation in peripheral tissues
under high-fat diet (HFD), but the mechanism is unknown. In the present study, we investigated the
effects of inhibition of GIP signaling on adiponectin levels after 3 weeks of HFD by comparing wild-type
(WT) mice and GIP receptor-deficient (Gipr�/�) mice. In HFD-fed Gipr�/� mice, fat oxidation was signif-
icantly increased and adiponectin mRNA levels in white adipose tissue and plasma adiponectin levels
were significantly increased compared to those in HFD-fed WT mice. In addition, the PPARa mRNA level
was increased and the ACC mRNA level was decreased in skeletal muscle of HFD-fed Gipr�/� mice com-
pared with those in HFD-fed WT mice. These results indicate that inhibition of GIP signaling increases
adiponectin levels, resulting in increased fat oxidation in peripheral tissues under HFD.

� 2008 Elsevier Inc. All rights reserved.
Gastric inhibitory polypeptide (GIP) is a major incretin that ratory quotient reveals that fat is used as the preferred energy sub-

potentiates insulin secretion in pancreatic b-cells in the presence
of glucose [1,2]. GIP is released from duodenal endocrine K-cells
after meal ingestion, and acts by binding the GIP receptor through
increased intracellular cAMP [3]. The GIP receptor is expressed in
pancreas, stomach, small intestine, heart, adrenal cortex, brain,
lung, bone, vascular endothelium, and adipose tissue [4]. In addi-
tion to the insulinotropic effects on pancreatic b-cells, GIP is an
obesity-promoting factor that directly leads to the accumulation
of fat in adipocytes. In vitro studies show that GIP stimulates syn-
thesis and secretion of lipoprotein lipase (LPL) in cultured preadio-
cytes [5], and that GIP promotes LPL activity in fat tissue [6]. It also
has been shown that GIP stimulates glucose transport and in-
creases fatty-acid synthesis in fat tissue [7]. Studies of GIP recep-
tor-deficient mice (Gipr�/� mice) show that GIP also is an
important factor in the promotion of obesity in vivo [8]. High-fat
diet (HFD)-fed wild-type (WT) mice exhibit body weight gain
and markedly increased visceral and subcutaneous fat mass and li-
ver steatosis. By contrast, Gipr�/� mice fed HFD exhibit neither
weight gain nor adiposity. Furthermore, measurement of the respi-
ll rights reserved.
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strate in Gipr�/� mice. In addition, a study using IRS-1�/�/Gipr�/�

double-deficient mice demonstrated that inhibition of GIP signal-
ing increases fatty-acid oxidation in peripheral tissues under
diminished insulin signaling [9]. Thus, GIP plays a critical role in
adiposity, but the mechanism of fat oxidation in peripheral tissues
in the absence of GIP signaling is unclear.

Adiponectin is one of the major adipokines secreted from adipo-
cytes, and stimulates fat oxidation in peripheral tissues. Adiponectin
promotes AMPK activation and PPARa expression and stimulates fat
oxidation in skeletal muscle and liver [10]. In the present study, we
investigated the effects of the inhibition of GIP signaling on adipo-
nectin levels and the stimulation of fat oxidation that averts obesity
by comparing WT mice and Gipr�/�mice fed HFD. To clarify the early
response to HFD-induced obesity, we performed the experiments on
mice at 3 weeks of HFD and control-fat diet (CD).

Materials and methods

Animals. The generation of Gipr�/� mice (C57BL/6 background)
has been described previously [11]. At 7 weeks of age, WT and
Gipr�/� mice were fed HFD or CD for 7 weeks. HFD supplied 45%
of calories as fat, 35% as carbohydrate, and 20% as protein, with en-
ergy density of 3.57 kcal/g. CD supplied 13% of calories as fat, 60%
as carbohydrate, and 27% as protein, with energy density of
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3.57 kcal/g. Animal care and procedures were approved by the Ani-
mal Care Committee of Kyoto University.

Energy expenditure. Energy expenditure was evaluated by mea-
suring respiratory quotient and oxygen consumption by indirect
calorimetry every 13 min for 24 h in mice under the fed condition,
as described previously [8,9,12]. Air from the room was pumped
through the chamber, and expired gas was dried in a cotton thin
column and subjected to gas analysis (Alco System model RL-
600, Chiba, Japan). O2 and CO2 concentrations were measured,
and oxygen consumption (VO2), carbon dioxide exhaustion
(VCO2), respiratory quotient (RQ), and fat oxidation were calcu-
lated as described previously [12].

Computed tomography. Mice were anesthetized with pentobar-
bital and fixed in a chamber, and transaxially scanned using Lath-
eta (LCT-100M) experimental animal CT system (Aloka, Tokyo,
Japan). The whole body was scanned, and contiguous 1-mm slice
images of the trunk were used for quantitative assessment (Latheta
software, version 1.00). Weight of visceral fat mass and lean mass
were quantitatively evaluated.

Measurement of plasma adiponectin levels and Western blot anal-
ysis. Blood samples were collected from the tail vein at the end of
the dark phase and centrifuged (3000 rpm, 10 min, 4 �C). Levels of
plasma adiponectin were measured using an adiponectin ELISA kit
(Otsuka, Tokyo, Japan).

Plasma samples of HFD-fed mice were subjected to SDS–PAGE
using Laemmli’s method [13]. SDS–PAGE was performed under
non-reducing and non-heat-denaturing conditions, as previously
reported [14]. Western blot analysis was performed using anti-
mouse adiponectin antibody. Densities of corresponding bands
were quantified by NIH-Image.

Isolation of total RNA and quantitative RT-PCR. Total RNA was iso-
lated from muscle and white adipose tissue (epididymal fat pad,
(WAT)) using Trizol (Invitrogen, Grand Island, NY). mRNA levels
were measured by real-time quantitative RT-PCR using ABI PRISM
7000 Sequence Detection System (Applied Biosystems, Foster City,
CA). mRNA levels were corrected for GAPDH (Applied Biosystems)
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Fig. 1. Body weight in WT mice (A) and Gipr�/� mice (B) during 7 weeks on CD (open cir
Gipr�/�mice at 3 weeks on HFD feeding. Representative CT images were taken at the sam
lean mass. (D) Visceral fat accumulation in WT mice and Gipr�/� mice at 3 weeks on CD
mice (F) at 3 weeks on CD (open circles) and HFD (filled square). (G) Calculated fat oxidat
n = 5–12. Values are means ± SE. *P < 0.05, **P < 0.01, ***P < 0.005. (For interpretation of the
this paper.)
mRNA level. Sequences of PPARa primers were 50-CGACCTGAAAG
ATTCGGAAA-30 and 50-CCTCTGCCTCTTTGTCTTC-30; sequences of
ACC primers were 50-CCTCCGAGGAACCCTCTGT-30 and 50-CGGCTGT
CCAGTTGGTTTG-30; sequences of adiponectin primers were 50-G
GAACTTGTGCAGGTTGGAT-30 and 50-GCTTCTCCAGGCTCTCCTTT-30;
and sequences of PPARc primers were 50-TGTCGGTTTCAGAAGT
GCCTT-30 and 50-GCTCGCAGATCAGCAGACTCT-30.

Statistical analysis. Data are expressed as means ± SE. Statistical
analysis was performed by ANOVA and unpaired student’s test. P
values <0.05 were considered significant.

Results

Body weight and fat mass in HFD-fed Gipr�/� mice

WT mice exhibited significant weight gain after 3 weeks of HFD
feeding (Fig. 1A). By contrast, body weight of HFD-fed Gipr�/� mice
was not increased compared with that of CD-fed Gipr�/� mice after
3 weeks of study (Fig. 1B). The lesser body weight of Gipr�/� mice
continued through 7 weeks of HFD feeding.

At the early stage of 3 weeks of HFD feeding, CT analysis was
performed to estimate visceral fat mass in WT and Gipr�/� mice.
There was no significant difference in visceral fat mass between
WT and Gipr�/� mice under CD feeding. Visceral fat mass of HFD-
fed WT and Gipr�/� mice were significantly increased compared
with those of CD-fed WT and Gipr�/� mice by 100% and 52%,
respectively. In HFD-fed mice, visceral fat mass of WT mice was
significantly increased compared with that of Gipr�/� mice
(Fig. 1C and D). There was no difference in lean body mass (data
not shown). There also was no difference in food intake between
WT and Gipr�/� mice (data not shown).

Fat consumption in HFD-fed Gipr�/� mice

To evaluate energy consumption in the early stage of HFD feed-
ing, respiratory quotient and oxygen consumption were measured
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Table 1
Difference in multimer formation of adiponectin in WT mice and Gipr�/� mice at
3 weeks on high-fat diet

WT Gipr�/�

HMW 100 ± 22.0 131.9 ± 17.8
MMW 100 ± 9.1 154.3 ± 5.9*

LMW 100 ± 13 163.4 ± 15.3*

Values for Gipr�/� mice represent relative density (%) regarding average value for
WT mice as 100. n = 5. Values are means ± SE.

* P < 0.05 vs. WT mice.
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Fig. 3. mRNA expression level of PPARa (A) and ACC (B) in skeletal muscle at
3 weeks on CD (open bars) and HFD (filled bars). n = 5–7. Values are means ± SE.
*P < 0.05, **P < 0.01. ns, not significant.
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by indirect calorimetry. HFD-fed WT mice exhibited a significant
reduction of respiratory quotient only in part of the dark phase
compared with CD-fed WT mice (Fig. 1E). By contrast, HFD-fed
Gipr�/� mice exhibited a significant reduction of respiratory quo-
tient throughout the day compared with CD-fed Gipr�/� mice
(Fig. 1F). At 3 weeks of HFD feeding, calculated fat oxidation was
significantly increased in Gipr�/� mice compared with that in WT
mice (Fig. 1G). These results indicate that Gipr�/� mice use fat as
preferred energy substrate in the early stage of HFD feeding.

Adiponectin levels of Gipr�/� mice in the early stage of HFD feeding

We examined mRNA expression level of adiponectin in white
adipose tissue (WAT) and plasma adiponectin levels in Gipr�/�

mice. mRNA expression of adiponectin in WAT and plasma adipo-
nectin levels were significantly increased in HFD-fed Gipr�/� mice
compared with those in HFD-fed WT mice (Fig. 2A and B). In addi-
tion, in Gipr�/�mice, mRNA expression level of adiponectin in WAT
and plasma adiponectin levels were significantly increased in
HFD-fed mice compared with those in CD-fed mice, although
HFD feeding decreased mRNA expression of adiponectin and
plasma adiponectin levels in WT mice (Fig. 2A and B).

To determine qualitative differences in adiponectin, we per-
formed Western blot analysis. Levels of middle molecular weight
(MMW) and low molecular weight (LMW) multimers of adiponec-
tin were significantly higher in HFD-fed Gipr�/� mice compared to
those in HFD-fed WT mice (Fig. 2C and Table 1). There were no sig-
nificant differences in high molecular weight multimers (HMW) of
adiponectin between HFD-fed WT and Gipr�/� mice.

As PPARc (peroxisome proliferator-activated receptor-c) is
known to be involved in the regulation of adiponectin, we exam-
ined mRNA expression levels of PPARc in WAT. While HFD-fed
WT mice showed a tendency to decreased mRNA expression of
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PPARc, the mRNA expression level of PPARc was significantly in-
creased in HFD-fed Gipr�/� mice compared with that in HFD-fed
WT mice (Fig. 2D). These results suggest that inhibition of GIP sig-
naling modulates adiponectin levels through PPARc.

Expression levels of PPARa and ACC mRNAs in skeletal muscle of
Gipr�/� mice at the early stage of HFD feeding

To determine the effects of adiponectin on peripheral tissues in
the absence of GIP signaling, mRNA expression levels of PPARa
(peroxisome proliferator-activated receptor-a) and ACC (acetyl-
CoA carboxylase) in skeletal muscle and liver were examined.
mRNA expression level of PPARa mRNA was significantly increased
in HFD-fed Gipr�/� mice compared with that in CD-fed Gipr�/�

mice in skeletal muscle (Fig. 3A). Although there was no significant
difference in phosphorylation of AMPK (AMP-activated protein ki-
nase) between HFD-fed WT and Gipr�/� mice by western blot anal-
ysis (data not shown), mRNA expression level of ACC, which is
inactivated by AMPK, was significantly reduced in muscle of
HFD-fed Gipr�/� mice compared with that in CD-fed Gipr�/� mice
(Fig. 3B). These results indicate that fat oxidation is increased in
skeletal muscle of Gipr�/� mice in the early stage of HFD feeding.
We also examined mRNA expression levels of PPARa and ACC in li-
ver, but no significant differences were found among the groups of
mice (data not shown).

Discussion

In this study, we investigated the effects of GIP inhibition on fat
oxidation in the early stage (3 weeks) of HFD feeding, and found
that inhibition of GIP signaling increases the level of adiponectin,
which promotes fat oxidation in peripheral tissues.

The GIP receptor is expressed in adipocytes as well as in pancre-
atic b-cells, and GIP signaling directly promotes energy accumula-
tion into adipocytes. Previously, Gipr�/� mice were shown to
exhibit resistance to high-fat-induced obesity, and to use fat as
the preferred energy substrate [8]. In that study, mice were fed
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HFD for a long period of from 7 to 50 weeks of age. In the present
study, we investigated HFD-fed mice in the short, early period from
7 to 10 weeks of age, and found Gipr�/� mice to be resistant to
obesity as well as to accumulation of visceral fat, and that fat oxi-
dation was significantly increased, demonstrating that GIP plays a
critical role in promoting obesity even at 3 weeks on HFD feeding.

Leptin and adiponectin are major adipokines that activate fat
oxidation for body weight control. They affect AMPK activation
and stimulate fat oxidation in skeletal muscle and liver [10,15]. It
has been reported that inhibition of GIP signaling decreases body
weight even in leptin-deficient ob/ob mice [8], indicating that fac-
tors other than leptin increase fat oxidation under conditions of
inhibited GIP signaling. Leptin suppresses food intake through
the central nervous system, and there were no differences in food
intake between WT and Gipr�/� mice in CD-fed and HFD-fed mice
in the present study. Thus, we focused on adiponectin, and hypoth-
esized that inhibition of GIP signaling modulates adiponectin levels
and affects on fat oxidation in peripheral tissues. The mRNA
expression level of adiponectin in adipocytes and adiponectin con-
centrations in plasma are reduced in obese and insulin-resistant
states which increases visceral fat mass [16,17]. In the present
study, mRNA expression level of adiponectin in WAT and plasma
adiponectin levels were found to be decreased and visceral fat
mass was increased in HFD-fed WT mice compared with CD-fed
WT mice. The mRNA expression and plasma levels of adiponectin
were significantly increased in HFD-fed Gipr�/� mice compared
with those in CD-fed Gipr�/� mice, although visceral fat mass of
HFD-fed Gipr�/� mice was significantly increased compared with
that of CD-fed Gipr�/� mice. These results suggest that GIP may re-
duce adiponectin levels in adipocytes. It has been previously re-
ported that Gipr�/� mice show no difference in plasma
adiponectin levels between CD-fed and HFD-fed mice after a long
period of 20 weeks, when obesity is established [18]. On the other
hand, we measured adiponectin levels of mice fed HFD for a short
period of 3 weeks, and demonstrate that inhibition GIP signaling
modulates adiponectin even in the very early stage when obesity
first begins to appear in WT mice.

While skeletal muscle and liver are the major sites of body fat
oxidation, the GIP receptor is not expressed in these tissues. PPARa
and AMPK are the most important molecules in the control of fat
oxidation in muscle and liver. Adiponectin increases expression
levels of PPARa and induces phosphorylation of AMPK [16,19].
AMPK activated by adiponectin suppresses ACC activity, which
catalyses the formation of malonyl-CoA and stimulates fat oxida-
tion [20]. We found that the mRNA expression level of PPARa
was significantly increased and that of ACC was significantly re-
duced in skeletal muscle of HFD-fed Gipr�/� mice compared to
those in CD-fed Gipr�/� mice. These results indicate that fat oxida-
tion is increased in skeletal muscle of Gipr�/� mice in the early
stage of HFD feeding, but there was no significant difference in li-
ver. Adiponectin has three forms: trimers (low molecular weight,
LMW), hexamers (middle molecular weight, MMW), and multi-
mers (high molecular weight, HMW), and differing tissue-specific
effects of these forms on AMPK phosphorylation have been re-
ported [21]. Only trimers activate AMPK in muscle; hexamers
and the high molecular isoform do not [22]. It also has been re-
ported that trimers are the most potent isoform in skeletal muscle
[19,23]. The trimer isoform of adiponectin was found in the present
study to be significantly increased in HFD-fed Gipr�/� mice. This
finding may explain the difference of PPARa and ACC expression
between skeletal muscle and liver in HFD-fed Gipr�/� mice.

In conclusion, we show that inhibition of GIP signaling upregu-
lates the adiponectin level and increases fat oxidation in skeletal
muscle. These findings suggest that the influence of GIP on adipos-
ity is, at least in part, mediated by modulation of adiponectin
expression in adipocytes in the early stage of HFD feeding.
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