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Abstract

Glucose-dependent insulinotropic polypeptide (GIP) is an incretin secreted from
enteroendocine K cells after nutrient ingestion. Fat strongly induces GIP secretion, and
GIP hypersecretion is involved in high-fat diet-induced obesity and insulin resistance.
Aging also induces GIP hypersecretion, but its effect on body weight gain and insulin
sensitivity remains unclear. In the present study, we investigated the effect of GIP on
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age-related body weight gain and insulin resistance using GIP-knockout homozygous
(GIP-/-) and heterozygous (GIP+~) mice, which have entirely absent and 50% reduced
GIP secretion compared to wild-type (WT) mice, respectively. Under 12% fat-containing
normal diet feeding condition, body weight was significantly lower in GIP-/- mice
compared to that in WT and GIP*- mice from 38 weeks of age, while there was no

significant difference between WT and GIP+~ mice. Visceral and s.c. fat mass were also
significantly lower in GIP-- mice compared to those in WT and GIP*~ mice. During oral
glucose tolerance test, blood glucose levels did not differ among the three groups.
Insulin levels were significantly lower in GIP~- mice than those in WT and GIP*~ mice.
During insulin tolerance test, GIP/-mice showed higher insulin sensitivity than that of
WT and GIP*~- mice. Adiponectin mRNA levels were increased and leptin mRNA levels
tended to be decreased in adipose tissue of GIP-- mice. These results demonstrate that

GIP is involved in age-related obesity and insulin resistance and that inhibition of GIP

secretion alleviates age-related fat mass gain and insulin resistance under carbohydrate-

based diet feeding condition.
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Introduction

Life expectancy has increased in developed countries
and is accompanied by the main age-related changes
in body composition, which are an increase in fat mass
and a decrease in muscle mass. In addition, visceral
fat accumulation causes insulin resistance through
inflammation (Kalyani et al. 2014). This age-related change
is called ‘sarcopenic obesity’, and is an important health
issue in aging societies (Prado et al. 2012, Cleasy et al. 2016).

Obesity is related to a decline of activities of daily
living (ADL) in elderly people and is also related to the
high prevalence of medical disorders such as diabetes,
hyperlipidemia, and hypertension (Cheng et al. 2013,
Chang et al. 2017). It is therefore important for elderly
people to prevent excessive fat accumulation with aging.

Glucose-dependent insulintropic polypeptide/gastric
inhibitory polypeptide (GIP) is an incretin secreted
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from enteroendocrine K cells in response to glucose and
fat ingestion and enhances glucose-dependent insulin
secretion through the GIP receptor (GIPR) expressed in
pancreatic p-cells (Seino et al. 2013). GIPR is expressed
in adipose tissue as well (Joo et al. 2017). GIP plays an
important role in high-fat diet (HFD)-induced obesity
and insulin resistance (Harada et al. 2008, Joo et al. 2017).
Previous studies using GIP immunoneutralization, GIPR-
knockout mice, and GIPR antagonists reported that
inhibition of GIP signaling ameliorates HFD-induced
obesity and insulin resistance (Miyawaki et al. 2002,
McClean et al. 2008, Boylan et al. 2015). HFD strongly
stimulates GIP secretion (Iwasaki et al. 2015, Sankoda
et al. 2017, Murata et al. 2019), and inhibition of GIP
secretion also alleviates HFD-induced obesity and insulin
resistance (Nasteska et al. 2014). Previous human study
found that GIP secretion after glucose ingestion is
increased in elderly subjects (Garduno-Garcia et al. 2018).
We previously reported that aged mice exhibit not only
GIP hypersecretion but also excessive fat mass and insulin
resistance under normal diet feeding condition (Ikeguchi
et al. 2018). These results indicate that GIP hypersecretion
from K cells may be involved in age-related fat mass gain
and insulin resistance. However, the effect of age-related
GIP hypersecretion on body weight and fat mass gain,
and insulin resistance remains unclear. In this study,
we investigated the effect of entirely absent and 50%
reduced GIP secretion on age-related body weight, body
fat composition, glucose tolerance, and insulin sensitivity
under carbohydrate-based normal diet feeding condition
using GIP-knockout mice.

Materials and methods

Animals

GIP-knockout mice were generated previously (Nasteska
etal. 2014). GIP secretion was entirely absent in homozygous
(GIP-/-) mice and was reduced in heterozygous (GIP+/-)
mice by 50% compared with that in wild-type (WT) mice,
respectively. Male GIP-/-, GIP+- and WT littermate mice
were used in all experiments. Aged mice were defined as
age 1 year (50-60 weeks) as described previously (Ikeguchi
et al. 2018). Experiments were carried out in three separate
cohorts, each consisting of three groups of five to seven
mice. Body weight and fat weight were evaluated and
oral glucose tolerance test (OGTT) was performed in the
first cohort. Blood samples under non-fasting condition
were collected, and body fat composition analyzed by CT
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scan, locomotor activity, insulin sensitivity determined
by insulin tolerance test (ITT), and measurement of GIP
and GLP-1 content in intestine were evaluated in the
second cohort. Energy expenditure, food intake, and gene
expression were evaluated in the third cohort. The mice
were housed in an air-controlled 25°C room with a dark-
light cycle of 10 and 14 h with free access to water and
normal diet food (3.73 kcal/g; 12% fat, 23% protein, and
65% carbohydrate; Funabashi Farm, Funabashi, Japan).
Animal care and procedures were approved by Kyoto
University Animal Care Committee (MedKyo15298).

Blood samples

50 pL blood samples were collected from the tail vein at
10:00 h under non-fasting condition. After a 16-h fasting
period, OGTTs (2 g glucose/body weight (kg) for blood
glucose levels, plasma insulin and total GIP levels, and
6 g glucose/body weight (kg) for plasma glucagon-like
peptide-1 (GLP-1) levels) were performed. Blood samples
were collected from the tail vein at 0, 15, 30, 60, and
120 min after oral glucose administration by oral gavage.
Blood glucose levels were measured by the glucose oxidase
method (Sanwa Kagaku Kenkyusho, Nagoya, Japan).
Plasma insulin, total GIP levels, and GLP-1 levels were
measured by insulin ELISA kit (Shibayagi, Gunma, Japan),
total GIP ELISA kit (Millipore Corporation), and V-PLEX
GLP-1 Total Kit (MESO SCALE DISCOVERY, Rockville,
MD, USA), respectively. For ITT, human regular insulin
(Eli Lilly and Company) at a dose of 0.75 U insulin/body
weight (kg) was injected to the intraperitoneal cavity after
a 4-h fasting period. Blood glucose levels were measured
at 0, 30, 60, 90, and 120 min after insulin administration.

GIP and GLP-1 content in intestine

Small intestine and colon (4 cm length) were taken
from the mice. Samples were extracted with 1 mL of 0.2
N perchloric acid and were centrifuged for 15 min at
20,000 g at 4°C. The supernatant was used for measurement
of GIP and GLP-1 content in intestine as previously
described (Ikeguchi et al. 2018).

Measurement of body fat composition

After the mice were dissected, the weights of visceral fat
(both sides of epididymal fat), s.c. fat (both sides of inguinal
s.c. fat), and the right side of the gastrocnemius muscle were
measured. Body fat mass, lean body mass, and fat content in
liver were measured using a La Theta experimental animal CT
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Figure 1

Body weight gain and non-fasting blood glucose
levels, GIP levels, and insulin levels in GIP-- and
GIP*- mice. (A) Body weight, (B) blood glucose
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scan system (LCT-100M, Hitachi Aloka Medical). Contiguous
2 mm slice images from the top of the diaphragm to the
caudal region were used for quantitative analysis of fat mass
and lean body mass (visceral mass without visceral fat mass
and s.c. fat mass) of each mouse by La Theta software (vs.
3.00). Fat content in the liver was calculated from density
data of fat (100% fat) and muscle (0% fat).

Energy expenditure and locomotor activity

Energy expenditure was calculated using an Alco System
model 2000 (Alco System, Chiba, Japan). Locomotor
activity was monitored as distance in a standardized
locomotor chamber box (15x35x40 cm). After the mice
were placed into the tracking box for 48 h, locomotor
activity was monitored for 24 h using SMART Video
Tracking System (Panlab SL, Barcelona, Spain) with free
access to water and diet.

Quantitative RT-PCR

Total RNAs of the islets, small intestine, s.c. fat, and
visceral fat were extracted using RNeasy Mini Kit (Qiagen)
and TRIzol Reagant (Invitrogen). For cDNA synthesis, RNA
was reverse-transcribed using a PrimeScript RT reagent kit
(Takara Bio). The mRNA expression levels were measured
by quantitative RT-PCR using the ABI PRISM 7000
Sequence Detection System (Applied Biosystems). SYBR
Green PCR Master Mix (Applied Biosystems) was prepared
for the PCR run. p-Actin was used as the internal control.

T T levels, (C) total GIP levels, and (D) insulin levels
(n=6-7). WT mice (white circles), GIP*- mice
(gray circles), and GIP-/- mice (black circles).
**%P<0.001 vs WT mice. #P < 0.05, #P < 0.01,
###P <0.001 vs GIP*~ mice.

T T T T
25 30 35 40 45 50
Age (weeks old)

Each data point of mRNA expression was standardized
against p-actin. Primer pairs for PCR were designed
previously (Joo et al. 2017, TIkeguchi et al. 2018).

Statistical analysis

All data are expressed as the mean +s.k. Statistical analysis
was carried out using one-way ANOVA with the Tukey—
Kramer multiple comparison tests. P values <0.05 were
considered significant.

Results

Effect of absent and reduced GIP secretion on body
weight gain with aging

Body weight was significantly decreased in GIP-- mice
compared to that in WT and GIP+/- mice from 38 weeks of
age, but there was no difference between WT and GIP+/-
mice (Fig. 1A). Non-fasting glucose, total GIP, and insulin
levels were measured once each 5 weeks. There was no
difference in blood glucose levels (Fig. 1B) among the
three groups. Total GIP levels were increased with aging
in both WT and GIP+- mice (Fig. 1C). Total GIP levels
were lower in GIP+- mice compared to those in WT mice.
Total GIP levels were not detectable in GIP-- mice. Insulin
levels were increased with aging in WT and GIP+- mice
(Fig. 1D), but insulin levels were significantly lower in
GIP-/- mice compared to those in WT and GIP+- mice
from 25 weeks of age.
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Effect of absent and reduced GIP secretion on
body fat mass

Subcutaneous and visceral fat weights were significantly
lower in GIP-/- mice compared to those in WT and GIP+~
mice (Fig. 2A). There was no significant difference in fat
weight between WT and GIP+/- mice. Gastrocnemius
muscle and liver weight did not differ among the three
groups (Fig. 2B and C). CT scan analysis showed that
GIP-/- mice had significantly lower body fat mass and fat
content in liver compared to those in WT and GIP+/- mice
(Fig. 2D and E), but there was no significant difference
between WT and GIP+/- mice. Lean body mass did not differ
among the three groups (Fig. 2F). Energy expenditure was
significantly higher in GIP-/- mice compared to that in
WT and GIP+~ mice (Fig. 2G), but did not differ between
WT and GIP+/~ mice. Locomotor activity and food intake
did not differ among the three groups (Fig. 2H and I).

Effect of absent and reduced GIP secretion on glucose
tolerance and insulin sensitivity

During OGTT, blood glucose levels were not significantly
different among the three groups (Fig. 3A). Insulin levels
were remarkably lower in GIP-/- mice compared to those
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Figure 2

Body composition, energy expenditure, locomotor
activity, and food intake in GIP-/- and GIP*/- mice.
(A) Subcutaneous and visceral fat weight, (B)
gastrocnemius muscle weight, and (C) liver weight
in 60-week-old mice (n =5-6). (D) Subcutaneous
and visceral fat mass, (E) lean mass, and (F) fat
content in liver estimated by CT scan in 58-week-
old mice (n =5-6). Pink, yellow, and blue areas
represent visceral fat, subcutaneous fat, and lean
mass, respectively. (G) Energy expenditure in
51-week-old mice (n = 6). (H) Locomotor activity in
54-week-old mice (n =6). (I) Food intake in
52-week-old mice (n =6). WT mice (white bars),
GIP*/- mice (gray bars), and GIP-/- mice (black
bars). *P<0.05, **P<0.01, ***P<0.001. n.s., no
significant difference.
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in WT and GIP+- mice (Fig. 3B). Insulin levels did not
differ between WT and GIP+- mice. Total GIP levels were
reduced and not detectable in GIP+- and GIP-/- mice,
respectively (Fig. 3C). GIP secretion (area under the curve
of GIP during OGTT) in GIP+- mice was reduced by 50%
compared to that in WT mice. Total GLP-1 levels at 15
min were significantly lower in GIP-/- mice than those
in WT mice (Fig. 3D); total GLP-1 levels did not differ
between WT and GIP+/- mice. During ITT, blood glucose
levels were lower in GIP-/- mice compared with those
in WT and GIP+- mice (Fig. 3E). Insulin sensitivity did
not differ between WT and GIP+- mice. GIP content in
small intestine was reduced and not detectable in GIP+/-
and GIP-/- mice, respectively (Fig. 3F). GIP content in
small intestine was significantly smaller in GIP-/- mice
than those in WT and GIP+- mice. GIP content was not
detected in colon in any of the three groups of mice. GLP-1
content was smaller in the small intestine and colon of
GIP-/- mice than that in WT and GIP+- mice (Fig. 3G).

Effect of absent and reduced GIP secretion on GIPR
mMRNA expression

GIPR was reported to be expressed in islets, small
intestine, and adipose tissue (Usdin et al. 1993,

© 2020 The authors
Published by Bioscientifica Ltd.
Printed in Great Britain

https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-19-0477

This work is licensed under a Creative Commons
Attribution 4.0 International License.

[ouom


https://doi.org/10.1530/JOE-19-0477
https://joe.bioscientifica.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of Y Kanemaru et al.
Endocrinology

Effect of GIP on age-related 245:1 17

body weight gain

A Glucose levels AUC-Glucose B Insulin levels AUC-Insulin
400 = 60 10 = 800
£ n.s. — *kok
= % n.s. n.s. . % NS, wxx
> ) E E
E Kl ® Ej
o 200 3 £ 5 < 400
@ s £ £
S ] 2 " 2
5 S £ :
< P g
0+ . : : : o o' T L : LS
0 30 60 90 120 WT GIP*-GIPT- 0 30 60 90 120 WT GIP*-GIP/-
Time (min) Time (min)
C Total GIP levels AUC-GIP D Total GLP-1 E Glucose levels
levels
800 60 f 150 200 -
= Figure 3
B Tns. wexl
=) E - = Oral glucose tolerance test (OGTT) and insulin
B E £ 100 Eﬂ tolerance test (ITT). (A) Blood glucose levels, (B)
% 400 f 30 % g 100 insulin levels, and (C) total GIP levels during OGTT
Tg g % 50 g s oo Y (2 g glucose/kg body weight) in 52-week-old mice
[ . 2 - @ vs.WT s, WT (n=6). (D) Total GLP-1 levels during OGTT (6 g
0% e e L 01 o glucose/kg body weight) in 54 weeks old mice
0 30Tim:‘()min)9° 120 WT GIP* GIP” 0 Time (min)ls 0 3°Tim:?min)9° 120 (n=6). (E) Blood glucose levels during ITT (0.75 U
insulin/kg body weight) in 54 weeks old mice. (F)
F GIP content G GLP-1 content GIP content in small intestine and colon in
Small intestine Colon Small intestine Colon GIP-/- and GIP*~ in 54 weeks old mice (n = 6). (G)
* xk
= rx Tns. ns. Ferr ns.| GLP-1 content in small intestine and colon in
3 3000 el o 1 - 200 Sy — 5000 s
% 1 > g B GIP-/- and GIP*/- in 54 weeks old mice (n=6). WT
S~
o 1500 f 05 2 100 2 2500 mice (white bars and circles), GIP*/- mice (gray
% S oy by bars and circles), and GIP-- mice (black bars and
5 S it =
e oA "§ 0 © © circles). *P<0.05, **P<0.01, ***P<0.001 vs WT
WT GIP*/- GIP/- WT GIP*- GIP/- WT GIP*- GIP- WT GIP*- GIP- mice. #P < 0.05, ##P < 0.01, ##P < 0.001 vs

|—O—WT - GIp - ew-/-‘

Seino et al. 2013, Joo et al. 2017), and the expression levels
of GIPR mRNA did not differ among the three groups (Fig.
4A). Expression levels of adiponectin mRNA in adipose
tissue were significantly higher in GIP-/- mice compared
with those in WT and GIP+- mice (Fig. 4B). Expression
levels of leptin mRNA tended to be decreased in GIP-/-
mice, but there was no significant difference among the
three groups (Fig. 4C).

Discussion

Both insulin and total GIP levels are increased under HFD-
induced obese condition (Nasteska et al. 2014, Shimazu-
Kuwahara et al. 2017, Murata et al. 2019). We previously
investigated the effects of absent and 50% reduced GIP
secretion on HFD-induced obesity and insulin resistance
using GIP-knockout mice; we found that reduced GIP
secretion as well as absent GIP secretion alleviates fat mass
gain and insulin resistance under HFD feeding condition
(Nasteska et al. 2014). These results demonstrate that
reduced GIP secretion as well as absent GIP secretion
contribute to alleviation of HFD-induced obesity and
insulin resistance. Insulin and total GIP levels are increased
under aged condition (Trahair et al. 2012, Garduno-Garcia
et al. 2018, Ikeguchi et al. 2018). In the present study,

GIP*/- mice. n.s., no significant difference. AUC,
area under the curve.

the effects of absent and reduced GIP secretion on age-
related fat mass gain and insulin resistance under normal
fat diet feeding condition were investigated using the
same GIP-knockout mouse used in the previous study.
We found that GIP secretion is increased with aging in
WT and GIP+- mice and that absence of GIP secretion as
shown in GIP-/- mice alleviates age-related body weight
and fat mass gain and insulin resistance, indicating that
GIP hypersecretion is associated with age-related body
weight gain and insulin resistance under normal fat diet
feeding condition. On the other hand, reduction of GIP
secretion as shown in GIP+- mice did not affect body
weight and fat mass gain, and insulin resistance under
normal fat diet feeding condition. Previous study using
GIPR-knockout mice also showed that the effect of GIP
signaling on body weight gain and insulin resistance is
less under high-carbohydrate diet feeding condition than
it is under HFD feeding condition (Maekawa et al. 2018).
The study suggests that these effects of GIP reflect the
different effects of carbohydrate diet and HFD on body
weight and insulin sensitivity. HFD induces more body
weight gain and fat mass gain than carbohydrate diet,
primarily because fat has a higher caloric value than the
same amount of carbohydrate (Jois et al. 2016). HFD is
also associated with unfavorable changes in the type and
number of gut bacteria and bile acids composition in the
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Figure 4

Gene expression in islets, upper small intestine, and adipose tissue in
GIP-/- and GIP*/- mice. (A) Expression levels of GIPR mRNA in islets, upper
small intestine, subcutaneous fat, and visceral fat in 54 weeks old mice
(n=6). Expression levels of (B) adiponectin mRNA and (C) leptin mRNA
expression in visceral fat in 54 weeks old mice (n = 6). WT mice (white
bars), GIP*- mice (gray bars), and GIP-/- mice (black bars). *P <0.05 and
**%P <0.01. n.s., no significant difference.

intestine, which induce obesity and insulin resistance
(Hildebrandt et al. 2009, Islam et al. 2011, Yokota et al.
2012, Saad et al. 2016). In addition, GIP potentiates
insulin secretion from pancreatic p-cells as an incretin
and thus plays an important role in hyperinsulinemia
under HFD-feeding obese condition (Harada et al. 2008).
GIP also increases IL-6 expression and production in
adipocytes in the presence of TNF-a, which is induced
by obesity and enhances HFD-induced insulin resistance
through IL-6 signaling (Joo et al. 2017). These findings
demonstrate that the obesity and insulin resistance under
HFD feeding condition are accelerated by GIP signaling
compared to those under carbohydrate-based normal
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diet feeding condition. Thus, we might well not be able
to find a major difference in body weight and insulin
sensitivity between WT and GIP+- mice under normal fat
diet feeding condition used in this study.

It was previously reported that aged GIPR-knockout
mice show improvement of insulin resistance and
reduced fat mass without a reduction of body weight
compared to aged WT mice under normal diet feeding
condition (Yamada et al. 2007). Locomotor activity and
lean body mass were increased and body temperature and
heart rate were decreased in these aged GIPR-knockout
mice. However, in the present study, locomotor activity,
lean body mass, and rectal temperature (data not shown)
did not differ in WT and GIP-/- mice. There are several
possible explanations for the difference between the
results from the GIPR-knockout mice and our GIP-/-
mice. First, the methods of measurement of locomotor
activity and body temperature in our study are quite
different from those in the previous study. Second, the
measurement area used to evaluate fat and lean body mass
by CT scan differs between the previous study and our
study. Third, housing conditions and mouse microbiota
might contribute to the differences in body weight gain.
Therefore, a direct comparison study is needed to clarify
the difference of phenotype between aged GIPR-knockout
and GIP-/- mice.

Muscle and liver have much higher contribution
to glucose uptake and energy expenditure than adipose
tissue (DeFronzo et al. 1987, Gallagher et al. 1998). Lean
body mass should be considered in the study of glucose
uptake and energy expenditure. In this study, however,
lean body mass was measured by CT scan from the top of
the diaphragm to the femoral head. This area mass reflects
the weight of internal organs including iliopsoas muscles
but not the muscle weight of whole body. Therefore,
we performed OGTT in proportion to whole body and
calculated energy expenditure by the whole body weight.

Recently, antagonism of the GIP receptor has come
to be seen as potential therapeutic target for obesity and
insulin resistance (McClean et al. 2007, 2008, Boylan et al.
2015, Kaneko et al. 2019). In this study, GIP is shown to
be involved in age-related obesity and insulin resistance
under normal fat diet feeding condition. Furthermore,
inhibition of GIP secretion might enable us to prevent fat
accumulation with aging and declination of ADL levels
in the elderly. Interestingly, inhibition of GIP secretion
might also have a favorable effect on extension of lifespan;
a recent study using GIPR-knockout mice reported that
inhibition of GIP signaling is involved in extension of
lifespan (Hoizumi et al. 2019).
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In conclusion, GIP is involved in age-related obesity
and insulin resistance, and inhibition of GIP secretion
alleviates age-related body weight and fat mass gain,
and insulin resistance under carbohydrate-based feeding
condition.

Declaration of interest
The authors declare that there is no conflict of interest that could be
perceived as prejudicing the impartiality of the research reported.

Funding

This study was supported by grants from the Ministry of Education,
Culture, Sports, Science and Technology (MEXT), Japan Society for the
Promotion of Science (JSPS) (Grant No. 19K09022), Ministry of Health,
Labour, and Welfare, Ministry of Agriculture, Forestry and Fisheries, Japan
Diabetes Foundation, Japan Association for Diabetes Education and Care,
Merck Sharp & Dohme (MSD) Life Science Foundation, Public Interest
Incorporated Foundation, Japan Diabetes Foundation, and Suzuken
Memorial Foundation.

Author contribution statement

Y Kand N H planned the study, researched data, contributed to discussion,
wrote, reviewed and edited the manuscript. S S-K planned the study and
researched data.SY, El,Y M, SK, and T H researched data. N | planned the
study, contributed to discussion, and edited the manuscript. All authors
approved the final version of the manuscript.

Acknowledgements
The authors thank Shoichi Asano for technical support regarding the study.

References

Boylan MO, Glazebrook PA, Tatalovic M & Wolfe MM 2015 Gastric
inhibitory polypeptide immunoneutralization attenuates
development of obesity in mice. American Journal of Physiology:
Endocrinology and Metabolism 309 E1008-E1018. (https://doi.
org/10.1152/ajpendo.00345.2015)

Chang VW, Alley DE & Dowd JB 2017 Trends in the relationship between
obesity and disability, 1988-2012. American Journal of Epidemiology
186 688-695. (https://doi.org/10.1093/aje/kwx092)

Cheng Y], Imperatore G, Geiss LS, Wang ], Saydah SH, Cowie CC &
Gregg EW 2013 Secular changes in the age-specific prevalence of
diabetes among U.S. adults: 1988-2010. Diabetes Care 36 2690-2696.
(https://doi.org/10.2337/dc12-2074)

Cleasby ME, Jamieson PM & Atherton PJ 2016 Insulin resistance and
sarcopenia: mechanistic links between common co-morbidities. Journal
of Endocrinology 229 R67-R81. (https://doi.org/10.1530/JOE-15-0533)

DeFronzo RA 1987 Lillly Lecture 1987 the triumvirate: $-cell, muscle,
liver. A collusion responsible for NIDDM. Diabetes 37 667-687.
(https://doi.org/10.2337/diab.37.6.667)

Gallagher D, Belmonte D, Deurenberg P, Wang Z, Kransnow N,

Pi-Sunyer FX & Heymsfield SB 1998 Organ-tissue mass measurement

allows modeling of REE and metabolically active tissue mass.
American Journal of Physiology 275 E249-E258. (https://doi.
org/10.1152/ajpendo.1998.275.2.E249)

Garduno-Garcia J, Gastaldelli A, DeFronzo RA, Lertwattanarak R, Holst JJ
& Musi N 2018 Older subjects with p-cell dysfunction have an
accentuated incretin release. Journal of Clinical Endocrinology and
Metabolism 7 2613-2619. (https://doi.org/10.1210/jc.2018-00260)

Harada N, Yamada Y, Tsukiyama K, Yamada C, Nakamura Y, Mukai E,
Hamasaki A, Liu X, Toyoda K, Seino Y, et al. 2008 A novel GIP
receptor splice variant influences GIP sensitivity of pancreatic
p-cells in obese mice. American Journal of Physiology: Endocrinology
and Metabolism 294 E61-E68. (https://doi.org/10.1152/
ajpendo.00358.2007)

Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, Keilbaugh SA, Hamady M,
Chen YY, Knight R, Ahima RS, Bushman F & Wu GD 2009 High-fat
diet determines the composition of the murine gut microbiome
independently of obesity. Gastroenterology 137 1716.e1-1724.el.
(https://doi.org/10.1053/j.gastro.2009.08.042)

Hoizumi M, Sato T, Shimizu T, Kato S, Tsukiyama K, Narita T, Fujita H,
Morii T, Sassa MH, Seino Y, et al. 2019 Inhibition of GIP signaling
extends lifespan without caloric restriction. Biochemical and
Biophysical Research Communications 513 974-982. (https://doi.
0rg/10.1016/j.bbrc.2019.04.036)

Tkeguchi E, Harada N, Kanemaru Y, Sankoda A, Yamane S, Iwasaki K,
Imajo M, Murata Y, Suzuki K, Joo E, et al. 2018 Transcriptional
factor Pdx1 is involved in age-related GIP hypersecretion in mice.
American Journal of Physiology: Gastrointestinal and Liver Physiology 315
G272-G282. (https://doi.org/10.1152/ajpgi.00054.2018)

Islam KB, Fukiya S, Hagio M, Fujii N, Ishizuka S, Ooka T, Ogura Y,
Hayashi T & Yokota A 2011 Bile acid is a host factor that regulates
the composition of the cecal microbiota in rats. Gastroenterology 141
1773-1781. (https://doi.org/10.1053/j.gastro.2011.07.046)

Iwasaki K, Harada N, Sasaki K, Yamane S, Tida K, Suzuki K, Hamasaki A,
Joo E, Nasteska D, Shibue K, et al. 2015 Free fatty acid receptor
GPR120 is highly expressed in enteroendocrine K-cells of upper small
intestine and has a critical role in GIP secretion after fat ingestion.
Endocrinology 156 837-846. (https://doi.org/10.1210/en.2014-1653)

Jois T, Howard V, Youngs K, Cowley MA & Sleeman MW 2016 Dietary
macronutrient composition directs ChREBP isoform expression and
glucose metabolism in mice. PLoS ONE 11 e0168797. (https://doi.
org/10.1371/journal.pone.0168797)

Joo E, Harada N, Yamane S, Fukushima T, Taura D, Iwasaki K, Sankoda A,
Shibue K, Harada T, Suzuki K, ef al. 2017 Inhibition of gastric
inhibitory polypeptide receptor signaling in adipose tissue reduces
insulin resistance and hepatic steatosis in high-fat diet-fed mice.
Diabetes 66 868-879. (https://doi.org/10.2337/db16-0758)

Kalyani RR, Corriere M & Ferrucci L 2014 Age-related and disease-related
muscle loss: the effect of diabetes, obesity, and other diseases. Lancet:
Diabetes and Endocrinology 2 819-829. (https://doi.org/10.1016/S2213-
8587(14)70034-8)

Kaneko K, Fu Y, Lin HY, Cordonier EL, Mo Q, Gao Y, Yao T, Naylor J,
Howard V, Saito K, et al. 2019 Gut-derived GIP activates central Rap1
to impair neural leptin sensitivity during overnutrition. Journal of
Clinical Investigation 129 126107. (https://doi.org/10.1172/JCI126107)

Maekawa R, Ogata H, Murase M, Harada N, Suzuki K, Joo E, Sankoda A,
Iida A, Izumoto T, Tsunekawa S, et al. 2018 Glucose-dependent
insulinotropic polypeptide is required for moderate high-fat diet-but
not high-carbohydrate diet-induced weight gain. American Journal of
Physiology: Endocrinology and Metabolism 314 E572-E583. (https://doi.
org/10.1152/ajpendo.00352.2017)

McClean PL, Irwin N, Cassidy RS, Holst JJ, Gault VA & Flatt PR 2007
GIP receptor antagonism reverses obesity, insulin resistance, and
associated metabolic disturbances induced in mice by prolonged
consumption of high-fat diet. American Journal of Physiology:
Endocrinology and Metabolism 293 E1746-E1755. (https://doi.
org/10.1152/ajpendo.00460.2007)

© 2020 The authors

Published by Bioscientifica Ltd.
Printed in Great Britain

https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-19-0477

This work is licensed under a Creative Commons
Attribution 4.0 International License.

(OMOoM


https://doi.org/10.1152/ajpendo.00345.2015
https://doi.org/10.1152/ajpendo.00345.2015
https://doi.org/10.1093/aje/kwx092
https://doi.org/10.2337/dc12-2074
https://doi.org/10.1530/JOE-15-0533
https://doi.org/10.2337/diab.37.6.667
https://doi.org/10.1152/ajpendo.1998.275.2.E249
https://doi.org/10.1152/ajpendo.1998.275.2.E249
https://doi.org/10.1210/jc.2018-00260
https://doi.org/10.1152/ajpendo.00358.2007
https://doi.org/10.1152/ajpendo.00358.2007
https://doi.org/10.1053/j.gastro.2009.08.042
https://doi.org/10.1016/j.bbrc.2019.04.036
https://doi.org/10.1016/j.bbrc.2019.04.036
https://doi.org/10.1152/ajpgi.00054.2018
https://doi.org/10.1053/j.gastro.2011.07.046
https://doi.org/10.1210/en.2014-1653
https://doi.org/10.1371/journal.pone.0168797
https://doi.org/10.1371/journal.pone.0168797
https://doi.org/10.2337/db16-0758
https://doi.org/10.1016/S2213-8587(14)70034-8
https://doi.org/10.1016/S2213-8587(14)70034-8
https://doi.org/10.1172/JCI126107
https://doi.org/10.1152/ajpendo.00352.2017
https://doi.org/10.1152/ajpendo.00352.2017
https://doi.org/10.1152/ajpendo.00460.2007
https://doi.org/10.1152/ajpendo.00460.2007
https://doi.org/10.1530/JOE-19-0477
https://joe.bioscientifica.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of Y Kanemaru et al.

Endocrinology

Effect of GIP on age-related
body weight gain

McClean PL, Irwin N, Hunter K, Gault VA & Flatt PR 2008 (Pro(3))
GIP[mPEG]: novel, long-acting, mPEGylated antagonist of gastric
inhibitory polypeptide for obesity-diabetes (diabesity) therapy. British
Journal of Pharmacology 1585 690-701. (https://doi.org/10.1038/
bjp.2008.317)

Miyawaki K, Yamada Y, Ban N, Thara Y, Tsukiyama K, Zhou H, Fujimoto S,
Oku A, Tsuda K, Toyokuni S, et al. 2002 Inhibition of gastric
inhibitory polypeptide signaling prevents obesity. Nature Medicine 8
738-742. (https://doi.org/10.1038/nm727)

Murata Y, Harada N, Yamane S, Iwasaki K, Ikeguchi E, Kanemaru Y,
Harada T, Sankoda A, Shimazu-Kuwahara S, Joo E, et al. 2019 Medium-
chain triglyceride diet stimulates less GIP secretion and suppresses
body weight and fat mass gain compared with long-chain triglyceride
diet. American Journal of Physiology: Endocrinology and Metabolism 317
E53-E64. (https://doi.org/10.1152/ajpendo.00200.2018)

Nasteska D, Harada N, Suzuki K, Yamane S, Hamasaki A, Joo E, Iwasaki K,
Shibue K, Harada T & Inagaki N 2014 Chronic reduction of GIP
secretion alleviates obesity and insulin resistance under high-fat diet
conditions. Diabetes 63 2332-2343. (https://doi.org/10.2337/db13-1563)

Prado CM, Wells JC, Smith SR, Stephan BC & Siervo M 2012 Sarcopenic
obesity: a critical appraisal of the current evidence. Clinical Nutrition
31 583-601. (https://doi.org/10.1016/j.cInu.2012.06.010)

Saad MJ, Santos A & Prada PO 2016 Linking gut microbiota and
inflammation to obesity and insulin resistance. Physiology 31
283-293. (https://doi.org/10.1152/physiol.00041.2015)

Sankoda A, Harada N, Iwasaki K, Yamane S, Murata Y, Shibue K,
Thewjitcharoen Y, Suzuki K, Harada T, Kanemaru Y, et al. 2017 Long
chain free fatty acid receptor GPR120 mediates oil-induced GIP
secretion through CCK in male mice. Endocrinology 158 1172-1180.
(https://doi.org/10.1210/en.2017-00090)

Seino Y & Yabe D 2013 Glucose-dependent insulintropic polypeptide
and glucagon-like peptide-1: incretin actions beyond the pancreas.
Journal of Diabetes Investigation 4 108-130. (https://doi.org/10.1111/
jdi.12065)

Shimazu-Kuwahara S, Harada N, Yamane S, Joo E, Sankoda A, Kieffer TJ
& Tnagaki N 2017 Attenuated secretion of glucose-dependent
insulinotropic polypeptide (GIP) does not alleviate hyperphagic
obesity and insulin resistance in ob/ob mice. Molecular Metabolism 6
288-294. (https://doi.org/10.1016/j.molmet.2017.01.006)

Trahair LG, Horowitz M, Rayner CK, Gentilcore D, Lange K,

Wishart JM & Jones KL 2012 Comparative effects of variations

in duodenal glucose load on glycemic, insulinemic, and incretin
responses in healthy young and older subjects. Journal of Clinical
Endocrinology and Metabolism 97 844-851. (https://doi.org/10.1210/
jc.2011-2583)

Usdin TB, Mezey E, Button DC, Brownstein MJ & Bonner TI 1993 Gastric
inhibitory polypeptide receptor, a member of the secretin-vasoactive
intestinal peptide receptor family, is widely distributed in peripheral
organs and the brain. Endocrinology 133 2861-2870. (https://doi.
org/10.1210/endo.133.6.8243312)

Yamada C, Yamada Y, Tsukiyama K, Yamada K, Yamane S, Harada N,
Miyawaki K, Seino Y & Inagaki N 2007 Genetic inactivation
of GIP signaling reverses aging-associated insulin resistance
through body composition changes. Biochemical and Biophysical
Research Communications 364 175-180. (https://doi.org/10.1016/j.
bbrc.2007.09.128)

Yokota A, Fukiya S, Islam KB, Ooka T, Ogura Y, Hayashi T, Hagio M &
Ishizuka S 2012 Is bile acid a determinant of the gut microbiota on
a high-fat diet? Gut Microbes 3 455-459. (https://doi.org/10.4161/
gmic.21216)

Received in final form 3 January 2020
Accepted 23 January 2020
Accepted Manuscript published online 24 January 2020

https://joe.bioscientifica.com
https://doi.org/10.1530/JOE-19-0477

© 2020 The authors
Published by Bioscientifica Ltd.
Printed in Great Britain

This work is licensed under a Creative Commons
Attribution 4.0 International License.

@O


https://doi.org/10.1038/bjp.2008.317
https://doi.org/10.1038/bjp.2008.317
https://doi.org/10.1038/nm727
https://doi.org/10.1152/ajpendo.00200.2018
https://doi.org/10.2337/db13-1563
https://doi.org/10.1016/j.clnu.2012.06.010
https://doi.org/10.1152/physiol.00041.2015
https://doi.org/10.1210/en.2017-00090
https://doi.org/10.1111/jdi.12065
https://doi.org/10.1111/jdi.12065
https://doi.org/10.1016/j.molmet.2017.01.006
https://doi.org/10.1210/jc.2011-2583
https://doi.org/10.1210/jc.2011-2583
https://doi.org/10.1210/endo.133.6.8243312
https://doi.org/10.1210/endo.133.6.8243312
https://doi.org/10.1016/j.bbrc.2007.09.128
https://doi.org/10.1016/j.bbrc.2007.09.128
https://doi.org/10.4161/gmic.21216
https://doi.org/10.4161/gmic.21216
https://doi.org/10.1530/JOE-19-0477
https://joe.bioscientifica.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Abstract
	Introduction
	Materials and methods
	Animals
	Blood samples
	GIP and GLP-1 content in intestine
	Measurement of body fat composition
	Energy expenditure and locomotor activity
	Quantitative RT-PCR
	Statistical analysis

	Results
	Effect of absent and reduced GIP secretion on body weight gain with aging
	Effect of absent and reduced GIP secretion on body fat mass
	Effect of absent and reduced GIP secretion on glucose tolerance and insulin sensitivity
	Effect of absent and reduced GIP secretion on GIPR mRNA expression

	Discussion
	Declaration of interest
	Funding
	Author contribution statement
	Acknowledgements
	References

