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Abstract

G protein-coupled receptor (GPR) 120 is expressed in enteroendocrine cells secreting glucagon-like peptide-1 (GLP-1), glucose-
dependent insulinotropic polypeptide/gastric inhibitory polypeptide (GIP), and cholecystokinin (CCK). Although GPR120 signaling
in adipose tissue and macrophages has been reported to ameliorate obesity and insulin resistance in a high long-chain triglycer-
ide (LCT) diet, intestine-specific roles of GPR120 are unclear. To clarify the metabolic effect of GPR120 in the intestine, we gener-
ated intestine-specific GPR120-knockout (GPR120int�/�) mice. In comparison with floxed GPR120 (WT) mice, GPR120int�/� mice
exhibited reduced GIP secretion and CCK action without change of insulin, GLP-1, or peptide YY (PYY) secretion after a single
administration of LCT. Under a high-LCT diet, GPR120int�/� mice showed a mild reduction of body weight and substantial amelio-
ration of insulin resistance and fatty liver. Moreover, liver and white adipose tissue (WAT) of GPR120int�/�mice exhibited
increased Akt phosphorylation and reduced gene expression of suppressor of cytokine signaling (SOCS) 3, which inhibits insulin
signaling. In addition, gene expression of inflammatory cytokines in WAT and lipogenic molecules in liver were reduced in
GPR120int�/� mice. These findings suggest that inhibition of GPR120 signaling in intestine ameliorates insulin resistance and fatty
liver under high-LCT diet feeding.

NEW & NOTEWORTHY We generated novel intestine-specific GPR120-knockout (GPR120int�/�) mice and investigated the meta-
bolic effect of GPR120 in the intestine. GPR120int�/� mice exhibited a reduction of GIP secretion and CCK action after a single
administration of LCT. Under a high-LCT diet, GPR120int�/� mice showed mild improvement in obesity and marked amelioration
of insulin resistance and hepatic steatosis. Our results indicate an important role of intestinal GPR120 on insulin resistance and
hepatic steatosis.

fatty liver; GPR120; inflammatory cytokine; insulin resistance; long-chain triglycerides

INTRODUCTION

The number of obese individuals is rapidly increasing
around the world (1). Obesity results from energy balance
dysregulation derived partly from excessive fat intake (2).
Ingestible fats consist mainly of long-chain triglycerides
(LCTs); overaccumulation of LCTs leads to hepatic steatosis
and insulin resistance, both of which are closely linked to
cardiovascular disease, cancer, and death (3–5). To prevent
the onset and exacerbation of such lifestyle-related diseases,
receptors and hormones involved in digestion, absorption,
and accumulation of LCTs have drawn much attention
recently (6, 7).

Among the various receptors for LCTs, G protein-coupled
receptor 120 (GPR120)/free fatty acid receptor (FFAR) 4 has

been increasingly studied. GPR120, a receptor for long-chain
free fatty acids (LCFAs), couples mainly with Gq protein to
increase intracellular Ca2þ levels (8, 9). GPR120 is expressed
in the intestine, adipose tissue, lung, spleen, and macro-
phages (9, 10). Inhibition of GPR120 signaling exacerbates
obesity and insulin resistance under high-LCT diet-feeding
conditions (11). Studies of GPR120 agonist and global
GPR120-knockout mice have shown that GPR120 signaling
suppresses tumor necrosis factor (TNF)-a and lipopolysac-
charide-induced inflammation in macrophages and adipose
tissue and ameliorates high-LCT diet-induced obesity and
insulin resistance (12–14).

In intestine, GPR120 is highly expressed in enteroendo-
crine cells including L cells, K cells, and I cells (15–17). L cells
are found in the lower small intestine and colon and secrete
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glucagon-like peptide-1 (GLP-1) (18); K cells are found mainly
in the upper small intestine and secrete glucose-dependent
insulinotropic polypeptide/gastric inhibitory polypeptide
(GIP) (16); I cells are found mainly in the upper small intes-
tine and secrete cholecystokinin (CCK) (17). GLP-1 and GIP
are the incretins, which are released in response to nutrient
ingestion to potentiate insulin secretion from pancreatic
b-cells. CCK promotes fat absorption by enhancing pancre-
atic lipase secretion from pancreatic acinar cells and bile
secretion by contracting the gallbladder (19–21). Studies
using GIP-knockout mice and CCK-knockout mice have
shown that reduction of GIP and CCK secretion alleviates
obesity under high-LCT diet-feeding conditions (22, 23).
However, the mechanism by which GPR120 signaling in the
intestine influences obesity and insulin resistance remains
unclear.

In this study, we generated intestine-specific GPR120-
knockout (GPR120int�/�) mice and investigated the effect on
glucose tolerance and secretion of intestinal hormones after
single administration of glucose or LCT to clarify the influ-
ence of GPR120 signaling on obesity and insulin resistance
under high-LCT diet-feeding condition.

MATERIALS AND METHODS

Animals

Male mice with C57BL/6 background were used in all
experiments. GPR120int�/� mice were generated by cross-
breeding floxed GPR120 mice and Villin1 promoter-Cre trans-
genic (Villin1-Cre Tg) mice (Fig. 1A). Floxed GPR120mice were
used as wild-type (WT) mice. Villin reporter (Villin1-
tdTomato)mice, which enabled visualization of intestinal epi-
thelial cells, were generated by crossbreeding Villin1-Cre
Tg mice and Ai14 homozygous mice (Supplemental Fig.
S1, A and B). Floxed GPR120 mice were generated as
reported previously (24). Villin1-Cre Tg mice and Ai14
mice were purchased from Jackson Laboratory (Stock
Nos. 004586 and 007908; Bar Harbor, ME). For high-LCT
diet studies, 5-wk-old mice received the high-LCT diet
with 45% of fat and energy density of 4.7 kcal/g (Cat. No.
D12451; Research Diets Inc., New Brunswick, NJ) or the
control diet (CD) with 10% of fat and energy density of 3.8
kcal/g (Cat. No. D12450H; Research Diets Inc.) for 15 wk.
All mice were maintained in a specific pathogen-free facil-
ity under conditions of controlled temperature and 14:10-
h light/dark cycle with free access to water and chow
unless otherwise stated. Animal care and procedures were
approved by Kyoto University Animal Care Committee
(KyoMed 19245).

Total Ribonucleic Acid Isolation and RT-PCR

Small intestine (duodenum, jejunum, and ileum), colon,
lung, spleen, white adipose tissue (WAT) [(epididymal WAT
(eWAT) and inguinal WAT (iWAT)], brown adipose tissue
(BAT), liver, and gastrocnemius muscle (skeletal muscle)
were taken from WT and GPR120int�/� mice for isolation of
total RNA. Intraperitoneal macrophages were isolated 3 days
after thioglycolate medium (2.0 mL of 3.85%) (Cat. No.
211716; BD, Franklin Lakes, NJ) injection into the abdominal
cavity. Total RNAs of adipose tissue were extracted using

RNeasy Lipid Tissue Mini Kit (QIAGEN, Hilden, Germany);
total RNAs of the other tissues were extracted using TRIzol
reagent (Thermo Fisher Scientific, Waltham, MA). Total
RNAs were reverse-transcribed with PrimerScript RT reagent
Kit with gDNA Eraser (Takara Bio Inc., Shiga, Japan). SYBR
Green PCR Master Mix (Thermo Fisher Scientific) was pre-
pared for the real-time PCR (RT-PCR) run. mRNA expression
levels were measured by RT-PCR using the ABI PRISM 7000
Sequence Detection System (Thermo Fisher Scientific). All
results are presented using the relative standard curve
method normalized to a housekeeping gene (b-actin). Primer
pairs designed for evaluation of gene expression are shown
in Supplemental Table S1.

Immunohistochemistry

Small intestine, colon, liver, and WAT were fixed by 10%
formaldehyde and embedded in paraffin. Some of the sec-
tions were stained with hematoxylin and eosin and the other
sections were used for immunohistochemistry. The protocol
of immunohistochemistry was previously described (25).
The sections of the intestine, length of villus, diameter of
crypt, and number of chromogranin A, GLP-1, GIP, CCK, or
peptide YY (PYY)-expressing cells in 50 villi and crypts
were evaluated. The samples in the absence of primary
antibodies were included as controls. In immunostained
sections of adipose tissue, the mean adipocyte size (sur-
face areas of 15 representative adipocytes per mouse) was
analyzed on a single slide glass for each mouse. Anti-chro-
mogranin A antibody (Cat. No. ab15160, RRID: AB_301704,
1:200; Abcam, Cambridge, UK), anti-GLP-1 antibody (Cat.
No. Y320, RRID:AB_1964251, 1:1,000; Yanaihara Institute
Inc., Fujinomiya, Japan), anti-GIP antibody (Cat. No. PA5-
76867, RRID:AB_2720594, 1:100; Thermo Fisher Scientific),
anti-CCK antibody (Cat. No. CCK8-MO-167-2, RRID:AB_
2572276, 1:200; Frontier Institute Co., Ltd., Ishikari, Japan),
anti-PYY antibody (Cat. No. ab22663, RRID:AB_2175186,
1:1,000; Abcam), and anti-RFP antibody (Cat. No. 600-401-
379, RRID:AB_2209751, 1:1,000; Rockland Immunochemicals
Inc., Pottstown, PA) were used as primary antibodies for the
intestine. Anti-perilipin-1 antibody (Cat. No. 9349, RRID:
AB_10829911, 1:200; Cell Signaling Technology, Danvers, MA)
was used as the primary antibody for adipose tissue. As sec-
ondary antibodies, Alexa 546 anti-rabbit (Cat. No. A11035,
RRID: AB_2534093, 1:100; Life Technologies Corporation,
Carlsbad, CA), Alexa 546 anti-mouse (Cat. No. A11030, RRID:
AB_2534089, 1:100; Life Technologies Corporation), Alexa 488
anti-rabbit (Cat. No. A11034, RRID: AB_2576217, 1:100; Life
Technologies Corporation), and Alexa 488 anti-mouse (Cat.
No. A11029, RRID: AB_2534088, 1:100; Life Technologies
Corporation) were used. Images were taken using a fluores-
cence microscope FSX100 (Olympus Corporation, Tokyo,
Japan).

Intestinal Transit

Transit through the stomach and small intestine was
measured by administering a nonabsorbed marker con-
taining 10% charcoal suspension in 5% gum Arabic, as pre-
viously described (26). The mice were given 0.2 mL of the
suspension by oral gavage. Twenty minutes after the oral
gavage, the distance from the pylorus to the front of the
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charcoal bolus and the ileocecal junction was measured.
The transit rate of small intestine was determined as [(dis-
tance from pylorus to charcoal front)/(distance from pylo-
rus to ileocecal junction)] � 100 (%).

OGTT and OCTT

Oral glucose tolerance tests (OGTTs) and oral corn oil tol-
erance tests (OCTTs) were performed in 10- to 15-wk-old
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mice. After a 16-h fasting period, mice were administered
glucose (6 g/kg body wt for GLP-1 measurement and 2 g/kg
body wt for others) by oral gavage for OGTTs; corn oil (10
mL/kg body wt) was administered by oral gavage for OCTTs
(27). Subsequently, 45 μL blood samples were collected via
tail vein at 0 (15 min for OGTTs), 30, 60, and 120 min. Blood
glucose levels were measured using the glucose oxidase
method (Sanwa Kagaku Kenkyusho Co., Ltd., Nagoya,
Japan).

Enzyme-Linked Immunosorbent Assays

Concentrations of plasma insulin, total GIP, total GLP-1,
PYY, CCK, interleukin (IL)-6, and TNF-a were measured
using ELISA kits for insulin (Cat. No. AKRIN-031; FUJIFILM
Wako Shibayagi Corporation, Shibukawa, Japan), total GIP
(Cat. No. EZRMGIP-55K; Merck, Billerica, MA), total GLP-1
(Cat. No. K1503PD-1; Meso Scale Discovery, Rockville, MD),
PYY (Cat. No. YK081; Yanaihara Institute Inc.), CCK (Cat. No.
FEK-069-04; Phoenix Pharmaceuticals Inc., Burlingame, CA),
IL-6 (Cat No. RSD-M6000B-1; R&D Systems, Minneapolis,
MN), and TNF-a (Cat. No. AKMTNFA-011; FUJIFILM Wako
Shibayagi Corporation), respectively.

Measurement of Lipase Activity and Gallbladder
Contraction during OGTT and OCTT

After 16-h fasting, the mice were administered glucose (2
g/kg body wt) by oral gavage for OGTTs; corn oil (10 mL/kg
body wt) was administered by oral gavage for OCTTs. In
addition, the jejunum and gallbladder were removed 15 min
after oral glucose administration and 30 min after oral
corn oil administration. Small intestine contents were col-
lected from jejunum and centrifuged at 15,000 rpm for 10
min at 4�C. A water layer was used for the measurement of
intestinal lipase activity by the BALB-DTNB method (SB
Bioscience, Tokyo, Japan) (28). Bile in the gallbladder was
collected using a 29 G syringe (Terumo, Tokyo, Japan);
bile volume was assessed by the volume of bile remaining
in the gallbladder.

Measurement of Lipase Activity and Gallbladder
Contraction Using CCK Agonist

OCTT was performed in 16-h fasted mice immediately af-
ter injection of CCK agonist (200 ng/kg body wt) via tail vein.
[Thr28, Nle31]-CCK (Cat. No. AS-22944; AnaSpec, Inc.,
Fremont, CA) was used as a CCK agonist. The jejunum and
gallbladder were removed 30min after oral corn oil adminis-
tration. Small intestine contents were collected from jeju-
num and centrifuged at 15,000 rpm for 10 min at 4�C. A
water layer was used for themeasurement of intestinal lipase
activity by the BALB-DTNB method (SB Bioscience, Tokyo,

Japan) (28). Bile in the gallbladder was collected using a 29 G
syringe (Terumo, Tokyo, Japan); bile volume was assessed
by the volume of bile remaining in the gallbladder.

Insulin Tolerance Test

The mice were fasted for 4 h before the start of the experi-
ment. Blood samples were drawn from the tail vein at the fol-
lowing time intervals: 0 min (fasting levels) and 30, 60, 90,
and 120 min after intraperitoneal administration of human
insulin (0.5 units/kg body wt) (Eli Lilly and Co., Indianapolis,
IN) (27). Blood glucose levels were measured by the glucose
oxidase method (Sanwa Kagaku Kenkyusho). Results were
calculated with blood glucose levels at 0 min being consid-
ered 100%.

Hepatic Lipid Parameters

Extraction of hepatic lipids was done as described previ-
ously (29); triglyceride (TG) levels were evaluated using an
enzymatic assay kit (Sekisui Medical Co., Ltd., Tokyo,
Japan). TG content in liver was measured as per gram of
liver tissue weight.

Western Blotting

For insulin stimulation, human regular insulin (2.0 units/
kg body wt) was administered through the inferior vena cava
of mice anesthetized with isoflurane. Three minutes later,
samples of liver, eWAT, iWAT, and gastrocnemius muscle
(skeletal muscle) were dissected and immediately frozen in
liquid nitrogen. Frozen tissue extracts were homogenized in
cold radioimmunoprecipitation assay buffer composed of 50
mmol/L Tris-HCl (pH 7.4), 150mmol/L NaCl, 1%NP-40, 0.1%
SDS, 1 mmol/L EDTA, phosphatase inhibitor cocktail (Sigma
Aldrich, St. Louis, MO), and protease inhibitor cocktail
(Roche, Basel, Switzerland) and centrifuged at 11,000 rpm at
4�C for 5 min. Equal amounts of proteins were subjected to
immunoblot analysis (30). Anti-Akt antibody (Cat. No. 9272,
RRID: AB_329827, 1:1,000; Cell Signaling Technology) and
anti-phosphorylated-Akt (Ser473) antibody (Cat. No. 9271,
RRID: AB_329825, 1:1,000; Cell Signaling Technology) were
used as primary antibodies. Anti-Rabbit IgG (Cat. No.
NA934, RRID: AB_772206, 1:2,000; GE Healthcare, Chicago,
IL) was used as a secondary antibody.

Statistical Analysis

The results are shown as means ± standard error of the
mean (SEM). Statistical significance was determined using
Student’s t test and Mann–Whitney U test. Statistical analy-
ses were performed using the JMP Pro version 16.1.0 (SAS
Institute, Cary, NC). P values< 0.05 were considered statisti-
cally significant.

Figure 1. Intestinal morphology and enteroendocrine cells number in GPR120int�/� mice. WT mice and GPR120int�/� mice are represented by blue bars
and red bars, respectively. A: crossbreeding of floxed GPR120 mice and Villin1 promoter-Cre transgenic (Villin1-Cre Tg) mice was used to generate
GPR120int�/� mice. B: schematic representation of the floxed GPR120 gene using Cre-loxP-mediated recombination. C: RT-PCR analysis of GPR120
mRNA expression in duodenum, jejunum, ileum, colon, epididymal white adipose tissue (eWAT), inguinal white adipose tissue (iWAT), brown adipose tis-
sue (BAT), lung, and spleen (n = 3–5). D: RT-PCR analysis of GPR120 mRNA expression in intraperitoneal macrophages. F4/80 mRNA is used as a macro-
phage marker. E: villus length of small intestine and crypt diameter of colon (n = 5). F: intestinal transit after oral administration of nonabsorbed marker
(10% charcoal suspension in 5% gum Arabic). G–K: number of chromogranin A (G), GLP-1 (H), GIP (I), CCK (J), and PYY-expressing cells in villus of small
intestine and crypt of colon (n = 5) (K). �P< 0.05 vs. WT. WT, wild-type.
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RESULTS

Generation of GPR120int2/2 Mice

Prior to generation of GPR120int�/� mice from Villin1-Cre
Tg mice, we investigated Villin expression in the intestine
using Villin1-tdTomato mice (Supplemental Fig. S1A). Villin
was found to be expressed in all intestinal epithelial cells of
the small intestine and colon (Supplemental Fig. S1, B and
D). Villin was also expressed in chromogranin A, CCK, GLP-1,
GIP, and PYY-expressing cells (Supplemental Fig. S1, C and
D). Cre-mediated recombination was found to occur in exon
1 of GPR120 by the presence of both the floxed GPR120 gene
and Villin1-Cre transgene in GPR120int�/� mice (Fig. 1B).
Expression of GPR120 mRNA in small intestine, colon,
eWAT, iWAT, BAT, lung, and spleen was determined by RT-
PCR (Fig. 1C). When the specific primers were used for ampli-
fication of exon 1 and exon 3 (Fig. 1B), the expression levels
of GPR120 mRNA were more than 90% lower in small intes-
tine and colon in GPR120int�/� mice than those in WT mice.
However, the expression levels in eWAT, iWAT, BAT, lung,
and spleen were not significantly different between WT and
GPR120int�/� mice (Fig. 1C). Because the expression levels of
GPR120 mRNA were very low in intraperitoneal macro-
phages, we analyzed the bands of PCR product by electro-
phoresis; a band was clearly detected in macrophages of
GPR120int�/� mice as well as inWTmice (Fig. 1D).

Subsequently, we evaluated intestinal morphology, intes-
tinal transit, and number of enteroendocrine cells in the
small intestine and colon. The length of villus, diameter of
crypt, and intestinal transit were not significantly different
between WT and GPR120int�/� mice (Fig. 1, E and F). The
numbers of chromogranin A (Fig. 1G), GLP-1 (Fig. 1H), GIP
(Fig. 1I), CCK (Fig. 1J), and PYY (Fig. 1K)-expressing cells did
not differ between the two groups.

Secretion of Intestinal Hormones and CCK Action after
Single Administration of Glucose or Corn Oil in
GPR120int2/2 Mice

Blood glucose, insulin, GIP, GLP-1, and PYY levels were
measured during OGTTs and OCTTs. In the OGTTs and
OCTTs, blood glucose, insulin, GLP-1, and PYY levels did not
differ between WT and GPR120int�/� mice (Fig. 2, A–F),
except for the single change in blood glucose levels at 120
min during OGTT (Fig. 2A). Area under the curve of (AUC)
glucose did not significantly differ between the two groups
(Fig. 2, A and B). In OGTT, total GIP levels did not differ
between the two groups (Fig. 2C). On the other hand, total
GIP levels after administration of corn oil were significantly
lower in GPR120int�/� mice than those in WT mice (Fig. 2D).
Because available antibody in the ELISA kit for measuring
CCK is crossreactive with gastrin, CCK levels also were found
not to be significantly different betweenWT and GPR120int�/�

mice (data not shown). To evaluate CCK action, remaining
bile volume in the gallbladder and intestinal lipase activity
during OGTT and OCTT was measured. In OGTT, bile volume
and intestinal lipase activity did not differ between WT and
GPR120int�/� mice (Fig. 2, G and I). In contrast, bile volume
was significantly larger, and intestinal lipase activity was sig-
nificantly lower in GPR120int�/� mice than those in WT mice
after single oral administration of corn oil (Fig. 2,H and J).

CCK agonist completely restored CCK action (gallbladder
contraction and intestinal lipase activity) in GPR120int�/�

mice (Supplemental Fig. S2, A and B). Moreover, CCK agonist
restored GIP secretion in GPR120int�/� mice (Supplemental
Fig. S2C). These results suggest that inhibition of GPR120
signaling in intestine reduces LCT-induced GIP secretion
and CCK action but not LCT-induced GLP-1 or PYY
secretion.

Expression Levels of GPR120 mRNA, Body Weight,
Insulin Sensitivity, and Glucose Tolerance in high-LCT
Diet-Fed GPR120int2/2 Mice

The expression levels of GPR120 mRNA under high LCT
diet in WT mice were lower in eWAT and iWAT and higher
in BAT and spleen than those under CD diet in WT mice
(Supplemental Fig. S3A). On the other hand, the expression
levels in intestine did not differ between CFD diet-fed WT
and high-LCT diet-fed WT mice. GPR120 mRNA was clearly
detected in macrophages of both mice (Supplemental Fig.
S3B).

Body weight did not differ between CD-fed WT and
GPR120int�/� mice (Supplemental Fig. S4A). After 15 wk of
CD feeding, ITT and OGTT data showed that insulin sensitiv-
ity and glucose tolerance were similar between the two
groups ofmice (Supplemental Fig. S4, B–D).

Under high-LCT diet condition, body weight was mildly
but significantly reduced in GPR120int�/� mice compared
with that in WT mice (Fig. 3A). After 15 wk of high-LCT
diet feeding, ITT data showed that insulin sensitivity was
higher in GPR120int�/� mice than that in WT mice (Fig.
3B). In OGTT, although blood glucose levels did not differ,
insulin levels at 30 min and AUC-insulin were significantly
lower in GPR120int�/� mice than those in WT mice (Fig. 3,
C and D).

We then measured the weight of liver, eWAT, perirenal
WAT (pWAT), iWAT, and skeletal muscle of high-LCT diet-
fed WT and GPR120int�/� mice. The weight of liver, eWAT,
and pWAT were significantly lower in GPR120int�/� mice
than those inWTmice (Fig. 3E).

By histological analysis of the liver, lipid droplets were
found to be reduced in GPR120int�/� mice (Fig. 3F and
Supplemental Fig. S5A). Adipocyte size was also signifi-
cantly smaller in GPR120int�/� mice than those in WT mice
(Fig. 3F and Supplemental Fig. S5B). TG content in liver
was significantly lower in GPR120int�/� mice than that in
WTmice (Fig. 3G).

Akt Phosphorylation in Liver, WAT, and Skeletal Muscle
after Insulin Treatment

In the in vivo study using GPR120int�/� mice, inhibition of
GPR120 signaling in the intestine was shown to ameliorate
insulin resistance and fatty liver under high-LCT diet-feed-
ing conditions. We then evaluated phosphorylation (Ser473)
of serine/threonine kinase Akt in liver, eWAT, iWAT, and
skeletal muscle. Insulin treatment increased Akt phospho-
rylation in all four tissues (Fig. 4, A–D). The ratios of phos-
phorylated Akt to total Akt in liver, eWAT, and iWAT were
significantly higher in GPR120int�/� mice than those in WT
mice (Fig. 4, A–C), but the ratio of skeletal muscle did not
differ between the two groups (Fig. 4D).
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Figure 2. OGTTs and OCTTs in WT and GPR120int�/� mice. WT mice are represented by blue bars and blue circles. GPR120int�/� mice are represented
by red bars and red circles. A–F: glucose (A), insulin, GIP, (C), GLP-1, and PYY levels during oral glucose tolerance test (OGTT) (E). Glucose (B), insulin,
GIP (D) GLP-1, and PYY levels during oral corn oil tolerance test (OCTT) (n = 5–7) (F). AUC indicates area under the curve. G–J: remaining bile volume in
the gallbladder (n = 9 or 10) (G) and lipase activity in the intestinal contents during OGTT (n = 6) (I). Remaining bile volume in the gallbladder (n = 10) (H)
and lipase activity in the intestinal contents during OCTT (n = 6–8) (J). �P< 0.05 vs. WT. WT, wild-type.
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Figure 3. Phenotype of high-LCT diet-fedGPR120int�/� mice. WT mice are represented by blue bars and blue circles.GPR120int�/� mice are represented
by red bars and red circles. Body weight changes (n = 7) (A). Insulin tolerance test after 15 wk of high-LCT diet (n = 7) (B). C and D: glucose (C) and insulin
levels during oral glucose tolerance test (n = 6 or 7) (D). AUC indicates area under the curve. Weight of liver, epididymal white adipose tissue (eWAT),
perirenal white adipose tissue (pWAT), inguinal white adipose tissue (iWAT), and skeletal muscle (n = 9–11) (E). F: representative histological images of
liver (hematoxylin and eosin staining) (left) and eWAT (immunohistochemical staining using anti-perilipin-1 antibody) in the mice after 15 wk of high-LCT
diet feeding (right) Adipocyte size in eWAT (n = 6–8). G: triglyceride (TG) content in liver (n = 5–7) �P < 0.05 vs. WT. AUC, area of the curve; LCT, long-
chain triglyceride; WT, wild-type.
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Gene Expression of Molecules Associated with Insulin
Signaling in Liver, WAT, and Skeletal Muscle

GPR120 agonist lowers expression of proinflammatory
genes in eWAT such as IL-6, TNF-a, monocyte chemoattrac-
tant protein 1 (MCP1), and IL-1b, which is attenuated in
global GPR120-knockout mice (13). We, therefore, investi-
gated the influence of intestinal GPR120 signaling on the
inflammatory cytokines that have been reported to be
reduced by GPR120 signaling in eWAT. The expression levels
of IL-6 mRNA, MCP1 mRNA, and IL-1b mRNA were signifi-
cantly lower in eWAT of GPR120int�/� mice on a high-LCT
diet than those of WTmice. Although there was not a signifi-
cant difference, the expression levels of TNF-a mRNA
tended to be lower in eWAT of GPR120int�/� mice compared
with those of WT mice (Fig. 5A). Plasma IL-6 levels were sig-
nificantly lower in GPR120int�/� mice than those in WTmice
(Fig. 5B), whereas plasma TNF-a levels were not detectable,
being under the limit of sensitivity of the assay (data not
shown).

We then focused on factors that mediate inflammatory
cytokines and improved insulin sensitivity in GPR120int�/�

mice under a high-LCT diet. Suppressor of cytokine signal-
ing 1 (SOCS1) and SOCS3 are activated by inflammatory
cytokines such as IL-6 and inhibit insulin signaling by com-
peting for insulin receptor substrate binding sites on the in-
sulin receptor (31–33). SOCS1 and SOCS3 are also involved in
hepatic steatosis via sterol regulatory element-binding pro-
tein-1c (SREBP-1c) (33). The expression levels of SOCS3
mRNA were significantly lower in the liver, eWAT, and
iWAT of GPR120int�/� mice than those in WT mice, but the
expression levels of SOCS1 mRNA were not significantly dif-
ferent between the two groups (Fig. 5, C–E). In skeletal mus-
cle, the expression levels of SOCS1 mRNA and SOCS3 mRNA
did not differ between the two groups (Fig. 5F). SREBP-1c
activates stearoyl-CoA desaturase 1 (SCD1) and acetyl-CoA
carboxylase (ACC), which are rate-limiting enzymes for fatty
acid synthesis that induce steatosis and fibrosis in the liver
(34). The expression levels of SREBP-1c mRNA, SCD1 mRNA,

and ACC mRNA were reduced in the liver of GPR120int�/�

mice (Fig. 5G).

DISCUSSION

In this study, we generated GPR120int�/� mice to investi-
gate the metabolic effects of GPR120 in the intestine. Under
long-term feeding of a high-LCT diet, inhibition of GPR120
signaling in the intestine mitigated obesity, insulin resist-
ance, and hepatic steatosis.

According to previous reports, global inhibition of GPR120
signaling exacerbates obesity and insulin resistance on a
high-LCT diet (10, 11, 13) while GPR120 agonist ameliorates in-
sulin resistance by lowering inflammatory cytokine produc-
tion from adipose tissue and macrophages (10, 13). In this
study, GPR120int�/� mice were found to exhibit a mild reduc-
tion of body weight and substantial improvement of insulin
resistance without a change in glucose tolerance. These find-
ings suggested that while GPR120 signaling in adipose tissue
andmacrophages inhibits exacerbation of obesity and insulin
resistance by negatively regulating inflammation, intestinal
GPR120 signaling promotes obesity and insulin resistance on
a high-LCT diet. GPR120 is highly expressed in enteroendo-
crine cells and is reported to be associated with the secretion
of intestinal hormones such as GLP-1, PYY, CCK, and GIP (15–
18, 34, 35). GLP-1 and PYY are well-known to reduce body
weight via suppression of food intake while CCK and GIP in
concert have a role in digestion, absorption, and storage of
LCT. In this study, GPR120int�/� mice showed reduced GIP
secretion and CCK action without a change in GLP-1 or PYY
secretion after a single administration of LCT.

Although these results showed that inhibition of GPR120
in the intestine reduces body weight by altering secretion
of intestinal hormones such as GIP and CCK, other hor-
mones not evaluated in this study might also be involved.
Although bile acids are reported to stimulate GLP-1 secre-
tion (36, 37), reduced gallbladder emptying and lipase ac-
tivity in GPR120int�/� mice did not affect GLP-1 levels.

Figure 4.Western blot analysis of Akt (Ser473) phosphorylation. Total Akt and phosphorylated Akt (pAkt) proteins in liver (A), epididymal white adipose
tissue (eWAT) (B), inguinal white adipose tissue (iWAT) (C), and skeletal muscle of WT and GPR120int�/�mice after 15 wk of high-LCT diet feeding (D). Bar
charts show the ratios of pAkt/Total Akt 3 min after administration of insulin (n = 4). �P< 0.05 vs. WT. LCT, long-chain triglyceride; WT, wild-type.
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Reduced gallbladder emptying and lipase activity could
potentially increase the interaction of lipids with the more
distal gut regions, allowing GLP-1 to be stimulated more
effectively, which could overcome the reduction of bile-
evoked GLP-1 release. Female mice were not used to avoid
the influence of estradiol in this study. Further study is
required to assess sex-based differences in the metabolic
phenotype of GPR120int�/� mice.

In this study, inhibition of GPR120 signaling in intestine
was found to reduce the weight of liver and visceral WAT
and markedly enhance Akt phosphorylation in visceral WAT
under high-fat diet feeding conditions. Earlier studies
reported that insulin and GIP signaling in adipose tissue are
involved in fat accumulation in adipose tissue and liver (38,
39). High-LCT diet feeding is known to strongly stimulate

GIP secretion fromK cells (40, 41) while inhibition of GIP sig-
naling or GIP secretion ameliorates obesity on a high-LCT
diet, which is accompanied by an increase in fat oxidation
and energy expenditure (22, 42). In addition, GIP signaling in
adipose tissue is associated with insulin resistance and he-
patic steatosis via IL-6 and SOCS signaling (38). Moreover,
visceral WAT is involved in the gastrointestinal tract and
liver via lymph ducts and the portal vein, respectively; ve-
nous blood of subcutaneous WAT is drained through sys-
temic veins (43). It is thought that inhibition of GPR120
signaling in intestine has a large influence on visceral WAT,
especially considering the strong association with the gastro-
intestinal tract both anatomically and metabolically. On the
other hand, Akt phosphorylation in skeletal muscle did not
differ between the two groups. Further study is necessary to

Figure 5. Inflammatory cytokines and molecules associated with insulin resistance. A: mRNA expression levels of IL-6, TNF-a, MCP1, and IL-1b in epididy-
mal white adipose tissue (eWAT) of WT and GPR120int�/� mice after 15 wk of high-LCT diet feeding (n = 6 or 7). B: plasma IL-6 levels (n = 7). C–F: mRNA
expression levels of SOCS1 and SOCS3 in liver (C), eWAT (D), inguinal white adipose tissue (iWAT) (E), and skeletal muscle of WT and GPR120int�/� mice
after 15 wk of high-LCT diet feeding (n = 9–11) (F). G: mRNA expression levels of SREBP-1c, SCD1, and ACC in liver (n = 10 or 11). �P < 0.05 vs. WT. ACC,
acetyl-CoA carboxylase; LCT, long-chain triglyceride; MCP1, monocyte chemoattractant protein 1; SCD1, activates stearoyl-CoA desaturase 1; SREBP-1c,
sterol regulatory element-binding protein-1c; WT, wild-type.
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elucidate the mechanism by which Akt phosphorylation is
increased in liver and adipose tissue of GPR120int�/� mice
without significant change in skeletal muscle.

Key molecules affected by inhibition of intestinal GPR120
signaling are potentially associated with lessening of insulin
resistance and hepatic steatosis on high-LCT diet. Obesity is
strongly associated with mRNA expression of inflammatory
cytokines such as IL-6 from macrophages and adipocytes
(44). Increased circulating levels of IL-6 promotes expression
of SOCS1 and SOCS3 in liver, adipose tissue, and skeletal
muscle, which induces insulin resistance through the inhibi-
tion of insulin receptor signaling by SOCS1 and SOCS3 (45,
46). In addition, SOCS1 and SOCS3 bind to the promotor of
the SREBP-1c gene in liver, which can lead to hepatic steato-
sis (33). In this study, the mRNA expression levels of inflam-
matory cytokines in adipose tissue and plasma IL-6 levels
were found to be reduced in GPR120int�/� mice, unlike those
in global GPR120-deficient mice found in a previous study
(13). Moreover, the mRNA expression levels of SOCS3 but not
SOCS1 were reduced in the liver and adipose tissue, and
those of SREBP-1c, SCD1, and ACC were reduced in the liver
of GPR120int�/� mice. Thus, not only inhibition of intestinal
GPR120 signaling but also preservation of the anti-inflamma-
tory effect of GPR120 in adipose tissue and macrophages
may be involved in the inflammatory cytokine levels to
improve insulin resistance and hepatic steatosis via reduc-
tion of SOCS3 signaling.

Unlike single corn oil administration, single administra-
tion of glucose did not affect GIP secretion or CCK action in
GPR120int�/� mice. Inhibition of intestinal GPR120 signal-
ing also did not alter body weight, insulin sensitivity, or
glucose tolerance on the CD diet. Because GPR120 is a spe-
cific receptor of LCT, these findings indicate that GPR120
does not play a role in intestinal hormone secretion, body
weight, or insulin sensitivity under carbohydrate-rich CD
diet feeding.

With regard to possible drug discovery and development,
molecules that inhibit GPR120 signaling in intestine might
be expected tomitigate insulin resistance and hepatic steato-
sis. We previously reported that medium-chain triglycerides
(MCTs) ameliorate obesity on high-LCT diet through inhibi-
tion of GPR120 signaling in intestine (47, 48). As MCTs are
localized in intestine and liver, molecules with similar struc-
tures might selectively inhibit intestinal GPR120. Suchmole-
cules have not been developed partly because the three-
dimensional structure of GPR120 has not been revealed.
Thus, it is desirable to determine the detailed structure of
GPR120 to identify molecules with high affinity to GPR120 in
intestine.

In conclusion, our results indicate that GPR120 in intes-
tine enhances LCT-induced GIP secretion and CCK action
and exacerbates insulin resistance and hepatic steatosis
under high-LCT diet feeding conditions. Moreover, inhibi-
tion of GPR120 signaling in intestine slightly ameliorates
obesity while substantially improving insulin resistance
and hepatic steatosis in liver and WAT, which is accompa-
nied by increased Akt phosphorylation and reduced
expression levels of SOCS3. Molecules that inhibit intesti-
nal GPR120 signaling might therefore contribute to treatment
of lifestyle diseases such as obesity, diabetes mellitus, and he-
patic steatosis.
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