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Medium-chain triglycerides inhibit
long-chain triglyceride-induced GIP secretion
through GPR120-dependent inhibition of CCK

Yuki Murata,1 Norio Harada,1 Shigenobu Kishino,2 Kanako Iwasaki,1 Eri Ikeguchi-Ogura,1 Shunsuke Yamane,1

Tomoko Kato,1 Yoshinori Kanemaru,1 Akiko Sankoda,1 Tomonobu Hatoko,1 Sakura Kiyobayashi,1 Jun Ogawa,2

Akira Hirasawa,3 and Nobuya Inagaki1,4,*
SUMMARY

Long-chain triglycerides (LCTs) intake strongly stimulates GIP secretion from en-
teroendocrine K cells and induces obesity and insulin resistance partly due to GIP
hypersecretion. In this study, we found that medium-chain triglycerides (MCTs)
inhibit GIP secretion after single LCT ingestion and clarified themechanism under-
lyingMCT-induced inhibition of GIP secretion.MCTs reduced the CCK effect after
single LCT ingestion in wild-type (WT) mice, and a CCK agonist completely
reversed MCT-induced inhibition of GIP secretion. In vitro studies showed that
medium-chain fatty acids (MCFAs) inhibit long-chain fatty acid (LCFA)-stimulated
CCK secretion and increase in intracellular Ca2+ concentrations through inhibition
of GPR120 signaling. Long-term administration of MCTs reduced obesity and
insulin resistance in high-LCT diet-fed WT mice, but not in high-LCT diet-fed
GIP-knockout mice. Thus, MCT-induced inhibition of GIP hypersecretion reduces
obesity and insulin resistance under high-LCT diet feeding condition.
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INTRODUCTION

The number of obese people continues to increase worldwide (Ng et al., 2014). Obesity is the overaccumu-

lation of fat in the body and is partly caused by high fat intake (Bray et al., 2004). Ingestible fats are predom-

inantly long-chain triglycerides (LCTs). Ingestion of LCTs, which have higher energy values than proteins or

sugars, results in overaccumulation of fat in the body (Bray and Popkin, 1998). Fat overaccumulation in-

duces insulin resistance due to increased inflammatory cytokine levels (Xu et al., 2003) and hepatic steatosis

due to increased lipogenic gene expression in the liver (Inoue et al., 2005), thus increasing the risks of type 2

diabetes, dyslipidemia, hypertension, arteriosclerotic disease, and cancer (Petrie et al., 2018). Hence, to

prevent the onset and progression of lifestyle-related diseases, the significant problem of obesity increase

needs to be addressed.

Glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide/gastric inhibitory

polypeptide (GIP) are gut hormones (incretins) that are secreted in response to nutrient ingestion to pro-

mote glucose-dependent insulin secretion from pancreatic b-cells (Kieffer, 2004; Ogata et al., 2014; Preit-

ner et al., 2004; Seino and Yabe, 2013). GLP-1, which is secreted from enteroendocrine L cells of the small

and large intestine, suppresses appetite to reduce body weight (Flint et al., 1998; Suzuki et al., 2018). GIP is

secreted from enteroendocrine K cells of the upper small intestine (Iwasaki et al., 2015). LCT ingestion

strongly induces GIP secretion, and GIP hypersecretion contributes to the development of obesity and in-

sulin resistance (Harada et al., 2008, 2011; Joo et al., 2017; Shimazu-Kuwahara et al., 2017; Yamane and Har-

ada, 2019). In contrast, studies using GIP-overexpressing mice or GIP agonist have shown that pharmaco-

logical activation of GIP signaling is beneficial for suppression of body weight gain and insulin resistance

(Kim et al., 2012; Mroz et al., 2019). These reports suggest that there is a big difference in the effect of GIP

on obesity and insulin resistance between physiological GIP concentration and pharmacological GIP con-

centration. Studies using GIP antagonist, GIP antibody, or GIP receptor-knockout mice have shown that

inhibition of GIP signaling alleviates body weight gain and insulin resistance under high-LCT diet feeding

condition (Boylan et al., 2015; McClean et al., 2007; Miyawaki et al., 2002). We generatedGIP-knockout (GIP

KO) mice and reported that inhibition of GIP secretion results in reduced body weight gain and insulin
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resistance under high-LCT diet feeding condition (Nasteska et al., 2014), indicating that inhibition of not

only GIP signaling but also GIP secretion is effective in reducing obesity and insulin resistance under

high-LCT diet feeding condition.

Medium-chain triglycerides (MCTs) are orally ingestible fats and consist of medium-chain fatty acids

(MCFAs) having 6 to 12 carbon chains and glycerol (Babayan, 1968). While MCTs and LCTs have equivalent

energy, a meta-analysis in humans revealed that ingestion of MCTs induces less body weight gain than

ingestion of LCTs (Mumme and Stonehouse, 2015). Known mechanisms underlying alleviation of obesity

by MCT are changes in the intestinal flora (Zhou et al., 2017), increased expression of PPARg and adiponec-

tin genes in adipose tissues (Takeuchi et al., 2006), increased b-oxidation in the liver (Bach and Babayan,

1982), activation of brown adipocytes (Zhang et al., 2015), and increased energy expenditure (St-Onge

et al., 2003). We previously showed that a single ingestion of MCT oil stimulated GLP-1 secretion, but

not GIP secretion (Murata et al., 2019). It was also shown that long-term consumption of MCT diet did

not induce GIP hypersecretion and induced less body weight gain and insulin resistance than that of

LCT diet. In the present study, we found that MCT oil inhibited GIP secretion after a single LCT oil inges-

tion. We also clarified the mechanism underlying MCT-induced inhibition of LCT-stimulated GIP secretion.

In addition, we demonstrated that MCTs reduce body weight gain and insulin resistance during long-term

consumption of high-LCT diet by inhibition of GIP secretion.

RESULTS

MCT oil inhibits LCT oil-induced GIP secretion

In the saline treatment group of Test 1, in which the same dose of oil was orally administered, the blood

glucose and insulin concentrations were not significantly different between the olive oil group and the

mixed oil group (olive oil and MCT oil) (Figures 1A and 1C). The total GIP concentration was significantly

lower in the mixed oil group compared with that in the olive oil group (Figure 1E). The total GLP-1 concen-

tration was significantly lower at 15, 30, and 60min in the mixed oil group compared with that in the olive oil

group (Figure 1G).

LCTs, including olive oil, increase GLP-1 and GIP secretion in a dose-dependent manner (Murata et al.,

2019). Therefore, an oral oil tolerance test was performed as the saline treatment group of Test 2, in which

the same dose of olive oil was orally administered to each group and MCT oil was added in the mixed oil

group (Figures 1B, 1D, 1F, and 1H). The blood glucose and insulin concentrations were similar between the

mixed oil group and the olive oil group (Figures 1B and 1D). The total GIP concentration was significantly

suppressed at 15, 30, 60, and 120 min by adding MCT oil to LCT oil (Figure 1F). The total GLP-1 concentra-

tion did not differ between the olive oil group and the mixed oil group (Figure 1H). These results indicated

that oral supplementation of MCT inhibits GIP secretion but not GLP-1 secretion after ingestion of LCT.

MCT oil inhibits GIP secretion by reducing LCT oil-induced effects of CCK

Pancreatic lipase and bile are essential for digestion and absorption of LCTs (Pilichiewicz et al., 2003). While

inhibition of lipase results in reduced postprandial incretin secretion, GIP secretion is not induced after fat

ingestion without bile secretion (Sankoda et al., 2017; Shibue et al., 2015). Since these findings show that

digestion and absorption of fat affects incretin secretion, we measured intestinal transit, lipase activity in

the small intestine, and gallbladder contraction after administration of olive oil or mixed oil. In the saline

treatment group of tests 1 and 2, intestinal transit did not differ significantly between the mixed oil group

and the olive oil group (Figures 2A and 2B). The lipase activity in the small intestine was significantly lower in

the mixed oil group compared with that in the olive oil group (Figures 2C and 2D). The remaining bile vol-

ume in the gallbladder was significantly greater in the mixed oil group compared with that in the olive oil

group (Figures 2E and 2F). These results showed that MCT oil inhibits olive oil-induced lipase activity and

gallbladder contraction.

The gut hormone cholecystokinin (CCK) promotes pancreatic lipase secretion and contracts the gallbladder

(Conwell et al., 2002; Liddle et al., 1985). We therefore performed an oral oil tolerance test after treatment of a

CCK agonist. The CCK agonist did not affect intestinal transit after oral administration of mixed oil group or

the olive oil (Figures 2A and 2B). The CCK agonist completely restored lipase activity and gallbladder contrac-

tion in the mixed oil group (Figures 2C–2F). The CCK agonist did not affect blood glucose, insulin, GIP, and

GLP-1 concentration in the olive oil group and blood glucose, insulin, and GLP-1 concentration in the mixed

oil group (Figure 1). In the mixed oil group, GIP concentration after CCK agonist treatment was significantly
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Figure 1. Blood glucose, insulin, total GIP and total GLP-1 concentration during oral oil tolerance tests with saline

or CCK agonist treatment

Blood glucose (A and B), insulin (C and D), total GIP (E and F), and total GLP-1 (G and H) concentration during oral oil

tolerance tests 1 (A, C, E, and G) and 2 (B, D, F, and H) in 13-week-old male WT mice (n = 6 mice in each group). Test 1 is a

tolerance test in which the same dose of oil is orally administered and Test 2 is a tolerance test in which the same dose of

olive oil is orally administered. White circles indicate olive oil (13.3 mL/kg body weight). Gray circles indicate olive oil

(10 mL/kg body weight). Black circles indicate mixed oil. Dot line and solid line indicate saline (control) and CCK agonist

treatment group, respectively. Data indicate themeanG SEM. Statistical significance was calculated byOne-way ANOVA

with Tukey’s test using SPSS statistics. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. 0 min. *P < 0.05, **P < 0.01, ***P < 0.001 vs.

Saline + Olive oil.yP < 0.05, yyP < 0.01, yyyP < 0.001 vs. CCK agonist + Olive oil.
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higher than that after saline treatment in test 1 and test 2 (Figures 1E and 1F). Because the amount of olive oil

in the olive oil group was larger in test 1 (olive oil 13.3 mL/kg body weight [BW]) than that in test 2 (olive oil

10.0 mL/kg BW), the CCK agonist restored GIP secretion in the mixed oil group (olive oil 10.0mL/kg BW +

MCT oil 3.3mL/kg BW) to the level in the olive oil group in test 2 but not in test 1.

We measured lipase activity in the small intestine, bile volume, and plasma GIP concentrations at 30 min

after MCT administration treated with or without CCK agonist (Figure S1). CCK agonist increased lipase
iScience 24, 102963, September 24, 2021 3



Figure 2. Effects of MCT oil on CCK action in oral olive oil tolerance tests with or without CCK agonist treatment

(A–C)(A) Intestinal transit, (B) lipase activity in the intestinal contents, and (C) remaining bile volume in the gallbladder at

30 min after loading in Test 1 and Test 2 in 15- to 17-week-old male WT mice (n = 6 mice in each group).

(D and E)(D) Lipase activity in the intestinal contents, and (E) remaining bile volume in the gallbladder. White circles

indicate olive oil (13.3 mL/kg body weight). Gray circles indicate olive oil (10 mL/kg body weight) (n = 6 mice in each

group). Black circles indicate mixed oil. Data indicate themeanG SEM. Statistical significance was calculated by One-way

ANOVA with Tukey’s test using SPSS statistics. *P < 0.05, ***P < 0.001 vs. olive oil group. ##P < 0.01, ###P < 0.001 vs. saline

treatment.
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activity and reduced the remaining bile volume in gallbladder in the saline (control) and the MCT groups

(Figures S1A and S1B). MCT oil and saline did not induce GIP secretion. In addition, MCT did not increase

GIP secretion in the presence of CCK agonist (Figure S1C). These findings indicated that MCT does not

induce GIP secretion with or without CCK agonist.

Next, we performed oral olive oil tolerance test with or without CCK antagonist administration in WT mice

(Figure S2). Total GLP-1 concentration after oil administration was not different between CCK antagonist-

treated mice and control mice. In contrast, total GIP concentration was lower in CCK antagonist-treated

mice than that in control mice. These findings suggested that inhibition of CCK signaling by CCK antago-

nist reduces LCT-induced GIP secretion.
4 iScience 24, 102963, September 24, 2021
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MCT oil is digested to MCFAs by lipase in the small intestine and transported to the portal

vein (PV)

Digestion and absorption of MCTs in the intestine differ from those of LCTs. It is known that ingestedMCTs

are digested to MCFAs by gastric lipase and transported from the stomach to the PV (Cohen et al., 1971;

Faber et al., 1988; Isaacs et al., 1987). However, studies in rats have shown that MCTs are digested by

pancreatic lipase and bile in the small intestine and transported to the PV (Douglas et al., 1990; Green-

berger et al., 1966). We assessed the process of digestion and absorption of MCTs in WT mice to clarify

the mechanism underlying MCT oil-induced inhibition of GIP secretion through reduction of LCT-induced

effects of CCK.

In the stomach and small intestine of mice under fasting condition, lipase activity was detected only in the

duodenum (Figure 3A). After olive oil ingestion, triglycerides (TGs), diglycerides (DGs), monoglycerides

(MGs), and fatty acids (FAs) were detected in the duodenum, jejunum, and ileum, and only TGs were de-

tected in the stomach (Figure 3B). After MCT ingestion, on the other hand, TGs were detected in the stom-

ach, but no lipids were detected in the duodenum, jejunum, or ileum. In the assessment of fatty acid

composition in the PV in the fasted state and at 30 min after oral loading of saline, olive oil, or MCT oil,

the MCFAs caprylic acid and capric acid were detected only in the MCT oil group (Figure 3C). These find-

ings indicated that orally ingested MCTs are rapidly absorbed in the stomach or intestine and transported

to the PV.

The gastrointestinal tract was ligated at the gastroesophageal junction and the pyloric ring in some mice

(stomach-ligated mice), and at the pyloric ring and the distal end of the third part of the duodenum in other

mice (duodenum-ligated mice) to identify the precise site of MCT oil absorption. After direct administra-

tion of MCT oil into the stomach of stomach-ligated mice, no MCFAs were detected in the PV or inferior

vena cava (IVC) (Figure 3D). After direct administration of MCT oil into the duodenum of duodenum-ligated

mice; on the other hand, MCFAs were detected in the PV, but no MCFAs were detected in the IVC (Fig-

ure 3E). Given lipase activity in the duodenum, as shown in Figure 3A, the PV was examined for fatty acids

after coadministration of lipase inhibitor orlistat and MCTs into the duodenum of duodenum-ligated mice,

revealing that MCFAs were eliminated (Figure 3F). Collectively, these findings indicated that MCTs are di-

gested to MCFAs by lipase and absorbed in the duodenum.

Oliveoil increased lipase activity in the small intestine (Figure 3G) and reduced remainingbile volume in thegall-

bladder (Figure 3H). Lipase activity and gallbladder volume did not differ between saline groups and MCTs

groups. After oral administration of MCTs, on the other hand, lipase activity and the remaining bile volume in

the gallbladder were similar to those seen with saline. These results suggested thatMCTs do not induce the ef-

fects of CCK including stimulation of pancreatic exocrine secretion and gallbladder contraction.
MCFAs inhibit LCFA-induced intracellular calcium ion concentrations ([Ca2+]i) and CCK

secretion through GPR120

Itwas shown thatMCTs inhibit LCT-inducedGIP secretionby reducing theeffectsofCCK, andMCTsaredigested

to MCFAs by lipase in the duodenum and rapidly absorbed. These findings suggest that the digested MCFAs

may inhibit CCK secretion from enteroendocrine I cells. We measured plasma CCK concentration in the PV at

30 min after oral ingestion of olive oil or mixed oil. However, as available antibody in the EIA kit for measuring

CCK is cross-reactive with mouse gastrin, the CCK concentration did not differ significantly between the olive

oil group and the mixed oil group of mice (data not shown). Therefore, the murine intestinal cell line STC-1

was used to assess the effect of MCFAs on CCK secretion. It has been reported that STC-1 cells do not secrete

gastrin (Kuhre et al., 2016). ALA (C18:3) induced CCK secretion from STC-1 cells in a concentration-dependent

manner,whereasneither caprylic acid (C8:0) nor capric acid (C10:0) at high concentrations inducedCCKsecretion

(Figure4A). In thepresenceof50mMALA, 100mMcapric acid significantly inhibitedCCKsecretion (Figure 4B).On

the other hand, 100 mM caprylic acid did not inhibit CCK secretion.

G protein-coupled receptor 120 (GPR120)/free fatty acid receptor 4 (FFAR4) and G protein-coupled recep-

tor 40 (GPR40)/free fatty acid receptor 1 (FFAR1) are identified as receptors whose ligands are fatty acids

(Briscoe et al., 2003; Hirasawa et al., 2005). Both receptors are coupled with Gq proteins (Hara et al., 2011;

Hauge et al., 2015). In vitro studies using GPR120-expressing HEK293 cells and GPR40-expressing CHO

cells showed that LCFAs, but not MCFAs, activated the two receptors (Hirasawa et al., 2005; Itoh et al.,

2003). However, there are no reports of studies assessing the effects of both LCFAs and MCFAs on the
iScience 24, 102963, September 24, 2021 5



Figure 3. Digestion and absorption of MCT oil in gastrointestinal tract

(A) Intestinal lipase activity in fasted 15-week-old male WT mice (n = 3 mice). Sto, Duo, Jej, and Ile indicate the stomach,

duodenum, jejunum, and ileum, respectively. Data indicate the mean G SEM.

(B) Lipid analysis of intestinal contents by thin-layer chromatography at 30 min after loading of olive oil or MCT oil in

15-week-old male WT mice. Std indicates standard lipid. Sto, Duo, Jej, and Ile indicate the contents in the stomach,

duodenum, jejunum, and ileum, respectively. TG, FA, DG, and MG indicate triglyceride, fatty acid, diglyceride, and

monoglyceride, respectively. The test was performed three times, and representative data from each of them are

presented.

(C) Plasma fatty acid composition in portal vein (PV) in the fasted state and at 30 min after ingestion of saline, olive oil, or

MCT oil (n = 4 mice). Orange bars, yellow bars, and gray bars indicate caprylic acid (C8:0), capric acid (C10:0), and LCFAs,

respectively. PV plasma samples from all mice are presented, and 1 to 4 indicate the sample numbers.

(D) Plasma fatty acid composition in PV and inferior vena cava (IVC) at 30 min after infusion of MCT oil into the stomach

following stomach ligation (n = 3 mice).

(E and F) Plasma fatty acid composition in PV and inferior vena cava (IVC) at 30 min after infusion of MCT oil or MCT oil +

lipase inhibitor into the intestine following intestine ligation (n = 3 mice). Red bars indicate medium-chain fatty acids

(MCFAs), and gray bars indicate long-chain fatty acids (LCFAs). Plasma samples from all mice are presented, and 1 to 3

indicate the sample numbers.

(G and H)(G) Intestinal lipase activity and (H) remaining bile volume in the gallbladder at 30 min after ingestion of saline,

olive oil, or MCT oil (n = 6 mice). White circles, gray circles, and black circles indicate saline, olive oil, and MCT oil,

respectively. Data indicate the meanG SEM. Statistical significance was calculated by One-way ANOVA with Tukey’s test

using SPSS statistics. *P < 0.05, **P < 0.01, ***P < 0.001. n.s. no significance.
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Figure 4. Effects of medium-chain fatty acids on long-chain fatty acid-induced CCK secretion and increase in

[Ca2+]i through GPR120 and GPR40

(A) CCK concentration in STC-1 cell supernatant after addition of control (DMSO, 0.1%), C18:3 (20-100mM), C8:0 (100mM)

and C10:0 (100mM). White circles and gray circles indicate control and C18:3, respectively. The black circles indicate C8:0

and C10:0. The experiment was performed in triplicate twice, and representative data are presented. Data indicate the

meanG SEM. Statistical significance was calculated by One-way ANOVA with Tukey’s test using SPSS statistics. *P < 0.05,

**P < 0.01, ***P < 0.001 vs. control.

(B) CCK concentration in STC-1 cell supernatant after addition of C18:3 (50 mM), C18:3 (50 mM) + C8:0 (100 mM), and C18:3

(50 mM) + C10:0 (100 mM). Gray circles indicate C18:3, and black circles indicate C18:3 + C8:0 and C18:3 + C10:0. The

experiment was performed in triplicate twice, and representative data are presented. Data indicate the mean G SEM.

Statistical significance was calculated by One-way ANOVA with Tukey’s test using SPSS statistics. ***P < 0.001 vs. C18:3.

(C and D) Relative [Ca2+]I in T-RExGPR120 cells and T-RExGPR40 cells after addition of C18:3, C18:1, C8:0, or C10:0. Blue

circles, purple circles, orange circles, and yellow circles indicate C18:3, C18:1, C8:0, and C10:0, respectively. The

experiment was performed in duplicate four times, and representative data are presented. Data indicate the mean G

SEM. Statistical significance was calculated by One-way ANOVA with Tukey’s test using SPSS statistics. *P < 0.05, **P <

0.01, ***P < 0.001 vs. after 1.56 3 10�6 M each fatty acid loading.

(E and F) Relative [Ca2+]i in T-REx GPR120 cells and T-REx GPR40 cells after addition of C18:3 (100 mM) + C8:0 or C10:0.

Red circles indicate C18:3 + C8:0, and yellow circles indicate C18:3 + C10:0. The experiment was performed in duplicate

four times, and representative data are presented. Data indicate the mean G SEM. Statistical significance was calculated

by One-way ANOVA with Tukey’s test using SPSS statistics. *P < 0.05, **P < 0.01, ***P < 0.001 vs. C18:3 (100 mM) alone.
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Figure 4. Continued

(G) (Left) GPR120 mRNA expression in STC-1 cells after GPR120 knockdown. The experiment was performed in triplicate

twice, and representative data are presented. Data indicate the mean G SEM. Statistical significance was calculated by

Student’s t-test. ***P < 0.001 vs. negative siRNA. (Right) CCK concentration in STC-1 cell supernatant at 1 hr after each

fatty acid loading following GPR120 knockdown. The experiment was performed in triplicate twice, and representative

data are presented. Data indicate the mean G SEM. Statistical significance was calculated by One-way ANOVA with

Tukey’s test using SPSS statistics. #P < 0.05 vs negative siRNA.

(H) (Left) GPR40 mRNA expression in STC-1 cells after GPR40 knockdown. Data indicate the mean G SEM. The

experiment was performed in triplicate twice, and representative data are presented. Statistical significance was

calculated by Student’s t-test. ***P < 0.001 vs. control. (Right) CCK concentration in STC-1 cell supernatant at 1 hr after

each fatty acid loading following GPR40 knockdown. The experiment was performed in triplicate twice, and

representative data are presented. Data indicate the mean G SEM. Statistical significance was calculated by One-way

ANOVA with Tukey’s test using SPSS statistics. #P < 0.05 vs negative siRNA. **P < 0.01 vs. C18:3 GPR40 siRNA.
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receptor activity in the same cell line expressing GPR120 and GPR40. Therefore, we assessed intracellular

calcium ion concentration ([Ca2+]i) in T-REx GPR120 cells and T-REx GPR40 cells after fatty acid loading.

After ALA or oleic acid loading,[Ca2+]i were increased in a concentration-dependent manner in T-REx

GPR120 and T-RExGPR40 cells (Figures 4C and 4D). The response was greater with ALA than that with oleic

acid. Caprylic acid did not increase [Ca2+]i in T-REx GPR120 or T-REx GPR40 cells. Capric acid did not in-

crease [Ca2+]i in T-REx GPR120 cells, but it did in T-REx GPR40 cells at a concentration of 100 mM. Subse-

quently, the effects of MCFAs on [Ca2+]i were assessed in the presence of 100 mM ALA. In T-REx GPR120

cells, capric acid and caprylic acid significantly suppressed ALA-induced increase in [Ca2+]i (Figure 4E).

The EC50 values of caprylic acid and capric acid were 3.3 3 10�5 M and 2.0 3 10�5 M, respectively. In T-

RExGPR40 cells, on the other hand, neither caprylic acid nor capric acid suppressed ALA-induced increase

in [Ca2+]i (Figure 4F). These findings indicated that MCFAs have no effect on GPR40-mediated, LCFA-

induced [Ca2+]i, but significantly decrease GPR120-mediated, LCFA-induced [Ca2+]i.

To determine the involvement of GPR120 or GPR40 in MCFA-induced reduction in CCK secretion,GPR120-

knockdown STC-1 cells (78% reduction in GPR120 expression compared with control cells) and GPR40-

knockdown STC-1 cells (60% reduction in GPR40 expression compared with control cells) were used (Fig-

ures 4G and 4H). InGPR120-knockdown cells, 50 mMALA-induced CCK secretion was significantly reduced

compared with control cells (Figure 4G). In GPR120-knockdown cells, 100 mM MCFA-induced reduction in

CCK secretion was not observed. InGPR40-knockdown cells, 50 mMALA-induced CCK secretion was signif-

icantly reduced compared with control cells (Figure 4H). InGPR40-knockdown cells, 100 mMMCFA-induced

reduction in CCK secretion was observed. These results indicated that MCFAs inhibit LCFA-induced CCK

secretion through inhibition of GPR120 signaling.

A docking simulation of fatty acids was carried out together with NCG21, known as a selective agonist for

GPR120, and AH-7614, known as a selective antagonist for GPR120. In docking simulation analyses of target

receptor, hydrogen bonding energies of active form and inactive form in response to ligands aremeasured.

Hydrogen bonding energies of these compounds docked into the GPR120 models are shown in Table 1.

Agonistic or antagonistic effect of the ligand on target receptor is evaluated by comparing hydrogen

bonding energy between the two forms. When the energy of active form is lower than that of inactive

form, the ligand is considered an agonist for the receptor. On the other hand, the ligand is considered

an antagonist when the energy of inactive form is lower than that of in active form. In the results of docking

simulation, NCG21 showed a lower hydrogen bonding energy (�5.75) in the active form of GPR120 model

than that in the inactive form (�1.25). Conversely, AH-7614 showed lower hydrogen bonding energy in inac-

tive form (�2.63) than that in active form (�1.90). These results suggested that our docking simulation is

able to predict whether a compound is an agonist or an antagonist. The LCFAs share common properties

in that the hydrogen bonding energy in the active form is lower than that in inactive form, which is in good

agreement with previous experimental results. In contrast, MCFA caprylic acid and capric acid are ex-

pected to have antagonistic properties to GPR120 because the hydrogen bonding energy in inactive

form is lower than that in active form.
MCT oil suppresses high-LCT diet-induced body weight gain and insulin resistance by

inhibiting GIP secretion

Since MCTs inhibit GIP secretion after a single LCT ingestion by inhibiting the effects of CCK, we then eval-

uated the effects of MCT-induced inhibition of GIP secretion on obesity and development of insulin
8 iScience 24, 102963, September 24, 2021



Table 1. Hydrogen bonding energy between fatty acids and GPR120 homology models

Ligands

Hydrogen bonding energy (arbitrary unit)

Active form Inactive form

NCG21 GPR120 agonist �5.75 �1.25

AH-7614 GPR120 antagonist �1.90 �2.63

C8:0 Caprylic acid �4.88 �5.69

C10:0 Capric acid �4.28 �4.96

C18:1 Oleic acid �4.96 �5.03

C18:2 Linoleic acid �4.92 �2.60

C18:3 Linolenic acid (ALA) �4.84 �4.51

C20:5 Eicosapentaenoic acid (EPA) �4.99 �3.37

C22:6 Docosahexaenoic acid (DHA) �4.94 �3.05
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resistance during long-term consumption of high-LCT diet. We assessed body weight, body fat mass, and

insulin sensitivity in WT and GIP KO mice after administration of MCT oil under high-LCT diet feeding

condition (Figure 5).

In WTmice, body weight, subcutaneous fat mass, and visceral fat mass were significantly less in theMCT oil

group compared with those in control group (Figures 5A and 5B). In the GIP KO mice, no significant differ-

ences were observed between the two groups. In the ITT, insulin sensitivity was higher in theMCT oil group

than that in control group in WT mice (Figure 5C). In GIP KO mice, on the other hand, insulin sensitivity did

not differ significantly between the two groups. Energy expenditure in the light phase was significantly

higher in the MCT oil group compared with that in control group in WT mice, while no significant differ-

ences were observed in GIP KO mice (Figure 5D). The blood glucose concentration at 0 min and 15 min

after oral glucose loading did not differ significantly between the MCT oil group and the control group

in WT and GIP KO mice (Figure 5E). The insulin concentration at 15 min after oral glucose loading was

significantly lower in the MCT oil group compared with that in the control group in WT mice, but did

not differ significantly between the two groups inGIP KOmice (Figure 5F). InWTmice, the non-fasting total

GIP concentration at Week 8 of high-LCT diet loading were 230.1 G 25.7 and 505.1 G 115.7 pg/mL in the

MCT oil and control groups, respectively (p < 0.05), showing that MCT oil suppresses an increase in total

GIP concentrations under high-LCT diet feeding condition. In GIP KO mice, the non-fasting total GIP con-

centration was not detected. Food consumption did not differ between the two groups in WT and GIP KO

mice (data not shown). We also performed long-term high-LCT diet tolerance tests with or without CCK

antagonist in WT and GIP KO mice (Figure S3). CCK antagonist increased body weight (Figure S3A) and

fat mass (Figure S3B) not only in WT mice but also in GIP KO mice due to an increase in food intake (Fig-

ure S3C). CCK antagonist-treated mice showed reduced insulin sensitivity in WT and GIP KO mice (Fig-

ure S3D). In WT and GIP KO mice, energy expenditure and blood glucose concentration during OGTT

did not differ significantly between control group and CCK antagonist-treated group (Figures S3E and

S3F). Insulin concentration at 15 min after oral glucose loading was significantly higher in CCK antagonist

group compared with that in the control group (Figure S3G).
DISCUSSION

Both GPR120 and GPR40 are Gq protein-coupled receptors that are activated by LCFAs. Expressed in

various organs (Oh et al., 2010; Yamashima, 2015), GPR120 and GPR40 have been reported to have

many physiological effects as an LCFA sensor (Dragano et al., 2017; Nakamoto et al., 2012; Talukdar

et al., 2011). Mouse studies visualizing enteroendocrine cells have shown that both receptors are expressed

in incretin-producing L cells and K cells, as well as CCK-producing I cells (Edfalk et al., 2008; Hirasawa et al.,

2005; Iwasaki et al., 2015; Kato et al., 2020). Studies in intestinal cell lines GLUTag and STC-1 have shown

that both receptors are involved in LCFA-induced GLP-1 or CCK secretion (Hirasawa et al., 2005; Luo et al.,

2012; Tanaka et al., 2008). These findings suggest that in vivo inhibition of GPR120 or GPR40 reduces gut

hormone secretion after fat ingestion. We previously generated GPR120/GPR40 double-knockout [double

KO (DKO)] mice tomeasure the secretion of the incretins GLP-1 and GIP after oral corn oil loading (Sankoda

et al., 2019), and found no induction of GLP-1 or GIP secretion after fat ingestion in DKO mice,
iScience 24, 102963, September 24, 2021 9



Figure 5. Effects of MCT oil ingestion on high-LCT diet-induced obesity

(A and B)(A) Body weight and (B) body fat mass in high-LCT diet-fed male WT and GIP KO mice (n = 5 mice).

(C and D)(C) Data of 0.5 U/kg body weight insulin tolerance test (ITT) and (D) energy expenditure in high-LCT diet-fed WT and GIP KO mice (n = 5 mice).

(E and F)(E) Blood glucose and (F) insulin concentration at 0 min and 15 min after 2 g/kg body weight oral glucose loading in high-LCT diet-fed WT and GIP

KO mice (n = 5 mice). White circles and black circles indicate saline and MCT oil, respectively. Data indicate the mean G SEM. Statistical significance was

calculated by Student’s t-test. #P < 0.05, ##P < 0.01, ###P < 0.001 vs. 0 min. *P < 0.05, **P < 0.01 vs. saline group.
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demonstrating that both GPR120 and GPR40 are essential for incretin secretion after fat ingestion. We also

performed oral corn oil tests in GPR120-knockout and GPR40-knockout mice to measure the secretion of

GLP-1 and GIP (Sankoda et al., 2017). In both single KO (SKO) mice, GIP secretion, but not GLP-1 secretion,

was significantly reduced compared with that in WTmice. These reports in DKO and SKOmice suggest the

existence of a compensatory mechanism between GPR120 and GPR40 for in vivo GLP-1 secretion. In the

present study, we demonstrated that MCTs inhibit LCT-induced GIP secretion by blocking the CCK effect
10 iScience 24, 102963, September 24, 2021
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through GPR120 but not GPR40. Taken together, these results may explain why the effect of MCTs on LCT-

inducedGLP-1 secretion ismuch less than that on LCT-inducedGIP secretion, as shown in Test 2 of Figure 1.

We also reported that GIP secretion, CCK secretion, and CCK action such as gallbladder contraction after

oral LCT ingestion are impaired in GPR120-knockout mice (Sankoda et al., 2017). CCK agonist recovered

GIP secretion after LCT ingestion in GPR120-knockout mice. It remains unclear why GPR120 expressed

in K cells is not directly involved in LCT-induced GIP secretion in vivo, but these results suggested that

GPR120 is involved in LCT-induced GIP secretion through CCK in vivo.

Our present study showed that MCT oil suppresses body weight gain by blocking the CCK effect through

GPR120 under long-term consumption of high-LCT diet. In a previous study, however, decreased energy

expenditure and increased body weight were reported in high-LCT diet-fed GPR120-knockout mice

compared with that in high-LCT diet-fed WT mice (Ichimura et al., 2012). It is also reported that a

GPR120 agonist reduces inflammatory cytokine production by activating GPR120 expressed in adipose tis-

sues and macrophages, and improves insulin sensitivity under high-LCT diet feeding condition (Oh et al.,

2010). Overall, these findings indicate that in vivo inhibition of GPR120 signaling may exacerbate obesity

and insulin resistance. The apparent disagreement between our results and previous reports may be

due to metabolism of MCFAs in the body. After intestinal absorption, MCTs, unlike LCTs, are transported

to PV, not to the lymphatic vessels (You et al., 2008). While LCFAs cannot be translocated into the mito-

chondria matrix in the liver unless acyl CoA binds to carnitine palmitoyltransferase I, MCFAs, which do

not require such binding, are much more rapidly metabolized by b-oxidation (Knottnerus et al., 2018;

Longo et al., 2016). In the MCT absorption experiment in the present study, caprylic acid and capric acid

were detected in PV after oral MCT ingestion, but noMCFAs were detected in IVC, suggesting that MCFAs

are mostly metabolized in the liver after transport via PV, with only a fraction being released into the circu-

lation. Therefore, MCFAs might well inhibit GPR120 exclusively in the intestine, not in adipose tissues or

macrophages in the whole body. Consequently, MCFA-induced inhibition of GPR120 signaling may result

in inhibition of CCK and GIP secretion, reducing body weight.

In in vitro experiments using STC-1 cells in the present study, high dose capric acid reduced ALA-induced

CCK secretion. In in vivo experiments using WTmice, on the other hand, low dose MCTs inhibited the CCK

effect after a single administration of LCT oil. This difference between in vitro and in vivo results may be due

to the difference in digestion and absorption of LCTs versus MCTs in the small intestine. In the present

study, thin-layer chromatography showed that all fat components–that is, TGs, DGs, MGs, and FAs–

were found in the duodenum, jejunum, and ileum after LCT ingestion, but not in the intestine after MCT

ingestion. These results show that while LCTs are slowly digested and absorbed in the intestine, MCTs

are very rapidly digested in the small intestine, indicating that the MCFA concentration may be higher

than the LCFA concentration in CCK-secreting I cells, which are abundant in the duodenum. These findings

suggest that low dose MCTs can inhibit LCT-induced GIP secretion in vivo by inhibiting the CCK effect

though GPR120 signaling in the mouse intestine. Therefore, it will be important to determine whether

this pathway is also relevant to human GIP secretion.

CCK antagonist induced body weight gain under high-LCT diet feeding, although CCK antagonist in-

hibited GIP secretion after a single administration of LCT. CCK-producing cells and the CCK-1 receptor

(CCK-1R) are expressed in the central nervous system (Beinfeld, 2001), and CCK inhibits food intake

(D’Agostino et al., 2016). The CCK-1R-knockout rat is reported to have hyperphagia and obesity (Moran

and Bi, 2006). These reports indicated that inhibition of CCK signaling in the central nervous system in-

creases food intake and induces obesity. The CCK antagonist proglumide binds CCK receptors expressed

in whole body such as gut and central nervous system (Chiodo and Bunney, 1983). Inhibition of CCK

signaling by proglumide in the central nervous system induces hyperphagia, excessive fat mass, and

obesity (Shillabeer and Davison, 1984). CCK induces secretion of pancreatic lipase and bile, which are

essential for digestion and absorption of LCTs. MCFA derived from MCT inhibits CCK and GIP secretion.

However, pharmacological or genetic inhibition of CCK signaling in the whole body might increase body

weight gain through the central nervous system.

Hormone regulates secretion of other hormones. Amino acids-induced CCK secretion through luminal

CCK-releasing factor (Wang et al., 2002), inhibition of GLP-1 secretion by somatostatin (Hansen et al.,

2000), fat-induced stimulation of GLP-1 through GIP (Rocca and Brubaker, 1999), and fatty acid-induced

stimulation of peptide YY through CCK (Degen et al., 2007) have been reported. As our present study
iScience 24, 102963, September 24, 2021 11
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showed that MCT inhibits LCT-induced GIP secretion through inhibition of CCK secretion, there are many

complex pathways participating in the regulation of gut hormone secretion.

In conclusion, MCTs inhibit LCT-induced GIP secretion through GPR120-dependent inhibition of CCK.

In addition, MCT-induced inhibition of GIP secretion reduces high-LCT diet-associated obesity and

insulin resistance. From our study, identification of molecules that suppress GIP hypersecretion by

LCT, such as MCT, might prevent the onset and progression of obesity under high-LCT diet feeding

condition.
Limitations of the study

GIP is an incretin hormone that promotes glucose-dependent insulin secretion from pancreatic b-cells. In

previous reports, the blood glucose concentration after a single glucose ingestion was higher in GIP antag-

onist-treated mice, GIP KO mice, and GIP receptor-knockout mice than that in control mice and WT mice

(McClean et al., 2007; Miyawaki et al., 2002; Nasteska et al., 2014). These results indicated that inhibition of

GIP signaling or GIP secretion induces impaired glucose tolerance under lean body condition. Although

MCT-induced inhibition of GIP secretion alleviated body weight gain and insulin resistance under high-

LCT diet-fed obese condition in the present study, the possibility that supplementation of MCT would

reduce GIP secretion and have negative effects on glycemic control after meal ingestion under lean

body condition cannot be excluded.
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Ichimura et al. (2012)

N/A

Experimental models: Organisms/strains

C57BL/6J mice Japan SLC N/A

GIP KO mice Nasteska et al. (2014) N/A
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Silencer�Select Ffar1 Mouse Invitrogen Cat# s107454

Silencer�Select Negative Control No. 1 siRNA Invitrogen Cat# 4390844

Primers for quantitative real-time PCR Sankoda et al. (2017) N/A

Software and algorithms

Igor Pro WaveMetrics RRID:SCR_000325

http://www.wavemetrics.com/products/igorpro/

igorpro.htm

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Molegro Virtual Docker software Molegro ApS RRID:SCR_000190

http://molegro-virtual-docker.software.informer.com/

La Theta (LCT-100M) Hitachi Aloka Medical N/A

SPSS Statistics IBM RRID:SCR_019096

https://www.ibm.com/products/spss-statistics

Other

TLC Silica gel 60 F254 25 Aluminium sheets 20 x 20 cm Merck Cat# 105554

Rodent Diet With 45 kcal% Fat Reserch Diet Inc. Cat# D12451
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Nobuya Inagaki (inagaki@kuhp.kyoto-u.ac.jp).
Materials availability

This study did not generate new unique reagents.

Data and code availability

This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in

the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Male C57BL/6J (wild-type; WT) mice were purchased from SLC Japan, Inc. (Hamamatsu, Japan). We pur-

chased 10-week-old male WT mice. Oral mixed oil tolerance tests for measurement of blood glucose, in-

sulin, total GIP, and total GLP-1 were performed in 13-week-old mice. Oral mixed oil tolerance tests for

measurement of lipase activity and remaining bile volume were performed in 15-week-old mice. Oral

mixed oil tolerance tests for measurement of intestinal transit were performed in 17-week-old mice. Intes-

tinal lipase activity under fasting state was measured in 15-week-old mice. Oral saline, olive oil, or MCT oil

tolerance tests for measurement of lipase activity, remaining bile volume, and lipid and fatty acid compo-

sitions were performed in 15-week-old mice. Oral MCT oil or saline administration tests using a CCK

agonist were performed in 15-week-old mice. Oral olive oil tolerance tests using CCK antagonist were per-

formed in 13-week-old mice. In all oral oil tolerance tests, there was no significant difference in body weight

in WT mice.

We generatedGIP KOmice previously (Nasteska et al., 2014). In our previous study, there was no significant

difference in body weight (from 4-week old to 8-week old) and fat mass (8-week old) betweenWTmice and

GIP KOmice under normal diet condition, whereas GIP KOmice had lower body weight and fata mass and

higher insulin sensitivity then WT mice under high-LCT diet feeding condition (Nasteska et al., 2014). At

6-week-old, male littermate WT mice and GIP KO mice fed high-LCT diet for 10 weeks. Insulin tolerance

test (ITT) was performed in 16-week-old mice after 10 weeks of high-LCT diet feeding. Oral glucose toler-

ance test (OGTT) was performed in 18-week-oldmice after 12 weeks of high-LCT diet feeding. Fat mass and

energy expenditure were measured in 20-week-old mice after 14 weeks of high-LCT diet feeding. All mice

were fed ad libitum under a 14 hr/10 hr light-dark cycle. Experiments on animals were approved by the

Animal Research Committee of Kyoto University Graduate School of Medicine (MedKyo16584) and all
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experiments were performed in accordance with relevant guidelines and regulations of the Animal

Research Committee of Kyoto University Graduate School of Medicine.

Male mice were used for all in vivo experiments in this study, because menstruation could affect metabolic

factors such as glucose and insulin concentration.
Cell lines

STC-1(CA 94143), T-REx GPR40 and T-REx GPR120 cell line are cultured as described previously (Tanaka

et al., 2008; Hara et al., 2009; Ichimura et al., 2012).

STC-1 cells are maintained Dulbecco’s modified Eagle’s medium (DMEM) (Cat# D5796, Sigma Aldrich)

supplemented with 10% (v/v) fetal bovine serum (FBS) (Cat# 10,270-106, Gibco) and 100 U/mL penicillin-

streptomycin (Cat# 15,140-122, Gibco). T-REx GPR40 and T-REx GPR120 cells are maintained DMEM

(Cat# D6429, Sigma Aldrich) supplemented with 10% (v/v) FBS (Cat# 10,437-028, Gibco) and 100 U/mL peni-

cillin-streptomycin. Cells were incubated at 37�C in 5% CO2, respectively.
METHOD DETAILS

Oral mixed oil tolerance tests

Oral mixed oil tolerance tests were performed in the 13-week-old WT mice after intravenous injection of

saline (Control) or CCK agonist [Thr28, Nle31]-CCK (Cat# AS-22944; AnaSpec, Inc., Fremont, CA, US)

(200 ng/kg body weight) (Sankoda et al., 2017). The MCT oil (The Nisshin OilliO Group, Tokyo, Japan) con-

tained octanoic acid (C8:0) and decanoic acid (C10:0) at a ratio of 75:25 (%). On the other hand, the LCT oil

was olive oil (The Nisshin OilliO Group, Tokyo, Japan). In Test 1, olive oil (13.3 mL/kg body weight) or mixed

oil (10.0 mL/kg olive oil + 3.3 mL/kg MCT oil; 13.3 mL/kg body weight) was orally administered to 16-h

fasted mice by oral gavage so that the same dose of oil was administered. In Test 2, olive oil (10.0 mL/

kg body weight) or mixed oil (10.0 mL/kg olive oil + 3.3 mL/kg MCT oil; total of 13.3 mL/kg body weight)

was orally administered to mice so that the same dose of olive oil was administered.

In each test, two groups of mice were used to reduce the burden of animal testing on the mice and collect

samples at many time points. Blood samples (60 mL) were collected at 0, 15, and 60 min post-dose in one

group, and at 0, 30, and 120 min post-dose in the other group using heparinized calibrated glass capillary

tubes (Cat# 2-000-044-H; Drummond Scientific Company, Broomall, PA, USA).

Blood glucose levels were measured using Glutest Neo Sensor (Sanwa Kagaku Kenkyusho Co., Ltd.,

Nagoya, Japan). Plasma samples were prepared by centrifugation of the blood samples at 10,000 rpm

for 5 min, and were subjected to measure insulin, total GIP and total GLP-1. Oral olive oil tolerance tests

using a CCK antagonist were performed in 13-week-old mice.
Oral MCT oil or saline administration tests using a CCK agonist

Oral MCT or saline administration tests were performed in the 15-week-old WT mice after intravenous

injection of saline (5 mL/kg body weight) or CCK agonist (200 ng/5mL/kg). MCT oil or saline

(10.0 mL/kg, respectively) was orally administered to 16-h fasted mice by oral gavage. Blood samples

(30 mL) were collected at 0 and 30 min post-dose. Plasma samples were prepared by centrifugation of

the blood samples at 10,000 rpm for 5 min at 4�C, and were subjected to measure total GIP.
Oral olive oil tolerance tests using a CCK antagonist

Oral olive oil tolerance tests were performed in the 13-week-old WT mice. Olive oil (10.0 mL/kg) or olive oil

(10.0 mL/kg) + CCK antagonist proglumide (Cat# P755955, Toronto Research Chemicals Inc., North York,

ON, Canada) (500mg/kg body weight) was orally administered to 16-h fasted mice by oral gavage. Same as

the oral mixed oil tolerance tests, two groups of mice were used and blood samples were collected at 0, 15,

and 60 min post-dose in one group, and at 0, 30, and 120 min post-dose in the other group. Blood samples

were subjected to measure blood glucose, and plasma samples were subjected to measure insulin, total

GIP and total GLP-1.
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Oral saline, olive oil or MCT oil tolerance tests

Oral saline, olive oil or MCT oil tolerance tests were performed in the 15-week-old WT mice. Saline

(10.0 mL/kg), olive oil (10.0 mL/kg) or MCT oil (10.0 mL/kg) was orally administered to 16-h fasted mice

by oral gavage. Mice were anesthetized with isoflurane and subjected to abdominal laparotomy at

30 min after administration of saline, olive oil, or MCT oil. Blood samples were collected through the portal

vein (PV) and inferior vena cava (IVC).

Enzyme-linked immunosorbent assay (ELISA)

Concentrations of insulin, total GIP, and total GLP-1 were measured using ELISA kits for insulin (Cat#

AKRIN-011T, FUJIFILM Wako Shibayagi Corporation, Gunma, Japan), total GIP (Cat# EZRMGIP-55K,

Merck, Billerica, MA, US), and total GLP-1 (Cat# K1503PD-1, Meso Scale Discovery, Rockville, MD, US),

respectively.

Measurement of intestinal transit after oral mixed oil tolerance tests

The small intestine was removed at 30 min after oral administration of Oil Red-stained (0.5% v/v) oil to 17-

week-old male WT mice, and intestinal transit was calculated as the proportion (%) of the small intestine

stained by Oil Red relative to the entire small intestine.

Measurement of lipase activity and gallbladder contraction after oral tolerance tests

The jejunum and gallbladder were removed at 30 min after oral administration. The small intestinal con-

tents were collected from jejunum and are centrifuged at 10,000 rpm for 10 min at 4�C. Water layer was

used for the measurement of lipase activity. Lipase activity was measured using the BALB-DTNB method

(SB Bioscience, Tokyo, Japan) (Furukawa et al., 1982). The bile in the gallbladder was collected using a

29G syringe (Terumo, Tokyo, Japan) and the bile volume was measured. Gallbladder contraction was as-

sessed from the volume of bile remaining in the gallbladder.

Measurement of lipase activity in the fasting state

15-week-old and 16-h fasted male WT mice were sacrificed. The gastrointestinal mucosa of stomach, du-

odenum (0-5 cm from pyloric sphincter), jejunum (20-25 cm from pyloric sphincter), ileum (0-5 cm from

cecum) was collected and homogenized up to 100mg of gastrointestinal mucosa in 1 mL saline. Following

homogenization, insoluble material from the homogenate was removed by centrifugation at 10,000 rpm for

10 min at 4�C; the supernatant was used for the experiments. Lipase activity was measured using the BALB-

DTNB method. Separately, the protein content in the sample was measured using the Bradford method

(Bio-Rad, Hercules, CA, USA) to correct the lipase activity.

Ligation of pylorus and jejunum

15-week-old and 16-h fasted male WT mice were anesthetized with isoflurane and subjected to abdominal

laparotomy. We ligated only pylorus or both pylorus and duodenojejunal transition with nylon string; sub-

sequently, MCT oil or MCT oil + lipase inhibitor orlistat (Cat# 3540/50) (Tocris Bioscience, Bristol, UK)

(100mg/kg body weight) was injected into the stomach or duodenum. Blood samples were collected

through PV and IVC at 30 min after administration of MCT oil.

Lipid and fatty acid compositions using chromatography analysis

Lipids were extracted from blood and intestinal content samples using chloroform/methanol/1.5% KCl

(2:2:1, by volume) according to the Bligh–Dyer method, and the solvent was removed using N2 gas.

Thin-layer chromatography was performed to detect the following lipids in the stomach and small intestinal

contents: triglycerides (TGs), diglycerides (DGs), monoglycerides (MGs), and fatty acids (FAs). For thin-layer

chromatography (TLC) analysis, 0.2 mg of each sample and standard was spotted onto a silica gel TLC plate

(Kieselgel 60 F254; Merck, MA, USA), and developed with a solvent system containing hexane/diethylester/

acetic acid (60/40/1, v/v/v). Lipids were visualized by spraying the plates with 0.01% primuline in 80%

acetone and detected qualitatively by UV absorbance with a wavelength at 365 nm.

Gas chromatography was performed to assess the plasma fatty acid composition, and data were expressed

as the proportion (%) of MCFAs in all fatty acids. For gas-chromatography (GC) analysis, 1 mg was meth-

ylated by incubation with 1.3%methanolic HCl at 100�C for 1 hour. After methylation, the fatty acids methyl
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esters were extracted with n-hexane. The resulting fatty acid methyl esters were quantitively determined by

Shimadzu GC-1700 gas chromatograph equipped with a flame ionization detector, and fitted with a capil-

lary column (TC-70; 60 m length 3 0.25 mm i.d.; GL Sciences Inc., Tokyo, Japan). The initial column tem-

perature of 165�C was maintained for 2 min, increased to 180�C at a rate of 5�C/min and maintained for

5 min, and increased to 260�C at a rate of 5�C/min and finally maintained at that temperature for 5 min.

Helium was used as the carrier gas at a flow rate of 0.97 mL/min. Data were expressed as the proportion

(%) of MCFAs in all fatty acids.

Long-term food tolerance test

Saline (1.0 mL/kg body weight), MCT oil (1.0 mL/kg body weight) was administered to high-LCT diet (45%

fat by energy, 4.73 kcal/g, Cat# D12451) (Research Diets Inc., New Brunswick, NJ, US)-fed, 6-week-old male

WTmice andGIP KOmice once daily at 8:00 p.m. by oral gavage. In long-term high-LCT diet tolerance test

using a CCK antagonist, drinking water or drinking water supplemented with the CCK antagonist proglu-

mide (0.1 mg/mL, approximately 30 mg/kg/day) (Sigma- Aldrich Japan, Tokyo, Japan) was administered.

Body weights were measured once a week. Insulin tolerance test (ITT) and oral glucose tolerance test

(OGTT) were performed at weeks 10 and 12 of loading. Fat mass and energy expenditure were measured

using computed tomography (CT) and an indirect calorimeter, respectively, at week 14 of loading.

Measurement of insulin sensitivity and blood glucose and insulin concentration after oral

glucose loading

Human insulin (Eli Lilly and Company, Indianapolis, IN, US) was intraperitoneally administered to 4-hr

fasted mice (0.5 U/kg body weight). Blood glucose levels were measured at 0, 30, 60, and 90 min after in-

sulin loading. Results were calculated with blood glucose level at 0 min considered as 100%. Glucose

(2 g/kg body weight) was orally administered to 16-hr fasted mice. Blood samples were collected through

the tail vein at 0 and 15 min after glucose loading. Blood glucose and insulin levels were measured.

Measurement of energy expenditure and body fat mass

The energy expenditure was measured using an ARCO 2000 (ARCO System Inc., Chiba, Japan). The fat

mass was measured using a La Theta (LCT-100M) experimental animal CT system (Hitachi Aloka Medical,

Ltd., Tokyo, Japan).

Fatty acid-induced CCK secretion from STC-1 cells

The murine intestinal cell line STC-1 was used (Tanaka et al., 2008). The fatty acid tolerance test was

performed 48 hr after seeding STC-1 cells (43 105 cells) in 12-well plates. The cells were washed with phos-

phate-buffered saline (PBS) three times and then cultured in Hanks’ balanced salt solution (HBSS) contain-

ing fatty acids at 37�C for 60 min (Kawasaki et al., 2010). The culture broth was centrifuged at 800 3g for

10 min at 4�C, and the supernatant was collected. CCK concentrations in the supernatant were measured

using the CCK (26-33) non-sulfated - Fluorescent EIA Kit (Phoenix Pharmaceuticals, Inc., Belmont, CA, US).

The antibody to CCK in this kit is cross-reactive with gastrin.

Fatty acid-induced [Ca2+]i in GPR40- and GPR120-expressing cells

Previously established HEK293 cells stably expressing GPR120 and GPR40 (T-REx GPR120 and T-REx

GPR40, respectively) were used (Hara et al., 2009; Ichimura et al., 2012). T-REx GPR120 cells or T-REx

GPR40 cells (2.0 3 105 cells/well) were seeded in collagen-coated 96-well plates and cultured in an incu-

bator at 37�C for 2 hr. After the addition of 1 mg/mL doxycycline and, 24 hr later, the addition of Component

A in HBSS from a FLIPR Calcium 4 Assay Kit (Molecular Devices, Sunnyvale, CA, US), the cells were further

cultured at room temperature for 30 min. Fatty acids in HBSS + 20 mM HEPES buffer were added to other

96-well plates.[Ca2+]i were monitored in all plates by an FDSS/mCELL imaging plate reader (Hamamatsu

Photonics K.K., Shizuoka, Japan). Data were analyzed using Igor Pro (WaveMetrics, Inc, Lake Oswego,

OR, US), and the change in [Ca2+]i was calculated, with [Ca2+]i after addition of 100 mM a-linolenic acid

(ALA) considered as 1.0.

Small interfering RNA(siRNA) transfection into STC-1 cells

STC-1 cells (4.5 3 105 cells/well) were mixed with Opti-MEM (Invitrogen, Grand Island, NY, US) containing

murine GPR120 or GPR40 Silencer Select siRNA (siRNA ID: s200889 and s107454, Invitrogen, Grand Island,

NY, US), Silencer� Negative Control No. 1 siRNA (Invitrogen), and Lipofectamine 2000 were seeded in
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12-well plates and cultured at 37�C. After 48 hr of culture, the cells were analyzed by real-time polymerase

chain reaction (RT-PCR) for GPR120 mRNA or GPR40 mRNA expression. Total RNA was extracted using the

RNeasy Mini Kit (QIAGEN, Hilden, Germany), and cDNA was synthesized using the PrimeScript RT reagent

kit (Takara Bio Inc., Shiga, Japan). RT-PCR was performed using SYBR Green PCR Master Mix (Applied Bio-

systems, Foster City, CA, US), and expression levels were determined using the ABI StepOnePlus Real-

Time PCR System (Applied Biosystems). The signals of the products were standardized using b-actin as

reference. The primer sequences for b-actin, GPR120, and GPR40 have already been reported (Sankoda

et al., 2017).
Docking simulation

The previously reported homology models of the active and inactive form of GPR120 based on bovine

rhodopsin structure were used (Sun et al., 2010; Takeuchi et al., 2013). The molecular docking of com-

pounds against the GPR120model was performed by the molecular docking algorithmMolDock usingMo-

legro Virtual Docker software (Molegro ApS, Aarhus, Denmark) (Thomsen and Christensen, 2006). The

hydrogen bonding energy, which is considered to be one of the important parameters in characterizing

the interaction between GPCRs and their ligands (Shim et al., 2003; Sun et al., 2010; Xhaard et al., 2006),

was estimated in arbitrary units using the Molegro program. Binding of MCFAs (octanoic acid [C8:0] and

decanoic acid [C10:0]) or long-chain fatty acids (LCFAs) (oleic acid [C18:1], linoleic acid [C18:2], a-linolenic

acid [C18:3], eicosapentaenoic acid [C20:5], and docosapentaenoic acid [C22:6]) to GPR120 was simulated.

NCG21 and AH-7614 have been reported to be a GPR120 agonist and a GPR120 antagonist, respectively

(Sun et al., 2010).
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Results are expressed as mean G standard error (SE). Statistical analyses were performed with the Stu-

dent’s t-test or one-way analysis of variance (ANOVA) with Tukey’s test using SPSS Statistics 20.0 software

(IBM, Armonk, NY, US). The level of statistical significance was P < 0.05.
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