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Abstract

BACKGROUND & AIMS—Long-chain fatty acid receptors G-protein–coupled receptor 40 

(GPR40) (FFAR1) and GPR120 have been implicated in the chemosensation of dietary fats. I cells 

in the intestine secrete cholecystokinin (CCK), a peptide hormone that stimulates digestion of fat 

and protein, but these cells are rare and hard to identify. We sought to determine whether dietary 

fat-induced secretion of CCK is directly mediated by GPR40 expressed on I cells.

METHODS—We used fluorescence-activated cell sorting to isolate a pure population of I cells 

from duodenal mucosa in transgenic mice that expressed green fluorescent protein under the 

control of the CCK promoter (CCK–enhanced green fluorescent protein [eGFP] bacterial artificial 

chromosome mice). CCK-eGFP cells were evaluated for GPR40 expression by quantitative 

reverse transcription polymerase chain reaction and immunostaining. GPR40−/− mice were bred 

with CCK-eGFP mice to evaluate functional relevance of GPR40 on long-chain fatty acid–

stimulated increases in [Ca2+]i and CCK secretion in isolated CCK-eGFP cells. Plasma levels of 

CCK after olive oil gavage were compared between GPR40+/+ and GPR40−/− mice.

RESULTS—Cells that expressed eGFP also expressed GPR40; expression of GPR40 was 100-

fold greater than that of cells that did not express eGFP. In vitro, linoleic, oleic, and linolenic acids 

increased [Ca2+]i; linolenic acid increased CCK secretion by 53% in isolated GPR40+/+ cells that 

expressed eGFP. In contrast, in GPR40−/− that expressed eGFP, [Ca2+]i response to linoleic acid 

was reduced by 50% and there was no significant CCK secretion in response to linolenic acid. In 

mice, olive oil gavage significantly increased plasma levels of CCK compared with pregavage 

levels: 5.7-fold in GPR40+/+ mice and 3.1-fold in GPR40−/− mice.
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CONCLUSIONS—Long-chain fatty acid receptor GPR40 induces secretion of CCK by I cells in 

response to dietary fat.
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Lipids and digested lipid products have long been known to stimulate satiety, which is 

partially mediated by secretion of the neuropeptide hormone cholecystokinin (CCK) from 

duodenal enteroendocrine I cells. The postprandial satiety effect of CCK is vagally mediated 

upon binding of CCK1 receptors on afferent nerve terminals that are closely associated with 

the enteroendocrine cell; gastrointestinal feedback functions such as inhibition of gastric 

emptying and gastric acid secretion and stimulation of exocrine pancreas secretion in 

response to luminal nutrients are also regulated in this manner,1 whereas CCK regulates gall 

bladder contraction through a hormonal route.2

Products of lipid hydrolysis, particularly long-chain fatty acids (LCFAs) of at least 12-

carbon length, are required to stimulate CCK secretion in the murine enteroendocrine cell 

line STC-13 and to elevate plasma CCK and reduce gastric motility in humans.4,5 The 

sensing mechanism by which the I cell detects LCFAs and triggers CCK secretion is 

unknown, but given that the apical membrane of the intestinal I cell communicates with the 

lumen, it is possible that a direct sensing mechanism exists. Several G-protein–coupled 

receptors (GPRs) have been identified as fatty acid sensors with nutrient-sensing capabilities 

by endocrine cells6,7; in particular, the LCFA receptors GPR40 and GPR120 have been 

suggested as possible nutrient detectors mediating CCK secretion.8,9

GPR40 is a recently deorphanized GPR that is activated by a range of medium- to long-

chain saturated and unsaturated fatty acids of chain lengths >6 carbons.10 GPR40 is highly 

expressed in pancreatic islets and has been extensively studied for its role in insulin 

secretion by mouse pancreatic β cells (MIN6) in response to unsaturated LCFAs, oleic, 

linoleic, and linolenic acids.11,12 Multiple other organs, including the brain and intestine in 

rats and humans, have also been shown to express the transcript for GPR40.10,12 Using 

GPR40 reporter mice and in situ hybridization, GPR40 has recently been colocalized with 

several enteroendocrine cell types throughout the intestine—including glucagon-like peptide 

1, glucose insulinotropic peptide, and CCK-expressing cells—and although disruption of 

GPR40 attenuates incretin secretion in mice fed a high-fat diet,13 the role of GPR40 on CCK 

secretion in the native I cell has yet to be evaluated.

The purpose of this study was to elucidate the basis for the chemosensation of dietary fat-

stimulated release of CCK by intestinal I cells. Using GPR40−/− mice, we provide both in 

vitro and in vivo evidence that CCK secretion is stimulated by dietary luminal LCFAs 

directly sensed by GPR40 expressed on duodenal enteroendocrine I cells.
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Materials and Methods

Experimental Animals

Transgenic mice with CCK promoter-driven enhanced green fluorescent protein (eGFP) 

were developed by the GenSat Bacterial Artificial Chromosomes (BAC) Transgenic 

project14 and obtained from the Mutant Mouse Regional Resource Center (Davis, CA).

A GPR40-targeted knockout mouse was developed by replacing the GPR40 coding region 

with a 21-nucleotide DNA fragment encoding genes for 9 amino acids of influenza 

hemagglutinin antigen, eGFP, and neomycin (Supplementary Figure 1A). eGFP was inserted 

with the intended use as a reporter for GPR40 expression within the intestine; however, 

histological examination of GPR40−/− mice did not yield any intestinal eGFP signals by 

epifluorescent microscopy or by flow cytometric analysis of an intestinal mucosal cell 

preparation (data not shown). Weakly detectable eGFP in pancreatic β cells suggested that 

undetectable I cell eGFP was due to lower copy number. Homozygous deletion of GPR40 

was confirmed by polymerase chain reaction and Southern blot of genomic tail DNA and by 

Taqman reverse transcriptase polymerase chain reaction (RT-PCR) of duodenal mucosal 

scrapings (Supplementary Figure 1B–D), validating this mouse strain to be a GPR40 

knockout model.

The GPR40−/− mice had no obvious phenotype when fed a regular chow diet. Knockout 

animals were fertile and had body weights and body compositions similar to their wild-type 

littermates. Metabolically there was no difference in fasting serum glucose, triglyceride, and 

insulin. In addition, consistent with findings reported by others,15–18 glucose tolerance and 

insulin levels were similar between GPR40+/+ and GPR40−/− mice fed a regular chow diet.

For functional studies, GPR40−/− mice were bred to CCK-eGFP mice to produce CCK-

Egfp+ GPR40+/− pups. CCK-eGFP+ GPR40+/− mice were bred to produce GPR40−/− and 

GPR40+/+ mice expressing CCK-eGFP cells. See Supplementary Methods for genotyping 

details. Animals were bred and maintained on regular chow according to the National 

Institutes of Health Institutional Animal Care and Use Committee guidelines.

Isolation of Intestinal Endocrine Cells

Adult mice were euthanized and the proximal 5 to 6 cm of duodenum collected and 

confirmed for eGFP expression by epifluorescent microscopy. Intestines were washed with 

cold Dulbecco’s phosphate-buffered saline (PBS) and incubated in 1 mM EDTA-Dulbecco’s 

PBS, followed by 75 U/mL collagenase (CLPSA grade; Worthington Biochemical, 

Lakewood, NJ,) in a shaking water bath (20′, 37°C each). Cells were resuspended in 10% 

fetal bovine serum in medium, filtered through 30-μm and 20-μm nylon filters (Spectrum 

Laboratories, Laguna Hills, CA) to obtain a single-cell population and resuspended in a 

fluorescence-activated cell sorting (FACS) buffer (5% fetal bovine serum, 50 ug/mL DNase 

I in phenol-free Dulbecco’s modified Eagle’s medium). Cells were ~90% viable based on 

trypan blue exclusion.

The sample underwent FACS using the BD FACS ARIA machine (BD Biosciences, San 

Jose CA). Cells were sorted based on initial gating for GFP (fluorescein isothiocyanate) with 
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sequential gating based on side and forward scatter to exclude dead cells and doublets. For 

RT-PCR studies, a non-eGFP cell population (fluorescein isothiocyanate <102)–comprising 

a mixture primarily of enterocytes, but also of goblet cells, lymphocytes, and non-GFP 

endocrine cells–was simultaneously sorted into a separate collection tube. Immediately after 

FACS, cells were found to be ~78% live using 7-aminoactinomycin D (7-AAD) dead-cell 

exclusion. Of the live-cell population, post-sorted cells were at least 98.5% eGFP+, which 

was confirmed by trypan blue exclusion and direct epifluorescent microscopy.

Immunofluorescent Staining

Single-cell preparations obtained before and after FACS were fixed in fresh 4% 

paraformaldehyde/PBS. Cells were dried on positively charged slides, incubated with rabbit 

anti-CCK antibody (1:2000; Peninsula Labs, Torrance, CA), and subsequently AlexaFluor 

594 goat anti-rabbit IgG secondary antibody (Invitrogen, Carlsbad, CA).

For GPR40 immunostaining, villus-enriched fractions were obtained from the proximal 

duodenum by incubation in Dulbecco’s PBS containing 2 mM EDTA (30 minutes, 4°C) 

followed by gentle pipetting and centrifugation (250g, 2 minutes). Villus samples were 

immediately incubated with mouse anti-GPR40 monoclonal antibody (1:10; 30 minutes, 

4°C; TransGenic Inc, Kumamoto, Japan), washed, incubated with AlexaFluor 633 goat anti-

mouse IgG antibody (4°C, 30 minutes; Invitrogen), washed, and fixed with 4% 

paraformaldehyde/PBS.

For whole tissue sections, duodenum and pancreas tissue were collected from 4% 

paraformaldehyde/PBS perfused mice. Ten-micrometer cryosections were permeabilized 

with 0.2% TritonX-100, blocked in 5% bovine serum albumin, and incubated with rabbit 

anti-CCK (1:1000; Peninsula Labs, Torrance, CA) followed by AlexaFluor 594 goat anti-

rabbit IgG antibody (Invitrogen). Slides were viewed with a Zeiss LSM510 Meta confocal 

microscope.

RNA Extraction and RT-PCR

RNA was extracted from FACS CCK-eGFP+ cells (30,000–100,000 cells) and non-eGFP 

cells (106 cells) using Trizol Reagent (Invitrogen). See Supplementary Methods for RT-PCR 

details and Supplementary Table 2 for a list of targeted PCR primers.

Confocal Ca2+ Imaging of CCK-eGFP Cells

Changes in intracellular Ca2+ concentration ([Ca2+]i) in CCK-eGFP cells were measured 

using the Ca2+-sensitive indicator dye Quest Rhod4 (AAT Bioquest, Inc., Sunnyvale, CA). 

FACS eGFP+ cells were loaded with Quest-Rhod4 in Hank’s Balanced Salt Solution 

supplemented with 10 mM HEPES (with 1.26 mM calcium and ~1 mM magnesium [pH 

7.4]), incubated in subdued light (30 minutes, room temperature), plated on a 15-well μ-slide 

(ibidi LLC, Verona, WI), and imaged by confocal microscopy. Relative fluorescence 

intensity (FI) of Quest Rhod4 from each cell was measured using a 560- to 615-nm emission 

band pass filter at 488-nm excitation. Time-dependent acquisition was performed at 1-

second intervals for over 10 minutes at room temperature. Quest Rhod4 was chosen to 

minimize overlapping interference with eGFP; however, we also confirmed that the ligands 

LIOU et al. Page 4

Gastroenterology. Author manuscript; available in PMC 2016 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



used in this study had no effect on eGFP FI. Thus, changes in FI detected within a 560- to 

615-nm emission range were exclusively due to the changes in Quest Rhod4 fluorescence. 

For data analysis, maximum percent increase over baseline was calculated as follows: [A 

peak FI-basal FI]/basal FI × 100.

CCK Releasing Assay

Approximately 30,000 CCK-eGFP cells were sorted from a total of ~3 × 107 cells for each 

releasing assay. Twice-washed cells were resuspended in HEPES-buffered Hank’s Balanced 

Salt Solution (final concentration: 104 cells/mL). Approximately 1000 cells/well were 

aliquoted into a 96-well plate coated overnight with 0.2 mg/mL rat tail collagen loaded with 

a freshly made 2× working dilution of either α-linolenic acid or methyl linolenate (Sigma 

Aldrich, St Louis, MO) suspended in 1% ethyl alcohol–HEPES-buffered Hank’s Balanced 

Salt Solution (vehicle). A 4-μM linolenic acid concentration was selected based on 50% 

effective concentration ranges in GPR40-expressing cell lines10,19 and confirmed with 

preliminary dose response curves. Cells were incubated (total volume: 200 μL) for 30 

minutes at 37°C, 5% CO2. Each treatment was tested in triplicate. Total CCK content was 

determined by adding 0.2% TritonX-100 in distilled water in designated wells. Secretion 

was halted by placing the plate on ice for 5 minutes. Cells were pelleted by centrifugation 

(720g, 10 minutes, 4°C) and 20 to 30 uL supernatant was retrieved and saved at −20°C until 

measured.

Cells were assessed for viability after each experiment by light microscopy, trypan blue 

exclusion, and eGFP expression under epifluorescent microscopy. Cell numbers were 

subjectively assessed to ensure the absence of marked differences in aliquoting and to check 

for cell lysis. On rare occasions, suboptimal I-cell preparations resulted in cell lysis after 

treatment, and data from these experiments were not included in the study.

Samples were diluted 1:5, and total CCK content samples were diluted 1:50. Dilution factors 

were based on previous dilution experiments that enabled detection on the standard curve. 

Each sample was measured in duplicate using the 4-day incubation protocol of a 

commercially available CCK Radioimmunoassay Kit (Alpco Diagnostics, Salem, NH), 

which has a sensitivity of 0.3 pmol/L and has <0.5% cross-reactivity with sulfated gastrin.

In Vivo Free Fatty Acid (FFA) Gavage and Plasma Collection

GPR40+/+ and GPR40−/− mice age-matched littermates (4–10 weeks old) weighing 20–35 g 

were fasted overnight on wire-bottom cages. Mice were anesthetized by isofluorane and a 

fasting whole blood sample (T = 0 minutes) was collected retro-orbitally using heparinized 

hematocrit tubes, and stored in fresh tubes containing 2 uL aprotinin (MP Biomedicals, 

Solon, OH; 10 mg/mL, 6000 KIU/mg). Mice were gavaged ~0.5 mL olive oil, and blood 

was resampled under anesthesia at 30 and 60 minutes. Plasma was collected and ethanol 

precipitated to remove plasma proteins. The supernatant was concentrated in a Speed Vac 

Concentrator at 37°C, restored to original volume with diluents, and stored at −20°C until 

radioimmunoassayed (Alpco Diagnostics, Salem, NH). Standard curves were produced by 

diluting the 50-pM standard with plasma-protein extracted serum from CCK knockout mice 

(Mutant Mouse Regional Resource Center) rather than the provided diluent, which improved 
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sensitivity so samples could be measured within the standard curve. The few fasting plasma 

samples below the detection of the assay were assigned a value of 0 pM.

Data Analysis and Statistics

Results are expressed as mean ± standard error of mean. Differences in CCK secretion in 

acutely isolated cells were determined by 1-sample t test. Plasma CCK secretion differences 

between GPR40+/+ and GPR40−/− mice were determined by 2-way analysis of variance and 

Bonferroni post-hoc test. Statistical analysis was performed using GraphPad Prism version 

3, and significance was accepted at P < .05.

Results

Validation of Purity of CCK-eGFP Cells From the CCK-eGFP BAC Transgenic Mouse

Rare eGFP-expressing cells from CCK-eGFP BAC transgenic mice were sparsely 

distributed along the epithelium of the duodenal mucosa, displaying typical teardrop 

enteroendocrine cell morphology and co-immunoreactivity with CCK (Figure 1A). Roughly 

0.1%–0.2% of the preparation of singly dispersed duodenal mucosal cells were eGFP+ cells, 

as determined by flow cytometric analysis (data not shown). Enzymatically dispersed eGFP+ 

cells continued to be immunoreactive with CCK antiserum (Figure 1B and E). After FACS, 

eGFP+ cells excluding the dead-cell marker 7-AAD were 98.5% pure, which was also 

confirmed by direct microscopy (Figure 1C and F). As seen in Figure 2, CCK transcript is 

very highly expressed in eGFP+ cells and is not detectable in the eGFP− cells. Furthermore, 

the enterocyte-specific brush border enzyme alkaline phosphatase and the goblet cell-

exclusive secretory granule marker calcium-activated chloride channel 3 (ClCa3; also known 

as gob520) were barely detectable in eGFP cells, confirming that sorted eGFP cells were 

CCK-expressing cells and not contaminating goblet cells or enterocytes. Therefore, in the 

duodenum of CCK-eGFP BAC transgenic mice, eGFP-expressing cells were considered 

CCK-expressing I cells and will be referred to as CCK-eGFP cells.

Acutely Isolated CCK-eGFP Cells Highly Express LCFA Receptor GPR40

Gene expression for GPR40 and GPR120 was approximately 100-fold (P = .003, n = 4) and 

7-fold (P = .02, n = 5) greater, respectively, in the CCK-eGFP cell population relative to the 

non-eGFP cell population (Figure 3).

GPR40 protein expression was confirmed by positive immunostaining of CCK-eGFP cells 

within the duodenal villi of GPR40+/+ CCK-eGFP transgenic mice (Figure 4A, 

Supplementary Figure 2), which was absent in GPR40−/− mice (Figure 4B) and also in 

control staining with secondary antibody alone (Figure 4C). GPR40 immunoreactivity was 

also observed in rare CCK-eGFP− cells (Figure 4D). Together, this suggests that GPR40 is 

expressed on CCK-eGFP cells and other non–CCK-producing cells known to express 

GPR40.13
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Dose-Dependent and GPR40-Specific Stimulation of Intracellular Ca2+ in CCK-eGFP Cells 
to FFA

FFA-stimulated activation of GPR40 triggers [Ca2+]i signaling, which is mediated by the 

phospholipase C/inositol 1,4,5-triphosphate pathway and is likely a prerequisite for LCFA-

stimulated CCK release from I cells.21,22 To examine whether CCK-eGFP cells can be 

activated by LCFA directly through GPR40, changes in [Ca2+]i in response to LCFAs was 

assessed using the Ca2+ indicator dye Quest Rhod4. Linoleic acid (1–100 μM), a well-

characterized stimulant of GPR40,22–24 significantly induced a time- and dose-dependent 

increase in relative FI of Quest Rhod4 in CCK-eGFP cells (P < .003 by regression analysis; 

Figure 5A, C, and D). Consistent with the expected LCFA pharmacology of GPR40, both 

linolenic (10 μM) and oleic (10 μM) acids significantly increased the relative FI of Quest 

Rhod4 (P = .001 and P < .05, respectively) similar to levels induced by linoleic acid (Figure 

5B–D). Furthermore, the inactive methyl ester analog of linolenic acid (methyl linolenate) 

had no significant effect on Quest Rhod4 FI (P > .50; Figure 5B and D).

To determine whether the linoleic acid–induced response in Ca2+ was mediated specifically 

through GPR40, GPR40−/− CCK-eGFP cells were compared with wild-type CCK-eGFP 

cells. The [Ca2+]i response to linoleic acid (10 μM) in GPR40−/− CCK-eGFP cells (n = 10) 

was significantly lower than that in GPR40+/+ CCK-eGFP cells (n = 10; P < .001; Figure 

5E). Additionally, the selective GPR40 agonist MEDICA-1623 induced a dose-dependent 

increase in [Ca2+]i in CCK-eGFP cells (P < .0001; Figure 5F).

LCFA-Stimulated CCK Secretion Is Attenuated With Deletion of GPR40 in Acutely Isolated 
Cells

To determine whether GPR40 directly mediated LCFA-induced CCK secretion, FACS 

GPR40+/+ and GPR40−/− CCK-eGFP cells were exposed to either linolenic acid or its 

inactive methyl ester analog, methyl linolenate, and CCK was measured in the supernatant. 

Basal CCK secretion from acutely isolated cells was approximately 5.4% ± 0.01% of total 

CCK content. Compared to normalized basal secretion, linolenic acid stimulated a 

significant 1.5- ± 0.2-fold increase in CCK secretion in GPR40+/+ CCK-eGFP cells (P = .

02, n = 12). However, there was no significant change in baseline CCK secretion in 

GPR40−/− CCK-eGFP cells (1.1- ± 0.1-fold increase, n = 6; P = .6). As expected, neither 

GPR40+/+ (n = 8) nor GPR40−/− (n = 6) CCK-eGFP cells were responsive to methyl 

linolenate (1.0- ± 0.1-fold and 1.0- ± 0.1-fold, respectively; P > .9), and both were equally 

responsive to the depolarizing effects of KCl (1.6- ± 0.2-fold, P = .04, n = 6 and 1.5- ± 0.2-

fold; P = .03, n = 6, respectively), which was used as a positive control for CCK secretion 

(Figure 6).

GPR40 Knockout Mice Demonstrate Blunted CCK Secretion in Response to Olive Oil 
Gavage

To determine whether the in vitro effects of GPR40 on fatty acid–induced CCK secretion 

would be reflected in vivo, circulating CCK levels were measured in GPR40+/+ and 

GPR40−/− mice after gastric gavage of olive oil, a natural dietary oil rich in oleic acid but 

also containing a heterogeneous mixture of saturated and unsaturated LCFAs. There was no 

significant difference in fasting (basal) levels of CCK between GPR40+/+ and GPR40−/− 
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mice (1.0 ± 0.2 pmol/L, n = 7 and 1.0 ± 0.3 pmol/L, n = 6, respectively). However, after a 

gastric gavage of olive oil, significant genotype (P < .02) and time (P < .0001) effects on 

plasma CCK levels were present (Figure 7). Compared to fasting levels, plasma CCK was 

significantly elevated at 30 and 60 minutes post-gavage in both genotypes. At 30 minutes 

post-gavage, plasma CCK levels rose to 4.2 ± 0.8 pmol/L in the GPR40+/+ mice, and the 

response in the GPR40−/− mice was slightly lower at 2.8 ± 0.6 pmol/L. At 60 minutes post-

gavage, plasma CCK levels continued to rise to 5.4 ± 0.9 pmol/L in the GPR40+/+ mice, 

which was significantly higher than circulating levels in the GPR40−/− mice (3.1 ± 0.4 

pmol/L; P < .05 based on 2-way analysis of variance).

Discussion

In the present study, we utilized BAC transgenic mice expressing CCK-promoter driven 

eGFP to isolate a pure population of intestinal I cells and identify the expression of GPR40 

on a gene and protein level. Furthermore, to show that GPR40 is a LCFA receptor directly 

mediating fatty acid–induced CCK secretion, we obtained in vitro functional data from these 

isolated cells and demonstrated that targeted deletion of GPR40 markedly reduces [Ca2+]i 

signaling and CCK secretion in response to LCFAs. This effect is mirrored in vivo using the 

GPR40 knockout mouse. Taken together, these data strongly support a role for GPR40 in the 

direct detection of fatty acids leading to CCK secretion from the intestinal I cell.

Gastrointestinal hormone secretion in response to luminal nutrients can be mediated directly 

by the nutrient components themselves or indirectly through paracrine, endocrine, or 

neuronal factors. Evaluation of isolated enteroendocrine cells is required in order to examine 

direct stimulatory or inhibitory mechanisms. However, the enteroendocrine cell population 

makes up <1% of the intestinal mucosa and is divided into 15 known subtypes based on 

hormone production and secretion.25 Because this population is rare and diffusely scattered, 

the ability to identify and directly study specific subsets of these cells has been challenging. 

In the past, unenriched populations of rat intestinal mucosal cells have been studied to 

interrogate peptone-induced CCK secretion,26,27 but nonenteroendocrine cell types may still 

exert an indirect effect on the cells. Liddle et al have sorted a pure population of 

enteroendocrine cells labeled to be CCK-immunopositive, through FACS of monitor 

peptide-stimulated intestinal mucosal cells,28 but fatty acid secretagogues have not been 

tested in this population. The advent of fluorescent protein markers and promoter-driven 

transgenic mice has advanced the ability to separate specific subsets of enteroendocrine cells 

for study.29–31

By incorporating the CCK-eGFP transgene into GPR40−/− mice, we were able to directly 

interrogate the significance of this receptor as a direct mediator of LCFA-induced CCK 

secretion in a pure population of acutely isolated CCK-eGFP cells without confounding 

paracrine and neuronal influences. CCK-eGFP cells were directly activated, as measured by 

increasing [Ca2+]i, by LCFAs, linoleic, linolenic, and oleic acids, all of which are 

established potent ligands for GPR40.10,19,32 Furthermore, CCK secretion is directly 

stimulated in response to linolenic acid. Targeted deletion of GPR40 markedly reduced both 

the [Ca2+]i response to linoleic acid and the hormone secretion response to linolenic acid 

compared to wild-type CCK-eGFP cells. CCK-eGFP wild-type cells were not responsive to 
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methyl linolenate, likely because the C-terminal carboxyl group of the fatty acid is important 

for appropriate receptor binding and activation, and esterification of the carboxyl group 

renders the ligand inactive.3,19 Together, with additional evidence of GPR40-specific 

agonist MEDICA-16 increasing [Ca2+]i in CCK-eGFP cells, these data confirm that LCFAs 

must bind GPR40 to directly activate hormone secretion from the I cell.

Although there was residual but diminished [Ca2+]i activation of GPR40−/− CCK-eGFP cells 

to LCFAs, the CCK secretory response to linolenic acid was absent. Therefore, it is unlikely 

that GPR120, which is also activated by linolenic–acid,7,8 plays a role in direct fatty acid 

induced CCK secretion in the native I cell. This finding differs from that demonstrated in the 

murine enteroendocrine cell line STC-1, in which incomplete RNA silencing of GPR120 

partially inhibited linolenic acid–stimulated CCK secretion while partial silencing of GPR40 

had no effect.8 Unlike intestinal I cells, the STC-1 cell line is a relatively nonspecific 

transformed cell line that expresses multiple hormones (CCK, secretin, proglucagon-derived 

peptides, pancreatic polypetide, neurotensin, and peptide YY) and receptors.33,34 Therefore, 

it is possible that the relative levels of GPR40 and GPR120 expression in STC-1 cells do not 

necessarily reflect the levels expressed in the native I cell, which may account for the 

difference in our results. Nonetheless, our results emphasize the importance of studying 

native cells whenever possible. Further studies on native I cells will be necessary to exclude 

a potential role of GPR120 on CCK secretion.

Our in vivo findings support what was observed in vitro between GPR40+/+ and GPR40−/− 

CCK-eGFP cells. Compared to wild-type mice, targeted deletion of GPR40 resulted in 

significantly reduced plasma CCK levels in response to gastric gavage of olive oil. In 

humans, intraduodenal infusion of fatty acids of at least 12-carbon length are required to 

raise plasma CCK levels, inhibit gastric motor function, and suppress appetite.4,35 In rats, 

duodenal infusion of sodium oleate (C18:1) elevates plasma CCK levels36 and activates rat 

jejunal vagal afferents through binding of the CCK-A receptor.37 Although we did not use 

specific fatty acid chain lengths in our in vivo studies, the fat composition of olive oil is 

primarily oleic acid (C18:1) and other polyunsaturated (linoleic [C18:2], linolenic [C18:3]) 

and saturated (palmitic [C16:0], stearic [C18:0]) LCFAs of C16–C18 carbon chain length. 

As described earlier, we have shown that oleic, linoleic, and linolenic acid similarly activate 

CCK-eGFP cells consistent with that shown by others in GPR40-expressing cell lines.10,19

Although the rise in plasma CCK levels in response to olive oil was significantly less in the 

GPR40−/− mice compared to GPR40+/+ mice, the response was still greater than fasting 

CCK levels. Given that CCK secretion is reduced to basal levels in vitro in acutely isolated 

GPR40−/− CCK-eGFP cells, the in vivo response is mostly likely due to activation of an 

indirect fatty acid sensing mechanism. One putative mechanism by which intestinal lipid 

may stimulate CCK secretion independent of GPR40 is through indirect activation by 

chylomicron component apolipoprotein A-IV (apoA-IV). ApoA-IV is secreted by 

enterocytes in response to absorption of LCFAs and has been identified as a satiety factor 

and activator of CCK-responsive vagal afferents and their downstream effects.38–40 The role 

of apoA-IV on CCK secretion is unclear as an apoA-IV receptor has yet to be identified, and 

no study has been done looking at apoA-IV on plasma CCK secretion in vivo or in vitro in 

the STC-1 cell line. However, apoA-IV remains a possible explanation for the residual 
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circulating CCK levels in the GPR40−/− mouse in response to fatty acids that is not observed 

in vitro in the acutely isolated GPR40−/− CCK-eGFP cells.

In summary, this study presents evidence that native I cells express receptors for GPR40 and 

that GPR40 is the primary receptor directly mediating LCFA-induced CCK secretion from 

these cells. The roles of GPR120 and potentially apoA-IV as minor or indirect mediators of 

fatty acid induced CCK secretion remain to be evaluated.
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Figure 1. 
Validation of cholecystokinin (CCK)–enhanced green fluorescent protein (eGFP) transgene 

specificity and fluorescence-activated cell sorting (FACS) purification. All eGFP cells were 

CCK immunoreactive in (A) duodenal tissue, (B) dispersed single cells (20×), and (C) post-

sorted cells (20×). FACS gating for GFP expression in singly dispersed cells from (D) CCK-

eGFP− mice (negative control), (E) presorted, and (F) post-sorted singly dispersed cells 

from CCK-eGFP+ mice.
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Figure 2. 
Verification of fluorescence-activated cell sorting (FACS) purification of cholecystokinin 

(CCK)–enhanced green fluorescent protein (eGFP) cells by gene expression using Taqman 

reverse transcriptase polymerase chain reaction. Expression of CCK messenger RNA was 

high relative to β-actin (×103) in CCK-eGFP cells with nearly undetectable contaminating 

transcripts for enterocyte (alkaline phosphatase [AKP3]) and goblet cell (calcium/chloride 

channel [CLCA3]) markers compared to a simultaneously sorted non-eGFP population (n = 

5–6 separate cell isolations).
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Figure 3. 
Gene expression of putative fatty-acid sensors in acutely isolated cholecystokinin (CCK)–

enhanced green fluorescent protein (eGFP) cells. Taqman reverse transcriptase polymerase 

chain reaction results for G-protein–coupled receptor (GPR) 40 and GPR120 gene 

transcripts in the CCK-eGFP and non-eGFP cell population relative to housekeeping gene β-

actin (×103). Statistical significance was determined by paired t test between the ΔCt values 

of the GFP and non-GFP cell populations. n = 4–5 separate cell isolations. *P < .05, **P < 

001.
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Figure 4. 
G-protein–coupled receptor 40 (GPR40) expression in cholecystokinin (CCK)–enhanced 

green fluorescent protein (eGFP) cells of primary duodenal villi. GPR40 immunoreactivity 

(red) was present in CCK-eGFP cells (green) from (A) GPR40+/+ mice, but not (B) 

GPR40−/− mice or (C) in the absence of primary antibody (negative control). (D) GPR40 

immunoreactivity was present in rare eGFP-negative cells in GPR40+/+ mice. Images in 

each panel (63×) include CCK-eGFP only (top left; green), α-GPR40 or AlexaFluor 633 

secondary antibody only (top right; red), transmitted light (bottom left), and merged panels 

(bottom right).
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Figure 5. 
Long-chain fatty acid (LCFA) stimulated release of [Ca2+]i in fluorescence-activated cell 

sorting (FACS) isolated cholecystokinin (CCK-)–enhanced green fluorescent protein (eGFP) 

cells. (A) G-protein–coupled receptor 40 (GPR40)+/+ CCK-eGFP cells exhibit a dose-

dependent response to linoleic acid (1–100 μM; n = 3–12 cells). (B) GPR40+/+ CCK-eGFP 

cell response to various LCFAs (all 10 μM; n = 6–7 cells). Representative (C) confocal 

images and (D) time-courses of isolated Quest Rhod4-loaded CCK-eGFP cell in response to 

various LCFAs. [Ca2+]i response to (E) linoleic acid (10 μM) in GPR40+/+ vs GPR40−/− 
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CCK-eGFP cells (n = 10 cells, respectively), and (F) an increasing dose of the GPR40-

selective agonist MEDICA 16 (0–50 μM) in GPR40+/+ CCK-eGFP cells (n = 3–12 cells). 

Changes in [Ca2+]i are expressed as mean ± standard error of mean of maximum percent 

increase in the fluorescence intensity (FI) of Quest Rhod4, relative to baseline. Cont, vehicle 

control. *P < .05; **P ≤ .001; ***P < .0001.
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Figure 6. 
Fatty-acid stimulated cholecystokinin (CCK) secretion from acutely isolated CCK- 

enhanced green fluorescent protein (eGFP) cells with or without targeted disruption of G-

protein–coupled receptor 40 (GPR40). CCK secretion in response to linolenic acid (4 uM) 

and methyl linolenate (4 uM) in (A) GPR40+/+ (black bars) and (B) GPR40−/− (clear bars) 

CCK-eGFP cells. KCl (50 mM) was used as a positive control. n = 6–12 separate cell 

preparations with each experiment performed in triplicate and assayed in duplicate. *P < .05 

compared to baseline or between linolenic acid vs methyl linolenate. NS = not significant.
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Figure 7. 
Effect of G-protein–coupled receptor 40 (GPR40) expression on cholecystokinin (CCK) 

secretion in response to olive oil gavage. Time course of plasma CCK in GPR40+/+ (n = 7) 

and GPR40−/− mice (n = 6) gavaged with 0.5 mL olive oil. Values are presented as mean ± 

standard error of mean. Significance was determined by 2-way analysis of variance. *P < .

05. Experiment was repeated in duplicate.
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