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Neurotensin (NT), a 13 amino-acid peptide, is predominantly released from enteroendocrine cells of
the small bowel in response to fat ingestion. Free fatty acid receptors (FFARs) FFAR1 and FFAR4
regulate secretion of gut hormones and insulin. Here, we show that docosahexaenoic acid, a long-
chain fatty acid, has the most dramatic effect on NT release. FFAR1 agonists slightly stimulate and
FFAR4 agonists dramatically stimulate and amplify NT secretion. Double knockdown of FFAR1 and
FFAR4 decreases NT release, whereas overexpression of FFAR4, but not FFAR1, increases NT release.
Administration of cpdA, an FFAR4 agonist, but not TAK-875, a selective FFAR1 agonist, increases
plasma NT levels and further increases olive oil–stimulated plasma NT levels. Inhibition of MAPK
kinase (MEK)/ERK1/2 decreased fatty acid–stimulated NT release but increased AMP-activated
protein kinase (AMPK) phosphorylation. In contrast, inhibition of AMPK further increased NT
secretion and ERK1/2 phosphorylationmediated by FFAR1 or FFAR4. Our results indicate that FFAR4
plays a more critical role than FFAR1 in mediation of fat-regulated NT release and in inhibitory
crosstalk between MEK/ERK1/2 and AMPK in the control of NT release downstream of FFAR1
and FFAR4. (Endocrinology 159: 2939–2952, 2018)

Neurotensin (NT), a tridecapeptide initially identified
and characterized by Carraway and Leeman (1), is

released from N cells of the small bowel in response to
intraluminal fats (2–6). NT affects glucose homeostasis
through a glucose-sensitive promotion of insulin and
pancreatic polypeptide secretion (7–9). We have shown
that NT-deficient mice are protected from obesity, he-
patic steatosis, and insulin resistance associated with
consumption of high levels of fat (10). Moreover, in
human longitudinal studies among nonobese subjects,
high levels of pro-NT denoted a doubling of the risk of
obesity developing later in life. Importantly, our findings

directly link NT with increased fat absorption and
obesity, and suggest that NT may provide a prognostic
marker of future obesity and a potential target for pre-
vention and treatment. Therefore, a better understanding
of the molecular mechanisms regulating NT secretion is
required to delineate the effects of NT during physiologic
and pathologic conditions.

Free fatty acids (FFAs) can be classified according to
their chain length as short-chain fatty acids (carbon chain
length, 1 to 6); medium-chain fatty acids (MCFAs;
carbon chain length, 7 to 12); and long-chain fatty acids
(LCFAs; carbon chain length .12) (11). Physiologic
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lauric acid; LCFA, long-chain fatty acid; MCFA, medium-chain fatty acid; MEK, MAPK
kinase; NT, neurotensin; NTCsh, nontargeting control small hairpin RNA; OA, oleic acid;
p-AMPK, phosphorylated AMP–activated protein kinase; PD, PD 0325901; p-ERK1/2,
phosphorylated ERK1/2; PMA, phorbol 12-myristate 13-acetate; POA, palmitoleic acid;
qPCR, quantitative PCR; siRNA, small interfering RNA.

doi: 10.1210/en.2018-00284 Endocrinology, August 2018, 159(8):2939–2952 https://academic.oup.com/endo 2939

Downloaded from https://academic.oup.com/endo/article-abstract/159/8/2939/4999692
by Kaohsiung Medical University Library user
on 24 July 2018

http://dx.doi.org/10.1210/en.2018-00284
https://academic.oup.com/endo


functions of FFAs include regulation of insulin secretion
(12) and release of various gut hormones, such as the
incretin hormones cholecystokinin from I cells, glucose-
dependent insulinotropic peptide from K cells, and
glucagon-like peptide-1 (GLP-1) from L cells (12), as well
as NT from N cells (13–16). The LCFAs stimulate in-
duction of intracellular Ca2+ ([Ca2+]i), MAPK activation,
insulin secretion, and amplification of glucose-stimulated
insulin secretion (17). FFAs can also be classified as sat-
urated or unsaturated depending on the lack or pres-
ence of double bonds, respectively. Unsaturated LCFAs
stimulate the secretion of GLP-1 in vitro and in vivo
(18). In a study in rats, Ferris et al. (13) demonstrated
that perfusion of the small intestine with fatty acids with
four or more carbons and alcohols of two or more
carbons resulted in a significant elevation of NT plasma
levels. In dogs, intraduodenal or jejunal perfusion of
sodium oleate stimulated NT release by mechanisms
originating in the proximal small intestine (14, 15). In a
human study, intraduodenal perfusion of LCFAs
(C18s), but not MCFAs, increased NT release (16).
However, the underlying mechanisms of how FFAs
regulate NT release remain unknown.

The FFA receptors (FFARs) FFAR1 (previously named
GPR40) and FFAR4 (previously named GPR120) are
two G-protein–coupled receptors that are abundantly
expressed in enteroendocrine cells and identified as major
receptors forMCFAs and LCFAs (19). Both receptors are
being evaluated as potential therapeutic targets for the
control of type 2 diabetes due to the direct or indirect
promotion of insulin secretion (20). Studies demonstrate
that FFAs regulate insulin secretion from pancreatic
b-cells through FFAR1 (17, 21–24). FFAR1-knockout
mice display reduced plasma incretin levels in response to
high-fat feeding or olive oil gavage (25, 26). Hirasawa
et al. (18) reported abundant expression of FFAR4
mRNA in the intestinal tracts of mice and humans and
colocalization with GLP-1 secreted cells. FFAR4 mRNA
was also abundantly expressed in the mouse intesti-
nal endocrine cell line STC-1 (18). Similarly, saturated
and unsaturated MCFAs and LCFAs activated FFAR4,
resulting in a specific rise in [Ca2+]i and activation of ERK1/
2 (18). FFAR4 is expressed in adipocytes and macrophages
and is involved in the development of chronic inflammation
and insulin resistance. FFAR4 knockout mice fed a high-fat
diet gained more body weight and developed greater in-
sulin resistance. FFAR1 and FFAR4 are expressed in K cells
and contribute to glucose-dependent insulinotropic peptide
secretion after fat ingestion.

AMP-activated protein kinase (AMPK), a serine/threonine
kinase comprising three subunits: a (catalytic), b, and g

(regulatory) (27–29), is a critical fuel-sensing enzyme and
regulator of metabolism. AMPK plays a negative role in

glucose-stimulated insulin secretion in pancreatic b-cells
to maintain glucose homeostasis (30, 31). We have shown
that activation of AMPK stimulates NT secretion from
endocrine cells through the inhibition of mTORC1 and
negative feedback activation of ERK1/2 (32, 33). In the
present study, we established that docosahexaenoic acid
(DHA), a polyunsaturated LCFA, has the greatest ef-
fect on stimulation of NT secretion and the involvement
of FFAR1 and FFAR4 in NT release in vitro and in
vivo. Furthermore, ERK1/2 is functionally involved as a
downstream effector of FFAR1 and FFAR4 signaling.
Importantly, we describe an inhibitory crosstalk model
between MAPK and AMPK signaling cascades in which
both signaling pathways can serve in an inhibitory
role to control the release of NT mediated by FFAR1 and
FFAR4 activation.

Materials and Methods

Reagents
Phorbol 12-myristate 13-acetate (PMA), sodium oleate,

oleic acid (OA), a-linolenic acid (ALA), DHA, palmitoleic acid
(POA), lauric acid (LA), palmitic acid, and butyric acid were
obtained from Sigma-Aldrich (St. Louis, MO). Potent and se-
lective FFAR1 (GW 9508) and FFAR4 (TUG 891) ago-
nists were obtained from Tocris (Minneapolis, MN); GPR40
agonist III and cpdA from MilliporeSigma (Billerica, MA);
and Fasiglifam (TAK-875), a selective FFAR1 agonist, from
Selleckchem (Houston, TX). Phospho-AMPKa (Thr172) (34),
AMPKa (35), phospho-ERK1/2 (Thr202/Tyr204) (36), ERK1/2
(37), phospho-acetyl-CoA carboxylase (ACC; Ser79) (38), and
ACC (39) antibodies were obtained from Cell Signaling Tech-
nology (Danvers, MA); NT antibody (40) from Abcam (Cam-
bridge,MA);b-actin antibody (41) and sodium taurodeoxycholate
from Sigma-Aldrich; and Alexa Fluor 488 Secondary anti-
body (42) from Thermo Fisher Scientific (Grand Island, NY).
ON-TARGETplus SMARTpool (FFAR1 and FFAR4) and
ON-TARGETplus Nontargeting Control Pool small inter-
fering RNA (siRNA) were purchased from GE Dharmacon
(Lafayette, CO); ERK1 short hairpin RNA (ERK1sh) and the
nontargeting control short hairpin RNA (NTCsh) in bacterial
glycerol stock from Sigma-Aldrich; hemagglutinin (HA)-
tagged FFAR4 (FFAR4-HA) and the negative control lentiviral
vectors from GeneCopoeia (Rockville, MD); and compound C
(CC; AMPK inhibitor) and PD 0325901 [PD; MAPK kinase
(MEK) inhibitor] from Cayman (Ann Arbor, MI).

Cell culture, transfection, and treatment
The BON cell line was derived from a human pancreatic

carcinoid tumor (male), which has been characterized (43, 44).
BON cells were maintained in a 1:1 mixture of DMEM and
nutrient mixture, F12K, supplemented with 5% fetal bovine
serum (FBS) in 5% CO2 at 37°C. QGP-1 cells, derived from a
human pancreatic somatostatinoma (male) and purchased from
Japan Health Sciences Foundation (Osaka, Japan) (45), were
maintained in American Type Culture Collection–formulated
RPMI-1640 medium with 10% FBS. STC-1, a mouse intestinal
neuroendocrine tumor cell line from American Type Culture
Collection, was maintained in DMEMmedium with 10% FBS.
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Cells were plated in 24-well plates at a density of 153 104/cm2

for drug treatment and transfection (n = 3 wells). Cells were
transfected with FFAR1 and FFAR4 smart pool and non-
targeting control pool siRNA using RNAiMAX (Thermo Fisher
Scientific ) and treated at 24 hours after transfection. All fatty
acids (FAs) were freshly made in serum-free medium by soni-
cation with probe sonicator (18). Cells were treated with FAs or
drugs in serum-free media for 1 to 3 hours. For combination
treatment, cells were pretreated with drugs for 30 minutes, then
with DHA plus the drugs for another 3 hours. Media were
collected for NT enzyme immunoassay (EIA) as described later
in “Materials and Methods” and the cells lysed for western
blotting analysis and normalization of NT EIA values.

Generation of stable cell lines
For generating the stable cell lines BON/NTCsh, BON/

ERK1sh, BON/FFAR4-HA, and BON negative control vector
(BON/NEG), lentivirus of ERK1sh and NTCsh or FFAR4-HA
and the negative control were produced in 293FT cells, as
described previously (32). BON cells were infected with lenti-
viral particles, puromycin-resistant cell pools were collected,
and effective knockdown or overexpression was monitored by
western blot analysis.

Immunofluorescent staining and
confocal microscopy

Immunofluorescent staining was performed as described
previously (10, 33, 46, 47). Briefly, STC-1 cells were grown on
glass coverslips (#1) in 24-well plates for 72 hours. Cells were
fixed with 4% paraformaldehyde/PBS and permeabilized with
0.3% Triton X-100/PBS. Cells were incubated with primary
antibody for 1 hour, followed by Alexa Fluor-conjugated
secondary antibody from Invitrogen for 30 minutes. Images
were observed under a Nikon confocal microscope with a 603
oil objective.

NT EIA
Media collected from cells after treatment or plasma from

mice were stored in280°C for NT measurements using the NT
EIA kit from Phoenix Pharmaceuticals (Belmont, CA), as de-
scribed previously (46, 48). Media (50mL) from each well (n = 3)
were applied in duplicate for NT EIA and data were normalized
by protein concentration obtained from parallel cell lysates.
Similarly, plasma samples (50mL)were assayed formeasurement
of NT levels.

RNA isolation and quantitative PCR analysis
Total RNA was isolated from the BON cells or scraped

mucosa using RNeasy kits according to the manufacturer’s
instructions (Qiagen, Valencia, CA). Each cDNA was syn-
thesized using the High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Foster City, CA). Quantitative
PCR (qPCR) reaction was performed using a TaqMan Gene
Expression Master Mix and TaqMan probes for mouse NT
and human FFAR1 and FFAR4 according to the manufac-
turer’s protocol (Thermo Fisher Scientific). Constitutively
expressed Actin (mouse) and GAPDH (human) genes were
selected as an endogenous control to correct potential vari-
ation in RNA loading. Expression levels were assessed by

evaluating threshold cycle values. The relative amount of
mRNA expression was calculated by the 2-DDCT method.

Protein preparation and western blotting
Protein preparation and western blotting were performed as

described previously (48, 49). In brief, the cells were lysed with
lysis buffer (Cell Signaling Technology) and equal amounts of
protein were resolved on 4% to 12% NuPAGE BisTris gels
from Invitrogen and electrophoretically transferred to poly-
vinylidene difluoride membranes; the membranes were in-
cubated with primary antibodies overnight at 4°C, followed by
secondary antibodies conjugated with horseradish peroxidase.
Membranes were developed using Amersham ECL Western
Blotting Detection Reagent from GE Healthcare Life Science
(Piscataway, NJ) or Immobilon Western Chemiluminescent
horseradish peroxidase substrate from Thermo Fisher Scien-
tific. Intensity of phosphorylated ERK1/2 (p-ERK1/2) and
AMPK (p-AMPK) blots were quantified by ImageJ software (US
National Institutes of Health, https://imagej.nih.gov/ij/) and
normalized by total ERK and AMPK, as described
previously (10).

In vivo studies
All procedures were carried out according to protocols

approved by the Institutional Animal Care and Use Committee
at the University of Kentucky. For small intestinal NT mRNA
expression, 3-month-old male C57BL/6 mice were euthanized
and small intestine was dissected. Duodenum (5 cm from the
pylorus) was excised and the remainder divided into four equal
fragments. Mucosa was scraped, total RNA purified, and
qPCR performed.

For jejunal or ileal perfusion, the protocol was modified
from the methods described previously (15). Male, 3-month-
old, C57BL/6 mice were fasted overnight and divided into
groups including jejunal vehicle control, jejunal DHA, ileal
vehicle control, and ileal DHA. Mice were anesthetized with
isoflurane inhalation; for jejunal perfusion, the intestine just
distal to the ligament of Treitz was ligated by a suture, a
200-mm glass cannula (Living Systems Instrumentation, Bur-
lington, VT) was inserted, and the other end was glued to a
standard IV tubing with a Luer adapter (Safety BloodCollection
Set andVacuette; Greiner BioOne, Kremsmünster, Austria) and
connected to a 1-mL syringe. For ileal perfusion, the intestine
was ligated and the glass cannula inserted 10 cm from the
ileocecal junction. Both segments were perfused at a rate of
0.1 mL/min for 10 minutes via syringe pump (total volume was
1 mL). DHA (1 mM) was freshly mixed with 2.4 mM sodium
taurodeoxycholate. All perfusates were warmed in a 37°C
water bath. Blood was collected from the inferior vena cava
30 minutes after a 10-minute perfusion using K2EDTA blood
collection tubes (Thermo Fisher Scientific).

For FFAR1 or FFAR4 agonist experiments, TAK-875 and
cdpA were freshly dissolved in 0.5% carboxymethyl cellulose
plus 0.25% Tween 80 and briefly sonicated with a probe
sonicator. Three-month-old male C57BL/6 mice were fasted
overnight and pretreated with TAK-875 and cdpA (10 mg/kg
body weight) by gavage for 1 hour. Mice were then given olive
oil (10 mL/g body weight) orally for 30 minutes. Mice were
anesthetized with isoflurane inhalation and blood collected
from the inferior vena cava. Plasma was obtained by centri-
fuging the blood at 10,000 rpm for 10 minutes at 4°C and
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aliquots were stored at280°C. Plasma (50mL) was used for NT
measurements using NT EIA kits, as described previously in
“Materials and Methods.”

Statistical analysis
NT EIA levels normalized by parallel protein concentra-

tion for control and experimental groups including treatment
[FFAR1 and FFAR4 agonists, FAs, 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR), CC, and PD com-
pounds] resulting in fold-change data were summarized by
means and standard deviations. General linear models in-
cluding one-way ANOVA and linear mixed models for re-
peated measures data were used to perform comparisons
across groups along with specific pairwise comparisons.
mRNA levels relative to GAPDH were summarized and
analyzed similarly. Adjustments for multiple pairwise testing
between groups were performed using the Holm P value
adjustment method.

Results

DHA significantly increased NT secretion
We routinely use BON and QGP-1 cell lines as our

in vitro models to study the signaling pathways regu-
lating NT secretion. In addition, the STC-1 cell line is an
enteroendocrine model that has been used to study gut
hormone secretion and is known to express FFAR1
and FFAR4 (18). We found that STC-1 cells also con-
tain NT vesicles [Fig. 1(a)] and secrete NT upon PMA
and oleate stimulation [Fig. 1(b)]. To identify which
FFAs contribute to NT secretion, we first treated all three
cell lines with different FFAs. ALA (18-carbon) and
DHA (22-carbon) are polyunsaturated LCFAs, and OA
(18-carbon) and POA (16-carbon) are monounsaturated
LCFAs. LA (12-carbon) and palmitic acid (16-carbon)
are saturated MCFAs. MCFA and LCFA are reported to
be the FFAR1 and FFAR4 ligands. Butyric acid is a short-
chain fatty acid and an agonist of FFAR2 and FFAR3
(50-52). As shown in Fig. 1(c), when BON cells were
treatedwith different FFAs in various concentrations, NT
release was slightly increased by OA and POA at a high
dose (100 mM). LA stimulated NT release in BON cells
in a dose-dependent fashion [Fig. 1(c)]. Similar results
were found in QGP-1 and STC-1 cells (data not shown).

DHA had the most pronounced effect on stimulation
of NT secretion in BON, QGP-1, and STC-1 cells
[Fig. 1(d)–1(f), upper panels]. DHA treatment increased
p-ERK1/2 at 100 mM in all three cell lines [Fig. 1(d)–1(f),
bottom panels]. p-AMPK was noted in BON cells treated
with DHA at 10 mM and slightly increased in a dose-
dependent fashion [Fig. 1(d), bottom panel]. AMPK sig-
nalingwas only activated byDHAat 100mMinQGP-1 and
STC-1 cells, as demonstrated by p-AMPK or p-ACC, which
is a direct target of active AMPK (53) [Fig. 1(d)–1(f), bot-
tom panels). LA treatment did not affect p-ERK1/2 levels

(data not shown). Thus, DHA, a polyunsaturated LCFA,
stimulated NT secretion significantly and activated both
ERK1/2 and AMPK signaling.

FFAR1 and FFAR4 agonists promoted NT release
BON and QGP-1 cell lines express FFAR1 and

FFAR4 mRNA [Fig. 2(a)]. We used FFAR1 or FFAR4
agonists to determine the involvement of FFAR1 and
FFAR4 in NT secretion. FFAR1 agonist III is a nontoxic,
potent, and selective agonist of FFAR1 (EC50, 20 nM),
demonstrating 100-fold greater selectivity than FFAR4
(15). FFAR4 agonist III is a selective and potent agonist
of FFAR4 (EC50 for b-arrestin 2 recruitment, 17 nM
and 44 nM for mouse FFAR4 and human FFAR4, re-
spectively; EC50 for Ca++ mobilization, 96 nM for hu-
man FFAR4) and exhibits much reduced potency
toward FFAR1 (EC50 for b-arrestin 2 recruitment,
64.6 mM) (54). cpdA is a highly potent and selective
activator of FFAR4 (EC50 for b-arrestin 2 recruitment,
350 nM); however, it displays very poor affinity for
FFAR1 (55). As shown in Fig. 2(b), treatment of STC-1
cells with FFAR1 agonist III, FFAR4 agonist III, cpdA,
and OA stimulated p-AMPK.

GW 9508 is a small molecule agonist of both FFAR1
and FFAR4, with much higher sensitivity to FFAR1
(EC50, 47 nM) vs FFAR4 (EC50, 2.2 mM) (56). TUG 891
is a potent FFAR4 agonist (EC50, 7.36 and 7.77 for
human and mouse FFARF4, respectively) (54). GW
9508 slightly increased NT levels and p-ERK1/2 at
10 mM, whereas TUG 891 dramatically increased NT
secretion [Fig. 2(c), upper panel] and p-ERK/1/2 [Fig. 2(c),
lower panel], suggesting that FFAR4 is more impor-
tant than FFAR1 in regulating NT release. Consistently,
p-ACC was increased by both GW 9508 and TUG 891
at 10 mM, indicating activation of AMPK [Fig. 2(c),
lower panel].

In addition, combination treatment of FFAR1 agonist III
[Fig. 2(d)] or TUG891 [Fig. 2(e)] enhancedDHA-stimulated
NT release significantly andp-ERK1/2. Itwas also noted that
activation of FFAR4by combination treatments of TUG891
with DHA induced more NT secretion and p-ERK1/2
compared with FFAR1 agonist III. Taken together, these
results demonstrate that FFAR1 and FFAR4 function as
positive factors in regulation of NT release. FFAR1 or
FFAR4 agonists further amplify DHA-enhanced NT secre-
tion. More importantly, FFAR4 appears to play a more
prominent role in this process compared with FFAR1.

FFAR1 and FFAR4 double knockdown decreased NT
secretion; FFAR4 overexpression increased
NT secretion

Next, we performed knockdown experiments of
FFAR1 and FFAR4, identifying optimal concentrations
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Figure 1. FFAs stimulate NT secretion from neuroendocrine cells. (a) STC-1 cells were stained with NT antibody and observed by confocal microscope using
the 603 oil objective. (b) STC-1 cells were treated with or without PMA (100 nM) or sodium oleate (0.25 mM) for 30 minutes; media were collected and
NT EIA performed. *P , 0.05 vs DMSO. (c) BON cells were treated with or without different FFAs at various dosages for 3 hours; media were collected and
NT EIA performed. *P , 0.05 vs control; †P , 0.05 vs 10 and 30 mM of OA; ‡P , 0.05 vs 10 mM of POA; #P . 0.05 vs 10 mM of LA; &P . 0.05 vs
30 mM of LA. (d–f) BON, QGP-1, and STC-1 cells were treated with or without different concentrations of DHA or 10 nM PMA (a positive control) for
3 hours; media (upper panels) and cells (lower panels) were analyzed by NT EIA and western blot, respectively. (d) BON cells: *P , 0.05 vs DMSO; †P ,
0.05 vs 10, 30 mM DHA; (e) QGP-1 cells: *P , 0.05 vs DMSO; †P , 0.05 vs 10, 30 mM DHA; (f) STC-1 cells: *P , 0.05 vs DMSO; †P , 0.05 vs 10 mM
DHA; ‡P , 0.05 vs 30 mM DHA. All data represent mean 6 SD. Experiments were repeated at least three times. BA, butyric acid; DMSO, dimethyl
sulfoxide; PA, palmitic acid.
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Figure 2. FFAR1 and FFAR4 are involved in stimulation of NT release. (a) Total RNA was isolated from BON and QGP-1 cells and qPCR performed targeting
human FFAR1 and FFAR4. GAPDH was used as the internal control. (b) STC-1 cells were treated with or without FFAR1 A3 (10 mM), FFAR4 A3 (10 mM),
cpdA (10 mM), and OA (0.5 mM) for 1 hour. FSK (10 mM) was used as a negative control. (c) BON cells were treated with or without GW 9508 or TUG
891 in various dosages for 3 hours. PMA (10 nM) was used as a positive control. Media were collected and NT EIA performed (upper panel: *P , 0.05 vs
DMSO; †P , 0.05 vs 0.1, 1.0 mM GW; ‡P , 0.05 vs 0.1, 1.0 mM TUG). Cells were lysed and western blotting analysis performed (lower panel). (d, e) BON
cells were pretreated with (d) FFAR1 A3 (upper panels: *P , 0.05 vs DMSO; †P , 0.05 vs FFAR1 A3 alone) or (e) TUG 891 (upper panels: *P , 0.05 vs
DMSO; †P , 0.05 vs DHA; ‡P , 0.05 vs TUG alone) for 30 minutes, followed by DHA (5 mM) with or without the agonists for 3 hours. Media were
collected and NT EIA performed (upper panels); cells were lysed and western blotting analysis performed (lower panels). All data represent mean 6 SD.
Experiments were repeated at least three times. A3, agonist III; DMSO, dimethyl sulfoxide; FSK, forskolin; GW, GW 9508; TUG, TUG 891.
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of 30 and 5 nM for FFAR1 and FFAR4 siRNAs, re-
spectively [Fig. 3(a)]. Consistently, double knockdown of
FFAR1 and FFAR4 decreased both DHA- and TUG 891-
stimulated NT secretion and p-ERK1/2 [Fig. 3(b)]. In
addition, we established stable BON cell lines over-
expressing either BON/NEG or HA-tagged FFAR1 or
FFAR4. We did not detect the influence of FFAR1 over-
expression on NT levels (data not shown); however,
overexpression of FFAR4 increased both GW 9508- and
TUG 891-mediated NT release and p-ERK1/2 [Fig. 3(c)].
These results further confirm that FFAR4 plays a major
role in mediating NT secretion. The effects of GW 9508
on NT release in FFAR4-overexpressing cells may be due
to its effects on FFAR4 because, although described as an
FFAR1 selective agonist, GW 9508 has been reported to
also stimulate FFAR4 (56).

FFAR4 but not the FFAR1 agonist increased plasma
NT levels in vivo

NT is highly concentrated in the ileum compared with
the jejunum (57). Intraduodenal perfusion of fat in-
creased plasma NT levels (14, 15). However, controversy
exists regarding whether direct luminal administration
into the ileum stimulates NT release (14, 15). Consistent
with previous findings, NT mRNA was enriched in the
distal intestine in the present study [i.e., fragments 3 and
4, which represent ileum; Fig. 4(a)]. In addition, only
DHA perfusion of the jejunum, not the ileum, increased

plasma NT levels [Fig. 4(b)]. DHA perfusion slightly
increased p-ERK1/2 in mucosa of jejunum [Fig. 4(c)].
Ileal perfusion of DHA failed to stimulate plasma NT
levels [Fig. 4(d)] even though p-ERK1/2 and p-AMPK
were significantly elevated by DHA infusion [Fig. 4(e)].

As an extension of these results, we treated mice with
oral agonists by gavage. TAK-875, an FFAR1 agonist,
has been used for in vivo studies (58), and cpdA is a
highly potent, orally active and nontoxic FFAR4 agonist
(55). Treatment with TAK-875 did not affect plasma NT
levels (data not shown); however, cpdA alone signifi-
cantly increased plasma levels of NT and further en-
hanced plasma NT levels in combination with olive oil
gavage [Fig. 4(f)]. These findings further indicate that
FFAR4 is the main FA receptor sensing FFA stimulation
and NT release.

MAPK/ERK signaling positively regulated
FFA-mediated NT secretion

p-ERK1/2 is often used as a convenient end point of
signal generation via G-protein-coupled receptor acti-
vation and activation by FFAR1 and FFAR4 agonists
(59). However, it has been demonstrated that MAPK
signaling is not involved in FFAR1- or FFAR4-mediated
GLP-1 or insulin secretion (18, 60). In the present study,
basal and OA-stimulated NT secretion and p-ERK1/2
were inhibited by PD compound dose dependently
[Fig. 5(a)]. However, p-AMPK was increased by PD

Figure 3. Double knockdown of FFAR1 and FFAR4 decreased, but overexpression of FFAR4 increased, NT release. (a) BON cells were doubly
transfected with FFAR1 (30 nM) and FFAR4 (5 nM) siRNAs and grown for 24 hours. Cells were collected, total RNA extracted, and qPCR
performed targeting FFAR1 and FFAR4. *P , 0.05 vs NTC siRNA. (b) BON cells, doubly transfected with FFAR1 and FFAR4 siRNAs, as in (a), were
treated with DHA (100 mM) or TUG 891 (10 mM) for 3 hours. Media were collected and NT EIA performed (upper panel); cells were lysed for
western blotting analysis (lower panel). Upper panels: *P , 0.05 vs DMSO in NTC siRNA; †P , 0.05 vs DHA in NTC siRNA; ‡P , 0.05 vs TUG
891 in NTC siRNA. (c) BON/NEG and BON/FFAR4-HA cell lines were treated with or without GW 9508 and TUG 891 for 3 hours. Media were
collected and NT EIA performed (upper panel) and cells lysed for western blotting analysis (lower panel). Upper panels: *P , 0.05 vs DMSO in
BON/NEG; †P , 0.05 vs GW 9508 in BON/NEG; ‡P , 0.05 vs TUG 891 in BON/NEG. All data are mean 6 SD. Experiments were repeated at
least three times. DMSO, dimethyl sulfoxide; GW, GW 9508; NTC, nontargeting control; TUG, TUG 891.
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Figure 4. NT release in vivo. (a) SIs of C57BL/6 mice were divided into four fragments. Mucosa was scraped, total RNA isolated, and qPCR
performed targeting mouse NT. (b) Jejunal perfusions were performed and plasma NT measured by NT EIA; TDC (vehicle), n = 8; DHA, n = 9.
*P , 0.05 vs TDC. (c) Scraped mucosa from (b) were analyzed by western blot (left panel). Intensity of p-ERK was analyzed by ImageJ software
and normalized with total ERK. (d) Ileal perfusions were performed and plasma NT measured by NT EIA. TDC (vehicle), n = 8; DHA, n = 9. (e)
Scraped mucosa from (d) were analyzed by western blot (left panel). Intensity of p-ERK (middle panel) and p-AMPK (right panel) was analyzed by
ImageJ software and normalized with total ERK or AMPK. (f) C57BL/6 mice were gavaged with saline or cpdA for 1 hour, followed by saline or
OO for 30 minutes. Plasma NT was measured by NT EIA. N = 3 mice per group. *P , 0.05 vs saline alone; †P , 0.05 vs olive oil alone; ‡P ,
0.05 vs cpdA alone. All data represent mean 6 SD. OO, olive oil; SI, small intestine; TDC, taurodeoxycholate.
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treatment [Fig. 5(a), lower panel]. In addition, as shown
in Fig. 5(b) (upper panel), stimulated NT secretion was
significantly reduced by knockdown of ERK1. Western
blot analysis showed the specific knockdown of ERK1
and reduction of basal and stimulated p-ERK1 with no
effects on p-ERK2 [Fig. 5(b), lower panel). Again,
p-ERK1 was not affected by LA treatment. Moreover,
we found that p-AMPK was elevated by DHA and
LA treatment in BON/NTCsh cells and dramatically
increased in BON/ERK1sh cells [Fig. 5(b), lower panel].
These results demonstrate that the MAPK/ERK path-
way is involved in DHA-stimulated NT secretion. In-
hibition of MAPK/ERK signaling increased p-AMPK,
suggesting a negative regulation ofMAPK/ERK signaling
on AMPK activity.

Inhibition of AMPK further increased FFAR1- and
FFAR4-promoted NT secretion

We have demonstrated that activation of AMPK
positively regulates NT secretion (33). However, as in-
dicated, inhibition of MAPK signaling decreased NT
release but increased p-AMPK in the present study. To
determine the role of AMPK in the effects of FFAR1 and
FFAR4 on NT release, we performed combination
treatments of GW 9508 or TUG 891 with CC, an AMPK
inhibitor. Surprisingly, we found that CC further en-
hanced GW 9508– or TUG 981–increased NT release

[Fig. 6(a) and 6(b), upper panels]. In contrast, PD
inhibited GW 9508– or TUG 981–stimulated NT release
[Fig. 6(a) and 6(b), upper panels]. Treatment of CC
further increased GW 9508– or TUG 981–mediated
p-ERK1/2 activation, although it decreased p-AMPK
[Fig. 6(a) and 6(b), lower panels]. However, p-AMPK
was not inhibited by CC in combination with PD, but
was further increased [Fig. 6(a) and 6(b), lower panels].
NTmRNAwas not altered by the combination treatment
of GW 9508 or TUG 981 with CC and PD (data not
shown), suggesting these treatments are not associated
with increased NT transcription.

Last, we found GW 9508- or TUG 891-stimulated NT
release was increased by combination treatment with
AICAR and further enhanced by combination with CC
[Fig. 6(c) and 6(d)]. Together, our results demonstrate a
crosstalk between MAPK/ERK and AMPK signaling on
NT secretion, mediated through FFAR1 and FFAR4, and
further suggest that these two signaling cascades act in
concert to regulate NT release mediated by FFAR1 or
FFAR4 activation.

Discussion

In this study, we provide evidence of the involvement of
FFAR1 and FFAR4 in regulation of NT secretion in vitro
and in vivo. In neuroendocrine cell lines, we show that,

similar to STC-1 cells, BON and QGP-
1 cells express FFAR1 and FFAR4
mRNA. Although FFAR1 activation
slightly increased NT release, activa-
tion of FFAR4 dramatically increased
NT secretion. Activation of either
FFAR1 or FFAR4 enhanced DHA-
mediated NT release. Administra-
tion of the FFAR4 agonist cpdA, but
not the FFAR1 agonist TAK-875,
significantly increased plasma NT
levels and further enhanced NT re-
lease in mice, associated with olive
oil administration. Mechanistically,
we demonstrated that MAPK/ERK
activation plays a positive role in
the promotion of NT secretion, as
noted by decreased FFAR1 and FFAR4
agonist–mediated NT secretion asso-
ciated with inhibition of MAPK sig-
naling. Inhibition of MAPK increased
AMPK phosphorylation, whereas
AMPK inhibition increased activa-
tion of ERK1/2; however, inhibi-
tion of AMPK further enhanced
FFAR1- or FFAR4-increased NT release.

Figure 5. MAPK/ERK signaling is involved in FFA-stimulated NT secretion. (a) STC-1 cells
were pretreated with various dosages of PD for 30 minutes, followed by 0.5 mM OA for
1 hour. Media were collected and NT EIA performed (upper panel) and cells lysed for western
blotting analysis (lower panel). Upper panel: *P , 0.05 vs DMSO alone; †P , 0.05 vs OA in
DMSO; ‡P , 0.05 vs DMSO alone; #P , 0.05 vs 1, 5 nM PD. (b) Both BON/NTCsh and BON/
ERK1sh cells were treated with or without DHA (100 mM) or LA (100 mM) for 1 hour. PMA
(10 nM) was used as a positive control. Media were collected and NT EIA performed (upper
panel) and cells lysed for western blotting analysis (lower panel). Upper panel: *P , 0.05 vs
DMSO in BON/NTCsh; †P , 0.05 vs PMA in BON/NTCsh; ‡P , 0.05 vs DHA in BON/NTCsh;
#P , 0.05 vs LA in BON/NTCsh. All data represent mean 6 SD. Experiments were repeated at
least three times. DMSO, dimethyl sulfoxide.
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Therefore, our findings establish an
inhibitory crosstalk in the regulation
of NT secretion between MAPK and
AMPK signaling pathways down-
stream of FFAR1 and FFAR4. MAPK
plays a dominant role, whereas AMPK
acts as a negative regulator in control-
ling NT release mediated by FFAR1/
FFAR4MAPK signaling.

Although we found that both DHA
(an unsaturated LCFA) and LA (a sat-
urated MCFA) significantly stimulated
NT release, only DHA-stimulated NT
secretion was mediated by ERK sig-
naling, because LA treatment had no
effect on p-ERK1/2. LA-stimulated NT
release was also decreased in BON/
ERK1sh cells, suggesting involvement
of the constitutive contribution of basal
ERK to the effect of LA. Oh et al. (55)
also demonstrated that only p-ERK
activated by unsaturated FFAs such as
DHA and ALA, but not the satu-
rated POA, was abolished by FFAR4
knockdown. We also demonstrate that
GW 9508, the selective FFAR1 agonist,
slightly increased NT secretion com-
pared with control cells. On the other
hand, treatment with TUG 891, the
FFAR4 agonist, significantly increased
NT release. Phosphorylation of ERK1/2
was more pronounced by TUG 891
than GW 9508. Furthermore, only the
administration of cpdA (an FFAR4
agonist), but not TAK-875 (an FFAR1
agonist), in mice significantly increased
plasma levels of NT in vivo. These re-
sults indicate that FFAR4 is more active
and positively regulates NT secretion.

A series of saturated and unsatu-
rated MCFAs and LCFAs have been
identified as ligands for FFAR1 and
FFAR4 (61); however, the molecu-
lar mechanism of the ligand inter-
action with FFAR1 and FFAR4 is
not well established. The carboxylic
group of the FFAs is required for
activation of both receptors (17, 18).
Important residues of the binding
pocket in FFAR1 have been indicated
in the potential recognition and acti-
vation of FFAR1 (62, 63). FFAR1 is
expressed in taste buds, the pancreatic

Figure 6. Inhibition of AMPK signaling further increased NT secretion stimulated by GW
9508 or TUG 891. (a,b) BON cells were pretreated with or without CC (10 mM) for
30 minutes, followed with or without PD (10 nM) for another 30 minutes and then by
combined treatment of (a) GW 9508 (10 mM) or (b) TUG 891 (10 mM) with CC or PD for
3 hours. Media were collected and NT EIA performed (upper panels) and cells lysed for
western blotting analysis (lower panels). Upper panels: *P , 0.05 vs DMSO; †P , 0.05 vs
GW 9508 or TUG 891 alone; ‡P , 0.05 vs GW 9508 or TUG 891 plus CC. (c,d) BON cells
were pretreated with CC (10 mM) for 30 minutes and then with or without AICAR (1 mM)
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islets, and the gut (26, 61, 64, 65). FFAR1 regulates
FFA-mediated release of gastric inhibitory peptide and
GLP-1 (26) and is a major contributor to the increase in
insulin secretion caused by LCFAs (17, 56, 65–69).
FFAR4 is expressed in the intestine (11, 55, 70, 71) and
increases GLP-1 release (11, 18). Similar to our find-
ings, although FFAR1 and FFAR4 are expressed en-
dogenously in the enteroendocrine cell line STC-1, only
FFAR4 has been shown to regulate GLP-1 release (18).
LCFAs (e.g., DHA) increased p-ERK1/2 in HEK 293
cells transiently expressing mouse Ffar4 (18). FFAR4
was colocalized with ghrelin in duodenal cells; however,
FFAR4 activation reduced plasma ghrelin level in vivo,
indicating a negative regulation of FFAR4 on ghrelin
secretion (72). Although FFAR4 is expressed in islets,
FFAR4 does not appear to be involved in insulin se-
cretion. In contrast, FFAR4 appears to promote glu-
cagon secretion from a-cells (66). Therefore, FFAR4
may play either a positive or negative role in the reg-
ulation of hormone secretion. The findings in our
present study provide evidence supporting a dominant
and positive role for FFAR4 in increasing NT secretion.

When cells were treated with the PD compound, OA-
stimulatedNT secretionwas decreased dose dependently.
Attenuation of DHA-stimulated NT release was further
noted in BON cells with knockdown of ERK1. Therefore,
we provide direct evidence that MAPK signaling is
functionally involved in FFA/FFAR1/FFAR4 signaling in
the regulation of NT secretion. It has been reported that
FFAR1 and FFAR4 signal via a Gaq/11-coupled path-
way (20). FFAR1 and FFAR4 agonists promote the
phosphorylation of ERK1/2 in cells expressing FFAR1 or
FFAR4 predominantly via G proteins of the Gaq/11
family (61, 63, 73). When activated by MCFA and
LCFA, FFAR1 activates G protein, which transduces the
signal leading to stimulation of insulin secretion (17).
Itoh et al. (17) reported that FFAs stimulate the forma-
tion of inositol 1,4,5-trisphosphate, [Ca2+]i mobilization,
and ERK1/2 phosphorylation. However, inositol 1,4,5-
trisphosphate signaling plays a minor role in the control
of [Ca2+]i concentrations and insulin secretion in re-
sponse to FFAs (20). Feng et al. (74) showed that linoleic

acid reduced the voltage-gated K(+) currents in rat b-cells
through FFAR1 and the cAMP-protein kinase A system,
leading to an increase in [Ca2+]i and insulin secretion.
FFAR4 is highly expressed in the human and mouse
intestinal tract and adipocytes. Similar to the signaling
mediated by FFAR1, activation of FFAR4 is also coupled
to the elevation of Ca2+ and activation of the MAPK
cascade in the regulation of GLP-1 secretion; however,
PD098059 had no inhibitory effect on GLP-1 secretion
(18). Activation of ERK1/2 was induced by palmitate
and TUG-469, an FFAR1 agonist, whereas PD98059
significantly reduced phosphorylation of ERK1/2 but
did not reverse the stimulation of insulin secretion (60).
Therefore, our findings provide evidence for the involve-
ment of MAPK signaling and potential new therapeutic
targets to control NT release.

We also found that inhibition of MAPK signaling
increased p-AMPK and, conversely, inhibition of AMPK
signaling increased p-ERK1/2. Consistent with these
results, a study in human mature dendritic cells dem-
onstrated that MEK1/2/ERK1/2 signaling had an in-
hibitory effect on AMPK activity (75).More importantly,
ERK1 directly associated with AMPK in stimulated cells
as indicated by immunoprecipitation and proximity li-
gation assay analysis, suggesting direct interactions be-
tween these twomolecules (75). These results suggest that
ERK and AMPK are part of a similar protein complex
and that active ERK could control p-AMPK. Hwang
et al. (76, 77) also demonstrated a physical interaction
of ERK-AMPK and a negative regulation of ERK1/2
on AMPK. The inhibitory regulatory loop between
AMPK and ERK has also been reported in other sys-
tems. In neonatal rat cardiac fibroblasts, pretreatment
with AICAR inhibited serum-stimulated p-ERK1/2 and
growth (78). Shen et al. (79) reported that BRAF, an
oncogenic protein kinase that stimulates cell growth and
proliferation through the MEK-ERK signaling pathway,
was phosphorylated by AMPK, which promoted the
association of BRAF with 14-3-3 proteins and disrupted
its interaction with the SKR1 scaffolding protein, leading
to attenuation of the MEK-ERK signaling. Our previous
findings demonstrated that activation of AMPK byAICAR
or phenformin stimulated NT release, demonstrating a
positive role of AMPK (33). However, in our present study,
both AMPK andMEK/ERKwere activated downstream of
FFAR1 and FFAR4 and limited the activities of each to
control release of NT, thus demonstrating a complex
network for regulating NT secretion.

In summary, we have demonstrated that DHA stim-
ulates NT secretion in neuroendocrine cell lines and in
mice. The FFAR4 agonist cpdA significantly elevated
plasma levels of NT and further increased olive oil–
mediated NT release. Furthermore, we demonstrated an

Figure 6. (Continued). for another 30 minutes, followed by
combined treatment of (c) GW 9508 (10 mM) or (d) TUG 891
(10 mM) with AICAR or CC for 3 hours. Media were collected and
NT EIA performed. *P , 0.05 vs DMSO; †P , 0.05 vs GW 9508 or
TUG alone; ‡P , 0.05 vs GW 9508 or TUG 891 plus AICAR.
Experiments were repeated at least three times. (e) Summary of
signaling downstream of FFAR1 and FFAR4 in regulation of NT
release. DHA and FFAR1 or FFAR4 agonists activate FFAR1 and FFAR4
and increase NT secretion through activation of ERK1/2. PD compound
inhibits NT secretion by inhibiting MEK/ERK1/2 signaling. Inhibition of
MEK/ERK or AMPK releases the inhibitory regulation of each other.
DMSO, dimethyl sulfoxide; GW, GW 9508; TUG, TUG 891.
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inhibitory regulation loop betweenMEK/ERK and AMPK
[Fig. 6(e)]. These findings integrate the MEK/ERK and
AMPK signaling networks, the two most important
pathways in whole-body homeostasis, and further define
the molecular mechanisms regulating hormone secretion
from intestinal endocrine cells.
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