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Rastelli M, Van Hul M, Terrasi R, Lefort C, Régnier M,
Beiroa D, Delzenne NM, Everard A, Nogueiras R, Luquet S,
Muccioli GG, Cani PD. Intestinal NAPE-PLD contributes to short-
term regulation of food intake via gut-to-brain axis. Am J Physiol
Endocrinol Metab 319: E647–E657, 2020. First published August
10, 2020; doi:10.1152/ajpendo.00146.2020.—Our objective was to
explore the physiological role of the intestinal endocannabinoids in the
regulation of appetite upon short-term exposure to high-fat-diet (HFD)
and understand the mechanisms responsible for aberrant gut-brain sig-
naling leading to hyperphagia in mice lackingNapepld in the intestinal
epithelial cells (IECs). We generated a murine model harboring an in-
ducible NAPE-PLD deletion in IECs (NapepldDIEC). After an over-
night fast, we exposed wild-type (WT) and NapepldDIEC mice to
different forms of lipid challenge (HFD or gavage), and we compared
the modification occurring in the hypothalamus, in the vagus nerve,
and at endocrine level 30 and 60 min after the stimulation.
NapepldDIEC mice displayed lower hypothalamic levels of N-oleoyle-
thanolamine (OEA) in response to HFD. Lower mRNA expression of
anorexigenic Pomc occurred in the hypothalamus ofNapepldDIEC mice
after lipid challenge. This early hypothalamic alteration was not the
consequence of impaired vagal signaling in NapepldDIEC mice.
Following lipid administration, WT and NapepldDIEC mice had similar
portal levels of glucagon-like peptide-1 (GLP-1) and similar rates of
GLP-1 inactivation. Administration of exendin-4, a full agonist of GLP-
1 receptor (GLP-1R), prevented the hyperphagia of NapepldDIEC mice
uponHFD.We conclude that in response to lipid,NapepldDIECmice dis-
played reduced OEA in brain and intestine, suggesting an impairment of
the gut-brain axis in this model. We speculated that decreased levels of
OEA likely contributes to reduce GLP-1R activation, explaining the
observed hyperphagia in this model. Altogether, we elucidated novel
physiological mechanisms regarding the gut-brain axis by which intesti-
nal NAPE-PLD regulates appetite rapidly after lipid exposure.

appetite regulation; gut-to-brain axis; dietary lipid; NAPE-PLD; N-
acylethanolamines

INTRODUCTION

Feeding and energy homeostasis are essential life processes
that every living organism must attain to survive. Among the
different regulatory pathways involved, the endocannabinoid

system (ECS) functions as a potent regulator of feeding behav-
ior and energy balance. The ECS is composed of bioactive lipid
mediators, their membrane-associated and nuclear receptors,
and enzymes involved in the synthesis and degradation of these
mediators (45).
N-acylethanolamines (NAEs) are a subgroup of bioactive

lipids belonging to the ECS that share structural similarities
having a common ethanolamide moiety linked to a specific
fatty acid. The levels of NAEs are tightly regulated by on-
demand synthesis from membrane phospholipids and rapid
degradation (30). N-acylphosphatidyletanolamine phospholi-
pase D (NAPE-PLD) is considered the main synthetizing
enzyme for NAEs, although studies using total Napepld
knockout (NAPE-PLD�/�) mice have suggested the existence
of alternative pathways (29). Hydrolysis of NAEs is mediated
by fatty acid amide hydrolase (FAAH) and N-acylethanol-
amine acid amidase (NAAA) (33, 50).
The most studied NAE is N-arachidonoylethanolamine

(AEA; also called anandamide), and it has been implicated in
the regulation of appetite and energy homeostasis (6). Other
members of the NAE cluster, such as N-oleoylethanolamine
(OEA), N-palmitoylethanolamine (PEA), and N-stearoyletha-
nolamine (SEA), are also involved in modulation of appetite,
lipid metabolism, and inflammation (13, 21, 41).
It has been suggested that intestinal NAEs play a role in the

control of both food intake and whole body energy homeostasis
(9, 20, 22). Among them, OEA contributes to the modulation of
appetite and glucose homeostasis. The anorectic effect of OEA
has been widely established in rodents (16, 17, 20, 39, 41, 47).
This is mediated through direct activation of peroxisome prolif-
erator-activated receptor-a (PPARa) (15). Additionally, OEA
indirectly modulates appetite and glucose homeostasis by acti-
vating the GPR119 receptor expressed on enteroendocrine
(EECs) L cells, thereby stimulating the secretion of glucagon-
like peptide-1 (GLP-1) (27), which in turn controls glucose ho-
meostasis and appetite (34).
However, the exact molecular mechanisms regulating the

production of these intestinal NAEs are still being debated. In
addition, data indicate that dysregulation of the intestinal ECS
might play a role in obesity (25), thus confirming the importance
of the intestinal ECS.Correspondence: P. D. Cani (patrice.cani@uclouvain.be).
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Given that whole body NAPE-PLD�/� mice did not develop
a clear phenotype and did not display reduced levels of NAEs in
periphery (24, 29), we used tissue-specific approaches to capture
in time and space the role of NAPE-PLD on metabolism. We
previously demonstrated that deletion of NAPE-PLD specifi-
cally in the adipocytes induced obesity, glucose intolerance, and
altered lipid metabolism under a normal diet (18). Recently, we
generated a mouse model with an inducible deletion of NAPE-
PLD in the intestinal epithelial cells (NapepldDIEC) (14). We
observed that upon long-term high-fat diet (HFD) feeding,
NapepldDIEC mice developed a stronger obese phenotype in
comparison with the control mice together with stronger hepatic
steatosis (14), suggesting that intestinal NAPE-PLD plays a role
in the regulation of whole body energy homeostasis and lipid
absorption.
We also discovered that intestinal epithelial NAPE-PLD

plays a key role in short-term regulation of food intake upon ex-
posure to lipid-rich diet (14). Indeed, NapepldDIEC mice exposed
to HFD consumed significantly more food than the WT mice
within 4 h. The hyperphagia of NapepldDIEC mice was associ-
ated with a lack of HFD-induced upregulation of anorectic
proopiomelanocortin (POMC) mRNA in the hypothalamus.
However, the mechanisms responsible for this alteration in
the gut-to-brain axis are unknown. In addition, it is not clear
whether impaired hypothalamic Pomc expression is a conse-
quence of the hyperphagic response or the consequence of
impaired intestinal response to lipids.
Therefore, we explored the dynamic response of intestinal

cells and hypothalamic and vagal neurons to acute dietary fat
exposure in WT and NapepldDIEC mice.

MATERIALS AND METHODS

Mice

All mouse experiments were reviewed and approved by and per-
formed in accordance with the guidelines of the local ethics committee
for animal care of the Health Sector of the Université Catholique de
Louvain under the supervision of P. D. Cani and J. P. Dehoux under the
specific agreement number 2014/UCL/MD/022 and 2017/UCL/MD/
005. Housing conditions were as specified by the Belgian Law of May
29, 2013, regarding the protection of laboratory animals (agreement no.
LA1230314). Every effort was made to minimize animal pain, suffer-
ing, and distress. The studies were carried out following the ARRIVE
guidelines.

Mouse data are expressed as means6SE. The number of mice allo-
cated per group was based on previous experiments investigating the
effects of Napepld deletion in the intestinal epithelial cells (14). At the
beginning of each experiment, animals were randomly assigned to ex-
perimental groups to ensure that each group was matched in terms of
body weight and fat mass. No blinding procedure was followed. Any
exclusion of mice and sample was based, on the one hand, on careful
examination of mice and organ appearance during necropsy and sam-
pling (for example, granulous liver) and, on the other hand, an outlier
exclusion criteria supported by the use of the Grubbs’ test.

All mice used in this study were littermates and bred in a specific
and opportunistic pathogen-free (SOPF) animal facility.

Before the beginning of the experiments described below, the
animals were housed in pairs in SOPF conditions and in a controlled
environment (room temperature of 236 2�C, 12-h daylight cycle)
with free access to sterile food (irradiated) and sterile water. During
acclimation, injections and washout period mice were fed a normal
diet (ND; AIN93Mi; Research Diets, New Brunswick, NJ).

Generation of NapepldDIEC Mice and Experimental Designs

All the animals used in this study have an inducible intestinal epi-
thelial Napepld-deletion (NapepldDIEC) on C57BL/6 background.
These animals were generated in our laboratory, as previously
described (14), by crossing mice bearing a tamoxifen-dependent
Cre recombinase expressed under the control of the villin promoter
(Villin Cre-ERT2) (kind gift of Dr. Sylvie Robine), with mice har-
boring a loxP-flanked Napepld allele (12).

At 7 wk of age, the animals were injected intraperitoneally (ip)
for 5 consecutive days with 100 μL of vehicle (10% vol/vol EtOH
in filtered sunflower oil) or with tamoxifen (10 mg/mL in vehicle)
to obtain control mice (WT) or mice deleted for Napepld in the
intestinal epithelial cells (NapepldDIEC), respectively. Vehicle
and tamoxifen solutions were prepared and stored as previously
described (14).

At the end of each experiment, the successful deletion was routinely
validated by quantitative PCR (qPCR) analysis in the small and large
intestines of WT and NapepldDIEC animals.

Experiment 1: short-term exposure to HFD. One cohort of 10-wk-
old WT or NapepldDIEC male mice (37 mice in total) was housed indi-
vidually for 1 wk for acclimation. They were then split in four body
weight-matched groups (n = 8–10/group), fasted overnight (ON) during
the dark phase and then either exposed for 4 h to HFD (60 kcal% fat
and 20 kcal% carbohydrates, D12492; Research Diets) (WT HFD or
NapepldDIEC HFD) or maintained fasted for 4 h before anesthesia and
tissue harvesting.

Experiment 2: acute oral lipid challenge. 11-wk-old WT or
NapepldDIEC male mice (43 mice in total) were split in six body
weight-matched groups (n = 6–8/group). After an ON fast during the
dark phase, the animals received 300 μL of lipid-rich emulsion
(FRESUBIN, 96.8% kcal% fat) by oral gavage, and tissues were har-
vested after exactly 30 min (WT 300 or NapepldDIEC 300) or 1 h (WT
600 or NapepldDIEC 600). Control groups were force fed with 300 μL of
NaCl (WT fasted or NapepldDIEC fasted).

Experiment 3: neuronal activation in the NTS following HFD ex-
posure. An additional cohort of WT and NapepldDIEC male mice (21
mice; n = 10 and 11, respectively) was fasted ON during the dark
phase and refed the following morning with HFD for 1 h. We chose
to refeed the animals for 1 h, since evidence demonstrates that the
expression of c-fos peaks at this time point (51). The animals were
anesthetized with ip injection of ketamine-xylazine (100 mg/mL and
20 mg/mL, respectively), and tissue fixation was performed by car-
diac perfusion with a solution of cold phosphate-buffered saline
(PBS) followed by cold 4% (wt/vol) paraformaldehyde (PFA) solu-
tion. The brain was carefully harvested in its entirety, postfixed in
4% PFA ON at 4�C, cryoprotected ON at 4�C in a solution of su-
crose 30% (wt/vol), and subsequently frozen in cold isopentane and
stored at �80�C until cryosectioning.

Experiment 4: exendin-4 administration and individual measure of
HFD intake. A fourth cohort of 11-wk-old WT or NapepldDIEC male
mice (28 mice) were individually housed for 1 wk for acclimation. The
mice were then placed in metabolic chambers and allowed to adapt to
the new environment for an additional 5 days with free access to ND
and sterile water; during this period, the mice were accustomed to ip
injection for 2 consecutive days by receiving a single sterile NaCl injec-
tion daily.

For the experiment, after an ON fast during the dark phase the ani-
mals were divided into four groups (n = 7/group) and received vehicle
(NaCl) or 0.06 μg of exendin-4 (Ex-4) (no. 4019602; Bachem) in 100
μL and immediately exposed to ad libitum HFD for 24 h. The submaxi-
mal dose of Ex-4 was chosen based on previous rodent studies (46).
Using metabolic cages, food consumption was monitored at 15-min
intervals. Consumption of food >0.5 g within the above-mentioned
interval of time was considered as spillage, and the animal was
excluded starting from that time point. No spillage was registered dur-
ing the first 8 h of follow-up for any of the animals.
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Tissue Sampling

Except for experiment 3, mice were anesthetized with isoflurane
(Forene; Abbott, Queenborough, Kent, UK) at the end of the experi-
ence. Blood was sampled from the portal and cava veins. After exsan-
guination, mice were euthanized by cervical dislocation. Tissues were
precisely dissected, immediately immersed in liquid nitrogen, and
stored at �80�C for further analysis. For the investigation of the vagal
response, the left and the right nodose ganglia were sampled from the
neck of the mouse, snap frozen, and stocked at�80�C. For RNA purifi-
cation, left and right nodose ganglia from one animal were pooled.

RNA Purification and RT-qPCR

Total RNA was prepared from tissues as previously described (14)
using TriPure reagent (Roche). Quantification and integrity analysis of
total RNA were performed by analyzing 1 μL of each sample in an
Agilent 2100 Bioanalyzer (Agilent RNA 6000 Nano Kit; Agilent,
Santa Clara, CA). cDNA was prepared by reverse transcription of 1 μg
(or 0.2 μg for nodose ganglia) of total RNA using a Reverse
Transcription System kit (Promega, Madison, WI). Real-time PCR was
performed with the Quant Studio3 real-time PCR system and the
QuantStudio software, as previously described (14). Rpl19 RNA was
chosen as housekeeping gene. The primer sequences for the targeted
mouse genes are presented in Table 1.

NAEs Quantification

AEA and OEA measurements in jejunum and in plasma from cava
vein were performed as previously described (14).

For NAE measurement in hypothalamus, following RNA extraction,
the remaining solution was added to vials containing dichloromethane
(CH2Cl2; 8 mL), methanol (MeOH; 4 mL; containing BHT), water
(containing EDTA), and the internal standards (deuterated N-acyletha-
nolamines, deuterated 2-AG). After the extraction, the organic phase
was recovered and purified by solid phase extraction (36). The lipids of
interest were recovered using hexane-isopropanol 7:3 (vol/vol) and an-
alyzed by HPLC-MS/MS. The samples (1 mL) were injected on a Xevo
TQ-S mass spectrometer equipped with an Acquity UPLC class H (both
fromWaters). An Acquity UPLC BEH C18 (2.1� 50 mm; 1.7 mm, kept
at 40�C) column and a linear gradient (200 mL/min) between MeOH-
H2O-acetic acid (75:24.9:0.1; vol/vol/vol) and MeOH-acetic acid
(99.9:0.1; vol/vol) were used for the separation. A quantification and a

qualification transition were optimized for the different NAEs and
d-NAE, and the MassLynx software was used for data acquisition and
processing. For each compound, the ratio between the area under the
curve of the lipid and the area under the curve of the corresponding in-
ternal standard was used for data normalization. Calibration curves
with a range going from 2.5 fmol to 800 fmol (values on column) were
also obtained in the same conditions. The obtained values were then
normalized to the tissue weight.

Protein Extraction and Western Blot Analysis

To obtain total protein lysates, tissues were homogenized with
TissueLyser II (Qiagen) in RIPA buffer supplemented with a cocktail
of protease inhibitors (Sigma) and phosphatase inhibitors. Equal
amounts of proteins, as measured by the Pierce method (Pierce BCA
Protein assay kit), were separated by SDS-PAGE (15% acrylamide)
and transferred to PVDF membranes. Membranes were then incubated
ON at 4�C with primary anti-POMC antibody (Ab94446; Abcam)
diluted 1:1,000 in Tris-buffered saline Tween-20 containing 1% nonfat
dry milk. The loading control was b-actin (1:10,000, ab6276; Abcam).
The membranes were developed with the use of an ultrasensitive chem-
iluminescence protein dye detection system (ECL Plus; Amersham
Pharmacia Biotech, Piscataway, NJ). The exposure time was between 5
and 7 s for revelation of POMC and 3–4 s for b-actin. The bands were
subjected to semiquantitative analysis via ImageQuant software. The
specificity of POMC primary antibody was previously validated by
immunohistology (14) and confirmed here by the specific position of
the band at the expected molecular weight.

Immunostaining: c-Fos Quantification in the Nucleus of the
Solitary Tract

Twenty-micrometer-thick serial coronal cryosections were mounted
on SuperFrost Plus slides (Menzel Gläser) and kept at�20�C until stain-
ing. For nucleus of the solitary tract (NTS), we harvested �12 serial sec-
tions per animal from bregma�6.36 mm to�7.76 mm according to The
Mouse Brain in stereotaxic coordinates (Paxinos and Franklin, 2004,
Elsevier Science); c-fos immunohistochemistry was performed as previ-
ously described (14). Bright-field images of the NTS were obtained using
a Leica SCN400 at �10 magnification. c-Fos-positive neurons were
manually counted using Fiji software in a blinded manner. The region of
interest (ROI) corresponding to the NTS was delimited on each section,
using The Mouse Brain in Stereotaxic Coordinates (Paxinos and

Table 1. List of primers used

Gene Forward 5 0!3 0 Reverse 5 0!3 0

Agrp CGG AGG TGC TAG ATC CAC AGA AGG ACT AGT GCA GCC TTA CAC
Cart TTC CTG CAA TTC TTT CCT CTT GA GGG AAT ATG GGA ACC GAA GGT
CckaR ACA ATA ACC AGA CGG CGA AC ATG AGT CCG TAA GCC ACC AC
Cnr1 CTG ATG TTC TGG ATC GGA GTC TCT GAG GTG TGA ATG ATG ATG C
Cpe AAG GGT TTG TCC GTG ACC TT GTT TCCA GGA GCA AGC AAT C
Faah GTG AGG ATT TGT TCC GCT TG GGA GTG GGC ATG GTG TAG TT
Ghsh GGA AAC ATC AAA AGC CAA CC TCC CAA GAA CTA GCG GAA GA
Glp1r GGG CCA GTA GTG TGC TAC AA CTT CAC ACT CCG ACA GGT CC
Gpr119 AGC TCT GCT CAG CAT ACA CAG AAA TGC CAT CCG AAG GCT AC
Lepr ATC TGC CGG TGT GAG TTT TC CTA AGG GTG GAT CGG GTT TC
Naaa ATT ATG ACC ATT GGA AGC CTG CA CGC TCA TCA CTG TAG TAT AAA TTG TGT AG
Napepld TTC TTT GCT GGG GAT ACT GG GCA AGG TCA AAA GGA CCA AA
Nat1 CCC CGA GTT ATC GAG GAT TT CTG CAA GGA ACA GAA CGA TG
Npy CAG AAA ACG CCC CCA GAA C CGG GAG AAC AAG TTT CAT TTC C
Pace4 CGA AAC CCA GAG AAA CAA GG ACT GAT GGG AGC TGA AGG TG
Pam TAA AAA GGC TGG CAT TGA GG TCT GAG GAG GTG GGT TTG TT
Pc1 GGC TGC TGG TAT CTT TGC TC CCC CAT TCT TTT TCC AAC CT
Pc2 GGA GCT GGG ATA CAC AGG AA CCA GGT CTG GGT GGA GAT AG
Pomc AGG CCT GAC ACG TGG AAG AT AGC AGG AGG GCC AGC AA
Rpl19 GAA GGT CAA AGG GAA TGT GTT CA CCT TGT CTG CCT TCA GCT TGT
Y2r AAC GCG CAA GAG TCA ATA CA CCA TAG GGC TCC ACT TTC AC

The primers are listed in alphabetical order.
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Franklin, 2004, Elsevier Science) as a reference. At least four brain sec-
tions were analyzed and averaged for each animal.

The specificity of the anti c-fos primary antibody (ab190289 from
Abcam) was validated in a previous study (14).

Quantification of GLP-1 in Portal Plasma

For GLP-1 quantification, DPP-4 inhibitor (DPP4-010; Merck) was
added to the portal blood during sampling at necropsy. GLP-1 was
quantified in plasma using an ELISA kit (no. K1503PD; Meso Scale
Delivery) according to the manufacturer’s instructions.

Quantification of DPP-4 Activity

DPP-4 activity was measured in peripheral plasma by quantification
of the cleavage of para-nitroanilide (PNA) from Gly-Pro-PNA (Sigma,
St. Louis, MO). Samples (15 μL) were diluted in TRIS-base buffer (50
mM, pH 8.3) and incubated with Gly-Pro-PNA. The enzymatic activity
was measured in a kinetic analysis of 30 min at 37�C (380 nm)
(SpectraMax M2; Molecular Devices, San Jose, CA) and quantified
using a standard curve of free PNA.

Data Analysis and Statistics

Statistical analyses were performed using GraphPad Prism 8.1
(GraphPad Software, San Diego, CA). The statistical tools used for
each analysis are specified in the figure captions. Differences with P
values of<0.05 were considered significant.

RESULTS

The Endocannabinoid Tone is Altered in the Hypothalamus of
NapepldDIEC Mice Following the Exposure to HFD

After confirming that NapepldDIEC mice ate significantly
more in comparison with WT mice following 4 h of HFD expo-
sure (Fig. 1A), we explored the mechanisms potentially
involved in this behavior.
Although the deletion of the Napepld was restricted to the in-

testinal epithelial cells (Supplemental Fig. S1A; https://doi.org/
10.6084/m9.figshare.12666299) (14), we investigated whether
this could have a broader effect and lead to altered endocannabi-
noid tone in the hypothalamus of NapepldDIEC mice. Therefore,
we measured the level of several NAEs in the hypothalamus of
WT and NapepldDIEC mice following a fasting period and 4 h of
HFD feeding.

In response to HFD exposure, WT mice displayed decreased
AEA levels in the hypothalamus, whereas NapepldDIEC mice
had increased AEA levels in hypothalamus after HFD feeding,
thereby leading to 20% of difference between both groups (Fig.
1B). In addition, in response to HFD, hypothalamic OEA levels
were decreased by�55% in NapepldDIEC mice (Fig. 1C). These
data strongly suggested an altered regulation of the orexigenic
AEA and the anorexigenic OEA in response to HFD exposure
in the hypothalamus of NapepldDIEC mice compared with WT
mice.
The level of NAEs not primarily involved in regulation of

food intake (namely PEA, SEA, NAE 20:0) were similar
between WT and NapepldDIEC mice (Supplemental Fig. S1B).
The endocannabinoid 2-arachidonoylglycerol (2-AG) also
affects food intake; however, the levels of hypothalamic 2-AG
were similar in WT and NapepldDIEC mice in response to HFD
exposure (Supplemental Fig. S1B).
Moreover, the hypothalamic expression of NAE-synthetizing

and -degrading enzymes was also differently regulated in WT
and NapepldDIEC mice following HFD consumption (Fig. 1D).
The expression of NAE-synthetizing Nat1 was significantly up-
regulated in NapepldDIEC mice in comparison with WT.
Napepld followed the same trend without reaching significance
(P = 0.09). In contrast, expression of Faah, a NAEs degrading
protein, was significantly downregulated in NapepldDIEC mice
in comparison with WT, whereas Naaa was not affected
(Fig. 1D).
Interestingly, we also demonstrated that the effect on AEA

and OEA levels in NapepldDIEC mice was specific to HFD expo-
sure, since feeding with normal diet (ND) did not significantly
affect NAE levels (Supplemental Fig. S1C). This suggests that
the hypothalamic alteration of ECS occurs specifically upon
lipid consumption.

Dysfunction of POMC Neurons Occurs Rapidly in the
Hypothalamus of NapepldDIEC Mice in Response to Lipid
Exposure

POMC neurons are key regulators of appetite in response to
endocrine or nervous signals coming from the periphery (43).
We previously observed that mice lacking Napepld in intestinal
epithelial cells had altered activity of POMC neurons after 4 h

Fig. 1. The endocannabinoid tone is altered in the hypothalamus of NapepldDIEC mice following exposure to high-fat diet (HFD). A: NapepldDIEC mice are hyperpha-
gic when exposed to lipid-rich diet (n = 37–39, pool of 4 separate experiments). B and C: hypothalamic levels of orexigenic N-arachidonoylethanolamine (AEA; B)
were increased and levels of anorexigenic N-oleoylethanolamine (OEA; C) were decreased in NapepldDIEC mice following consumption of HFD (n = 7–8). D: in
response to HFD feeding, the transcription of enzymes belonging to the endocannabinoid system (ECS) was also differently modulated in WT and NapepldDIEC mice
(n = 7–9). Data are expressed as means6 SE. *P< 0.05 and ***P< 0.001 following unpaired Student’s t-test.
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of HFD exposure (14). Considering that hypothalamic neuro-
peptides rapidly change following nutritional challenge, we
investigated the response of POMC neurons to dietary lipid at
earlier time points. Therefore, we measured the transcription of
Pomc already 30 and 60 min after oral lipid challenge.

In WT mice, lipid administration induced a progressive
increase in Pomc transcription in the hypothalamus, with a 1.5-
fold increase being reached after 60 min in comparison to WT
fasted mice (P = 0.01, Mann-Whitney test). Conversely, in
NapepldDIEC mice, the hypothalamic transcription of Pomc
remained unchanged over time and was significantly lower than
in WT mice 60 min after the lipid load (Fig. 2A). Western blot
analysis of POMC expression in the hypothalamus showed a
similar trend (Supplemental Fig. S2A; https://doi.org/10.6084/
m9.figshare.12100824).
The defect in lipid sensing was specific to the Pomc tran-

script, whereas the mRNA of none of the other appetite-regulat-
ing peptides in the arcuate (cocaine and amphetamine regulated
transcript: Cart; neuropeptide Y: Npy; agouti-related protein:
Agrp) was affected by the intestinal deletion of Napepld
(Supplemental Fig. S2B). In addition, the transcriptional impair-
ment specifically occurred in hypothalamic POMC neurons and
not in POMC neurons of the hindbrain (Fig. 2B).
Posttranslational cleavage of POMC is finely regulated in

response to energy requirements to optimally adapt the levels

of the different POMC-derived bioactive peptides such as
appetite-suppressing a-melanocyte stimulating hormone
(a-MSH) (40). We observed that the mRNA of the enzymes
involved in posttranslational processing of POMC was not
differently expressed in WT and NapepldDIEC mice following
lipid exposure (Fig. 2C).
Altogether, these data suggested that the intestinal deletion of

Napepld impaired the response of anorectic POMC neurons to
intestinal lipid already earlier than 4 h. We also demonstrated
that the defect specifically involved POMC neurons in the hypo-
thalamus, but not POMC neurons in the hindbrain.

Neither Vagal Plasticity Nor Vagal Signaling are Impaired by
Intestinal Deletion of Napepld in Response to Lipid

Because the alteration of hypothalamic anorectic response in
NapepldDIEC mice occurred very rapidly, we hypothesized that
an impaired transmission of nervous signals from the intestine
to the brain could contribute to the observed phenotype.
Intestinal terminations of the vagus nerve express membrane

receptors that mediate appetite-suppressing or appetite-stimulat-
ing signals in response to intestinal hormones, bioactive lipids,
and macronutrients (11). The profile of receptors expressed is
known to rapidly change in response to feeding (10).
We wondered whether the expression of those receptors was

differently modulated in the nodose ganglia of WT and

Fig. 2. Dysfunction of proopiomelanocortin (POMC) neurons occurs rapidly in the hypothalamus of NapepldDIEC mice in response to lipid exposure. A: the mRNA
expression of Pomc was progressively upregulated in the hypothalamus of wild-type (WT) mice following oral lipid load, whereas this response was defective in the
hypothalamus of NapepldDIEC mice, where Pomc mRNA remained unchanged over time (n = 6–8). B: the mRNA expression of Pomc in the hindbrain was
unchanged comparing WT and NapepldDIEC mice (n = 5–8). C: at transcriptional level, there was no difference in the expression of the enzymes involved in the post-
translational cleavage of POMC (n = 5–8). Data are expressed as means6 SE. *P< 0.05 according to 2-way ANOVA, followed by Tukey’s post hoc test.
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NapepldDIEC mice in response to lipid challenge. After confirm-
ing the specificity of the deletion (Supplemental Fig. S3; https://
doi.org/10.6084/m9.figshare.12666344), we examined several
receptors mediating anorexigenic signals (Fig. 3A), such as
receptors for gut hormones, namely cholecystokinin (Cckar),
leptin (Lepr), GLP-1, and PYY (Glp1r and Y2r, respectively),
and OEA receptor (Gpr119). We also investigated the neuro-
transmitter Cart, which is released by vagal afferences in the
hindbrain to suppress appetite (Fig. 3A) (10, 28). We probed the
orexigenic signals such as ghrelin receptor (Ghsh) and cannabi-
noid receptor 1 (Cnr1) (Fig. 3B). Overall, no major difference
was observed at the transcriptional level for any of the receptors
or neurotransmitters studied.

Additionally, in another experiment, we quantified c-fos-posi-
tive (c-fos+) neurons, markers of neuronal activation, 1 h after
HFD exposure. We chose this time point based on previous
study showing that c-fos expression in the brain peaks between
1 and 2 h after feeding (51). After an overnight fast, we exposed
WT and NapepldDIEC mice to HFD and quantified c-fos in the
nucleus of the solitary tract (NTS), the relay station for vagal
terminations in the hindbrain. There was no difference in the
number of neurons activated in the NTS of WT and
NapepldDIEC mice in response to HFD (Fig. 3C).

Altogether, these results showed that the alteration of the ano-
rexigenic regulatory signal in the hypothalamus is not due to a
defect in vagal sensing or to an impaired vagal conveyance of
information from the gut to the brain.

NapepldDIEC Mice Have Submaximal Response to Endogenous
GLP-1

In the last decade, several studies have been showing the exis-
tence of a close link between OEA and GLP-1. A first line of
evidence suggested that OEA binds and activates GPR119 re-
ceptor on enteroendocrine L cells, thus stimulating the release
of GLP-1 (26, 27). Additionally, it has recently been described
that OEA itself regulates GLP-1 receptor (GLP-1R) signaling
(3). Indeed, in vitro, OEA specifically binds to GLP-1(7–36)
amide (i.e., active GLP-1), thus creating a complex that induces
a more powerful activation of GLP-1R in comparison with the
action of GLP-1 alone (3).
In our model, Napepld deletion in intestinal epithelial cells

impairs OEA mobilization in response to oral lipid. In WT mice,
jejunal OEA content increased 60% and 70% at 30 and 60 min,
respectively, after oral lipid load, whereas NapepldDIEC displayed
a delayed kinetic of OEA mobilization (Supplemental Fig. S4;
https://doi.org/10.6084/m9.figshare.12666353). Additionally, the

Fig. 3. Neither vagal plasticity nor vagal signaling is impaired by intestinal deletion of Napepld in response to lipid. Rapidly after the lipid challenge, the expression
of receptors mediating appetite-suppressing (A) or appetite-stimulating (B) signals via the vagus nerve did not differ strikingly in comparing WT and NapepldDIEC

mice (n = 5–8). C, left: quantification of c-fos-positive (c-fos+) active neurons (dark brown staining) in the nucleus of the solitary tract (NTS) of wild-type (WT) and
NapepldDIEC mice following 1 h of HFD feeding (n = 7–10). C, right: representative bright-field images of the NTS, �10 magnification. Scale bar, 100 μm. Black
dashed lines circumscribe the NTS. AP, area postrema; DMX, dorsal motor nucleus of the vagus nerve. Data are expressed as means6 SE. Statistical analysis: A and
B, 2-way ANOVA; C, unpaired Student’s t-test.
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levels of peripheral circulating OEA increased in the WT mice
60 min after the lipid load, whereas the plasma levels of OEA in
NapepldDIEC mice remained similar to the fasted state even after
lipid administration (Fig. 4A).
Therefore, considering that GLP-1 exerts appetite-suppress-

ing action (1, 34) and that NapepldDIEC mice have impaired
lipid-induced OEA release (Fig. 4 and Supplemental Fig. S4)
(14), we investigated whether the hyperphagia observed in
NapepldDIEC mice upon exposure to a lipid-rich diet could be
the consequence of impaired GLP-1 secretion or signaling.
We explored the expression of Gpr119 in the colon of WT

and NapepldDIEC mice and also the secretion of total GLP-1 in
the portal vein in response to oral lipid stimulation. We found
that Gpr119 expression was unchanged in all conditions (Fig.
4B) and that total GLP-1 levels were similarly changed in WT
and NapepldDIEC mice in response to oral lipid (Fig. 4C).
Lack of GLP-1 appetite-suppressing action could also be the

consequence of increased GLP-1 inactivation via dipeptidyl
peptidase-4 (DPP-4). However, WT and NapepldDIEC mice had
similar DPP-4 activity in peripheral blood (Fig. 4D), concluding

that increased GLP-1 inactivation likely does not explain the hy-
perphagia observed in NapepldDIEC mice.
It was recently demonstrated in vitro that OEA enhances

GLP-1 potency in activating GLP-1R (3). Therefore, we
hypothesized that NapepldDIEC mice have less powerful activa-
tion of GLP-1R in comparison with WT given the lower level of
OEA.
To explore this, we used exendin-4 (Ex-4), an agonist of

GLP-1R whose potency is unaltered by OEA (2, 3). After an
overnight fast, we injected WT and NapepldDIEC mice with
exendin-4 and precisely monitored HFD consumption over time
by using metabolic cages. We chose to administer a dose of Ex-
4 described to mildly suppress food intake (46) to mimic a phys-
iological action as closely as possible.
Comparing the cumulative food intake at 2, 4, and 8 h postin-

jection, we observed that at each time point NapepldDIEC mice
injected with saline consumed between 30 and 43% more HFD
than WT mice injected with saline (Fig. 5, A–C). Moreover, in
WT mice, Ex-4 reduced food intake by 31 to 26% at 2 and 8 h,
respectively, in comparison with the WT NaCl group (Fig. 5A–

Fig. 4. NapepldDIEC mice have impaired intestinal N-oleoylethanolamine (OEA) mobilization and do not display altered glucagon-like peptide-1 (GLP-1) secretion
or inactivation. A: OEA (pmol/mL) measured in the plasma of the cava vein (n = 4–8). B: wild-type (WT) and NapepldDIEC mice have similar expression of Gpr119
in the colon (n = 7). C: quantification of total GLP-1 in the portal plasma of WT and NapepldDIEC mice 30 and 60 min after lipid challenge. The level of GLP-1 simi-
larly evolve in WT and NapepldDIEC mice over time (n = 6–8). D: quantification of dipeptidyl peptidase-4 (DPP-4) activity in the peripheral blood of WT and
NapepldDIEC mice following nutritional stimulus. The activity of DPP-4 is not affected by the deletion or by the lipid challenge (n = 6–8). Data are expressed as
means6 SE. *P< 0.05 and **P< 0.01 according to 2-way ANOVA, followed by Tukey’s post hoc test.
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C), confirming that the dose used has mild anorexigenic effect
(46). Interestingly, this same dose of Ex-4 halves HFD con-
sumption in NapepldDIEC mice at 2 and 4 h (Fig. 5, A and B),
with a tendency after 8 h (P = 0.09; Fig. 5C). Importantly, at
each time point investigated, NapepldDIEC Ex-4 mice consumed
a similar amount of HFD as WT animals (Fig. 5, A–C), meaning
that the administration of GLP-1R agonist that fully activates
GLP-1R even in the absence of OEA prevented the hyperphagia
developed by the intestinal deletion of NAPE-PLD.
Collectively, these results suggested that NapepldDIEC mice

displayed only partial activation of GLP-1R signaling via en-
dogenous GLP-1, likely due to the diminished level of OEA.

DISCUSSION

We have previously observed that mice lacking Napepld in
intestinal epithelial cells displayed hyperphagia within 4 h after
the exposure to HFD. The hyperphagia occurred together with
an impaired mRNA expression of POMC in the arcuate nucleus
(ARC). These results suggested that intestinal NAPE-PLD con-
tributes to control of lipid consumption. Although the existence
of such a gut-to-brain axis has been proposed previously, the
mechanisms behind it are still unknown.
In this study, we discovered a potential mechanism responsi-

ble for the aberrant gut to brain signaling characterizing the
NapepldDIEC mice. By exploring the hypothalamic response to
lipids and examining the nervous and the endocrine component
of the gut-to-brain axis following oral lipid exposure, we found
that intestinal NAPE-PLD is a key sensor controlling not only
the intestinal endocannabinoid system but also the integration of
different peripheral satiety signals in the brain.
We observed that the level of two key NAEs regulating appe-

tite, AEA and OEA (21), were differently regulated in the hypo-
thalamus of WT and NapepldDIEC in response to the HFD
feeding after a fasting period. Upon HFD exposure,NapepldDIEC

mice had increased levels of AEA and reduced levels OEA as
compared with WT mice. This finding likely contributes to
explain the phenotype observed since AEA exerts an appetite-
stimulating effect, whereas OEA decreases food intake (14). We
noticed that the changes in the levels of NAEs in the brain were

restricted to NAEs regulating appetite and did not affect other
members of the NAE family, such as PEA and SEA, which have
been ascribed mainly to other effects and only mild appetite-sup-
pressing action (21, 31, 41, 48). Furthermore, 2-AG, an orexi-
genic bioactive lipid belonging to the endocannabinoid system
but not to the cluster of NAEs, was not affected, suggesting that
the alteration specifically involves theNAE cluster.
It is important to note that the deletion of Napepld is exclu-

sively restricted to the intestinal epithelial cells and that the
lower hypothalamic levels of OEA cannot be explained by a
defect in local NAPE-PLD since its expression in the brain was
similar between WT and NapepldDIEC mice.
Furthermore, we observed that AEA and OEA impairment

specifically occurred when NapepldDIEC mice were exposed to a
lipid-rich diet and not when they were refed with a normal diet.
These results suggested that animals deleted for the intestinal
Napepld have impaired regulation of hypothalamic appetite-reg-
ulating NAEs in response to their exposure to a lipid-rich diet
and that NAPE-PLD acts specifically as an intestinal lipid sen-
sor involved in the short-term regulation of food intake.
The expression of the main NAE-synthetizing and degrading

enzymes was differently regulated in WT and NapepldDIEC

mice following HFD consumption. Alternative synthetic path-
ways for NAEs have also been described (33); however, the
hypothalamic expression of enzymes involved in these path-
ways (namely Abhd4, Gde1) was not affected in our model
(data not shown).
In our previous work, we found that intestinal deletion of

Napepld was associated with a higher food intake, a lower
expression of Pomc mRNA in the brain after 4 h of HFD expo-
sure, and altered c-fos-positive neurons in the ARC and the
paraventricular nucleus of the hypothalamus (PVN) (14). The
major limitation of these preliminary observations is that meas-
urements were performed only after 4 h of HFD consumption, a
tardy time point that does not fully reflect the rapidity of physio-
logical changes regulating food intake.
Therefore, in the present study, we dissected the mechanisms

responsible for the hyperphagia. To do so,we chose to investigate
hypothalamic response to intestinal lipid at early time points,
namely 30 and 60 min after oral lipid challenge. Administration

Fig. 5. NapepldDIEC mice have submaximal responses to endogenous glucagon-like peptide-1 (GLP-1). A–C: cumulative consumption of high-fat diet (HFD) by
wild-type (WT) and NapepldDIEC mice upon administration of GLP-1 receptor agonist [exendin-4 (Ex-4)] or vehicle (NaCl). Two-, 4-, and 8-h postinjection Ex-4
halves HFD consumption of NapepldDIEC mice, rescuing the hyperphagic phenotype (n = 5–7). Data are expressed as means6 SE. *P< 0.05 and **P< 0.01 accord-
ing to 2-way ANOVA, followed by Tukey’s post hoc test.
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of lipid-rich emulsion by oral gavage allowed us to perfectly con-
trol the quantity of lipids given to each animal and let us exclude
the contribution of both orosensing and mechano-sensing (from
the stomach) inputs. This ensures that the observations made are
depending primarily on intestinal sensing of lipids.
Using this method, we found that WT mice physiologically

upregulated Pomc in the hypothalamus, whereas NapepldDIEC

did not. These results corroborate the data observed after 4 h of
fat exposure and, more importantly, demonstrate that the
impairment of Pomc mRNA expression is an early event occur-
ring in the hypothalamus of NapepldDIEC mice. We also con-
firmed that, among the appetite-regulating neuropeptides, the
impaired response to lipid was exclusively restricted to POMC.
Few neurons expressing POMC are also present in the NTS

located in the hindbrain. Despite their role not being fully eluci-
dated yet, they are thought to contribute to the regulation of
food intake (5, 40). When comparing WT and NapepldDIEC

mice, there was no difference in the evolution of Pomc mRNA
expression in the NTS, demonstrating that the impairment of
POMC transcription is likely hypothalamic specific.
Depending on energy requirements, POMC is cleaved into

several distinct bioactive peptides, such as appetite-suppressing
a-melanocyte stimulating hormone (a-MSH) (40). However,
the expression of the enzymes involved in these posttranscrip-
tional modifications did not differ in WT and NapepldDIEC mice
following lipid exposure.
The alteration of hypothalamic anorexigenic response in

NapepldDIEC mice occurred very rapidly; therefore, we hypothe-
sized that impaired responsiveness of the vagus nerve to intesti-
nal signals could contribute to the phenotype.
The vagus nerve is the only nerve connecting the intestine

directly to the brain. A vast set of receptors expressed by vagal
afferent neurons has recently been characterized (11). Together,
receptors for gut peptides, bioactive lipids, and nutrients con-
tribute to vagal sensing mechanisms. The array of receptors
expressed by vagal afferent neurons can be modified in response
to diet, a process known as vagal plasticity (8, 10). Up to now,
this process has been described mainly in rats, and to our knowl-
edge, only few studies have characterized vagal plasticity in
mice (38, 52).
In our study, no difference was observed in transcriptional

regulation of a representative set of receptors between WT and
NapepldDIEC mice. We could thus conclude that the vagal plas-
ticity in response to lipid is not impaired by the intestinal dele-
tion of Napepld. However, we may not exclude that for some of
the receptors investigated, vagal plasticity is not only under tran-
scriptional regulation but also under the control of membrane-
to-vesicles trafficking (42).
Given this potential limitation, we used a complementary

approach to investigate whether the conveyance of satiety signal
from the intestine to the brain was altered by the deletion of in-
testinal Napepld. We quantified the number of c-fos-positive
neurons in the NTS of WT and NapepldDIEC mice after 1 h of
HFD feeding, but no difference in the number of activated neu-
rons was observed.
Overall, these results suggest that the intestinal deletion of

Napepld does not impair either vagal sensitivity to intestinal
content or vagal signaling from the intestine to the brain.
Gut hormones contribute to the fine-tuning of food intake via

paracrine action by activating the receptors located on vagal ter-
minations but also via endocrine activity, reaching the brain

through the bloodstream (19, 35). Among them, GLP-1 is recog-
nized for its appetite-suppressing action (1, 34). GLP-1 secretion
and binding of GLP-1 to its receptor are modulated by OEA. In
detail, OEA activates GPR119 receptor expressed on the L cells
and triggers GLP-1 release (4, 27, 32). In addition, recent evi-
dence suggests that GLP-1(7–36) amide (i.e., activeGLP-1) inter-
acts with OEA, creating a complex with increased potency to
activate GLP-1R (2, 3). Importantly, among the different NAEs
tested, OEA is the only one having this activity (3). Notably, the
role ofAEA in this contest has not been investigated yet.
Because we found that NapepldDIEC mice showed a delayed

intestinal release of OEA when challenged with lipid, we specu-
lated that the OEA-mediated GLP-1 release upon nutritional
stimulation could be impaired in NapepldDIEC mice. In our
study, portal GLP-1 levels were similar between WT and
NapepldDIEC mice in response to lipid challenge. The similar
profile of GLP-1 secretion, despite impaired intestinal OEA mo-
bilization, was not the consequence of a compensatory upregu-
lation of Gpr119 in the colon of NapepldDIEC mice. These
results strongly suggest that in vivo endogenous intestinal OEA
only partially contributes to GLP-1 release and thereby contrasts
with the results found in vitro by Moss et al. (32) in GPR119-de-
ficient L cells.
Despite exhibiting a normal level of portal GLP-1,

NapepldDIEC mice displayed a hyperphagic phenotype in com-
parison with WT mice. Therefore, we wondered whether
increased GLP-1 inactivation via augmented DPP-4 activity
could explain the lack of appetite-suppressing action in
NapepldDIEC mice. However, DPP-4 activity was unchanged
when comparing WT and NapepldDIEC mice. Therefore, this set
of data suggested that the hyperphagic phenotype displayed by
NapepldDIEC mice was the consequence of neither impaired
GLP-1 release nor higher GLP-1 inactivation. Hence, we ques-
tioned the potential activity of GLP-1 in NapepldDIEC mice.
Considering that recent data have shown that GLP-1 and

OEA form a complex to activate GLP-1R (3), we hypothesized
that the defective intestinal lipid-induced mobilization of OEA
and the diminished circulating level of OEA observed in
NapepldDIEC mice could impair the formation of this GLP-1:
OEA complex and eventually lead to submaximal activation of
GLP-1R and partial inhibition of appetite. To explore this hy-
pothesis, we used Ex-4, a GLP-1R agonist. Importantly, Ex-4
alone maximally activates GLP-1R (2), and the potency of Ex-4
is unaltered by the addition of OEA (3). Ex-4 administration
prevented the hyperphagia of NapepldDIEC mice upon their ex-
posure to HFD, and they consumed the same amount of HFD as
WT mice. This implicates that a maximal activation of GLP-1R
is sufficient to prevent the impairment of NAPE-PLD-mediated
control of food intake via the gut-to-brain axis. In other words,
we postulate that the decreased intestinal and circulating OEA
levels due to the deletion of Napepld in the intestinal epithelial
cells cause a submaximal activation of GLP-1R, leading to a
partial appetite-suppressing action of GLP-1.
Increasing amounts of evidence suggest that GLP-1 acts on

POMC neurons in the ARC. Secher et al. (44) showed that
active GLP-1 modulated the firing of hypothalamic neurons by
directly activating POMC/CART neurons and inhibiting NPY/
AgRP neurons via a GABA-dependent action. These observa-
tions were also recently confirmed by others (23). Moreover,
GLP-1R agonists administered peripherally or centrally also
influence the firing or the transcriptional activity of neurons in
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the ARC (7, 37, 44). Those responses relied on GLP-1R, since
the effects were lost in GLP-1-deficient mice or by the adminis-
tration of GLP-1 receptor inhibitor (7, 44).
Combining these observations with our own data, we specu-

late that the defective upregulation of Pomc in the hypothalamus
of NapepldDIEC mice is the consequence of a submaximal acti-
vation of GLP-1R in the ARC that could be due to the decreased
amount of GLP-1:OEA complex in our animal model.
This assumption is supported by other observations. First,

once captured in the GLP-1:OEA complex, GLP-1 undergoes a
conformational change that alters its susceptibility to cleavage
(3). Consequently, it is probable that the GLP-1:OEA complex
has a prolonged half-life compared with GLP-1 or OEA alone.
Second, peripherally administered GLP-1R agonists have been
shown to reach all circumventricular organs (CVO) and enter
the PVN and ARC as well (44). Similarly, the GLP-1:OEA
complex could reach the ARC and directly influence neuronal
populations therein.
Within the NTS, GLP-1-expressing neurons are considered

important regulators of energy intake. These neurons are acti-
vated by peripheral signals and project to other brain centers
that express GLP-1R and are important in food intake regula-
tion, including ARC (49). Given the reduced level of OEA in
the hypothalamus of NapepldDIEC mice following HFD feeding,
we may not rule out that the formation of the GLP-1:OEA com-
plex could also be blunted centrally and eventually further con-
tribute to a lower activation of GLP-1R in the ARC.
In conclusion, by using our mouse model of inducible intesti-

nal deletion of Napepld, we unraveled novel physiological
mechanisms of the gut-to-brain axis regulating food intake. We
highlighted the importance of intestinal epithelial cell NAPE-
PLD in the early mechanisms regulating food intake upon lipid
exposure. We also pointed out the involvement of intestinal
NAPE-PLD in the regulation of hypothalamic OEA and AEA.
Despite a normal GLP-1 secretion, the altered intestinal, circu-
lating, and hypothalamic OEA mobilization likely contributes
to reduce the GLP-1R activation, thereby suggesting that the
hypophagic action of OEA is not only ascribed to the lipid per
se but also relies on the interaction of OEA with the intestinal
peptide GLP-1. This set of experiments highlights the complex
mechanism of action involved in the fine-tuning of appetite and
further reinforces the knowledge regarding the impact of dietary
lipids on the food intake behavior.
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