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Energy homeostasis is regulated by complex feedback 
loops, dysregulation of which leads to positive energy balance 
and obesity. Recent studies have identified N-acylphospha-
tidylethanolamines (NAPEs), a family of lipid mediators, as 
potentially important in satiety regulation and, thereby, in-
hibition of obesity (1–4). However, whether NAPEs act di-
rectly on cognate receptors or are simply precursors to the 
active signaling lipid is unclear (5). A better understanding 
of the mechanism of action for NAPEs should allow for 
identification of subjects at risk for obesity and appropriate 
molecular targets for potential pharmacotherapy.

In response to feeding, intestinal cells synthesize NAPEs 
by the transfer of acyl chains to phosphatidylethanolamine 
(PE) using NAPE-acyltransferases (ATs) (Fig. 1) (6, 7). 
NAPEs can then be directly converted to N-acylethanol-
amides (NAEs) by the action of a NAPE-hydrolyzing phos-
pholipase D (NAPE-PLD) (8). NAPE-PLD is a zinc metallo- 
hydrolase enzyme of the -lactamase fold family with no 
known homology to other PLD enzymes (9) and is ubiq-
uitously expressed in eukaryotic organisms, including 
yeast, worms, and mammals (10). In mammals, NAPE-PLD 
is expressed in many tissues, including the brain, various 
sections of the intestinal tract, the liver, and adipose tissue 
(8). Nape-pld/ mice, created by removal of exon 4 of the 
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Nape-pld gene, have significant reductions in levels of NAEs 
such as N-palmitoyl-ethanolamide (PEA) and N-oleoyletha-
nolamide (OEA), but not N-arachidonylethanolamide 
(AEA) (11), suggesting that endogenous synthesis of these 
saturated and monounsaturated NAEs particularly re-
quires NAPE-PLD. NAPEs can also be indirectly converted 
to NAEs by two alternative two-step processes: first to 
glycerophospho-N-acylethanolamines by /beta-hydroxylase 
4 (ABHD4) and then to NAEs by glycerophosphodiester-
ase 1 or first to phospho-NAEs by phospholipase C (PLC) 
and then to NAEs by protein phosphatase 22 (12, 13). 
NAEs are hydrolyzed to free fatty acids and ethanolamine 
by fatty acid amide hydrolase (FAAH) (14) and NAE-
hydrolyzing acid amidase (NAAA) (15). To date, no cog-
nate receptor has been identified for NAPEs, while a number 
of receptors have been identified for various NAEs. AEA is 
a potent agonist for endocannabinoid receptor 1 (CB1). In 
contrast to AEA, OEA and PEA are not agonists for CB1 
(16, 17), but are agonists for PPAR (18, 19), TRPV1 (18, 19), 
GPR119 (20, 21), and GPR55 (22, 23) and the activation of 
these receptors by OEA and PEA (16, 19, 24, 25) or other 
agonists reduces food intake and increases fatty acid oxida-
tion (26–30).

Interventions that increase NAPEs exert leptin-like (i.e., 
leptogenic) effects, including reduced food intake and in-
creased lipolysis and fatty acid oxidation (1–4), but whether 
these are direct effects of NAPEs on cognate receptors or 
require conversion of NAPEs to NAEs has been unclear. 
Intraperitoneal administration of NAPEs causes acute re-
ductions in food intake and inhibits obesity induced by 
feeding a high fat diet (1–3). Administration of saturated 
or monounsaturated NAEs, such as PEA and OEA, respec-
tively, also reduces food intake and increases fatty acid oxi-
dation (16, 19, 25), while AEA (also known as anandamide) 
increases food intake, most likely via its activation of CB1 

(31–34). About 20-fold higher concentrations of NAPE com-
pared with OEA are required to reduce food intake when 
these compounds are administered intraperitoneally (1–3). 
It has been unclear if the leptogenic effects of NAPEs and 
NAEs result from a single integrated pathway where NAPEs 
are converted to NAEs and then act on cognate receptors for 
NAEs or if, instead, NAPEs and NAEs activate completely in-
dependent pathways (5). In a number of lipid signaling path-
ways, the substrate and the product of phospholipase 
action have separate bioactivities (e.g., phosphatidylinosi-
tol 4,5 bisphosphate has separate activities than its prod-
ucts inositol 1,4,5-trisphosphate and diacylglycerol that 
form by the action of phosphatidylinositol-specific PLCs).

Several studies have suggested that intact NAPE exerts 
leptogenic effects that are independent of its conversion to 
NAEs. Gillum et al. (1) found that intracerebroventricular 
injection of NAPE dramatically reduced food intake, while 
injection of NAEs or PE did not. They also showed that in-
traperitoneal injection of NAPE increased systemic circu-
lating levels of NAPE and that intravenous injection of 
NAPE increased brain levels of NAPE, demonstrating that 
NAPE had the capacity to transfer intact from portal circu-
lation to the brain. Wellner et al. (3) demonstrated that 
intraperitoneal injection of NAPE reduced food intake in 
Nape-pld/ mice, as well as in wild-type mice. While these 
findings in their Nape-pld/ mice could support either 
NAPEs acting directly on cognate receptors or after conver-
sion to NAEs by non-NAPE-PLD-dependent pathways, 
Wellner et al. (3) also found that intraperitoneal injection 
of similar concentrations of PE or phosphatidylserine 
reduced food intake. Therefore, these investigators con-
cluded that intraperitoneal injection of highly concentrated 
phospholipids resulted in a nonspecific aversive reduction 
in food intake and not that intact NAPE necessarily exerted 
a specific anorexigenic effect via cognate receptors. Studies 

Fig.  1.  Formation of NAPE and conversion to NAE 
by NAPE-PLD. Transfer of an acyl group to PE by either 
mammalian NAPE-ATs from the sn-1 group of phos-
phatidylcholine or from acyl-CoA by the A. thaliana 
NAPE-AT generates NAPEs. NAPEs can then be con-
verted to NAEs and phosphatidic acid (PA) by the action 
of NAPE-PLD. NAEs can be hydrolyzed to ethanolamine 
and free fatty acid by either FAAH or by NAE-hydrolyzing 
acid amidase.
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by Geurts et al. (35) using adipose-specific deletion of 
NAPE-PLD showed that these mice had modestly increased 
body weight and body fat compared with wild-type mice, 
but not reductions in food intake, suggesting either that 
the satiety-inducing effects were exerted by intact NAPE or 
that the action of NAPE-PLD in other tissues, such as the 
intestinal tract, were required.

To investigate specific signaling by NAPE requires deliv-
ery of NAPEs to the intestine without adverse effects, so we 
had previously developed a method to deliver NAPEs intes-
tinally using the commensal gut bacteria, Escherichia coli 
Nissle 1917 (EcN), engineered to overproduce NAPE (4). 
Unlike intraperitoneal NAPE administration that circum-
vents the intestine to deliver compounds to portal and sys-
temic circulation, our bacterial NAPE system delivers them 
to the intestine to more closely mimic endogenous intesti-
nal NAPE/NAE biosynthesis in response to food intake. 
Administering approximately 5 mg of NAPE per kilogram 
body weight per day by this bacterial method significantly 
reduced food intake and adiposity induced by a high fat 
diet, even though this amounts to less than 5% of the mini-
mal NAPE dose required by intraperitoneal injection (4). 
Furthermore, the effect of NAPE-producing gut bacteria 
persisted up to 4 weeks after ending active administration, 
suggesting that even the lesser amounts of NAPE pro-
duced by the remaining colonized pNAPE-EcN was suffi-
cient to sustain ongoing leptogenic signaling (4). As 
importantly, administration of control EcN transformed 
with the empty expression vector did not significantly alter 
either food intake or adiposity compared with untreated 
mice (4). Because expression of Arabidopsis thaliana NAPE-
AT converts less than 0.1% of bacterial PE to NAPE, these 
empty expression vector EcNs controlled for any adverse 
effect of delivering PE or EcN to the intestinal lumen. 
While these previous studies clearly demonstrated that 
NAPEs absorbed from the intestinal tract reduced food in-
take, weight, and fat gain, and increased resting energy 
expenditure, they did not address whether these effects of 
intestinal NAPE required the action of NAPE-PLD. If so, 
then preventing the reduction in NAPE-PLD activity and 
NAE levels reported to occur in obesity (36–40) would be 
critical in the treatment of obesity. We therefore used 
Nape-pld/ mice to test which of the various leptogenic 
effects (reduced body weight, reduced body fat, reduced 
food intake, increased fatty acid oxidation gene expres-
sion, reduced inflammatory gene expression) induced by 
intestinal NAPEs required conversion to NAEs by NAPE-
PLD and found that NAPE-PLD is required for all of these 
processes.

MATERIALS AND METHODS

Plasmids
Generation of pQE80L1 (supplemental Fig. S1A) was previ-

ously described (4). In brief, commercially available plasmid pQE-
80L (Qiagen) was modified to remove one lac operator to allow 
basal expression of NAPE-AT while maintaining the ability to fur-
ther induce gene expression using the synthetic inducer, IPTG, or 

natural inducer, allolactose, that might be present in the gut dur-
ing fermentation. The plasmid, pQE80L1-NAPE (supplemental 
Fig. S1B), was also previously generated by inserting the gene se-
quence for A. thaliana NAPE-AT into the multiple cloning site of 
pQE80L1 plasmid (4). Because previous reports raised the possi-
bility that isolation of N-terminal tagged NAPE-PLD resulted isola-
tion of truncated nonfunctional NAPE-PLD, we desired to create 
a plasmid that allowed inducible expression of NAPE-PLD with a 
C-terminal 6×His tag. To do this, we used the two synthetic oligos 
to create an insertion sequence encoding for a ribosomal binding 
site, start codon, and multiple cloning site followed by C-terminal 
6×His tag and stop codon flanked by a 5′ EcoRI site and a 3′ HindIII 
site. Forward oligo: TCAATCACACAGAATTCATTAAAGAGGA
GAAATTAACTATGAGAGGATCGCATCACCATCACCATCACG-
GATCCGCATG; reverse oligo: CATGCGGATCCGTGATGGTGA
TGGTGATGCGATCCTCTCATAGTTAATTTCTCCTCTTTAATG
AATTCTGTGTGATTGA. These oligos were annealed together, 
digested with EcoRI and HindIII, and then ligated into pQE80L1 
plasmid that had also been digested with EcoRI and HindIII. This 
insertion removes the original start codon and N-terminal RGS-
6×His tag region, while leaving the T5 promoter and one lac op-
erator sequence intact to create pQE80L1His (supplemental Fig. 
S1C). We then used PCR to amplify the murine Nape-pld using the 
plasmid pYX-ASC-Nape-pld purchased from Thermo Scientific 
Open Biosystems (clone ID, 5702354; catalog number MMM1013-
9497346) as template and forward primer CGC GGATCC GAT 
GAG TAT GAG GAC AGC CAG and reverse primer GGG 
TGTTTCTTCAAAAGCTCTATCATCGG. This generated an am-
plicon with a BamHI site 5′ of the Nape-pld sequence. After diges-
tion with BamHI, this amplicon was ligated into pQE80L1His plas-
mid that had been digested with BamHI and SmaI (a blunt end 
restriction enzyme) to create pQE80L1PLDHis (supplemental Fig. 
S1D). To create a plasmid for inducible coexpression of both 
NAPE-AT and NAPE-PLD, we first digested pQE80L1PLDHis with 
XhoI and XbaI under partial digestion conditions and filled in the 
resulting overhangs using Klenow fragment DNA Polymerase I to 
create blunt ended fragments. Of note, pQE80L1PLDHis contains 
three XbaI sites, one near the 3′ end of the Nape-pld gene, one im-
mediately following the rrnB transcriptional terminator sequence, 
and one after the LacI gene, so the resulting linear fragments 
were separated on agarose gel to isolate the fragment containing 
the full-length Nape-pld gene, but not the additional LacI gene. 
The pQE80L1NAPE plasmid was also digested with BamHI and re-
sulting fragments treated with Klenow fragment DNA polymerase 
to create blunt ends. This plasmid also contains two XbaI sites, 
with the LacI gene being located between these XbaI sites, so the 
fragment of appropriate size was also isolated by agarose gel. The 
two appropriate fragments were then ligated together to generate 
pQE80L1NAE (supplemental Fig. S1E). To confirm that pQE80L-
1NAE allowed for coexpression of both NAPE-AT and NAPE-PLD, 
we transformed pQE80L1NAE into E. coli DH5a and resulting sin-
gle clones inoculated into LB broth with 1 mg/ml ampicillin, 
overnight cultures diluted and induced with 1 mM IPTG, incu-
bated overnight at 30°C, then pelleted by centrifugation, lysed 
under native conditions with 1 mg/ml lysozyme, and supernatants 
mixed with 200 l Ni-NTA-beads on ice. After three washes, the 
captured protein was eluted with 3× LDS/15% -mercaptoethanol 
and subjected to SDS-PAGE followed by Coomassie G250 staining 
for visualization of protein (supplemental Fig. S2).

To determine whether expression of these proteins altered 
NAPE and NAE levels in our bacteria, we transformed EcN into 
which we had previously inserted a luciferase operon into the 
RecA gene (Lux-EcN) (4) with either the empty expression vector 
plasmid pQE80L1 (pEcN), with pQE80L1NAPE (pNAPE-EcN), or 
with pQE80L1NAE (pNAE-EcN). Bacteria were grown on LB agar 
plates with 1 mg/ml ampicillin added and single clones chosen 
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for further amplification in liquid LB broth/ampicillin culture 
and for subsequent experimentation.

NAPE and NAE measurement
NAPE and NAE concentrations were quantified by LC/MS/MS 

using a revised version of our previously published protocol (41). 
For bacteria, the concentration of bacteria in liquid culture was 
determined by absorption at 600 nm. Bacteria were then pelleted 
by centrifugation, the supernatant discarded, and the bacterial 
pellet mixed with 4 ml of water, 8 ml of prechilled chloroform/
methanol (2:1) solution, 1 nmol of C17:0NAPE (10 l in chloro-
form), and 2 nmol of [2H4]C17:0NAE (8 l in ethanol). For tis-
sue, frozen sections were placed in 1 ml RIPA buffer and 
homogenized with a Polytron homogenizer and an aliquot re-
moved for protein measurement. Then 3 ml water, 8 ml of pre-
chilled chloroform/methanol (2:1) solution, 1 nmol of C17:0NAPE 
(10 l in CHCl3) and 2 nmol of [2H4]C17:0NAE (8 l in ethanol) 
were added. For either bacteria or tissue, the solvent mixture was 
then vortexed for 5 min and centrifuged at 4,000 g for 5 min. The 
resulting lower (chloroform) layer was carefully collected and 
dried under nitrogen gas. The extracted lipids were reconstituted 
in 1 ml of chloroform and loaded onto a Sep-Pak silica cartridge 
that had been preequilibrated with 4 ml methanol followed by 8 
ml chloroform. The cartridge was washed with 1 ml of chloro-
form, and NAEs eluted with 8 ml chloroform/methanol (9:1) so-
lution and eluant collected. NAPEs were eluted with 8 ml of 
chloroform/methanol (2:1) solution and eluant collected sepa-
rately. NAEs were dried under nitrogen gas, redissolved in 200 ml 
of chloroform/ethanol (1:9) and analyzed by high-performance 
LC/MS/MS. NAPEs were dried under nitrogen gas, and then hy-
drolyzed to glycerophospho-NAEs by addition of 200 l methyl-
amine working solution (1-butanol/methanol/40% methylamine, 
1/4/4, v/v/v) and incubation at 53°C for 1 h. After cooling, 
solutions were analyzed by LC/MS/MS. For analysis of NAEs, an 
Agilent XDB-C8 2.1 × 50 mm column was used with initial HPLC 
conditions of 99% solvent 1 (0.1% acetic acid in water) and 1% 
solvent 2 (0.1% acetic acid in methanol) and constant flow rate of 
0.4 ml/min, then gradient ramp to 99% solvent 2 over 3 min, 
hold at 99% solvent 2 for 3 min, then return to initial conditions 
over 0.5 min, and hold for 1.5 min prior to initiating injection of 
next sample. HPLC eluant was coupled directly to a triple quadru-
pole mass spectrometer using electrospray ionization and operat-
ing in positive ion multiple reaction monitoring mode. The 
following transitions were monitored: m/z 298.3 → 62.2 at 35 eV, 
C16:1NAE; m/z 300.3 → 62.2 at 35 eV, C16:0NAE; m/z 312.3 → 
62.2 at 35 eV, C17cyclopropaneNAE; m/z 318.3 → 66.2 at 35 eV, 
[2H4]C17:0NAE; and m/z 326.3 → 62.2 at 35eV, C18:1NAE. Quan-
titation was performed using the ratio of the peak area for [2H4]
C17:0NAE versus each of the other NAE peaks in the sample. For 
analysis of NAPEs, a Phenomenex Kinetex 2.6  C18 100A  
column was used with initial HPLC conditions of 99% solvent 1 
(1 mM triethylammonium acetate in water) and 1% solvent 2 
(1 mM triethylammonium acetate in acetonitrile) and constant flow 
rate of 0.25 ml/min. A 0.5 min hold at the initial condition was 
followed by a gradient ramp to 99% solvent 2 over 4.5 min, then a 
hold at 99% solvent 2 for an additional 1.5 min, before returning 
to initial conditions over 0.5 min and holding for 2 min prior to 
initiating injection of next sample. HPLC eluant was coupled di-
rectly to a triple quadrupole mass spectrometer using electrospray 
ionization and operating in negative ion multiple reaction monitor-
ing mode. The following transitions were monitored: m/z 450.3 → 
79.1 at 50 eV, C16:1GP-NAE; m/z 452.3 → 79.1 at 50 eV, C16:0GP-
NAE; m/z 464.3 → 79.1 at 50 eV, C17cyclopropaneGP-NAE; m/z 
466.3 → 79.1 at 50 eV, C17:0NAE; and m/z 478.3 → 79.1 at 50 eV, 
C18:1GP-NAE. Quantitation was performed using the ratio of the 

peak area for C17:0NAPE versus each of the other NAPE peaks in 
the sample.

Animal experiments
All animal experiments were performed according to protocols 

approved by the Institutional Animal Care and Use Committee 
and the Institutional Biosafety Committee at Vanderbilt Univer-
sity. Nape-pld/ mice were a generous gift from Dr. Benjamin 
Cravatt at Scripps Institute in La Jolla, CA and a breeding colony 
was established at Vanderbilt University. These Nape-pld/ mice 
were created by deletion of exon 4 of the Nape-pld gene (11). Mice 
were individually housed in the Vanderbilt University animal facil-
ity in a 12 h-light/12 h-dark cycle. All mice were initially fed a 
standard chow diet (Lab Diet 5001; 13.5% kcal from fat, 60% kcal 
from carbohydrate, 28.5% kcal from protein) until start of the 
bacterial treatment. For studies with Nape-pld/ mice, 18 male 
mice (6–10 weeks old) were used. Prior to start of bacterial treat-
ment, mice were pretreated with 0.5 g/l ampicillin in drinking 
water for 7 days. During this time, body weight and body composi-
tion were determined for each mouse. Body weight was measured 
using a portable electronic scale. For body composition, mice 
were scanned by magnetic resonance imaging using a Bruker 
Minispec MQ10 NMR analyzer to determine fat mass, lean mass, 
and free fluid. The mice were then divided into three groups of 
six mice each, with mice grouped to ensure that each group had 
the same number of mice with identical birthdates and a similar 
mean and variation in body weight and body fat. All mice contin-
ued to be individually housed throughout the treatment and fol-
low-up periods. Each group of mice was then randomly assigned 
to receive one of three bacterial treatments: pEcN, pNAPE-EcN, 
and pNAE-EcN. On treatment day 0, ampicillin treatment was 
stopped and standard drinking water was replaced with water con-
taining 0.125% gelatin and 5 × 109 cfu/ml of the appropriate bac-
teria. The chow diet was also replaced with the high fat diet 
(TestDiet 58Y1; containing 60% fat by kilocalories) for the re-
mainder of the study. Cumulative food intake, body weight, and 
body fat were measured at regular intervals. Daily food intake was 
measured by adding preweighed food pellets to each cage and 
then reweighing these pellets at the next time point. On treat-
ment day 56, the administration of bacteria was stopped. On treat-
ment day 72, mice were euthanized and tissue collected and 
stored at 80°C until analysis. Omental fat was collected from 
around the intestinal tract. Retroperitoneal fat was collected from 
the flanks on the side of the peritoneal cavity. For the brain sam-
ple, the entire hemisphere was collected. For analysis of cecum, 
the sample was cut lengthwise to expose luminal content; the lu-
minal content was collected to measure fecal NAPE and NAE lev-
els; any remaining content was then washed away from cecum 
with PBS. The set of tissues harvested from one mouse in the 
pNAE-EcN group was lost during storage.

To verify that pNAE-EcN did not exert a markedly greater ef-
fect than pNAPE-EcN in wild-type mice, an identical study to that 
carried out with Nape-pld/ mice was performed with male wild-
type C57BL/6J mice purchased from the Jackson Laboratory, as 
described in (4). For this study, the pNAE-EcN was an additional 
(previously unpublished observations) arm of the published study 
and 10 mice were used for each group.

For studies examining the effect of oral administration of puri-
fied C18:1NAPE, a fine particle dispersion in water containing 
either 3.75% C18:1NAPE with vehicle or vehicle only (soy leci-
thin, caprylic triglycerides, polyglycerol ester of fatty acids, citric 
acid, and potassium sorbate, where additional soy lecithin equal 
to the amount of added C18:1NAPE was substituted in vehicle) 
was generated by 3i Solutions (Wooster, OH) in collaboration 
with Chemi SpA (Patrica, Italy). The 3.75% C18:1NAPE was 
added to drinking water at a final concentration of 1 mg/ml 
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C18:1NAPE and an identical dilution of vehicle was used as con-
trol. C57BL6 mice were switched to the 60% high fat diet at the 
same time that administration of C18:1NAPE began, and mice 
were treated for 8 weeks with either vehicle (n = 6) or C18:1NAPE 
(n = 7). Drinking water was changed every 2–3 days.

Measurement of liver and omental adipose gene 
expression

For measurement of gene expression in tissue, total RNA was 
extracted from liver tissue using an RNeasy Micro kit (Qiagen Sci-
ences) and the concentration was measured spectrophotometri-
cally. The extracted RNA was reverse transcribed into cDNA using 
a cDNA reverse transcription kit (Applied Biosystems) and the 
RNA expression level was quantified by a quantitative (q)real-time-
PCR using SYBR Green PCR Master Mix (Qiagen Sciences) and 
the 7500 Real-Time PCR system (Applied Biosystems) in the Mo-
lecular Cell Biology Resource Core of Vanderbilt University. For 
Cpt1a, the primers were GTGACTGGTGGGAGGAATAC and 
GAGCATCTCCATGGCGTAG. For AOX, the primers were GTGCAG
CTCAGAGTCTGTCCAA and TACTGCTGCGTCTGAAAATCCA. 
For Ppara, the primer pair used was GTACGGTGTGTATGAAGC-
CATCTT and GCCGTACGCGATCAGCAT. For Ppard, the prim-
ers were GCCATATTCCCAGGCTGTC and CAGCACAAGGGT-
CATCTGTG. For Scd1, the primers were TTCTTACACGACCAC-
CACCA and CCGAAGAGGCAGGTGTAGAG. For Cd36, the 
primers were CCTTAAAGGAATCCCCGTGT and TGCATTTGC-
CAATGTCTAGC. For Tnfa, the primers were CCATTCCTGAG
TTCTGCAAAG and GCAAATATAAATAGAGGGGGGC. For Ccl2, 
the primers were ACTGAAGCCAGCTCTCTCTTCCTC and TTCC
TTCTTGGGGTCAGCACAGAC. For -actin (Actb), the primers 
were GAGCGCAAGTACTCTGTGTG and CGGACTCATCGTAC
TCCTG. Relative quantification of gene expression with real-time 
PCR data was calculated relative to -actin.

RESULTS

To assess the requirement for NAPE-PLD hydrolysis to 
the leptogenic effects of NAPE, we needed to be able to 
deliver NAPE to the intestinal tract of Nape-pld/ mice at 
sufficient concentrations to induce a robust leptogenic ef-
fect without inducing the adverse effects reported to occur 
with intraperitoneal injection (3). While we had previously 
found that administration in drinking water of EcN engi-
neered to express NAPE (pNAPE-EcN) could effectively 
deliver NAPE intestinally and inhibit weight gain without 
adverse effect (4), we recognized that, for mechanistic 
studies, interpretation of outcomes might be simplified if it 
was feasible to orally administer purified compound di-
rectly to the mice rather than relying on living bacteria for 
delivery. We therefore tested to determine whether we 

could achieve robust NAPE-induced alterations in body 
weight gain by administering drinking water with 1 g/l 
C18:1NAPE as a fine particle dispersion in order to deliver 
approximately 200 mg/kg body weight of C18:1NAPE per 
day. Weight gain tended to be reduced by this treatment 
with C18:1NAPE, but this change was not sufficiently ro-
bust to be useful for our studies, as it did not reach statistical 
significance during the 8 weeks of treatment (supplemen-
tal Fig. S3). Additional optimization of the C18:1NAPE 
dose, duration of treatment, and/or formulation would 
therefore be required to achieve the necessary robust 
effect. For this reason, we chose instead to continue us-
ing our previously established recombinant bacteria strat-
egy in order to deliver NAPE to test the requirement for 
NAPE-PLD for NAPE action.

We previously showed that transformation of EcN with a 
plasmid encoding for expression of A. thaliana NAPE-AT 
(pQE80L1-NAPE) results in significant synthesis of NAPEs 
compared with EcN that was transformed with a plasmid 
encoding only empty expression vector (pQE80L1) (4). To 
generate EcN-synthesizing NAEs, we created a plasmid for 
coexpressing both NAPE-AT and NAPE-PLD. To do this, 
we inserted the mouse Nape-pld gene with an additional se-
quence for a C-terminal 6×His tag into the plasmid, 
pQE80L1NAPE, to create the plasmid, pQE80L1NAE (sup-
plemental Fig. S1). Transformation with pQE80L1-NAE 
resulted in strong expression of both NAPE-AT and NAPE-
PLD (supplemental Fig. S2). We then transformed EcN 
with pQE80L1 (pEcN), pQE80L1NAPE (pNAPE-EcN), or 
pQE80L1NAE (pNAE-EcN), and measured the resulting 
biosynthesis of NAPEs and NAEs in these bacteria using 
MS. Total NAPEs were only 1.3-fold higher in pNAE-EcN 
compared with pEcN (Fig. 2A), while total NAEs  
were 27.1-fold higher in pNAE-EcN compared with pEcN 
(Fig. 2B). An inverse pattern for total NAPEs and NAEs was 
seen with pNAPE-EcN. Administration of pNAE-EcN in 
drinking water to wild-type mice resulted in reduced weight 
and fat gain very similar to what we had previously pub-
lished for administration of pNAPE-EcN (supplemental 
Fig. S4), which is consistent with NAPE requiring conver-
sion to NAE for its actions.

To determine whether NAPE required the action of 
NAPE-PLD to exert its leptogenic effects, we used mice 
with whole-body genetic deletion of exon 4 of the Nape-pld 
gene (Nape-pld/), that had previously been shown to 
have markedly decreased levels of saturated and monoun-
saturated NAEs in brain (11). We found that peripheral 

Fig.  2.  Coexpression of NAPE-PLD and NAPE-AT in 
EcN increases bacterial levels of NAE, but not NAPE. 
EcN was transformed either with empty expression 
plasmid pQE80L1 (pEcN), with plasmid pQE80L-
1NAPE for expression of A. thaliana NAPE-AT only 
(pNAPE-EcN), or with plasmid pQEL1NAE for coex-
pression of A. thaliana NAPE-AT and murine Nape-pld 
(pNAE-EcN). Gene expression was induced with IPTG 
for 4 h in duplicate batches of transformed EcN and 
levels of NAPE and NAE measured after solid phase 
extraction by LC/MS/MS using C17:0NAPE and [2H4]
C17:0NAE as internal standards.
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tissues of these Nape-pld/ mice also had reduced NAEs 
levels compared with wild-type mice (supplemental Fig. S5). 
We then fed Nape-pld/ mice a high fat diet (60% kcal fat) 
and simultaneously administered pNAPE-EcN, pNAE-EcN, 
or pEcN for 8 weeks (to treatment day 56). At the end of 
the 8 weeks, bacterial treatments were withdrawn and mice 
continued on the high fat diet for another 2 weeks of fol-
low-up before being euthanized. Unlike wild-type mice, 
Nape-pld/ mice that received pNAPE-EcN did not differ 
in weight gain (Fig. 3A) or fat gain (Fig. 3B) compared 
with those that received control bacteria (pEcN). In con-
trast, Nape-pld/ mice that received pNAE-EcN gained sig-
nificantly less body weight and body fat than those receiving 
pEcN.

To assess whether the reduction in weight gain and adi-
posity induced by administration of pNAE-EcN was medi-
ated, in part, by increased satiation leading to reduced 
overeating, we calculated cumulative food intake through-
out the treatment and post-treatment period. By day 56 of 
bacterial administration, mice given pNAE-EcN, but not 
those given pNAPE-EcN, had statistically reduced cumula-
tive food intake compared with those given pEcN (Fig. 4A), 
although a tendency toward lower relative cumulative 
food intake (about 5% lower) than mice given pEcN or 
pNAPE-EcN was manifest from day 7 of treatment and 
throughout the follow-up period (Fig. 4B). Average daily 
food intake during the 56 days of bacterial treatment was 
11.42 kcal/day for mice given pNAE-EcN compared with 
12.08 kcal/day for mice given pEcN (Fig. 4C). During the 
2 week posttreatment period, average daily food intake for 
mice given pNAE-EcN was 10.99 kcal/day compared with 
11.35 kcal/day for mice given pEcN (Fig. 4D).

Our previous studies had shown that fecal levels of 
pNAPE-EcN dropped dramatically in the first few days after 
cessation of bacterial administration, but then remained 
fairly stable, and that the leptogenic effects of pNAPE-EcN 

in wild-type mice persisted for at least 4 weeks after cessa-
tion of bacterial administration, despite the much lower 
fecal pNAPE-EcN levels (4). During the bacterial adminis-
tration period, fecal EcN likely consisted primarily of the 
planktonic EcN, which passed through the intestinal tract 
without adhering; whereas within a few days of withdrawing 
EcN from drinking water, fecal EcN likely consisted pri-
marily of EcN shed by stable intestinal colonies. Thus, the 
persistence of the leptogenic effect of pNAPE-EcN in the 
wild-type mice suggested that the amount of NAPE/NAE 
produced by the colonized pNAPE-EcN was sufficient to 
produce the leptogenic effect without any contribution 
from planktonic pNAPE-EcN. We therefore followed our 
Nape-pld/ mice for an additional 2 weeks after cessation 
of pNAE-EcN administration to confirm that the lepto-
genic effects persisted and then euthanized the mice to 
determine the tissue levels of NAE produced in the colo-
nized mice. Fecal NAE levels were elevated in mice previ-
ously administered pNAE-EcN compared with those 
previously administered pEcN at this 2 week posttreat-
ment time point, consistent with continued colonization 
and production (supplemental Fig. S6). The differences 
in weight and fat gain (Fig. 3) and reduced food intake 
(Fig. 4) were also maintained during the 2 week follow-up 
period, consistent with the colonized pNAE-EcN produc-
ing sufficient NAE to induce leptogenic effects. When we 
then measured NAPE and NAE in the large intestine 
(cecum) and plasma, we found that treatment with 
pNAPE-EcN significantly increased intestinal and plasma 
levels of NAPE (Fig. 5A, B) without increasing NAE levels  
(Fig. 5C, D) compared with treatment with pEcN. In con-
trast, treatment with pNAE-EcN significantly increased 
intestinal and plasma NAE levels without increasing 
NAPE levels (Fig. 5A–D). These results are consistent 
with absorption from the intestinal tract of the expected 
product from each type of colonized bacteria, and a 

Fig.  3.  Treatment with pNAE-EcN, but not pNAPE-EcN, is effective at inhibiting high fat diet-induced gain 
in body weight and body fat in Nape-pld/ mice. Male Nape-pld/ mice that had initially been maintained on 
a chow diet were switched to a 60% fat diet at day 0 and administered either pEcN, pNAPE-EcN, or pNAE-EcN 
through day 56, after which treatment was stopped and the mice continued on a 60% fat diet to day 70. A: 
Effect of bacterial treatment on body weight gain (two-way ANOVA: P < 0.0001 for time; P < 0.0356 for treat-
ment; P < 0.0001 for interaction; Bonferroni post hoc analysis for individual treatment days: #P < 0.05 pNAE-
EcN vs. pEcN; P = not significant (n.s.) for pNAPE-EcN vs. pEcN). B: The effect of treatment on body fat gain 
(two-way ANOVA: P < 0.0001 for time; P < 0.0253 for treatment; P < 0.0001 for interaction; Bonferroni post 
hoc analysis for individual treatment days: #P < 0.05 pNAE-EcN vs. pEcN; P = n.s. for pNAPE-EcN vs. pEcN).
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markedly reduced capacity of the Nape-pld/ mice to 
convert NAPEs to NAEs.

We then assessed whether intestinally absorbed NAE el-
evated NAE levels in target tissues. We found that Nape-
pld/ mice colonized with pNAE-EcN also had elevated 
NAE levels in omental adipose tissue (Fig. 6A) and retro-
peritoneal adipose tissue (Fig. 6B) compared with those 
colonized with pNAPE-EcN or pEcN. Non-statistically sig-
nificant trends toward elevation in whole brain NAE levels 
were found in pNAE-EcN-colonized mice (Fig. 6C), while 
no elevation in liver NAEs were detected (Fig. 6D).

We previously showed that in wild-type mice, pNAPE-
EcN treatment increased hepatic expression of genes re-
lated to fatty acid oxidation, including Cpt1, Acox1, Ppara, 
and Ppard, in addition to its effects on food intake and pro-
posed that these changes might contribute to the increased 
basal metabolic rate induced by NAPE. Geurts et al. (35) 
had also shown that specifically deleting NAPE-PLD in adi-
pose tissue resulted in altered hepatic gene expression. To 

test whether NAPE-PLD was required for the hepatic re-
sponse to intestinally absorbed NAPE, we examined the ef-
fect of pNAPE-EcN treatment on hepatic gene expression 
in Nape-pld/ mice. In Nape-pld/ mice, colonization with 
pNAPE-EcN failed to increase hepatic expression of fatty 
acid oxidation genes, while colonization with pNAE-EcN 
increased their expression (Fig. 7). Colonization with 
pNAE-EcN also tended to reduce hepatic expression of in-
flammatory genes, such as Tnfa and IL-1b, but these differ-
ences were not statistically significant.

Because we had found that pNAE-EcN colonization 
markedly increased NAE levels in omental adipose tissue, 
we also looked at its effect on gene expression in this tissue. 
We found that colonization of Nape-pld/ with pNAPE-
EcN did not alter adipose gene expression compared with 
treatment with pEcN. In contrast, pNAE-EcN colonization 
significantly increased expression of Ppara and decreased 
expression of inflammatory cytokines, including Tnfa, Ccl2, 
and Il1b (Fig. 8).

Fig.  4.  Treatment with pNAE-EcN, but not pNAPE-EcN, inhibits food intake. A: Cumulative food intake in Nape-pld/ mice [two-way 
ANOVA: P < 0.0001 for time; P = 0.062 for treatment; P  0.0001 for interaction; Tukey’s post hoc multiple comparison testing for individual 
treatments at each time point: #P < 0.05 pNAE-EcN vs. pEcN (days 56–70), *P < 0.05 pNAE-EcN vs. pNAPE-EcN (days 44–70)]. B: Cumulative 
food intake expressed as percentage of the pEcN treatment group. C: Average daily food intake during treatment period (days 0–56) (one-
way ANOVA: P = 0.030; Tukey’s multiple comparisons test: P = 0.025 for pNAE-EcN vs. pNAPE-EcN). D: Average daily food intake during 
posttreatment period (day 57–70) (one-way ANOVA: P = 0.284).
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DISCUSSION

Increasing levels of NAPE, either via intestinal synthesis 
in response to feeding or by pharmacological administra-
tion of NAPE, was previously shown to exert leptogenic ef-
fects, such as reduced food intake, body weight, and body 
fat, with increased expression of fat oxidation genes. How-
ever, previous studies did not resolve whether NAPE aris-
ing in the intestinal tract exerts these various leptogenic 
effects directly as intact NAPE and independent of conver-
sion to NAE or, instead, requires hydrolysis to NAE by 
NAPE-PLD (5). Increasing intestinal NAPE levels using en-
gineered gut bacteria reduced food intake, weight gain, 
and fat gain and modulated gene expression in wild-type 
mice, but not Nape-pld/ mice. In contrast, increasing in-
testinal NAEs levels using engineered bacteria did induce 
these beneficial changes in Nape-pld/ mice. Together 
these results support the proposition that the leptogenic 
effects of intestinal NAPEs require their conversion to 
NAEs by NAPE-PLD.

Geurts et al.’s (35) previous demonstration that adipose-
specific deletion of NAPE-PLD increased body weight and 
body fat compared with wild-type mice clearly implicated 
conversion of NAPEs to NAEs in adipose as an important 

mediator of adiposity and adipose inflammation. However, 
because they found no changes in food intake in this 
model, whether NAPE regulation of feeding behavior was 
independent of NAPE-PLD activity or simply required NAPE-
PLD in non-adipose tissue was unclear. Furthermore, 
whether activity of NAPE-PLD in non-adipose tissue was 
also required for other metabolic effects of NAPE, such 
as changes in hepatic fat oxidation genes, was also unclear. 
Our previous studies with pair-feeding wild-type untreated 
mice to the caloric intake of NAPE-treated mice demon-
strated that about two-thirds of the overall effects of NAPE 
on inhibiting weight gain on a high fat diet resulted from 
reduced food intake. The remaining one-third of weight 
gain inhibition appeared to stem from alteration in basal 
metabolic rate through upregulation of genes related to 
fatty acid oxidation, including Cpt1a, Acox1, Ppara, and 
Ppard (4). The results of our current study demonstrate 
that the effects of NAPE on food intake require its conversion 
to NAEs by NAPE-PLD. We found that, unlike in wild-type 
mice, increasing intestinal NAPE levels by administering 
pNAPE-EcN failed to reduced food intake in Nape-pld/ 
mice. In contrast, increasing intestinal NAE levels by ad-
ministering pNAE-EcN reduced food intake in both wild-
type and Nape-pld/ mice. Our findings that the leptogenic 

Fig.  5.  Colonization with pNAPE-EcN or pNAE-EcN increases NAPE and NAE levels, respectively, in intes-
tine and plasma of Nape-pld/ mice. Nape-pld/ mice were administered pEcN, pNAPE-EcN, or pNAE-EcN 
in drinking water for 8 weeks while on high fat diet, and then kept on high fat diet for another 2 weeks prior 
to tissue collection. Cecum was homogenized and NAPE (A) and NAE (B) levels were measured by LC/MS/
MS (n = 5–6 cecum per group). Treatment significantly altered NAPE levels (one-way ANOVA: P = 0.0446; 
Tukey’s multiple comparison test: pNAPE-EcN vs. pEcN, P = 0.048; pNAE-EcN vs. pEcN, P = 0.896) and NAE 
levels (one-way ANOVA:P = 0.0296; Tukey’s multiple comparison test: pNAPE-EcN vs. pEcN, P = 0.818; pNAE-
EcN vs. pEcN, P = 0.030). Plasma was also collected and NAPE (C) and NAE (D) measured (n = 6 per group). 
Treatment significantly altered NAPE levels (one-way ANOVA: P = 0.0036; Tukey’s multiple comparison test: 
pNAPE-EcN vs. pEcN, P = 0.003; pNAE-EcN vs. pEcN, P = 0.075) and NAE levels (one-way ANOVA: P = 0.0104; 
Tukey’s multiple comparison test: pNAPE-EcN vs. pEcN, P = 0.204; pNAE-EcN vs. pEcN, P = 0.008).
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effects of intestinal NAPE require metabolism to NAE is 
consistent with studies demonstrating that oral or intraper-
itoneal administration of PEA or OEA is sufficient to re-
duce food intake and inhibit weight gain (16, 19, 24, 25). 
Our findings also suggest that future studies should focus 
on elucidating how NAEs, rather than the initially synthe-
sized NAPEs, act at various receptors and tissues to induce 
satiety, increase metabolism, and inhibit inflammation and 
also on the extent to which reduced metabolism of NAPEs 
to NAEs accounts for dysregulation of these pathways in 
obesity.

A number of signaling pathways that may be relevant to 
satiety, increased metabolism, and inhibition of inflam-
mation have already been identified for saturated and 

monounsaturated NAEs. Previous reports that direct injec-
tion of these NAEs into the brain do not induce decreased 
food intake (1, 16) and our finding that pNAE-EcN coloni-
zation did not significantly elevate brain NAE levels suggest 
that intestinally absorbed NAEs primarily act on peripheral 
sites, including adipose tissue and the enteric nervous sys-
tem, which then generate downstream signals that reduce 
food intake and altered metabolic rate. Known receptors 
for saturated and monounsaturated NAEs include PPAR 
(18, 19), TRPV1 (42, 43), GPR119 (20, 21), and GPR55 
(22, 23). Unrelated agonists of these receptors induce lep-
togenic effects (26–30). Potential downstream pathways 
from these receptors, including induction of stimulation of 
lipolysis in adipocytes by PPAR activation (44), inhibition 

Fig.  6.  Colonization with pNAE-EcN increases NAE levels in extra-intestinal tissue of Nape-pld/ mice. Total 
tissue NAE levels 2 weeks post-administration were measured by LC/MS/MS. A: Omental adipose tissue (one-
way ANOVA: P < 0.0001; Tukey’s multiple comparisons test: pNAPE-EcN vs. pEcN, P < 0.01; pNAE-EcN vs. 
pEcN, P < 0.001; pNAE-EcN vs. pNAPE-EcN, P < 0.01). B: Retroperitoneal adipose tissue (one-way ANOVA:  
P = 0.0283; Tukey’s multiple comparisons test: pNAPE-EcN vs. pEcN, P = not significant (n.s.); pNAE-EcN vs. 
pEcN, P < 0.05). C: Brain (one-way ANOVA: P = 0.0741). D: Liver (one-way ANOVA: P = 0.8519).

Fig.  7.  Colonization of Nape-pld/ mice with pNAE-
EcN, but not with pNAPE-EcN, induces changes in 
hepatic expression of genes related to fatty acid oxida-
tion. Gene expression was measured by qPCR relative 
to -actin and normalized to expression in pEcN 
treated group. #One-way ANOVA, P < 0.05.
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of SCD-1 by activation of PPAR (45, 46), activation of  
kinases by PPAR (47), repression of nitric oxide signaling 
by PPAR (18), induction of white adipose remodeling to 
beige adipose by PPAR activation (48), induction of hypo-
thalamic oxytocin secretion by PPAR-mediated stimulation 
of vagal fibers (49, 50), GLP-1 secretion from enteroendo-
crine L cells induced by GPR119 activation (20, 51), en-
hancement of GLP1 receptor activation by direct binding 
of OEA to GLP-1 (52), inhibition of CB1-mediated activa-
tion of gustatory insula by GPR119 activation (53), and in-
duction of vagal nerve currents via TRPV1 activation (54). 
Despite these significant advances in our understanding of 
how the NAEs can exert the broad range of leptogenic ef-
fects attributed to the NAPE/NAE pathway, additional 
studies are clearly still needed.

For instance, our finding that NAPE-PLD activity was re-
quired for increases in hepatic gene expression of Acox1 
and Ppara even though hepatic NAE levels were not ele-
vated warrants future studies. Because treatment with 
pNAE-EcN markedly elevated NAE levels in other tissues, 
such as adipose tissue and the intestinal tract, changes in 
hepatic gene expression are likely to be induced indirectly 
by signals released from these tissues. This would be consis-
tent with Geurts et al.’s (35) finding that deleting Nape-pld 
specifically in adipose tissue reduced hepatic expression of 
Acox1 and Ppara. The extent to which NAPE-PLD in intesti-
nal cells versus adipose tissue contributes to appropriate 
regulation of hepatic fat oxidation gene expression will re-
quire future studies where NAPE-PLD activity is abrogated 
in specific intestinal cell types.

Our finding that adipose tissue beds appeared to un-
dergo the most marked elevation in NAE levels in compari-
son to other tissues after pNAE-EcN treatment also warrants 
further investigation because of the therapeutic implica-
tions of the apparent inverse association between adipose 
NAE levels and adipose inflammatory gene expression. 
Geurts et al. (35) found that reducing adipose NAE levels 
by specifically deleting adipose Nape-pld markedly increased 
expression of inflammatory genes in adipose tissue, includ-
ing Ccl2 and Il1b, while we found that increasing adipose 
NAE levels in Nape-pld/ mice by administering pNAE-
EcN significantly downregulated inflammatory genes, Tnfa, 
Ccl2, and Il1b, in adipose tissue. Inflammation in visceral 

adipose tissue has been implicated as a key factor driving 
the markedly increased risk for cardiovascular disease seen 
with obesity (55), so that reducing adipose inflammation 
by increasing adipose NAE level may be a powerful thera-
peutic intervention for obese subjects.

A related therapeutic implication of our findings is that 
they clearly suggest that any condition that reduces periph-
eral NAPE-PLD activity will likely make individuals vulner-
able to obesity (through reduced satiety and lower basal 
metabolic rate) and to obesity-driven inflammatory dis-
eases. Currently, the factors that regulate peripheral ex-
pression and activity of NAPE-PLD are poorly defined. 
Short-term feeding of a high fat diet to rodents (1–7 days) 
is sufficient to markedly decrease NAPE-PLD mRNA ex-
pression in the small intestine (36), while longer term feed-
ing downregulates NAPE-PLD in adipose tissue (40). Other 
factors that have been shown to modulate NAPE-PLD activ-
ity are exposure to LPS (56) and the presence of bile acids 
(57), although whether either of these alters NAPE-PLD 
activity in the intestinal tract or adipose tissue remains to 
be determined. Therefore, our current studies highlight 
the need for future studies seeking to understand how 
NAPE-PLD expression and activity is regulated, especially 
in humans exposed to obesogenic conditions.
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