N

N

Lipid transport function is the main target of oral
oleoylethanolamide to reduce adiposity in high-fat-fed
mice
Clémentine Thabuis, Frédéric Destaillats, Didier M. Lambert, Giulio G.
Muccioli, Mathieu M. Maillot, Touafiq Harach, Delphine Tissot-Favre,
Jean-Charles Martin

» To cite this version:

Clémentine Thabuis, Frédéric Destaillats, Didier M. Lambert, Giulio G. Muccioli, Mathieu M. Maillot,
et al.. Lipid transport function is the main target of oral oleoylethanolamide to reduce adiposity in
high-fat-fed mice. Journal of Lipid Research, 2011, 52 (7), pp.1373-1382. 10.1194/jlr.M013391 .
hal-02649990

HAL Id: hal-02649990
https://hal.inrae.fr /hal-02649990v1
Submitted on 29 May 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Copyright


https://hal.inrae.fr/hal-02649990v1
https://hal.archives-ouvertes.fr

SASBMB

JOURNAL OF LIPID RESEARCH

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2011/04/24/jir.M013391.DC1

Lipid transport function is the main target of oral
oleoylethanolamide to reduce adiposity in

high-fat-fed mice®

Clémentine Thabuis,* Frédéric Destaillats,” Didier M. Lambert,® Giulio G. Muccioli,***
Matthieu Maillot,* Touafiq Harach,' Delphine Tissot-Favre," and Jean-Charles Martin"*

INRA (Institut National de la Recherche Agronomique),* UMR1260 Nutriments Lipidiques et Prévention
des Maladies Métaboliques, Marseille, France; and Universités de Marseille-Aix I et II, Marseille, France;
Nestlé Research Centre,T Lausanne, Suisse; Medicinal Chemistry Group,§ Louvain Drug Research Institute,
Université catholique de Louvain, Bruxelles, Belgique; and Bioanalysis and Pharmacology of Bioactive
Lipids Laboratory,** Louvain Drug Research Institute, Université catholique de Louvain, Bruxelles,

Belgique

Abstract We evaluated the biological basis of reduced fat
gain by oleoylethanolamide (OEA) in high-fat-fed mice and
sought to determine how degradation of OEA affected its
efficiency by comparing its effects to those of KDS-5104, a
nonhydrolyzable lipid OEA analog. Mice were given OEA or
KDS-5104 by the oral route (100 mg/kg body weight). Sixty-
eight variables per mouse, describing six biological processes
(lipid transport, lipogenesis, energy intake, energy expendi-
ture, endocannabinoid signaling, and glucose metabolism),
spanning gene expression of biochemical and physiological
parameters were examined to determine the primary target
whereby OEA reduces fat gain. Although KDS-5104 but not
OEA was resistant to fatty acid amide hydrolase hydrolysis,
OEFEA was degraded by an unidentified hydrolysis system in
the liver. Nevertheless, both compounds equally decreased
body fat pads after 5 weeks (20%; P < 0.05). The six biologi-
cal functions constructed from the 68 initial variables pre-
dicted up to 58% of adipose fat variations. Lipid transport
appeared central to the explanation for body fat deposition
(16%; P < 0.0001), in which decreased expression of the
FAT/CD36 gene was the component most related to adi-
pose depots.Bl Lipid transport appears to be a determinant
player in the OEA fat-lowering response, with adipose tissue
FAT/CD36 expression being the most relevant bioindicator
of OFEA action.—Thabuis, C., F. Destaillats, D. M. Lambert,
G. G. Muccioli, M. Maillot, T. Harach, D. Tissot-Favre, and
J-C. Martin. Lipid transport function is the main target of
oral oleoylethanolamide to reduce adiposity in high-fat fed
mice. J. Lipid Res. 2011. 52: 1373-1382.
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Fatty acid ethanolamides (FAEs), or Macylethanolamines,
are amides of saturated or unsaturated fatty acids with
an ethanolamine moiety. FAEs are formed in vivo from
N-acetylated phosphatidylethanolamine derivatives and
broken down by two different enzymes, fatty acid amide
hydrolase (FAAH) (1) and MN-acylethanolamine-hydrolyz-
ing acid amidase (NAAA) (2—4). The most abundant FAEs,
found in biological tissues such as brain and neuronal
cells, are anandamide and oleoylethanolamide (OEA).
They might also occur in trace amounts from edible
sources (b). Biological effects and metabolism of intra-
peritoneally administered OEA have been recently reviewed
(5). OFA was found to regulate feeding (6) and body
weight gain (7, 8) partly through the activation of per-
oxisome proliferator-activated receptor-a (PPAR-a) (9), a
ligand-activated transcription factor that regulates several
pathways of lipid metabolism (10). Similarly, KDS-5104, a
reportedly hydrolysis-resistant OEA analog, was observed
to reduce food intake through a PPAR-a mechanism (see
supplementary Fig. I for chemical structures). In addition
to its effect on food intake, OEA has been shown to acti-
vate lipid metabolism through a decrease in neutral lipid

Abbreviations: BW, body weight; EE, energy expenditure; FAAH,
fatty acid amide hydrolase; FAE, fatty acid ethanolamide; GOX, carbo-
hydrate oxidation; LOX, lipid oxidation; NAAA, N-acylethanolamine-
hydrolyzing acid amidase; OEA, oleoylethanolamide; PLS, partial
least-square regression; PLS-DA, partial least squares discriminant
analysis; PPAR, peroxisome proliferator-activated receptor; VIP, vari-
able importance index.

'To whom correspondence should be addressed.

e-mail: jean-charles.martin@univmed.fr
8/ The online version of this article (available at http://www.jlr.org)
contains supplementary data in the form of two tables, seven figures,
and a Methods section.
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content in hepatocytes, as well as through a decrease in
serum cholesterol and triglyceride levels (9). In addition,
increased lipid 8 oxidation in muscle and hepatic cells has
been described (11), suggesting that OEA induces fat uti-
lization as an energy substrate. Nonetheless, a direct evalu-
ation of OEA on whole-body energy expenditure (EE) has
remained unexplored.

Similar to results shown with intraperitoneal administra-
tion, previous rodent studies have shown that orally ad-
ministered (8) or dietsupplemented OEA (e.g., see Ref.
14) is biologically effective, although the extent of its
breakdown and, thus, its bioefficiency is not known. The
only clinical study performed did not find an anorectic ef-
fect of OFEA, but the dietary supplement used was phos-
phatidylethanolamine given as a parent OEA metabolic
precursor (12).

From the above work, data regarding the various possi-
ble OEA modes of action to reduce body fat accretion ap-
pear only partial and fragmented. Furthermore, most of
the reports make the assumption that the primary OEA
response can be explained by the modulated expression of
one or a few gene products such as PPAR-a, FAT/CD36,
UCP2 (8), whereas the body fat modulation by OEA seems
highly multifactorial (13). Examining together a large
number of representative molecular indicators of biologi-
cal functions assumed to be targeted by the treatment ap-
pears more likely to determine the complex mechanisms
involved (14). However, with increasing complexity, it is
difficult to interpret biological information if the numer-
ous biomodulators are examined independently. The pic-
ture can be simplified and more easily interpreted through
the use of a biological modules model (15). This perspec-
tive can be achieved by grouping and modeling the indi-
vidual molecular players that belong to the same biological
string into one composite bioindicator that integrates and
summarizes the information (16).

By comparing the effects of long-term oral OEA sup-
plementation with those of its nonhydrolyzable analog
KDS-5104 and using an integrated modeling approach
embedding molecular, biochemical, and physiological as-
sessments, our goal was also to evaluate the influence of
enzymatic breakdown of OEA on its ability to reduce body
fat gain. Our primary focus was to identify the possible mo-
lecular targets of OEA that are relevant to body fat mass, as
well as the underlying metabolic functions most likely af-
fected in this process.

MATERIALS AND METHODS

Chemical synthesis

OEA was synthesized from oleic acid and ethanolamine
(Sigma-Aldrich, St. Louis, MO) according to the method of Roe
etal. (see Ref. 21) . Purity was checked by GC analysis (90% for
OFA). KDS-5104 was synthesized according to the method of
Astarita et al. (see Ref. 22) from oleoyl chloride (Sigma-Aldrich)
and R-(—)-2-aminopropanol (Sigma-Aldrich) under stoichiomet-
ric conditions. Acyl chloride was preferred to the triglyceride
form for oleic acid in order to induce a total reaction and to
avoid heating conditions. Then, the synthesized molecule was
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washed three times using warm saline solution to eliminate sec-
ondary products. KDS-5104 purity was checked using a 1200 se-
ries Agilent Rapid Resolution Liquid Chromatography (RRLC)
(Waldbronn, Germany) coupled through an ESI interface to
a Micro Quadrupole Time of Light (microQTOFTM, Bruker

Daltonik, Bremen, Germany) (99% purity).

Animals, diet, and experimental design

All experiments were conducted according to the French Reg-
ulations for Animal Experimentation (Art 19. Oct 1987, Ministry
of Agriculture) and in conformity with the Public Health Service
Policy after approval by our institutional Animal Care and Use
Committee. Male C57B16j mice purchased at 8 weeks of age from
Janvier Elevage (Le Genest-St-Isle, France) were individually
housed and fed ad libitum on a high-fat diet (50% of energy in-
take as lipids) for 2 weeks. For each kilogram, the composition of
the high-fat diet was: 235 g of casein, 201 g of sucrose, 3.5 g of
L-cysteine, 85 g of starch, 116 g of maltodextrin, 60 g of cellulose,
12 g of vitamins mix, 51.5 g of mineral mix, 18.4 g of canola oil,
and 236 g of lard [Unité de Préparation des Aliments Expéri-
mentaux (UPAE) INRA Jouy en Josas, France]. Subsequently, 30
mice were blocked by body weight (BW) and randomly allocated
to three groups (n = 10 per group) to be fed the same high-fat
diet for the subsequent 5 weeks’ experimental period. Two
groups of mice were given OEA (100 mg/kg BW) or KDS-5104
(100 mg/kg BW) by addition to the diet, while the third group
received the basal diet alone. Daily food intake was monitored,
and mice were weighed three times per week. A second group of
24 mice was used to determine fat absorption. These mice were
fed the same high-fat diet but with either 0.0, 0.1, or 1.0 g of OEA
per kilogram of BW by addition to the diet for 5 weeks. During
the fourth week of feeding, the mice were kept for 5 days in meta-
bolic cages to collect feces for evaluation of fat absorption (see
supplementary material).

Sampling

At the end of the experimental period, mice were euthanized
by exsanguination via cardiac puncture after anesthesia with iso-
flurane (Abbot France, Rungis, France). Plasma was obtained by
centrifugation (1,000 g for 10 min at 4°C). Mesenteric, epidi-
dymal, inguinal, and peritoneal adipose depots, as well as liver,
stomach, small intestine mucosa, pancreas, and gastrocnemius
muscle were removed and frozen in liquid nitrogen. Plasma, fe-
ces, and organ samples were kept at —80°C until analysis.

Biological analysis

All biological parameters and methods related to biochemical,
physiological (including indirect calorimetry), gene expression,
in vitro and ex vivo assays, and statistical validations are fully de-
tailed in the supplementary material.

Statistical analysis

Univariate analysis.  Results are presented as means + standard
error of the means (SEM). Treatment effects on physiological
parameters and gene expression data were tested by one-way
ANOVA. A mixed-effects model for repeated measures with a
first-order autoregressive variance covariance matrix was used,
with each daily food intake, lipid oxidation (LOX), carbohydrate
oxidation (GOX), and EE as dependent variables and group
(OEA or KDS-5104) as independent variable. The effect of the
interaction between Group and Time variables was tested with
and without total activity adjustment (except for food intake).
Statistical significance was set at a P level of <0.05. All analyses
were performed with Statview and SAS version 9.1 software (SAS
institute, Cary, NC).
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Multivariate analysis. 'We used a multivariate statistical ap-
proach to obtain an integrated view of the biological impact of
the treatments. The flowchart of multivariate statistical analysis is
shown in Fig. 1. The objective was to find among selected biologi-
cal processes (Table 1) those processes affected mostly by both
OEA and KDS administration and also associated with the reduc-
tion of body fat gain (see a detailed description below). This in-
cluded linking of gene expression with the biochemical and
physiological data that belong to the same string of biological
functions across various systems and specifically grouped as lipid
transport, EE, energy intake, endocannabinoid signaling, lipo-
genesis, and glucose metabolism (Table 1). Such a statistical ap-
proach (17) allows a semiquantitation of the activity of each
biological function under our nutritional challenge.

Due to the large number of biological variables compared with
the low number of mice, partial least squares discriminant analy-
sis (PLS-DA) and partial least-square regressions (PLS) were used
to identify factors that significantly contributed to the treatment
effect. PLS-DA was used to select among the original 68 variables
those that were treatment-responsive according to their variable
importance index (VIP) (51 of 68 variables) (Fig. 1). Concur-
rently, PLS was used to identify the variables that were related to
adipose fat gain (36 of 68 variables). The variables in common
(i.e., both treatment-sensitive and adipose fat-related variables
determined independently) were retained (31 of 68 variables).
These were reassigned to their respective biological modules. For
each biological module, significance of pathway enrichment was
tested by comparing the PLS-DA model consisting of all the vari-
ables of a biological module to that calculated from the variables
retained after the PLS-DA and PLS filtering (Fig. 1). Significant
differences between the nonfiltered and filtered models were
performed using both Cooman’s plot critical distance and ANOVA
for the hierarchical PLS scores from nonfiltered and filtered
models (see supplementary material).

Calculations were performed using Simcap+ version 12.0 soft-
ware (Umetrics, Umea, Sweden) using unit-of-variance scaling of
the data. In each instance, model validation was performed using
an R2 value (total variance explained) over 0.5, and a Q2 value
(variance predicted after cross validation) at least equal to 2/3 of
R2. Additional permutation tests (at least 100 permutations) al-
lowed evaluation of model robustness. Variable selection was per-
formed based on the significant (95% jackknife confidence
interval) VIP with values over 0.8. All model validation indexes

Multi-platform data collection (n = 68 variables per mouse)

/ | N

PLS1 analysis : identification of a
subset of adipose tissue related
variables (36 variables).

PLS-DA analysis: identification
of a subset of treatment-
sensitive variables (51

Assignment of the 68 variables
into 5 individual biological
module each tested in PLS-DA

variables) analysis (biological modules
L ] response to treatments) and
Y calculation of a module score
PLS-DAN PLS1:identification of a subsetof 31 variables (hierarchical PLS) (initial
bothtreatments and adiposetissue related response)

and assignmentinto biological module (filtered response)

!

Assignment of the 31 variables into the 5 individual
biological module each tested in PLS-DA analysis {biological
modules response to treatments) and calculation of a
module score (hierarchical PLS) (filtered response)

Foreachmodule.
comparison ofinitial vs
filtered module response
(Cooman’s plot and
ANOVA on hierarchical PLS
l scores) = pathway

enrichment validation

Correlation matrix calculation using the biological module scores: correlation network integrating the
effectof b the biological and adipose tissue variations

Fig. 1. Flow-chart of the statistical pipeline is shown. Validation
of all models can be found in the supplementary material.

(Q2 after cross-validation; Pvalues after cross-validation, ANOVA)
are shown in supplementary Table II.

Hierarchical clustering of significant variables was performed
using Permutmatrix software (http://www.lirmm.fr/~caraux/
PermutMatrix/PermutMatrixHome.htm) with Pearson correla-
tion as distance and the Ward method as clustering condition. In
addition, a correlation network displaying the strongest associa-
tions among the biological modules computed from the hierar-
chical PLS was built using Cytoscape open source freeware (18).
The number of edges of the network, which represent the Pear-
son correlation coefficient between the biological module vari-
ables, was defined from the simplest network to display the entire
biological modules. Thus, of the 21 possible relationships theo-
retically possible, only the 7 strongest are shown (correlation
coefficient among the variables ranged from 0.703 to 0.85), vali-
dated by the false discovery rate for multiple testing.

RESULTS

Body weight gain started to shift from control mice from
3 weeks onward after supplementation with either OEA or
KDS-5104 (Fig. 2), resulting in a significant and similar
decrease in body weight gain after 5 weeks’ administration
of OEA (—6%, P=0.0029) and KDS-5104 (—7%, P=0.010)
(Table 2). After 5 weeks, all fat depots were reduced fol-
lowing KDS-5104 administration, whereas OEA did not
affect epididymal or inguinal adipose tissues (Table 2).
However, total fat pads were decreased similarly by OEA
and KDS-5104 (—16% for OEA and —20% for KDS-5104;
P=0.0364 and 0.0126, respectively).

Oral OEA and KDS-5104 both induced a significant de-
crease in daily food intake throughout the experimental
period (P = 0.001). Consequently, final cumulative food
intake was significantly decreased after OEA (—5.4%, P =
0.0033) and KDS-5104 (—6.3%, P = 0.0004) administra-
tion (Table 2). Indeed, correction of adipose fat weight
gain for cumulative food intake by a generalized linear
modeling abrogated the statistical differences among the
treatment groups.

Based on respiratory quotient, OEA and KDS-5104 ad-
ministration induced a significant increase in LOX rela-
tive to GOX , resulting in a 13% increase in LOX ratio
over time (LOX/GOX + LOX; 2-way ANOVA; P<0.0001
and P = 0.0001, respectively) (Table 3). Analysis of EE in
different treatment groups, calculated from the volume of
oxygen consumed (VO,) and the volume of carbon diox-
ide produced (VCO,), revealed a significant increase in
EE over the 24-h period (+6%, P< 0.0001) and during the
postprandial period (+7%, P< 0.0001) for the OEA group
but not for the KDS-5104 group, compared with that of
the control group (Table 3). Total 24-h spontaneous activ-
ity was increased in groups treated with OEA (+216%, P =
0.0008) and KDS-5104 (+226%, P = 0.0002) compared
with controls (Table 3). The relative lipid oxidative con-
sumption levels and the EE were strongly correlated with
the total spontaneous activity in every group (P < 0.0001
for LOX and EE, data not shown). Consequently, our sta-
tistical model was adjusted to account for the total activity
level. Results obtained with the adjusted model revealed
that OEA and KDS-5104 similarly, significantly, and inde-

Oral OEA reduces adipose gain by affecting lipid transport 1375

8T0Z ‘TT aun( uo ‘enbiwouocliby aydiayday e| ap [euoieN NIsu| YHN| ¥e Bio Jjmmm woly papeojumoq


http://www.jlr.org/
http://www.jlr.org/content/suppl/2011/04/24/jlr.M013391.DC1.html 
http://www.jlr.org/content/suppl/2011/04/24/jlr.M013391.DC1.html 

SASBMB

JOURNAL OF LIPID RESEARCH

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2011/04/24/jir.M013391.DC1

TABLE 1. Assignment of genes, metabolites, and physiological parameters to biological processes

Biological Cluster ~ Endocannabinoid Signaling Lipid Transport

Lipogenesis

Energy Expenditure Energy Intake ~ Glucose Metabolism

Genes Adipose tissues CB1, Adipose tissues, Liver FAS, Liver ACO, adipose tissue Upper intestine ~ Muscle GLUT4,
upper intestine CB1 liver and upper  SREBPlIc, epid. Adiponectin, CCK, stomach  liver G6P and
and GPR119, upper intestine CD36,  SREBP2, liver liver, upper intestine leptin and PEPCK, adipose
intestine and adipose liver PCSK9, and adipose and adipose tissues ghrelin, adipose tissues visfatin
tissues FAAH and upper intestine  tissues SCD1, CPT1, muscle UCP2, tissues leptin
NAAA, upper intestine  and adipose adipose tissue upper intestine PPAR-a
OFEAs tissues FIAF SREBPIc, and

SREBP2
Metabolites Plasma Liver TG, liver FA Plasma -hydroxybutyrate Plasma glucose
cholesterol, and glycerol
plasma FFA,
HDL-C, non-
HDL-C, plasma
TG
Physiological FAAH activity in intestine Plasma insulin Adiponectin, indirect Plasma ghrelin, Plasma insulin
parameters calorimetry LOX, plasma leptin,
GOX, RQ, and EE, cumulative food
spontaneous activity intake

RQ, respiratory quotient; TG, triglyceride. Biological variables in boldface type indicate those variables modified by treatments (with 95%
confidence interval, as determined from the PLS analysis) and used to calculate the biological module scores (hierarchical PLS).

pendently increased LOX (P = 0.0071) but did not affect
GOX or EE compared with control.

We compared the extent of OEA biological degradation
with that of its reportedly nonhydrolyzable analog KDS-
5104 by using both in vitro and ex vivo assays. Using re-
combinant FAAH, we confirmed that KDS-5104 is indeed
stable under FAAH hydrolysis conditions, as its inhibition
potential with FAAH activity remains unchanged after 2 h
of preincubation in the presence of the enzyme. By com-
parison, for OEA, being a substrate of FAAH, 2 h of prein-
cubation resulted in decreased inhibition of the enzyme
(Fig. 3A, B). However, we found that the KDS-5104 inhibi-
tion potential was reduced after 2 h of preincubation with
mouse tissue, suggesting it is hydrolyzed (data not shown).
To confirm this finding, we incubated KDS-5104 in the
presence of mouse brain or liver homogenates for 2 h and
found that 25% and 70% of the KDS-5104 was hydrolyzed
by the tissue preparations, respectively (Fig. 2D). A similar
experiment with OEA resulted in almost complete degra-
dation of OFA (Fig. 3C).

Of note, when we looked at the intestinal FAAH activity
of the treated mice, we noted that KDS-5104 supplementa-
tion reduced the FAAH activity by 57% compared with
that of the vehicle-treated mice, whereas in OEA-fed mice,
FAAH activity was decreased by 20% (P = 0.0003 and
0.0422, respectively; see supplementary Table I).

A complementary separate experiment specifically ex-
amined fecal fat excretion. The level of fecal lipids was sig-
nificantly increased by OEA administration compared with
that of control (a similar effect was observed for both the
0.1 and the 1 g/kg BW doses, P = 0.0042 and 0.0442, re-
spectively) (Fig. 4). An in vitro assay of pancreatic lipase
activity showed a significant decrease of the lipase hydro-
lytic activity after the addition of two different concentra-
tions of OEA compared with that of control (—21.6% for
300 pmol of OEA/liter and —25.3% for 600 pmol of OEA/
liter) (P=0.02, not shown). No significant difference was
observed between the two OEA concentrations.

1376 Journal of Lipid Research Volume 52, 2011

The combined contribution of the treatment-sensitive
and adipose fat-related biological processes (Table 1) ex-
plained 58% of the fat mass changes (PLS model, adipose
tissue variance explained R2Y = 0.58; adipose tissue vari-
ance predicted after cross validation Q2Y = 0.52; decrease
of R2Y and Q2Y after 100 permutations to 0.008 and —0.14
at the intercept, respectively; P= 0.00021 after cross-valida-
tion ANOVA). Although the contribution of each function
cannot be statistically compared to adipose fat mass, the R2
and VIP values (multivariate index of the pathway contribu-
tion to adipose fat mass) allowed us to rank their relation-
ship to body fat mass variations (Fig. 5). This contribution
was, in decreasing order: regulation of lipid transport, then
both energy intake and lipogenesis, and similarly endocan-
nabinoid signaling, EE, and glucose metabolism.

We also performed a pair-wise correlation analysis to
show the relationships among the biological events associ-
ated with body fat. The pathway correlation analysis (Fig.
6) indicates that the lipid transport function was the most
closely associated to adipose fat content. The comparison

] = control

Body welght (g}

fime (wk)

Fig. 2. Body weight changes are shown. Results are means + SEM
(N =10 mice per group). Plots not sharing the same letter (a, b) are
statistically different (P < 0.05). The bold line with black squares
corresponds to the control group; the continuous gray line with
open circles corresponds to the 0.1 g/kg BW OEA group; and the
gray line with x’s corresponds to the 0.1 g/kg BW KDS-5104 group.
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TABLE 2. Basal physiological parameters of mice fed on experimental diets for 5 weeks

Physiological parameter Control”

OEFA (0.1 g/kg BW)" KDS-5104 (0.1 g/kg BW)”

Cumulative food intake (g) 103.12 + 1.5"

Final body weight (g) 32.6+0.2°

Peritoneal adipose tissue (g) 0.53 +0.02"
Mesenteric adipose tissue (g) 0.48 +0.05
Epididymal adipose tissue (g) 1.19 £ 0.06"
Inguinal adipose tissue (g) 0.6 £ 0.03"
Total adipose tissue (g)* 2.8 £0.09
Liver weight (g) 1.34 £ 0.03

97.56 + 0A8b9" 96.69 + 0.8§"
30.6 + 0.6 30.3+ 0.6
0.42 + 0.03" 0.44 £ 0.08"
0.38 + 0.02 0.72 + 0.03

1.021 £ 0.07 0.936 £ 0.07"
0.52 + 0.05 0.49 + 0.03"
2.85 +0.16" 2.94 +0.16"
1.31 + 0.04 1.27 £ 0.03

“Corresponds to the sum of peritoneal, mesenteric, epididymal, and inguinal adipose tissues. Results are means +

SEM (N = 10 mice per group).

"Values in the same row and not sharing the same superscripted letter (* ") are statistically different

(P<0.05).

of the individual scores of each function indicated that
both OEA and KDS-5104 modified the regulation of the
biological functions in the same direction, but the strength
of the effect differed: the effect was equal for lipid trans-
port and lipogenesis; there was a tendency to be higher
(but not statistically different) in OEA fed-mice for energy
intake and EE; and the effect was greater in KDS-5104 fed-
mice for endocannabinoid signaling and glucose metabo-
lism. Finally, the individual PLS VIP values (Fig. 6) showed
which individual components of the biological functions
studied were more likely affected by both OEA and KDS-
5104 in relationship with adipose tissue expansion: down-
regulation of the epididymal adipose tissue FAT/CD36
gene expression in the lipid transport function, respec-
tively; down- and upregulation of both liver SCD1 and FAS
gene expression in the lipogenesis pathway; reduced cu-
mulative food intake in the energy intake process; upregu-
lation of the intestine CPT-I gene, along with increased
blood B-hydroxybutyrate and liver free glycerol; upregula-
tion of the liver G6P gene expression in the glucose me-
tabolism function; and upregulation of intestine FAAH
enzyme activity and the GPR119 gene expression in the
endocannabinoid-signaling module.

DISCUSSION

We investigated which molecular and physiological pro-
cesses were involved with the reduced body fat gain from
oral OEA administration in a mouse model of diet-induced
obesity. We also sought to determine the extent to which
OEFA could be broken down and how this would affect its
bioefficiency by comparing its effects to those of OEA’s
more stable analog KDS-5104. KDS-5104 has a structure
similar to OEA, and like OEA, efficiently activates PPAR-a
and induces a reduction in food intake (19).

Here, both OEA and KDS-5104 were similarly effective
in significantly reducing body fat gain in diet-induced obe-
sity of C57B1/6] male mice (16% to 20%). The biological
processes involved in this outcome were also similar, al-
though they occurred with some specificity between OEA
and KDS-5104. One may have predicted a somewhat higher
efficiency in the decrease of adipose fat for KDS-5104,
based on its in vivo resistance to hydrolysis compared with
that of OEA (19). However, although we found that KDS-
5104 is resistant to FAAH degradation, we showed here
that it is extensively broken down ex vivo (up to 70%) by
using mouse liver homogenates. This implies that a system

TABLE 3. Indirect calorimetry results over 24 h

Parameter Control” OFA (0.1 g/kg BW)" KDS-5104 (0.1 g/kg BW)”
ANOVA on repeated measure over 24 h

LOX (watt/kg mouse) raw 11.26 + 0.24* 13.92 + 0.26" 12.43 + 0.23"
Adjusted for activity 11.18 £ 0.1° 13.88 +0.1° 12.31 +0.1°
GOX (watt/kg mouse) raw 5.401 + 0.12° 4.01+0.12" 4474 +0.10°
Adjusted for activity 5.57 + 0.03" 3.98 + 0.03" 453 +0.03"
LOX ratio raw 0.63 + 0.01° 0.72 +0.01° 0.69 +0.01°
Adjusted for activity 0.63 +0.01° 0.67 +0.01 0.70 +0.01
EE (watt/kg mouse) raw 16.58 + 0.1 17.81 +0.1° 16.85 = 0.1°
Adjusted for activity 16.7 £ 0.01" 17.7 £0.01° 16.7 £0.01"
Total activity (AU)* 198 =+ 10° 499 + 64" 449 + 54"
ANOVA of postprandial period

LOX ratio raw’ 0.51 + 0.04" 0.66 + 0.06™" 0.69 + 0.05"
GOX ratio raw 0.49 + 0.04* 0.34 + 0.06™" 0.31 + 0.05"

Results are means + SEM (N = 10 mice per group). Postprandial period lasting from feeding completion to 600
min afterward (from 396 to 1,008 min after the introduction of the mouse in the calorimetric system).

“For total activity, the Pvalue for time effect was 0.0192, and the Pvalue for treatment effect was 0.0039; time
x treatment is nonsignificant. Total activity corresponds to the sum of rearing and spontaneous activity, normalized

to the control mice mean value.

"Values in the same row and not sharing the same superscripted letter (* ") are statistically different (P =< 0.05).
The values and statistical indications after adjustment on total spontaneous activity are indicated.

‘LOX ratio = LOX/ (LOX + GOX).

Oral OEA reduces adipose gain by affecting lipid transport 1377
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Fig. 3. Effects of increasing concentrations of OEA (A) and KDS-5104-5104 (B) on [3H]anandamide
(AEA) hydrolysis by recombinant FAAH following no preincubation or 2 h or preincubation of the enzyme
with OEA or KDS-5104, respectively. The IC;, for OEA at 0 h was 5.46 + 0.3 pM and 15.0 + 1.5 pM at 2 h; the
1Cy for KDS-5104 at 0 h was 92.2+ 4.6 pM and 98.8 + 11.6 pM at 2 h. Hydrolysis of OEA (C) and KDS-5104-
5104 (D) is shown, as measured by HPLC-MS after 0 h or 2 h of incubation with brain or liver mice

homogenate.

other than FAAH is involved in catabolism of OEA. The im-
portant observation from this study is that the amount of
OEA fed (100 mg/kg BW) is high enough to exert a biologi-
cal effect despite a high degradation rate compared with
that of KDS-5104. This is substantiated by our published re-
sults using two oral doses of OEA (10 mg and 100 mg/kg
BW) and showing that both doses exerted the same effect
on fat storage, despite a 10-fold intake difference (13).

A dose extrapolation to the human, taking into account
the metabolic rate difference with the mouse (20), would
correspond to roughly 1 g/70 kg adult/day. If we also con-
sider that OEA is efficiently catabolized in vivo, this would
suggest that it is active at very low levels in cells and that its
level in cells is tightly controlled, thus emphasizing its bio-
logical importance.

Our study is the first to investigate the impact of OEA on
EE and its various components by indirect calorimetry. It
revealed that OFEA and KDS-5104 shifted the energy bal-
ance in favor of lipid oxidation. In our diagram of the EE
pathway (Fig. 6), the LOX component clustered with the
intestine CPTI gene, a gene committed in fatty acid oxida-
tion but also with metabolic indicators of a greater lipid sub-
strate utilization (blood B-hydroxybutyrate occurring from
LOX [21]). Thus, the channeling of fat toward the oxida-
tion pathway contributes to lower body fat expansion upon
high-fat feeding. Lipid oxidation also clustered with sponta-
neous activity that is dramatically increased by OEA, thus
OEA can contribute to nonexercise activity thermogenesis,
a factor that also contributes to obesity resistance (22).

To obtain a simple picture of the biological effects as-
sociated with body fat gain, the various biological indica-
tors were grouped as biological modules from which a

1378 Journal of Lipid Research Volume 52, 2011

response to treatment could be calculated (17). We deter-
mined that all of the biological modules evaluated were
affected by the treatments and could explain up to 58%
(PLS regression) of body fat variation. The part not cap-
tured by our model could occur for other reasons, as we
measured only part of the biological components of the
functions investigated. Instead of attempting to measure
all functions, we chose to focus on dedicated processes
that we wanted to assess as targets of either OEA or KDS-
5104 (Table 1). Other biologically relevant events could
also be involved in body fat lowering, such as fat excre-
tion. This was evaluated in a complementary study that

3001
2501
200

1507

% of control value

1007

501

Control OEAD,1 OEA1

Fig. 4. Fecal fat excretion of mice fed either 0, 0.1, or 1 g OEA/
kg BW for 4 weeks (n = 8 mice per group) is shown. Results are
expressed as means + SEM, normalized to control values.
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Fig. 5. Contribution of each biological function to adipose fat pad mass variations is shown as a multivari-
ate coefficient (variable importance in projection [VIP]), or the determination coefficient R2.

confirmed that intestinal fat absorption is decreased by
OFA feeding. Although our in vitro results indicated a di-
rect inhibitory effect of OEA on pancreatic lipase, it is not
known if this mechanism is important under the condi-
tions prevailing in vivo in the intestinal lumen. In our
study, measured adiposity reflected the cumulative expo-
sure to either OEA or KDS-5104 over 5 weeks, whereas our
snapshot of biological evaluations can be subject to time
variations. Such nonlinearity can weaken our predictions.
Nevertheless, we identified important processes and some
of their individual components targeted by either or both
OEFEA and KDS-5104, which, in combination, are associated
with decreased fat mass. For instance, from our model (R2
values in Fig. 5), we identified the fact that the lipid trans-
port function can predict most of the body fat variation
(R2=0.60, e.g., 16% of adipose mass variation, P< 0.0001);
followed by both energy intake and lipogenesis (R2 = 0.4,
11% of adipose mass variations, P = 0.0006; and R2 = 0.38,
10% of adipose mass variation, P = 0.0008, respectively);
then endocannabinoid-signaling regulation (R2 = 0.30,
8% of adipose mass variation, P = 0.0039); EE (R2 = 0.26,
7.0% of adipose mass variation, P = 0.0075); and glucose
metabolism and (R2 = 0.23, 6% of adipose mass variation,
P =0.0078). Additionally, the pathways analyses (Fig. 6)
focusing on pair-wise relationships indicated that the lipid
transport process is the cornerstone function most strongly
associating the other functions to adipose fat. This empha-
sizes its functional importance in the inhibition of body fat
gain by OEA intake.

Although fecal fat cannot be modeled by our equation,
as it was determined in a complementary study, its excre-
tion also appears as an indirect expression of lipid trans-
portin the intestine. This again underlines its importance
in the control of body fatness by oral OEA. Paradoxically,
in contradiction to greater fecal fat excretion, the upper-
intestine fatty acid transporter FAT/CD36 gene expres-

Oral OEA reduces adipose gain by affecting lipid transport

sion was upregulated by the treatments, as observed by
others with OEA (2, 13). It would be interesting to study
whether this acts to signal the brain to inhibit overfeeding
and trigger satiety. Finally, in the lipid transport cluster,
we identified the fact that the adipose tissue FAT/CD36
gene expression was the indicator most strongly associated
with reduced body fat gain in response to OEA (and KDS-
5104). This makes it a highly putative target for oral OEA
action in the control of body fat.

Among the other most relevant targets found here, food
intake control by OEA was also identified as important to
the control of body fatness. In fact, after correction for
food intake, the differences in adipose fat were no longer
significant among treatment groups, thus emphasizing the
important role of this factor in the antiobesity action of
OFA and confirming other similar findings (6, 13, 23, 24).
In addition, downregulation of the stearoyl-CoA desatu-
rase 1 (SCD1) gene activity in the liver was observed in
both the OEA and KDS-5104 groups. SCD1 is a key enzyme
that coordinates fat storage and fat oxidation (25). De-
creased SCD1 expression has been demonstrated to be
strongly associated with obesity resistance and increased
lipid B-oxidation (25, 26) and also lowers food intake upon
stearoylethanolamine administration (27). A similar find-
ing was found in Zucker rats but only when 5 mg/kg in-
jected OEA was combined with 1 mg/kg SR141716A
(rimonabant) (28). We also found that downregulation of
the SCD1 gene was one of the strongest factors (along with
FAT/CD36 in adipose tissue) affecting cumulative food
intake in a PLS regression model (not shown). The rela-
tionship found among the lipogenesis functions, the regu-
lation of energy intake, and adipose tissue variations, as
shown in Fig. 6, is also consistent with the above-described
findings and makes SCD1 a possible important target of
OEA antiobesity action. In contrast to downregulation of
SCD1, FAS expression, which is another de novo lipogenic
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Fig. 6. Correlation network among processes with activity modified by both OEA and KDS-5104 treatments
is shown. Each node depicts individual biological activity. Histograms represent means + SEM of semiquan-
titative activity of biological functions according to treatments, based on the hierarchical PLS computation
performed from the individual components, with letters a, b, and ¢ the ANOVA significance threshold (P <
0.05). Node size represents the importance of the process to predict adipose tissue mass (based on VIP val-
ues of the PLS analysis). The edges represent the absolute Pearson coefficient p values among the nodes.
Edge thickness represents the strength of the correlation among connected nodes. The correlation network
was built on the maximum stringency calculated from the minimum structure displaying all nodes. The sig-
nificance of the Pearson correlation coefficient was checked by false discovery rate with a ¢ value of <0.05.
This threshold corresponded to Pearson correlation p values of >0.701. By convention, pathway score values
of the control mice were always positive, thus emphasizing the contrasting effect of treatments. Individual
pathway components are displayed as a heat map sorted according to hierarchical clustering (red box, rela-
tive increase; green box, relative decrease [see supplementary material for significant levels across treat-
ments). The asterisk indicates which individual components in the biological module weighs more in the
biological score process and is more likely to predict adipose tissue fat pads mass (greatest VIP index of the
PLS analysis). Adipose tissue mass is shown as means = SEM of unit of variance. AT, adipose tissue; G, gene;
B, biochemical; P, physiological; ep, epididymal; per, peritoneal; intest., upper intestine; muscle, gastrocne-
mius muscle; ES, endocannabinoid signaling; GM, glucose metabolism; LT, lipid transport; EI, energy in-
take; LG, lipogenesis.

enzyme strongly linked to body fat, was upregulated by
both OEA and KDS-5104 in our study. Decreased SCD1
activity produces lower oleic acid, which is the building
block of stored triglycerides (29), thus, decreased SCD1
activity would direct de novo synthesized fatty acids from
FAS to oxidation instead of storage, provided lipid oxida-
tion is efficient (30). This is also substantiated by a de-
creased concentration of postprandial plasma triglyceride
in OEA- (and KDS-5104-) treated mice, accompanied by
higher LOX, plasma B-hydroxybutyrate, and CPT-1 gene
transcription in the intestine, and lower SCD1 gene tran-
scription. Finally, our present findings confirmed that en-
docannabinoid signaling, mainly through both intestinal
and adipose tissue FAAH, appears to be a significant player
in modulating OEA effects (13).

1380 Journal of Lipid Research Volume 52, 2011

Last, it is interesting that the reported nonhydrolyzable
OEA analog KDS-5104 did not exert more pronounced ef-
fects on fat storage in our study. The differences in re-
sponses between KDS-5104 and OEA were mainly related
to glucose metabolism and endocannabinoid signaling for
which the effect of KDS-5104 was greater. The impact on
adipose weight gain was relatively weak, as both glucose
metabolism and endocannabinoid signaling were not the
primary factors explaining body fatness in our model. In
contrast, OEA and KDS-5104 exerted the same effects on
lipid transport, energy intake, and lipogenesis, the three
main modules related to body fat deposition. The similar
effects of both KDS-5104 and OEA on these three main
modules are likely to explain the identical outcome on
adipose fat gain.
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In conclusion, we confirmed that OEA feeding de-
creased body fat gain upon high-fat feeding in the mouse.
We found that at least six different pathways (lipid trans-
port, energy intake, regulation of EE, endocannabinoid
signaling, lipogenesis, and glucose metabolism) can be in-
volved in this effect and explained up to 58% of the body
fat variation. Other biologically relevant effects such as fe-
cal fat excretion and other as-yet unidentified mechanisms
also contributed to reduce body fat gain upon OEA feed-
ing. Our study also pointed out that the physiological level
of OEA degradation does not compromise its bioeffi-
ciency at the oral dose used. Seemingly, a degradation sys-
tem other than the fatty acyl anandamide hydrolyze is
able to process both OEA and its nonhydrolyzable analog
KDS-5104.

Finally, our results highlight the multifactorial aspect of
body fat changes that occur following OEA nutritional in-
tervention and that take place at several levels of biological
systems. Although we are aware that we captured only part
of these changes, our multilevel integrated biological anal-
ysis brings new mechanical hypotheses to explain the ef-
fect of OEA on body fat control in the diet-induced obesity
mouse model and allow ranking their effects in impor-
tance with regard to adipose tissue weight gain. With this
perspective, we conclude that lipid transport appears as a
determinant player of the OEA biological response, in
which adipose tissue FAT/CD36 expression was found to be
the most relevant bioindicator/effector of OEA action i
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