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REVIEW

Role and regulation of acylethanolamides in energy
balance: focus on adipocytes and f-cells
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The endocannabinoid, arachidonoylethanolamide (AEA), and the peroxisome proliferator-activated receptor (PPAR)-o ligand,
oleylethanolamide (OEA) produce opposite effects on lipogenesis. The regulation of OEA and its anti-inflammatory congener,
palmitoylethanolamide (PEA), in adipocytes and pancreatic f-cells has not been investigated. We report here the results of
studies on acylethanolamide regulation in these cells during obesity and hyperglycaemia, and provide an overview of
acylethanolamide role in metabolic control. We analysed by liquid chromatography-mass spectrometry OEA and PEA levels in:
1) mouse 3T3F442A adipocytes during insulin-induced differentiation, 2) rat insulinoma RIN m5F f-cells kept in ‘low’ or ‘high’
glucose, 3) adipose tissue and pancreas of mice with high fat diet-induced obesity (DIO), and 4) in visceral fat or blood of
obese or type 2 diabetes (T2D) patients. In adipocytes, OEA levels remain unchanged during differentiation, whereas those of
PEA decrease significantly, and are under the negative control of both leptin and PPAR-y. PEA is significantly downregulated in
subcutaneous adipose tissue of DIO mice. In RIN m5F insulinoma f-cells, OEA and PEA levels are inhibited by ‘very high’
glucose, this effect being enhanced by insulin, whereas in cells kept for 24 h in ‘high” glucose, they are stimulated by both
glucose and insulin. Elevated OEA and PEA levels are found in the blood of T2D patients. Reduced PEA levels in hypertrophic
adipocytes might play a role in obesity-related pro-inflammatory states. In -cells and human blood, OEA and PEA are down-
or up-regulated under conditions of transient or chronic hyperglycaemia, respectively.
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type-1

Introduction and review of the existing literature

Biosynthesis, molecular targets and degradation of
acylethanolamides

Apart from classical hormones like leptin and insulin, other
mediators that are receiving increasing attention in energy
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homeostasis are the fatty acid ethanolamides (or acyletha-
nolamides (AEs); Figure 1; Lo Verme et al., 2005b; Matias and
Di Marzo, 2007). In fact, emerging evidence indicates that
both the cannabinoid receptor ligand arachidonoylethano-
lamide (anandamide, AEA), and oleoylethanolamide (OEA)
regulate food intake and lipogenesis, although in opposing
ways (Williams and Kirkham, 1999; Rodriguez de Fonseca
et al., 2001; Fu et al., 2003; Oveisi et al., 2004; Di Marzo and
Matias, 2005). Another well-known AE, palmitoylethanola-
mide (PEA), identified more than five decades ago (Long and
Martin, 1956; Bachur et al., 1965), exhibits anti-inflamma-
tory and cell-protective properties (Re et al., 2007 for a recent
review).
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Figure 1 Schematic representation of the anabolic and catabolic pathways so far proposed for the acylethanolamides and 2-AG. Adapted
from Di Marzo and Petrosino (2007). Abbreviations used: Abh4, alpha/beta-hydrolase 4; 2-AG, 2-arachidonoylglycerol; DAGL, sn-1-selective
diacylglycerol lipase; AMT, putative endocannabinoid membrane transporter; FAAH, fatty acid amide hydrolase; lyso-PLD, lysophospholipase
D; MAGLs, monoacylglycerol lipases; NAPE-PLD, N-acylphosphatidyl-ethanolamine-selective phospholipase D; PLA2, phospholipase A2; PLC,
phospholipase C; PTPN22, protein tyrosine phosphatase N22.

British Journal of Pharmacology (2007) 152 676-690



Oleoyl- and palmitoylethanolamide in obesity
678 | Matias et al

Interestingly, the orexigenic and lipogenic AEA, the anti-
inflammatory PEA, and the anorectic and lipolytic OEA
appear to share common biosynthetic and degradative
pathways (Lambert and Di Marzo, 1999). The enzyme most
likely responsible for the biosynthesis of AEs from their
direct biosynthetic precursors, that is the corresponding
N-acyl-phosphatidylethanolamines (NAPEs), is known as
NAPE-selective phospholipase D (NAPE-PLD) and was
cloned recently (Okamoto et al., 2004; Wang et al.,
2006). N-Arachidonoyl-phosphatidylethanolamine (NArPE),
N-oleoyl-phosphatidylethanolamine and N-palmitoyl-phos-
phatidylethanolamine are converted into AEA, OFEA and
PEA, respectively, by NAPE-PLD, although other possible
pathways exist for the processing of NAPEs, as suggested
also by the fact that NAPE-PLD null mice do not necessarily
contain lower levels of AEA, OEA or PEA than wild-type
mice (Figure 1; Leung et al., 2006). NAPEs can in fact also be
hydrolysed by a secretory phospholipase 2 into N-acyl-lyso-
phosphatidylethanolamines before being further hydrolysed
to AEs by a lysophospholipase D (Sun et al., 2004). NAPEs
are also substrates for «/f-hydrolase 4 acting as a lyso-
phospholipase/phospholipase B for the formation of
glycerol-phospho-AEA, glycerol-phospho-OFA and glycerol-
phospho-PEA in the mouse brain (Simon and Cravatt, 2006).
Finally, a PLC-dependent pathway for NArPE conversion
into AEA via phospho-AEA has been recently suggested to
occur in macrophages (Liu ef al., 2006). Also the enzymes
mostly involved in the degradation of these bioactive
lipids were identified and cloned. An intracellular integral
membrane protein of 597 amino acids belonging to the
amidase family of enzymes, known as fatty acid amide
hydrolase (FAAH), catalyses the hydrolysis of AEs (Cravatt
et al., 1996; Giang and Cravatt, 1997). It is found not
only in the brain (Tsou et al.,, 1998) but also in various
peripheral tissues, for example, the vasculature (Deutsch
et al., 1997), pancreas and adipose tissue (Juan-Pico et al.,
2006; Matias et al., 2006). Additionally, an N-acylethanola-
mine-hydrolysing acid amidase (NAAA) was recently
found to hydrolyse preferentially PEA and only to a low
extent OEA and AEA (Ueda et al., 2001). NAAA has been
recently cloned and appears to be expressed in macrophages
and various rat tissues including lung and brain (Tsuboi et al.,
2004, 2007).

Whereas it has been well-documented that, like AEA,
PEA exhibits anti-inflammatory properties, OEA shows
opposing effects on food intake as compared to the
endocannabinoid. AEA activates the G-protein-coupled
receptor targeted by A°-tetrahydrocannabinol (Matsuda
et al., 1990), that is the cannabinoid receptor type 1 or CB;
(Devane et al.,, 1992), and much more less efficaciously
the cannabinoid receptor type 2 or CB,, whereas OFA is
inactive on these receptors and activates instead the
nuclear  receptor  peroxisome  proliferator-activated
receptor o (PPAR-o) (Fu et al.,, 2003). Although initially
described as a potential CB, receptor agonist, PEA is also
inactive at both cannabinoid receptor types, and was
shown to bind to PPAR-x but with a lower potency than
OEA. This receptor was suggested to mediate some of
the anti-inflammatory effects of PEA (Lo Verme et al.,
2005a).
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Role and regulation of AEA and 2-AG in energy homeostasis
The endocannabinoid system, including the endocannabi-
noids and their metabolic enzymatic machinery, and the
cannabinoid CB; receptors, have been detected in all central
and peripheral tissues involved in the control of energy
intake, processing and storage, including the hypothalamus
(Di Marzo et al., 2001), the nucleus accumbens (Berrendero
et al.,, 1998), the vagus nerve and the nodose ganglion
(Burdyga et al., 2004), myenteric neurons and epithelial cells
of the large intestine (Coutts and 1zzo, 2004), the liver and
hepatocytes (Osei-Hyiaman et al., 2005), the white adipose
tissue (Engeli et al., 2005) and the adipocytes (Bensaid et al.,
2003; Cota et al., 2003; Matias et al., 2006; Roche et al., 2006),
the skeletal muscle (Pagotto et al., 2006) and the pancreas
(Juan-Pico et al., 2006; Matias et al., 2006). CB, receptors and
endocannabinoids control food intake via both central and
peripheral mechanisms, and they also stimulate lipogenesis
and fat accumulation (Cota et al., 2003). Data from our
laboratory indicate that a peak of AEA precedes mouse
3T3F442A preadipocyte differentiation into mature adipo-
cytes, and that stimulation of CB; receptors during adipocyte
differentiation accelerates the appearance of an early marker
of differentiation, PPAR-y, while inducing accumulation of
lipid droplets (Matias et al., 2006). These findings reinforce
the concept that endocannabinoids actively and directly
participate in adipogenesis and fat accumulation. In the
liver, the endocannabinoid system stimulates fatty acid
synthesis. CB; receptors are present in hepatocytes and are
capable of stimulating the expression of the transcription
factor SREBP-1c and of its targets acetyl-CoA-carboxylase-1
and fatty acid synthase. These effects are likely to underlie
the stimulatory action on lipogenesis observed following
CB; receptor stimulation in these cells, and might be
dramatically enhanced in obese animals, since the liver of
mice with diet-induced obesity (DIO) exhibits higher levels
of both AEA and CB,; receptors, as well as lower levels of
FAAH (Osei-Hyiaman et al.,, 2005). We showed that the
epidydimal fat of DIO mice and the visceral fat, but not the
subcutaneous fat, of overweight and obese patients also
exhibit higher levels of 2-arachidonoylglycerol (2-AG), but
not AEA, than the respective lean controls (Matias et al.,
2006). We also observed that the blood levels of AEA in obese
women with binge-eating disorder (Monteleone et al., 2005)
or in patients with strong hyperglycaemia caused by type 2
diabetes (T2D; Matias et al., 2006) are significantly higher
than in age- and gender-matched control volunteers. In
another study, circulating AEA levels were found to be
increased also in postmenopausal women with uncompli-
cated obesity (Engeli et al., 2005).

In a model of pancreatic islet -cells, the rat insulinoma
RIN mSF cells, we reported that conditions mimicking
hyperglycaemia, as well as hyperinsulinaemia, also lead to
a dysregulation of endocannabinoid signalling. Under all
conditions investigated, we found that a pulse of a ‘very
high’ concentration of glucose significantly elevates the
levels of both anandamide and 2-AG in these cells. However,
we also observed that, contrary to ‘low’ glucose conditions,
where insulin reduces the ‘very high’ glucose-induced
elevation of endocannabinoid levels and has no effect per
se, in f-cells kept for 24 h in ‘high’ glucose, endocannabinoid



levels are no longer depressed by insulin, which instead
elevates both AEA and 2-AG levels also in the absence of the
‘very high’ glucose pulse. Accordingly, the pancreas of mice
with DIO and sustained hyperglycaemia exhibits higher levels
of AEA and 2-AG than that of lean mice (Matias et al., 2006).

Role and regulation of OEA in energy homeostasis
OEA, unlike anandamide, exerts anorexic actions (Rodriguez
de Fonseca et al., 2001; Fu et al., 2003), and these effects
appear to be mediated at least in part by PPAR-o (Fu et al.,
2003). In fact, OEA fails to cause satiety and to reduce body
weight in PPAR-o knockout mice (Fu et al., 2003). Whereas
AEA induces food intake by activating CB, receptors at both
central and peripheral (small intestine) levels, as shown by
the anorexic effect of the CB; receptor blocker rimonabant
administered intraperitoneally, OEA was suggested to act
mostly at the peripheral level (Rodriguez de Fonseca et al.,
2001). The effect of intestinal OEA results in central actions
that could be erased after destruction of capsaicin-sensitive
peripheral fibres, thus suggesting that this compound acts as
a peripheral inhibitor of centrally controlled food ingestion
behaviour. However, this latter finding is also in agreement
with the proposal that another molecular target also
participates in OEA anorexic effects, that is the transient
receptor potential vanilloid type-1 (TRPV1) channel, which
is activated and desensitized by capsaicin, and which OEA
activates with moderate potency and good efficacy (Ahern,
2003; Movahed et al., 2005; Wang et al., 2005). OEA and AEA
levels are differently regulated in the small intestine, where
a sevenfold increase of AEA levels (Gomez et al., 2002) and
a marked decrease of OEA were observed following food
deprivation in comparison to ad lib fed control rats
(Rodriguez de Fonseca et al., 2001; Fu et al., 2003). Recently,
a 300-fold increase of OEA levels in the small intestine of fed
compared with fasted Burmese pythons was also reported
(Astarita et al., 2006). Two studies investigating the bio-
chemical mechanisms underlying this phenomenon have
been published, although with discrepant results. In one
study, feeding was found to increase the small intestine
levels of OEA and other unsaturated AEs without affecting
those of saturated AEs, including PEA, nor the levels of the
NAPE precursors for OEA and PEA, thus underscoring the
selectivity of OEA in food intake (Fu et al., 2007). Increased
OEA levels during feeding were accompanied by an increase
of the expression and the activity of the NAPE-PLD and by a
decrease of the expression and the activity of FAAH (Fu et al.,
2007). Opposing results were obtained in a previous study by
Petersen et al. (2006), who showed that the activity
of biosynthetic and degrading enzymes did not change
during food deprivation and refeeding, and that differential
changes in AEA, OEA and PEA small intestine levels were
likely due to differential changes in the levels of their NAPE
precursors. The reasons why these studies produced discre-
pant outcomes are not known. Yet, the two studies
emphasize how the levels of different AEs can be regulated
in different and even opposing ways during food intake and
food deprivation.

In addition to its anorexic properties, OEA also reduces
visceral fat mass (Guzman et al., 2004; Fu et al., 2005) and
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produces several peripheral effects, in agreement with the
concept that, like CB;, PPAR-z is also involved in lipid
metabolism and adipocyte differentiation. Both PPAR-« and
-p are in fact phosphorylated through an insulin-mediated
pathway, thereby inhibiting the expression of genes
favouring obesity and stimulating fatty acid p-oxidation
(Christophe, 1997). During fasting conditions, fatty acids are
mobilized from adipose tissue and taken up by the liver
where they are  oxidized. The activation of PPAR- has long
since been known to increase hepatic fatty catabolism and
reduce plasma triacylglycerols (Madsen et al., 2005). Accord-
ingly, PPAR-o is highly expressed in hepatocytes, cardio-
myocytes, the kidney cortex, skeletal muscles, adipocytes
and enterocytes (Lefebvre et al., 2006). In adipocytes, OEA
stimulates lipolysis as it increases the release of nonesterified
fatty acids and glycerol in a dose-dependent manner,
whereas it fails to do so in adipocytes from PPAR-o knockout
mice (Guzman et al.,, 2004). Additionally, not only in
adipocytes but also in jejunal enterocytes, OEA increases
fatty acid uptake and the expression of the fatty acid
translocase FAT/CD36, although in this case, the receptor
through which these effects were caused was not investi-
gated (Yang et al., 2007). Systemic administration of OEA
produced a rapid elevation of the circulating levels of
nonesterified fatty acids and glycerol and a decrease in
triacylglycerols content in the epidydimal fat and in the liver
but not in the skeletal muscle (Guzman et al., 2004). Since
this latter effect is mediated by PPAR-« and this nuclear
receptor stimulates fatty acid p-oxidation, it was not
surprising to observe that OEA also stimulates fatty acid
oxidation in rat soleus muscle and ketogenesis in rat
hepatocytes (Guzman et al., 2004). In the liver, OEA regulates
the expression of genes involved in lipid metabolism such as
PPAR-o and some of its targets, the FAT/CD36, the liver fatty
acid-binding protein (L-FABP) and the uncoupling protein-2
(UCP-2). Intraperitoneal administration of OEA increases the
liver expression of FAT/CD36 and L-FABP without affecting
acyl-CoA synthase, and decreases liver lipid droplets accu-
mulation (Fu et al., 2005). Despite the several effects that
exogenous OEA exerts on lipid metabolism, the regulation of
its endogenous levels during adipocyte differentiation, or in
the adipose depots of animals with disrupted energy balance
(for example, DIO mice) or in obese humans has not been
investigated to date. Furthermore, little is known on the
possible role of OFEA in the pancreas, despite the fact that
another proposed molecular target for this compound, the
‘orphan’ G-protein-coupled receptor GPR119, is most abun-
dant in this organ (Overton et al., 2006).

Role and regulation of PEA in energy homeostasis and
inflammation

PEA binds to PPAR-o but is unable to exert on food intake
and lipolysis effects similar to those of OEA, possibly because
of its lower efficacy at this nuclear receptor, or perhaps
because, as mentioned above, OEA might also exert some of
these effects via other receptors. Interestingly, however, PEA
activity at PPAR-« is efficacious enough to induce some anti-
inflammatory actions (Lo Verme et al., 2005a). Nevertheless,
despite the proposed inhibitory effects of PEA on the release
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of atherogenic cytokines (for example, tumour necrosis
factor-a (TNF-)) in vivo (Berdyshev et al., 1998) and in vitro
(Berdyshev et al., 1997), and the previous observation that
PEA inhibits leptin release from human adipocytes under
inflammatory conditions (Hoareau et al., 2006), the regula-
tion and role of this compound in atherogenic inflamma-
tion, a process that starts in the hypertrophic adipocyte with
excessive release of inflammatory cytokines and decreased
adiponectin production from white adipose tissues, has not
yet been investigated. Furthermore, whereas skin PEA levels
were shown to be upregulated in a rat model of type 1
diabetes (Darmani et al., 2005), no data exist on the
regulation of PEA levels in f-cells and pancreas during the
sustained hyperglycaemia, and the subsequent f-cell pro-
inflammatory and proapoptotic state, which are typical of
obesity and T2D.

Aim of the study

In view of this background and also of the fact that OEA and
PEA have been recently detected in human adipocytes
(Gonthier et al., 2007), but not yet reported in f-cells, we
wanted to assess further the role of endogenous OEA and
PEA in energy balance by investigating the regulation of
their levels in (1) mouse 3T3F442A adipocytes, (2) a model of
p-cells, the insulinoma RIN mF5 cells and (3) the adipose
tissue and pancreas from lean and obese animals and
humans. We decided to study the effect on OFA and PEA
levels of exactly the same conditions previously shown to
affect AEA and/or 2-AG levels in these cells and tissues
(Matias et al., 2006). Thus, we investigated the regulation
and dysregulation of OEA and PEA in isolated adipocytes and
p-cells cultured under conditions mimicking either normal
or unbalanced energy homeostasis, and in adipose tissues or
pancreas or blood of DIO mice and obese or hyperglycaemic
T2D patients.

Methods

Cell cultures

The mouse preadipocyte 3T3F442A cell line (fifth to tenth
passage) was kindly provided by Dr Mohamed Bensaid
from Sanofi-Aventis (Montpellier, France). 3T3F442A pre-
adipocytes were grown according to the manufacturer’s
recommendations. After confluence, 3T3F442A adipose
differentiation was obtained in the presence of the same
culture medium supplemented with 0.9 yum insulin. Cells
were placed in culture (day —6) and grown to confluence
(day —2) before stimulation with insulin (day 0). Terminal
differentiation occurred by day 12. For adipocyte stimula-
tion, leptin (20nM), WY14643 (a PPAR-o agonist, 20 uM) and
ciglitazone (a PPAR-y agonist, 20 uM) were added in dimethyl
sulphoxide (final concentration 0.1%) to the culture
medium.

RIN mSF rat insulonoma f-pancreatic cells were obtained
from ATCC and grown according to the manufacturer’s
recommendations. For experiments with cells in low- and
high-glucose conditions, cells were grown in the recom-
mended culture medium containing respectively 2.4g17!
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glucose (13 mM) and 4.5 g1~ ! glucose (25 mMm) for 24 h before
experimentation. For RIN mSF cell stimulation, leptin
(20nM), insulin (100nM), WY14643 (20 uM) and ciglitazone
(20 uMm) were added in dimethyl sulphoxide (final concentra-
tion 0.1%) to the culture medium depleted in fetal calf
serum.

Animals

Male, 7-week-old C57B1/6] mice were purchased from Harlan
Italy (Corezzana, MI, USA). After 1 week acclimatization,
animals were fed a diet containing 25.5% fat (49% of
calories), 22% protein and 38.4% carbohydrate (TD97366,
Harlan Italy) for up to 14 weeks. Control mice received
standard diet. Mice (n=10 per group) were fed ad libitum,
except for the 12-h period immediately preceding the killing
at 14 weeks (Table 1). The pancreas and the subcutaneous
and visceral fat tissues were removed and immediately frozen
in liquid nitrogen until quantitative determination of
endocannabinoids. Fasting plasma glucose levels were
determined in 12-h-fasted animals using the glucose test
kit with an automatic analyzer (AQccu-Chek Active; Roche,
Basel, Switzerland) in blood samples obtained from tail vein.
Guidelines for the use and care of laboratory animals of the
authors’ institutions were followed.

Subjects and blood or fat sampling

Visceral/subcutaneous fat from normoweight and over-
weight/obese volunteers was collected during Roux-en-Y
gastric bypass surgery for all 20 obese patients, and during
cholecystectomy (n=4) and hiatal hernias removal (n=06)
for the normoweight controls (Table 2). Samples were
immediately frozen in liquid nitrogen until endocannabi-
noid quantification. Blood from patients with T2D and age-
matched healthy volunteers were collected between 800 and
900 hours, the last treatment having been done not earlier
than 12h before blood sampling (Table 3). Regarding the
determination of circulating preprandial and postprandial
endocannabinoid levels, 12 healthy human subjects (eight
men and four women) were recruited (age =32.3+3.9 years;
body mass index (BMI)=21.7+2.9 kgm‘z, means+s.d.;
Table 4). After a 12-h-fasting period, volunteers received a
high-fat meal providing 601.12kcal and consisting of
16.60% protein, 39.25% carbohydrate and 44.15% fat.
Preprandial and postprandial blood samples were collected
1h before and after the test meal, respectively. All patients

Table 1 DIO vs lean mice

Body weight (g) Glucose (mm)

Standard diet (9% fat)
HFD (25.5% fat)

28.84+0.3
41.54+0.2%**

6.77+0.15
9.07+0.18*

Abbreviations: DIO, diet-induced obesity; HFD, high-fat diet.

Effect of a standard diet and HFD on body weight and blood glucose levels.
Assays were performed after 14 weeks of dietary treatment. Blood samples
were obtained following 12h fasting. Data are means+s.e.mean of n=10.
*P<0.05 and ***P<0.001 vs controls, respectively, as assessed by ANOVA
followed by the Bonferroni’s test.
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Table 2 Obese vs normoweight patients
Age (years) BMmI Gender Glucose (mm)
Normoweight volunteers means (n=10) +s.e.mean 56.7+5.9 21.3+0.3 4M/6F 4.834+0.17
Obese patients means (n=20)+s.e.mean 459+42.1* 45.141.8%*** IM/11F 5.67+0.11%**

Abbreviations: BMI, body mass index, expressed in kg m~2; F, female; M, male.
None of the patients were under pharmacological treatment at the time of surgery. ********p<(.05, 0.005, 0.0005, respectively vs normoweight volunteers, as
assessed by the Kruskal-Wallis nonparametric test.

Table 3 Data of hyperglycaemic type 2 diabetic vs healthy volunteers

Age (years) BMI Gender Glucose (mm)
Healthy volunteers mean (n=8)+s.e.mean 62.3+2.4 28.6+1.9 5M/3F 5.72+0.22
Diabetic patients mean (n=10) +s.e.mean 69.0+4.0 33.5+3.0 4M/6F 10.28+1.17***

Abbreviations: BMI, body mass index, expressed in kg m~2; F, female; M, male.
We used patients with type 2 diabetes with randomized pharmacological treatments. In fact, of the 10 patients, two were under treatment with metformin, one
with metformin + insulin, one with glibenclamide, two with metformin + glibenclamide, one with acarbose + glibenclamide and three with insulin only. In each

case, the last treatment was given not later than 12 h before blood sampling. As shown in the Table, this heterogeneity in treatment resulted in similar fasting

glycaemia values. ***P<0.005 vs healthy volunteers, as assessed by the Kruskal-Wallis nonparametric test. BMI, body mass index, expressed in kgm

and volunteers were informed of the study procedures and
signed an informed consent.

Oil Red-O staining

Light microscopy and Oil Red-O staining were used to
monitor the characteristic cell rounding and lipid droplet
accumulation in these cells during differentiation (Ramirez
et al., 1992).

Real-time RT-PCR analyses

Real-time cDNA quantification was performed by a thermo-
cycler iCycler iQ (Bio-Rad, Hercules, CA, USA). Fluorescence
data were collected during elongation. Optimized PPAR-y
primers for SYBR Green analysis (and relative TaOpt) were
designed by ‘Beacon Designer’ software and synthesized by
MWG-Biotech AG (Ebersberg, Germany). Assays were per-
formed in triplicate (s.d. of threshold cycle mean <0.5) and
a standard curve from consecutive fivefold dilutions (150-
0.24ng) of a cDNA pool representative of all samples was
included for each determination. Relative expression analysis
correct for PCR efficiency and normalized with respect to
reference genes f-actin and hypoxanthine phosphoribosyl-
transferase was performed by ‘REST C’ software for group-wise
comparison and statistical analysis.

Purification and quantification of oleylethanolamide and
palmitoylethanolamide

The extraction, purification and quantification of OEA and
PEA from cells, tissues and blood were performed as
described previously (Di Marzo et al., 2001; De Marchi
et al., 2003). First, cells are dounce-homogenized and
extracted with chloroform/methanol/Tris-HCl 50mM pH
7.5 (2:1:1, v/v) containing internal standards. The lipid
extract was prepurified by open-bed chromatography on
silica columns eluted with increasing concentrations of
methanol in chloroform. After extraction and purification,

-2

OEA and PEA fractions were subjected to isotope-dilution
liquid chromatography-atmospheric pressure chemical ioni-
zation-mass spectrometric analysis (LC-APCI-MS) by using
a Shimadzu HPLC apparatus (LC-10ADVP) coupled to a
Shimadzu (LCMS-2010) quadrupole MS via a Shimadzu APCI
interface as described previously (Di Marzo et al., 2001). The
amounts of OEA and PEA are expressed as picomoles per
milligram of lipids extracted or per milligram of weight
tissue or per millitre of blood.

Results

Regulation of OEA and PEA in the adipose tissue

Regulation of OEA and PEA during adipocyte differentiation
Mouse 3T3F442A preadipocytes were differentiated into
adipocytes using conditions mimicking hyperinsulinaemia
with a high concentration of insulin. Differentiation into
mature adipocytes was monitored by measuring PPAR-y
expression by real-time reverse transcription (RT)-PCR
(fold-enhancement over day 0) and Oil Red-O staining of
lipid droplets, and occurred rapidly with insulin (Figure 2a).
PPAR-y expression was significantly different from day O on
days 8 and 12 (P<0.01) under these conditions. Note the full
differentiation occurring already at day 8 with insulin, and
the increased formation of lipid droplets (red dots, black in
the figure) between days 8 and 12. Adipocyte differentiation
was accompanied by a decrease in the levels of the PEA
(P<0.01 vs vehicle; n=3-6), which remained strongly
decreased in mature (day 8) and hypertrophic (day 12)
adipocytes (Figure 2b). OEA instead did not change during
adipocyte differentiation (Figure 2b).

Regulation of endocannabinoid levels by leptin and PPAR-y. In
the rodent hypothalamus, uterus, lymphocytes and adipo-
cytes (Di Marzo et al., 2001; Maccarrone et al., 2003, 2005;
Matias et al., 2006), both AEA and 2-AG levels are regulated
by leptin (Di Marzo et al., 2001). We observed here that in
mature adipocytes (8 days), PEA but not OEA levels were
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before and after the meal, respectively. ********p 20,05, 0.005, 0.0005, respectively vs paired volunteers, as assessed by the two-tailed paired Student's test. Insulin is expressed in mUml~". C peptide is expressed in

pmol I=". Leptin is expressed in ngml~". Triglycerides, total cholesterol, HDL and LDL are expressed in gl~".

Preprandial healthy volunteers
means (n=12)+s.e.mean
Postprandial healthy volunteers
means (n=12)+s.e.mean

This experiment was designed to assess whether or not a transient hyperglycaemia, corrected by well functioning insulin signalling, results in decreased serum OEA and PEA levels. Blood sampling was carried out 1h

Abbreviations: BMI, body mass index, expressed in kg m~2; HDL, high-density lipoprotein; LDL, low-density lipoprotein, OEA, oleoylethanolamide; PEA, palmitoylethanolamide.

Table 4 Preprandial vs postprandial healthy volunteers
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decreased after prolonged (24h) stimulation with leptin
(20nM) (Figure 3a). Ciglitazone (20uM, 12h), a selective
agonist of PPAR-y, but not WY14643 a selective agonist of
PPAR-«, decreased PEA levels partially in mature adipocytes
(8 days; n=4-6). In contrast, the levels of OEA were not
affected by either ciglitazone or WY14643 (Figure 3b).

Dysregulation of OEA and PEA levels in the adipose tissue of obese
mice and patients. DIO mice were obtained as described in
the Methods and exhibited significantly higher body weight
and blood glucose levels than lean mice (Table 1). In these
mice, we observed a significant decrease of both PEA and
OEFA in the subcutaneous but not visceral fat (Table 5).

In obese humans as compared to normoweight controls,
we observed no changes in both OEA and PEA levels in
visceral adipose tissue (Figure 4, see Table 2 for patients’
data). In obese patients, subcutaneous fat contained sig-
nificantly lower levels of PEA, whereas no change in
subcutaneous OEA levels were observed (Figure 4).

Regulation of OEA and PEA in pancreas and blood

Regulation of OEA and PEA in rat RIN mSF pancreatic f-
cells. Rat insulinoma RIN mSF p-cells are a widely used
model of pancreatic islet f-cells in as much as they release
insulin in response to very high concentrations (for example
33mM) of glucose, and also respond to this hormone
(Hohmeier and Newgard, 2004). For optimal viability they
need to be cultured in a relatively high concentration of
glucose (25 mM), although they can survive for several hours
also at a lower concentration (for example 13 mM). Near-
confluent cells at a low number of passages were kept in ‘low’
(13 mM) glucose for 24 h before stimulation with a 2-h ‘pulse’
of 33mM glucose, which caused a significant decrease of
both OEA and PEA levels (Figure 5). In these conditions of
relatively ‘low’ glucose for these cells, costimulation with
insulin enhanced 33 mM glucose-induced OEA and PEA level
decrease (Figure 5). Conversely, in f-cells kept for 24 h on
‘high’ glucose (25 mM) to mimic hyperglycaemic conditions,
a 2-h ‘pulse’ of 33mM glucose and also insulin alone
increased OEA and PEA levels, and insulin also enhanced
the 33 mM glucose-induced OEA and PEA increase (Figure 5).

Regulation of OEA and PEA levels by leptin and PPARs. We
observed no changes in OEA and PEA levels in f-cells kept on
‘low’ glucose after prolonged (24 h) stimulation with leptin
(20nMm), ciglitazone (20 uM, 12h) and WY14643 (20 uM, 12 h;
n=4-6, data not shown).

Dysregulation of OEA and PEA levels in the pancreas of obese
mice. In these mice, we observed no changes in either OEA
or PEA levels with respect to lean controls (Table 5).

Dysregulation of blood OEA and PEA levels in hyperglycae-
mia. In the blood of nonobese T2D patients, as compared
to age-, BMI- and gender-matched normoglycaemic volun-
teers (see Table 3 for patients’ data), we observed an increase
of PEA levels (Figure 6a). OFA levels were also increased
(from 7.5+ 0.7 to 9.3+ 0.9 pmol m1™"). Conversely, following
a meal in young normoglycaemic volunteers (see Table 4 for
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Figure 2 Regulation of oleoylethanolamide (OEA) and palmitoylethanolamide (PEA) levels during adipocyte differentiation. (a) Differentiation
of mouse 3T3F442A pre-adipocytes into adipocytes induced by insulin (0.9 um) was monitored by measuring peroxisome proliferator-activated
receptor (PPAR)-y expression by real-time reverse transcription (RT)-PCR (lower panel), or Oil Red-O staining under a microscope (upper panel;
adapted from Matias et al., 2006). RNA expression is expressed as fold-enhancement over day 0. Error bars are not shown and they were always
<10%. s.d. values for cycle threshold were always <1%. (b) Levels of OEA and PEA during adipocyte differentiation induced with insulin
(0.9 uM). OEA and PEA levels were measured by isotope-dilution LC-MS (see Methods). Data are means+s.e.mean of n=3-6 separate
experiments. *=P<0.01 vs day 0, respectively, as assessed by ANOVA followed by the Bonferroni’s test.

patients’ data), both PEA and OEA blood levels were
significantly decreased (Figure 6b).

Discussion

With the present study, we wanted to (1) review the
increasing evidence supporting the role of AEs, via cannabi-
noid and noncannabinoid receptors, in the regulation of
metabolism and in inflammatory conditions accompanying
metabolic disorders; and (2) investigate if the levels of two
AEs, that is OEA and PEA, are regulated in a way similar to
those of their chemically and metabolically related con-
gener, and cannabinoid receptor ligand, AEA, in models of
adipocytes and f-cells, and in the adipose tissue, pancreas
and blood of DIO mice and obese or T2D patients (Matias
et al., 2006).

Adipocytes and adipose tissue

Despite the previous observation that in adipocytes OEA
stimulates lipolysis through a mechanism independent of
cAMP and calcium (Guzman et al., 2004; Yang et al., 2007),
and inhibits glucose uptake (Gonzalez-Yanes et al., 2005), in
the present study, we could not observe any change in its
levels in adipocytes under conditions previously demon-
strated to modify AEA levels (Matias et al., 2006) and found
to cause changes also in PEA levels. In fact, OEA concentra-
tions did not change during differentiation from mouse
3T3F442A pre- to mature adipocytes and then hypertrophic
adipocytes, induced by chronic treatment with a high
concentration of insulin, whereas PEA levels were dramati-
cally decreased in both mature and hypertrophic adipocytes
(Figure 2b). Furthermore, unlike PEA, OEA was not down-
regulated by stimulation of either leptin or PPAR-y receptors

British Journal of Pharmacology (2007) 152 676-690
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Figure 3 Regulation of oleoylethanolamide (OEA) and palmitoy-
lethanolamide (PEA) levels in adipocytes. (a) Effect on OEA and PEA
levels of a 24h stimulation with leptin (20nm) of differentiated
adipocytes (8 days of treatment with 0.9 uM insulin). (b) Effect on
OEA and PEA levels of prolonged 12 h stimulation with WY14643 (a
peroxisome proliferator-activated receptor (PPAR)-o agonist, 20 um)
and ciglitazone (a PPAR-y agonist, 20 um) of differentiated adipo-
cytes. Data are means+s.e.mean of n=4-6 separate experiments.
*=P<0.05 vs vehicle, respectively, as assessed by ANOVA followed
by Bonferroni’s test.
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(Figure 3), possibly suggesting that the tonic stimulation of
these receptors underlies the decrease of PEA in mature (by
both leptin and PPAR-y) and hypertrophic (by leptin only)
adipocytes. The finding of lack of regulation over OEA levels
by a key event like adipocyte differentiation, and by three
major adipocyte-signalling systems (insulin, leptin and
PPAR-y) might suggest that this compound does not play a
major autocrine role in adipocyte function and lipolysis.
Thus, OEA originating from other cells might be responsible
for the previously observed pharmacological effects of this
compound on adipocytes. Conversely, AEA and PEA might
play an autocrine function in adipocytes. The levels of the
former compound peak before adipocyte maturation to then
go back to preadipocyte levels (Matias et al., 2006). There-
fore, AEA is likely to participate in adipocyte differentiation
and lipogenesis by stimulating CB; receptors, which, in turn,
cause PPAR-y overexpression (Matias et al., 2006), glucose
uptake (Gasperi et al, 2007) and lipoprotein lipase activation
(Cota et al., 2003). At higher concentrations, AEA might
cause some of these effects by directly activating PPAR-y

Table 5 Oleoylethanolamide (OEA) and palmitoylethanolamide (PEA)
levels in the visceral and subcutaneous fat and pancreas of mice fed a
standard diet (STD) or a high-fat diet (HFD) for 14 weeks

Organ OFA (pmol g~ wet tissue) PEA (nmol g~ wet tissue)

STD DIO STD DIO

Subcutaneous fat 151.24+-20.4 51.245.6*** 4.3+1.7
Visceral fat 135.6+32.4 140.0+60.0
Pancreas 74.0+8.0 72.0+17.0

0.54+0.06*
0.4+0.05 0.3+0.05
0.7+0.05 0.5+0.08

Abbreviation: DIO, diet-induced obesity.

Data are means+s.e.mean of n=4-10. Means were compared by ANOVA
followed by Bonferroni’s post hoc analysis. *P<0.05; ***P<0.005 vs the
respective STD control.

O Visceral fat tissue from normoweight patients (n=10)
B Visceral fat tissue from obese patients (n=20)
Fd Subcutaneous fat tissue from obese patients (n=7)

PEA

OEA

Figure 4 Oleoylethanolamide (OEA) and palmitoylethanolamide (PEA) levels in the visceral adipose tissue of normoweight and overweight/
obese humans and in the subcutaneous fat of obese patients (Table 1). **=P<0.003 vs visceral fat from the corresponding obese patients, as

assessed by paired Student’s t-test.
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Figure 5 Levels of oleoylethanolamide (OEA) and palmitoyletha-
nolamide (PEA) in RIN m5F p-cells kept on ‘low’ (13 mm, G13) and
‘high’ (25 mMm, G25) glucose for 24 h before stimulation with either
glucose (33 mM, 2h, G33), insulin (100 nM, 2 h) or glucose + insulin
(2h). Data are means+s.e.mean of n=6 separate experiments.
*=P<0.05 vs vehicle as assessed by ANOVA followed by the
Bonferroni’s test. Note that ‘low’, ‘high” and ‘very high’ glucose do
not refer to, nor do they reflect, the fasting concentrations of glucose
occurring in humans during normo- or hyperglycaemia, respectively.
They refer instead to the optimal culturing conditions of RIN-m5F
p-cells, which the manufacturer advises to grow in 25 mm glucose.

(Bouaboula et al., 2005), but might also reduce lipogenesis by
activating TRPV1 channels (Zhang et al., 2007), thus acting
as a negative feedback signal to limit adipocyte size. On the
other hand, PEA is known to counteract inflammatory cyto-
kine production/release from mononuclear cells (Berdyshev
et al.,, 1997, 1998), and might play a similar role also in
adipocytes by activating PPAR-u. In fact, these cells and the
adipose tissue produce a large number of proinflammatory cyto-
kines like TNF-o and interleukin-6 (IL-6), thus causing
macrophage infiltration into adipose tissue, an event that
seems to be a crucial trigger for atherogenic inflammation
during obesity (Wellen and Hotamisligil, 2003). In this
perspective, the reduction of PEA levels in mature and
hypertrophic adipocytes (Figure 2b) might be analogous to
the downregulation of PPAR-y (which is also an important
anti-inflammatory signal) in these cells, and hence con-
tribute to this inflammatory process. Indeed, some of us
observed that PEA causes inhibition of lipopolysaccharide
(LPS)-induced release of TNF-o from human subcutaneous
adipocytes in culture (L Hoareau, M Buyse, P Ravanan, M-P
Gonthier, I Matias, S Petrosino, H Caillens, C Lefebvre
d'Hellencourt, M Cesari, V Di Marzo, F Festy and R Roche, in
preparation). On the other hand, Hoareau et al. (2006) found
that PEA does not affect LPS-induced IL-6 production in
these adipocytes, and instead it enhances LPS-inhibition of
leptin release. Therefore, it is also possible that PEA decrease
in mouse hypertrophic adipocytes contributes to disinhibi-
ting leptin release under inflammatory conditions. Conver-
sely, leptin does not suppress the levels of OEA (perhaps in
agreement with the fact that both compounds have
anorectic properties), but does reduce PEA (Figure 3a) and
AEA (Matias et al., 2006) levels, whereas PPAR-y only affects
PEA levels (Figure 3a and Matias et al., 2006). It must be
emphasized that in human subcutaneous adipocytes cul-
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tured in vitro, leptin, but not PPAR-y, inhibited the levels of
PEA, but not those of OFEA or AEA (Gonthier et al., 2007).

The downregulation of PEA levels in mature/hypertrophic
adipocytes corresponds to what we have found here in vivo
in the subcutaneous fat of DIO mice, where the levels of
PEA were significantly reduced as compared to lean mice
(Table 5), and where we recently observed a downregulation
also of AEA levels (K Starowicz et al., submitted). Unlike
isolated adipocytes, however, OEA levels were found to
decrease in the subcutaneous fat of DIO mice also (although
much less than PEA levels, that is, threefold vs ninefold,
Table 5). PEA levels, but not OEA levels, were higher in
subcutaneous than in visceral fat of lean mice, and none of
the two compounds, nor AEA (K Starowicz et al., submitted),
underwent any changes in this latter adipose depot follow-
ing development of DIO (Table 5).

In human obese patients, unlike DIO mice, the amounts of
PEA were found to be lower in the subcutaneous fat, whereas
those of OEA (Figure 4) and AEA (Matias et al., 2006) were
similar in the two adipose tissue compartments. Interest-
ingly, PEA and OEA levels in the human were 2.5-5-fold
higher than those in mouse visceral fat (Table 5 and Figure 4).
Unfortunately, we could not analyse the subcutaneous fat
of normoweight human volunteers, and hence we could not
assess whether PEA levels in humans also decrease in
subcutaneous fat following the development of obesity. In
the visceral fat, however, the levels of neither PEA nor OEA
changed as compared to the visceral fat of normoweight
volunteers (Figure 4), similar to that previously observed for
AEA, but nor for 2-AG (whose levels increase in this adipose
compartment; Matias et al., 2006).

In summary, the regulation of PEA levels in the adipose
tissue in vivo in obese mice seems to reflect to some extent
the outcome of our experiments in mouse adipocytes only
for what concerns the subcutaneous fat. In all cases that can
be compared to one another, that is, when passing from just
differentiated (4 days) to hypertrophic (12 days) isolated
adipocytes, and from the adipose tissues of lean to those of
obese mice, PEA levels change in exactly the same way as
those of AEA, that is, they decrease in adipocytes and
subcutaneous fat and seem to remain constant in visceral fat.
In contrast, the levels of OEA change like those of the other
two AEs only in in vivo experiments. From the biochemical
point of view, this phenomenon might indicate that the
levels of all three AEs are regulated in similar ways (that is by
using the same biosynthetic and/or degrading enzymes or
by similar changes in the levels of their NAPE ultimate
precursors) in mouse adipose tissues in vivo, but not in
mature mouse adipocytes, where only PEA and AEA levels
responded to chronic insulin treatment in similar ways.
However, it must be emphasized that, although these two
compounds were downregulated in a similar way by leptin,
PPAR-y stimulation only reduced PEA levels (Figure 3b and
Matias et al., 2006), thus indicating that this nuclear receptor
might affect in a different way PEA and AEA biosynthesis in
mouse 3T3F442A adipocytes. In human subcutaneous
adipocytes, instead, it was leptin that inhibited only PEA
levels without affecting AEA and OEA levels, whereas PPAR-y
has no effect on any of the three compounds (Gonthier et al.,
2007). From a functional point of view, since PEA possesses
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Figure 6 (a) Blood oleoylethanolamide (OEA) and palmitoylethanolamide (PEA) levels in overweight type 2 diabetes (T2D) vs healthy
volunteers. Data are means+s.e.mean of n=8 healthy volunteers and n=10 T2D patients. (b) Blood OEA and PEA levels in postprandial vs
preprandial healthy normoweight volunteers. Blood sampling was carried out 1h before and after the meal, respectively. Data are
means +s.e.mean of n=12 subjects. *=P<0.05 vs controls, respectively, as assessed by the Kruskal-Wallis nonparametric test (a), or the two-

tailed paired Student’s t-test (b).

anti-inflammatory effects but, unlike AEA, has no known
direct effect on lipogenesis, the reduction of PEA levels can
be reconciled with the proinflammatory profile typical of the
adipose tissue of obese individuals, a profile that could be
caused in part by a reduced tonic anti-inflammatory action
by PEA. Furthermore, in view of its aforementioned en-
hancement of LPS-induced inhibition of leptin release from
human subcutaneous adipocytes (Hoareau et al., 2006), it is
also possible that PEA reduction in the subcutaneous fat is
partly responsible for the higher leptin levels found in obese
individuals.

Insulinoma f-cells and pancreas
We have reported here, for the first time, the presence of
OEA and PEA in a model of rat pancreatic islet f-cells, the
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RIN mFS5 cells. We found that leptin, ciglitazone or WY14643
do not regulate OEA and PEA levels in these cells, whereas
leptin does inhibit AEA levels (Matias et al., 2006). In cells
grown in 13 mM glucose, a 33 mM glucose pulse decreases
significantly both PEA and OEA levels, whereas in cells kept
for 24h wunder conditions mimicking hyperglycaemia
(25 mM glucose), we observed the opposite effect by 33 mm
glucose (Figure 5). Under both conditions, insulin reinforced
the glucose-induced effect on OEA and PEA levels, and
insulin alone even increased both OEA and PEA levels in cells
kept in 25mM glucose (Figure 5). This suggests that a
dysregulation of OEA and PEA levels may occur in f-cells
under conditions mimicking hyperglycaemia, and that the
capability of insulin to decrease OEA and PEA is lost under
these conditions. The effect of glucose on OEA/PEA levels



in RIN mF5 cells kept in ‘low’ glucose is opposite to that
previously observed with AEA and 2-AG in the same cells and
under the same conditions, in which, however, insulin does
inhibit 33mM glucose-induced upregulation of the two
endocannabinoids (Matias et al., 2006). On the other hand,
in cells kept in 25mM glucose, AEA and 2-AG are also
upregulated by both 33mM glucose and insulin, and to a
larger extent than OEA and PEA (Matias et al., 2006). The
finding of the reduction of OEA levels by glucose and
glucose +insulin is in line with the anorexic properties of
OEA and with the observation that OEA decreases in the
small intestine of lean rats during feeding (Rodriguez de
Fonseca et al., 2001). Furthermore, recently Gonzalez-Yanes
et al. (2005) demonstrated that OEA impairs glucose
tolerance and inhibits glucose uptake in adipocytes. If such
a phenomenon also occurs in f-cells, or if the glucose-
induced inhibition of OEA observed here in RIN mF5 cells
occurs also in adipocytes, this latter effect might represent a
negative feedback response aimed at reducing OEA inhibi-
tion of insulin-mediated glucose uptake by these two cell
types. This effect would, however, be disrupted in cells under
conditions of hyperglycaemia, where, on the contrary,
elevation of OEA production might contribute to insulin
resistance. The elevation of PEA levels by glucose in RIN mF5
cells kept in high glucose (Figure 5) might be seen, instead, as
an adaptive response to the toxic and hence likely proin-
flammatory stimulus represented by hyperglycaemia. Inter-
estingly, however, in the pancreas of DIO mice, we could not
detect any increase of OEA and PEA levels, despite the fact
that these mice were strongly hyperglycaemic (Table 5). It is
possible that, out of the many cell types that comprise the
pancreas, the dysregulation of these two lipid mediators only
occurs in p-cells, and therefore cannot be seen when
analysing the whole organ. Alternatively, species-dependent
variations might also account for these differences, although
it must be emphasized that AEA and 2-AG levels do increase
in the pancreas of DIO mice, and that these two compounds
were more strongly upregulated by glucose and insulin than
OEA and PEA in RIN mFS5 cells kept in 25 mM glucose (Matias
et al., 2006). Furthermore, in agreement with our data, OEA
was found to decrease in the pancreas of lean, normogly-
caemic rats after free feeding (Fu et al., 2007).

We have also reported here for the first time that in human
blood, OEA and PEA levels are decreased following a meal in
normoglycaemic volunteers (Figure 6b) and are instead
permanently increased under conditions of chronic hyper-
glycaemia, that is in patients with T2D under randomized
pharmacological treatment (Figure 6a), exactly as shown
previously for both AEA and 2-AG (Matias et al., 2006). Both
phenomena might be related to our findings in p-cells,
although we have provided no evidence here that the switch
from inhibition to stimulation of the levels of OEA and PEA
by glucose and insulin observed in RIN mFS5 cells when
passing from ‘low’ to ‘high’ glucose occurs also in those
peripheral tissues that might release the two compounds
into the blood. Indeed, we do not know the cellular source(s)
responsible for the presence of these two compounds in the
blood, nor whether their blood concentrations (ranging
from ~35 to ~65nM for PEA and from ~5 to ~10nM for
OEA) are sufficient to produce any pharmacological effects.
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Since these concentrations are much lower than those
normally found in several tissues, we can hypothesize that
OEA and PEA found in the blood are due to ‘spillover’ from
peripheral organs, in which these compounds are biosynthe-
sized and exert their effects. Nevertheless, our findings in the
blood of normoglycaemic patients are in full agreement with
a recent study carried out in rats (Fu ef al., 2007), in which
OEA was found to decrease after food intake in the white
adipose tissue, pancreas, spleen, liver and blood. In this same
study, it was found that PEA levels did not change following
food consumption in the jejunum, whereas we also found
that PEA levels decrease in the blood of normoglycaemic
patients following a meal, and that they are permanently
increased in T2D patients. Since postprandial hyperglycae-
mia increases the magnitude and duration of the systemic
inflammatory responses, particularly during T2D (Kempf
et al., 2006), it is possible that the changes in blood PEA
levels in postprandial vs preprandial human blood and in
T2D patients are somehow related to glucose-induced
inflammation.

In conclusion, whereas in insulinoma f-cells, OEA and PEA
are regulated by glucose differently from AEA (although all
three compounds are upregulated by glucose under culturing
conditions rich in glucose), the levels of all three AEs seem
to be regulated exactly in the same way in human blood
following transient (postprandial) or permanent (T2D)
hyperglycaemia. This is in agreement with the fact that the
biosynthetic and degradative mechanisms are similar for the
three compounds, at least to some extent.

Conclusions

In this study, we reviewed the current knowledge of the
potential role of three bioactive AEs in the control of energy
metabolism (in the case of AEA and OFA) and inflammation
associated with obesity and T2D (in the case of PEA). In
doing so, we laid particular emphasis on adipocytes and
p-cells, and on the organs that contain these two cell types.
Our overview reveals that (1) despite the fact that OEA exerts
strong pharmacological effects on adipocytes, little is known
on the regulation of its levels in adipocytes during differ-
entiation or in the adipose tissue during obesity; (2) despite
the fact that OFA inhibits glucose tolerance, no study have
been carried out on the regulation of its levels in f-cells and
blood; (3) whereas the anti-inflammatory effects of PEA at
the level of blood cells and adipocytes have been investi-
gated, no information is available on its regulation in
hypertrophic (and hence proinflammatory) adipocytes and
in f-cells grown under hyperglycaemic (and hence proin-
flammatory and proapoptotic) conditions; and (4) no data
exist on the levels of OEA and PEA in the adipose tissue of
obese patients or in the blood of T2D patients. We have,
therefore, attempted here to fill in part these gaps, by using
the same experimental approach that previously led to the
understanding of AEA regulation during the above-men-
tioned conditions of unbalanced energy homeostasis (Matias
et al., 2006; K Starowicz et al., submitted). Our data can be
summarized as follows (Table 6): (1) In mouse adipocytes,
PEA, but not OEA, is regulated during differentiation, and
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Table 6 Summary of the metabolic regulation of acylethanolamide levels in various organs and cells

3T3F442A mouse adipocytes RIN mF5 rat insulinoma f-cells Adipose tissue Pancreas Small Hypothalamus Blood
intestine
During Leptin PPAR-oc  PPAR-y Pulse of 33 mM  Pulse of 33 mM  Leptin PPAR-z, Obesity Obesity  Food Food Food T2D
differentiation glucose in cells  glucose in cells PPAR-y consumption consumption consumption
with insulin kept in 13mM  kept in 25mMm
glucose glucose
AEA Peaks at day 4 Decreases Does not Does not Increases and Increases and  Decreases No Increases in epidydimal Increases Decreases Decreases Decreases in  Increases
and then change change insulin blocks insulin does effect  fat of DIO mice and in DIO human
decreases this effect not block this visceral fat of obese mice blood
effect patients, does not
change in the visceral
fat of DIO mice and
decreases in
subcutaneous fat of
DIO mice
OEA Does not Does not Does not Does not Decreases and Increases and  No effect No Does not change in Does not Increases Does not Decreases in  Increases
change change change change insulin enhances insulin effect  visceral fat of DIO change change both human
this effect enhances this mice and obese in DIO and rat
effect patients and decreases  mice blood
in subcutaneous fat of
DIO mice
PEA Decreases Decreases Does not Decreases Decreases and  Increases and  No effect No Does not change in Does not Does not ND Decreases in Increases
starting from change insulin enhances insulin effect  visceral fat of DIO change change human
day 4 this effect enhances this mice and obese in DIO blood
effect patients and decreases  mice

in subcutaneous fat of
DIO mice

Abbreviations: AEA, arachidonoylethanolamide; DIO, high-fat diet-induced obesity; ND, not determined; OEA, oleoylethanolamide; PEA, palmitoylethanolamide; PPAR, peroxisome proliferator-activated receptor; T2D,

type 2 diabetes.

Based on the data reported here and in Matias et al. (2006); Fu et al. (2007); and K Starowicz et al. (submitted).
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inhibited by both leptin and PPAR-y; (2) PEA and OEA are
present in a model of rat f-cells and are either down- or
upregulated by glucose and insulin during pseudonormo-
glycaemic and -hyperglycaemic conditions, respectively; (3)
PEA levels decrease in the subcutaneous fat, but not in the
visceral fat and pancreas of DIO mice, and do not change in
the visceral fat of obese patients; and (4) circulating PEA and
OEA levels are lower after a meal in normoglycaemic
humans, and are higher in T2D patients. Clearly, further
studies will be required to understand the role of OEA in
p-cells and insulin release, and of PEA in the inflammation
accompanying obesity and T2D.
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