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Abstract
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Oleoylethanolamide (OEA) is an endogenous lipid mediator that decreases food intake and enhances
lipid catabolism. Dietary fat stimulates OEA mobilization in the proximal small intestine, through a
mechanism that requires the participation of the membrane glycoprotein CD36 (fatty acid translocase,
FAT). CD36 is highly expressed in small-intestinal enterocytes and is involved in fatty acid uptake
and intracellular signaling. Here, we analyze the impact of genetic CD36 deletion on OEA production
in various mouse tissues under free-feeding conditions and at different times of the light/dark cycle.
CD36 ablation decreases OEA levels in jejunum and plasma during the dark phase, when mice
consume most of their daily food. CD36 deletion is also associated with reduced OEA levels in
kidney, but not in other tissues including duodenum, stomach, adrenals, white and brown fat, heart,
liver, pancreas, skeletal muscle and brain. The results underscore the important role of CD36 in
jejunal OEA production linked to feeding.
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1. Introduction
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Oleoylethanolamide (OEA) is an endogenous fatty acid ethanolamide (FAE) that is produced
on-demand by neurons and other cells by the consecutive action of two enzymes: Nacyltransferase (NAT), which generates N-oleoyl-phosphatidylethanolamine (NOPE) and Nacylphosphatidylethanolamine-specific phospholipase D (NAPE-PLD), which cleaves NOPE
to release OEA [1,2]. OEA is in turn the substrate of two distinct intracellular amidases: fattyacid amide hydrolase (FAAH) [3,4], and N-acylethanolamine-hydrolyzing acid amidase
(NAAA) [5,6]. In the proximal small intestine, feeding stimulates enterocytes to produce OEA
[7-9], whereas fasting produces an opposite effect. Duodenal infusion experiments have shown
that dietary fat, not carbohydrates or protein, selectively stimulates small-intestinal OEA
generation [10]. More specifically, it has been found that infusion of monounsaturated oleic
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acid (C18:1Δ9) causes OEA accumulation in jejunum, whereas infusion of saturated palmitic
acid (C16:0) has no such effect. Oleic acid administration increases NOPE production,
stimulates NAPE-PLD activity and inhibits FAAH activity in enterocytes [10], three effects
that are also elicited by feeding. In addition to these regulatory actions, biochemical studies
have demonstrated that dietary oleic acid, but not plasma-derived oleic acid, serves as a
metabolic precursor for OEA biosynthesis [10].
Systemic administration of OEA causes, in rodents, a dose- and time-dependent decrease in
food intake. This effect is structurally and behaviorally selective, requires intact sensory vagal
fibers and is accompanied by activation of the nucleus of the solitary tract in the brainstem and
the paraventricular nucleus in the hypothalamus [9,11]. The anorexic actions of OEA are
mediated by the peroxisome proliferator-activated receptor-α (PPAR-α), a nuclear receptor
that is involved in regulating the absorption, storage and utilization of dietary fat [12-14].
Furthermore, the hypophagic effects of OEA are abolished in PPAR-α-null mice and are
mimicked by the synthetic PPAR-α agonists Wy-14643 and GW7674 [11]. Indeed, OEA binds
to PPAR-α with high affinity (K0 = 40 nM) and activates it with high potency (half-maximal
effective concentration, EC50, 120 nM) [11]. Importantly, during the daytime OEA reaches
concentrations in the small intestine that can fully activate PPAR-α (∼300 nM). The OEA
analog, palmitoylethanolamide (PEA), which is also present in the small intestine [7], also
activates PPAR-α, albeit with lower potency than does OEA (EC50 = 3.1 μM).
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CD36 is a glycosylated membrane protein that binds long-chain fatty acids (LCFAs) and
facilitates their translocation across cell membranes [15-23]. CD36 expression along the
gastrointestinal tract parallels the distribution of LCFAs absorption, being higher in duodenum
and jejunum and lower in ileum, colon and stomach [24]. CD36 localizes to the apical
enterocyte membrane, where it is highly concentrated [22]. CD36 is thought to play an
important role in the absorption of fatty acids by the proximal small intestine [10]. Moreover,
we have recently shown that CD36 may also contribute to the oleic acid-stimulated production
of OEA under fasting/re-feeding conditions [10]. To further characterize the role of CD36 in
OEA mobilization, in the present study we investigated the impact of deletion of the CD36
gene on OEA content in tissues of mice kept under free-feeding conditions.

2. Materials and Methods
2.1. Animals
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CD36-null mice on a C57BL/6J background were generated from breeding pairs kindly
provided by Dr. Maria Febbraio (Lerner Research Institute, Cleveland, OH) [19,25-29].
Animals were maintained at 22 °C on a 12h light/dark cycle (lights on at 5:30 am) and had free
access to water and standard chow pellets (Prolab RMH 2500; PMI Nutrition International,
Brentwood, MO). All procedures met the National Institutes of Health guidelines for the care
and use of laboratory animals, and were approved by the Institutional Animal Care and Use
Committee of the University of California, Irvine.
2.2. Plasma and tissue levels of OEA, PEA, anandamide and fatty acids
Mice were sacrificed under slight anesthesia (isoflurane, USP, Phoenix Pharmaceutical, Inc.,
St. Joseph, MO) at 11:30 pm or 11:30 am. The following tissues were harvested, snap-frozen
in liquid nitrogen and stored at -80°C until analysis: adrenal glands, brown adipose tissue
(BAT), duodenum, stomach, epididymal fat, heart, jejunum, kidney, liver, pancreas, skeletal
muscle (vastus lateralis) and brain. Brains were further dissected into brainstem, cerebellum,
cortex, hippocampus, hypothalamus, striatum and thalamus. Blood was also collected through
a left cardioventricular puncture and centrifuged at 2000×g for 30 min to obtain plasma. OEA,
PEA, anandamide and various fatty acids were extracted from tissues or plasma. Frozen tissues
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were weighed and homogenized in methanol (1 ml/100 mg of tissue) containing [2H4]-OEA,
[2H4]-PEA, [2H4]-anandamide (prepared as described previously, [7,10]) and heptadecanoic
acid (Nu-Check Prep, Inc., Elysian, NM) as internal standards. Lipids were extracted using 2
volumes of chloroform and washed with 1 volume of water. Organic phases were collected
and dried under nitrogen. Lipids were reconstituted in 60 μl of methanol and quantified by
liquid chromatography mass spectrometry (LC/MS) [7,10,30]. For quantification purposes we
monitored the [M+Na]+ ions of [2H4]-OEA (mass-to-charge ratio, m/z 352), OEA (m/z 348),
[2H4]-anandamide (m/z 374), anandamide (m/z 370), [2H4]-PEA (m/z 326) and PEA (m/z 322).
The following fatty acids were monitored as [M-H]+: heptadecanoic acid (C17:0, m/z 269),
oleic acid (C18:1Δ9, m/z 281), erucic acid (C22:1Δ9, m/z 337), nervonic acid (C24:1Δ9, m/z
365), linoleic acid (C18:2Δ9,12, m/z 279), linolenic acid (C18:3Δ9,12,15, m/z 277), arachidonic
acid (C20:4Δ5,8,11,14, m/z 303), palmitoleic acid (C16:1Δ9, m/z 253), eicosapentaenoic acid
(C20:5Δ5,8,11,14,17, m/z 301), docosapentaenoic acid (C22:5Δ7,10,13,16,19, m/z 329),
docosahexaenoic acid (C22:6Δ4,7,10,13,16,19, m/z 327), palmitic acid (C16:0, m/z 255) and
stearic acid (C18:0, m/z 283).
2.3. Jejunal levels of NOPE and N-palmitoyl-phosphatidylethanolamine (NPPE)
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Frozen tissues were weighed and homogenized in methanol (1 ml/100 mg of tissue) containing
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-heptadecanoyl as an internal standard
(prepared as described previously [7,10]). Lipids were extracted in chloroform and washed
with water. Organic phases were collected and dried under nitrogen. Lipids were reconstituted
in chloroform/methanol (1:3, vol/vol). NAPE species were measured by LC/MSn as described
previously [7,10,30]. For quantification purposes, we monitored 1-stearoyl-2-arachidonoylsn-glycero-3-phosphoethanolamine-N-oleoyl (m/z 1030.8 > 744.8), 1-stearoyl-2arachidonoyl-sn-glycero-3-phosphoethanolamine-N-palmitoyl (m/z 1004.8 > 718.8) and 1,2dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-heptadecanoyl (m/z 942.8 > 704.8).
2.4. Jejunal NAPE-PLD activity
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Tissues were homogenized in ice-cold Tris-HCl (50 mM, pH 7.4, 10 vol) containing 0.32 M
sucrose. Homogenates were centrifuged at 1,000×g for 10 min. NAPE-PLD activity was
measured at 37°C for 30 min in Tris-HCl buffer (50 mM, pH 7.4) containing 0.1% Triton
X-100, phenylmethylsulphonylfluoride (1 mM), protein (100 μg) and 1,2-dipalmitoyl-snglycero-3-phosphoethanolamine-N-heptadecenoyl (100 μM) as substrate. The reactions were
stopped by adding chloroform/methanol (1:1, vol/vol) containing 2[H4]heptadecenoylethanolamide as internal standard. After centrifugation at 1,500×g at 4°C for 5
min, the organic layers were collected and dried under nitrogen. The residues were suspended
in 50 μl of methanol and analyzed by LC/MS. For quantification purposes, we monitored the
[M+Na]+ ions of 2[H4]-heptadecenoylethanolamide (m/z, 338) and Nheptadecanoylethanolamide (m/z, 334).
2.5. Jejunal FAAH activity
Tissues were homogenized in ice-cold Tris-HCl (50 mM, pH 7.5, 10 vol) containing 0.32 M
sucrose. Homogenates were centrifuged at 1,000×g for 10 min, and the supernatants were kept.
Reactions were conducted at 37°C for 30 min in Tris-HCl buffer (50 mM, pH 7.5) containing
fatty acid-free bovine serum albumin (0.05%), protein (50 μg) and [3H-ethanolamine]
anandamide (10,000 dpm, specific activity 20 Ci/mmol). After stopping the reactions with
chloroform/methanol (1:1, vol/vol, 1 ml), radioactivity was measured in the aqueous layers by
liquid scintillation counting.
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2.6. Statistical Analysis
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Results are expressed as mean ± standard error of the mean (S.E.M.) and the significance of
differences was determined using the two-way analysis of variance (ANOVA) followed by
Student-Newman-Keuls multiple comparison test (SNK) as post hoc. Differences were
consider significant if P < 0.05. Statistical analyses were conducted using Sigma Stat 32
Version 2.0.

3. Results
3.1. Effects of CD36 deletion on jejunal fatty acid levels
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We found an overall effect of genotype on oleic acid content in the jejunum of free-feeding
mice (P = 0.044). Thus, CD36 ablation resulted in a significant decrease in oleic acid levels
during the dark phase (P = 0.003), but not the light phase (P = 0.982) (Table 1). Although no
significant overall effect of time (P = 0.053) was observed, wild-type mice showed lower levels
of oleic acid during the light phase compared with the dark phase (P = 0.027), whereas no
differences with time were found in null mice. The interaction between both variables was
statistically significant (P = 0.041). No such difference was observed with other fatty acids of
the ω-9 series, including erucic acid (genotype: P = 0.455; time: P = 0.838; interaction: P =
0.423) and nervonic acid (genotype: P = 0.238; time: P = 0.953; interaction: P = 0.613). Within
the polyunsaturated ω-6 series, no overall effect of genotype on jejunal levels of linoleic acid
(P = 0.684) or a significant interaction between genotype and time (P = 0.220) was found, but
an overall effect of time was observed (P = 0.012). Wild-type mice had lower levels of linoleic
acid during the light phase (P = 0.023), while in null mice no differences were observed between
the dark and the light phase (P = 0.537). Genotype had no an overall effect on linolenic acid
in jejunum (P = 0.537) but an overall effect of time (P = 0.001) and a significant interaction
between both variables (P = 0.033) was observed. Wild-type mice showed lower levels of this
fatty acid in the light phase (P < 0.001), while null mice had comparable levels of linolenic
acid during the dark and the light phase (P = 0.275). We found an overall effect of genotype
on arachidonic acid levels on jejunum (P = 0.045), but no effect of time (P = 0.940) or
significant interaction between genotype and time (P = 0.808) was observed. However,
although arachidonic acid content trended to be higher in null mice than in wild-type mice in
both dark and light phase, no statistical differences were observed (P = 0.201 and P = 0.096,
respectively). Moreover, the total levels of ω-6 fatty acids was not significantly altered by
CD36 deletion (genotype: P = 0.899), but by time (P = 0.032), although comparison between
light/dark phases within genotype did not show any statistical difference. No interaction
between these variables was observed (P = 0.121). Within the ω-3 series, no overall effect of
genotype and time or interaction between both variables was observed for palmitoleic acid
(genotype: P = 0.251; time: P = 0.156; interaction P = 0.101), docosapentaenoic acid (genotype:
P = 0.075; time: P = 0.415; interaction P = 0.334) and docosahexaenoic acid (genotype: P =
0.132; time: P = 0.292; interaction P = 0.289). Eicosapentaenoic acid levels were not altered
by genotype (P = 0.321) but time had an overall effect (P = 0.002), while no significant
interaction was found (P = 0.052). Eicosapentaenoic acid was higher in wild-type mice during
the dark phase compared to the light phase (P = 0.002), while CD36-null mice had comparable
levels at both phases (P = 0.353). The total levels of ω-3 fatty acids was not affected by genotype
(P = 0.540) or time (P = 0.817) and no interaction was observed between both variables (P =
0.235). Within the saturated fatty acids, palmitic acid showed no statistical differences
(genotype: P = 0.381; time: P = 0.922; interaction: P = 0.423), whereas stearic acid were
affected by genotype (P = 0.027) but not by time (P = 0.287) and no interaction was found
between both variables (P = 0.293). CD36-null mice showed lower levels of stearic acid than
wild-type mice during the dark phase (P = 0.028) but similar levels during the light phase (P
= 0.338). No changes were found in total saturated fatty acids (genotype: P = 0.083; time:
0.503; interaction: P = 0.261). Finally, the ratio of ω-6/ω-3 fatty acids was not changed in
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CD36-null mice compared to wild-type mice (genotype: P = 0.663), but was affected by time
(P = 0.011), although the post hoc test showed no statistical differences in any of the genotypes
with time. No interaction was observed between genotype and time (P = 0.984). The results
confirm and extend previous findings indicating that CD36 plays a key role in the small
intestinal uptake of oleic acid [21].
3.2. Effects of CD36 deletion on jejunal FAE levels
Genotype had an overall effect on jejunal OEA levels (P = 0.047), while no overall effect of
time (P = 0.607) or statistical interaction genotype × time were found (P = 0.182). Deletion of
CD36 resulted in a significant decrease in OEA levels in jejunum during the dark phase (P =
0.007, Figure 1A), but had only marginal effects on OEA levels during the light phase (P =
0.270, Figure 1A). Within the gastrointestinal tract, changes in OEA levels were specific for
the jejunum, as no differences were found between wild-type and CD36-null mice in duodenum
(Figure 1B; genotype: P = 0.998; time: P = 0.031; interaction: P = 0.454) or stomach (Table
3, genotype: P = 0.625; time: P = 0.095; interaction: P = 0.209). However, in wild-type mice,
duodenal OEA levels were lower in the light phase compared to the dark phase (P = 0.037),
while no differences between both phases were found in CD36-null mice (P = 0.285).
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The decrease in OEA levels observed in the jejunum of CD36-null mice was accompanied by
an increase in PEA concentrations in the same tissue (Figure 2A), which was also restricted to
the dark phase (dark phase: P = 0.026, light phase P = 0.934) although the two-way ANOVA
analysis revealed no overall effect of genotype or time and no interaction between both
variables (genotype: P = 0.102; interaction: P = 0.083). By contrast, no differences in jejunal
anandamide content were observed between the two genotypes (Figure 2B, genotype: P =
0.976; time: P = 0.112; interaction: P = 0.090). However, in wild-type mice anandamide levels
were significantly lower during the light phase compared with the dark phase (P = 0.022), a
difference not observed in null mice (P = 0.933).
3.3. Effects of CD36 deletion on the formation and degradation of OEA and PEA in jejunum
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To examine the biochemical mechanisms underlying the observed changes in OEA and PEA
levels, we measured the activities of FAAH and NAPE-PLD as well as the levels of NOPE
and NPPE in jejunal tissue. The results show that FAAH activity was similar in wild-type and
CD36-null mice at both the dark phase and the light phases (genotype: P = 0.601; time: P =
0.858; interaction: P = 0.218, Figure 2C). However, genotype had an overall effect on NAPEPLD activity (P = 0.010). Thus, a significant increase in NAPE-PLD activity (Figure 2D) was
observed in CD36-null mice during the dark phase (P = 0.034) without differences during the
light phase (P = 0.146). No overall effect of time (P = 0.514) or interaction between genotype
and time was observed (P = 0. 575). Jejunal NOPE (genotype: P = 0.510; time: P = 0.762;
interaction: P = 0.922) and NPPE (genotype: P = 0.729; time: P = 0.146; interaction: P = 0.166)
levels were comparable across genotypes and time of the day (Table 2).
3.4. Effects of CD36 deletion on OEA levels in plasma, brain and other tissues
As shown in Table 3, plasma OEA levels was affected by both genotype (P = 0.018) and time
(P = 0.027) but no interaction between them was observed (P = 0.972). During the dark phase,
OEA was significantly lower in CD36-null mice (P = 0.015), whereas no statistical differences
were observed during the light phase (P = 0.213). Among the different peripheral tissues
analyzed, CD36 deletion only influenced OEA levels in kidney (genotype: P = 0.013), where
it produced a marked reduction in OEA content during both dark (P = 0.010) and light phases
(P < 0.001). No effect of time (P = 0.216) or interaction between both variables was observed
(P = 0.230). No changes were observed on OEA levels in adrenal glands (genotype: P = 0.222;
time P = 0.400; interaction: P = 0.774). In BAT no differences were found between wild-type
and null mice (P = 0.936) but time had a significant effect (P = 0.002). Thus, in both wild-type
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and CD36-null mice OEA levels were significantly higher during the light phase (P = 0.020
and P = 0.019, respectively). No interaction was observed between genotype and time (P =
0.908). Similar results were observed in epididymal fat where genotype had no overall effect
(P = 0.764), but time had a significant effect (P < 0.001) on OEA content, which was higher
during the light phase in both wild-type and null mice (P = 0.004 and P < 0.001, respectively).
No interaction between both variables was found (P = 0.464). In heart, genotype had no overall
effect on OEA content (P = 0.967) and no interaction between genotype and time was observed
(P = 0.818), while time affected significantly OEA levels (P = 0.029). However, the post
hoc test revealed no significant differences between dark and light phases in either wild-type
(P = 0.073) or null mice (P = 0.155). Hepatic OEA levels were not affected by genotype or
time and no interaction between both variables was found (genotype: P = 0.306; time: P =
0.118; interaction: P = 0.953). In pancreas, no overall effect of genotype or time on OEA levels
was observed (P = 0.689 and P = 0.165, respectively), but a significant interaction between
both variables was found (P = 0.026). However, in CD36-null mice OEA levels during the
light phase were significantly higher than during the light phase (P = 0.016) while no significant
differences were observed between both phases in wild-type mice (P = 0.470). In skeletal
muscle (vastus lateralis) genotype did not affect OEA content (P = 0.250), whereas time had
an overall effect (P = 0.014), but there was not interaction between both variables (P = 0.482).
In wild-type mice OEA levels were higher during the light phase (P = 0.025) whereas in CD36null mice no differences were observed between both phases of the light/dark cycle (P = 0.160).
Within the brain, no differences in OEA levels between wild-type and CD36-null mice and no
effect of time or interaction between genotype and time were found in any of the regions
examined (Table 3): brainstem (genotype: P = 0.119; time: P = 0.219; interaction: P = 0.847),
cerebellum (genotype: P = 0.196; time: P = 0.673; interaction P = 0.542), cortex (genotype:
P = 0.319; time: P = 0.204; interaction: P = 0.151), hippocampus (genotype: P =0.533; time:
P = 0.492; interaction: P = 0.243), hypothalamus (genotype: P = 0.878; time: P = 0.355;
interaction: P = 0.541), striatum (genotype: P = 0.864; time: P = 0.414; interaction: P = 0.135)
and thalamus (genotype: P = 0.310; time: P = 0.322; interaction: P = 0.565). Plasma oleic acid
concentrations (data not shown) were significantly affected by genotype (P < 0.005), being
higher in CD36-null mice compared with wild-type animals, in both dark and light phases (P
= 0.002 and P = 0.023, respectively), with a 3-fold increase in the dark phase and a 1.5-fold
increase in the light phase. Time had an overall effect on oleic acid levels (P < 0.005), which
were significantly higher in null mice during the dark phase compared to the light phase (P =
0.047). No changes were found in plasma palmitic acid levels (genotype: P = 0.480; time: P
= 0.372; interaction: P = 0.046; data not shown).

4. Discussion
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In the present study we show that genetic deletion of the fatty acid transporter CD36 decreases
oleic acid levels in jejunual tissue of free-feeding mice during the night, when the animals
consume the majority of their daily meals. This result is in line with the study by Schwartz et
al. [10], which reported a reduction in the jejunal content of oleic acid in CD36-null mice after
food deprivation/re-feeding. We report here that CD36 ablation does no modify the jejunal
levels of other ω-9 monounsaturated fatty acids, such as erucic acid and nervonic acid, or the
levels of polyunsaturated ω-3 and ω-6 fatty acids. These results suggest that CD36 plays a
specific role in oleic acid uptake and metabolism by jejunal enterocytes, at least under freefeeding conditions. This interpretation is consistent with prior work showing that the absorption
of free fatty acids by the intestinal lumen is similar in CD36-null mice and wild-type following
intragastric infusion of 14C-labeled palmitic acid, 3H-labeled triolein [31] or synthetic fatty
acid analogues [32]. Furthermore, enrichment of oleate in proximal intestine mucosa is reduced
by 50% in CD36-null mice 90 min (active absorption period) after intragastric gavage of olive
oil, while linoleate enrichment is increased [21]. Alternatively, regulatory mechanisms might
compensate for CD36 deletion in mutant mice. One such mechanism might be the expression
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of fatty acid transport protein 4 (FATP4), which is present in the small intestine and is localized
to the apical brush border of the epithelial cells, and is both necessary and sufficient for efficient
uptake of LCFAs [33,34]. The reduction in oleic acid levels induced by CD36 ablation under
free-feeding conditions seems to be specific to the jejunum, as no such changes were noted in
other sections of the gastrointestinal tract.
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Another finding of the present study is that jejunal OEA levels are reduced in free-feeding
CD36-null mice during the night. This observation is in agreement with previous work
indicating an important role for CD36 in feeding-stimulated OEA production in the small
intestine [10]. This work has shown that CD36-null mice lack the ability to absorb 10 Zheptadecenoic acid (an analog of oleic acid that is not naturally present in mammalian tissues)
and to convert this fatty acid into heptadecenoylethanolamide (an analogue of OEA) [10]. This
result suggests that dietary oleic acid serves as a metabolic precursor for OEA biosynthesis in
enterocytes [10]. It is likely, therefore, that reduced absorption of oleic acid in the jejunum of
CD36-null mice results in lower production of OEA. Interestingly, this effect was accompanied
by a marked increase in jejunal PEA levels, which could result from enhanced NAPE-PLD
expression. This increase in PEA levels in jejunum of CD36-null mice does not seem to require
an elevation in its fatty acid precursor, palmitic acid, since it takes place without changes in
jejunal palmitic acid content, suggesting that OEA and PEA synthesis are regulated by different
mechanisms. This hypothesis is in accordance with the fact that intraduodenal infusion of
palmitic acid does not change PEA levels [10]. The elevation in jejunal PEA might represent
a mechanism aimed at compensating the loss of OEA signaling. This idea is supported by
PEA's ability to activate PPAR-α and reduce food intake when administered as a drug [35,
36].
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A third noteworthy result of our experiments study was the marked reduction in OEA levels
in the kidney elicited by CD36 deletion, which occurred irrespectively of the time of the day.
This decrease was not accompanied by a reduction in oleic acid content, suggesting that CD36
could play different roles in OEA formation in jejunum and kidney. The biochemical
mechanism and the physiological significance of this reduction in renal OEA caused by CD36
deletion are unknown, but it is tempting to speculate the existence of a link with the regulation
of blood pressure. Several findings suggest that renal CD36 is involved in the homeostatic
control of blood pressure: (i) the renal expression of CD36 correlates inversely with both
systolic and diastolic blood pressure [37]; (ii) deficient renal expression of CD36 has been
proposed as a determinant of increased blood pressure in spontaneously hypertensive rats
(SHR) [37]; (iii) the blood pressure of Japanese individuals with CD36 deficiency is greater
than in age-matched controls [38]; and (iv) genetic deletion of CD36 can cause hypertension
[39]. Moreover, PPAR-α agonists prevent heart failure in animals [40], as OEA does [41], and
decrease blood pressure in a mouse model of hypertension [42].
In conclusion, the present results suggest that, under free-feeding conditions, CD36 serves a
key function in the production of OEA, in particular during the dark phase, when the mice eat
the majority of their meals. These results, together with those obtained by Yang et al. [43],
which showed that OEA increases CD36 mRNA expression and fatty acid uptake in
enterocytes, suggest that OEA and CD36 might work in a coordinated fashion to face the
metabolic challenge represented by the arrival of fat into the small intestine.
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fatty-acid amide hydrolase

FAE

fatty acid ethanolamide

LCFAs

long-chain fatty acids

LC/MS

isotope dilution liquid chromatography mass spectrometry

NOPE

N-oleoyl-phosphatidylethanolamine

NAPE-PLD

N-acylphosphatidylethanolamine-specific phospholipase D

NPPE

N-palmitoyl-phosphatidylethanolamine

OEA

oleoylethanolamide

PEA

palmitoylethanolamide

PPAR-α

peroxisome proliferator-activated receptor-α
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Figure 1.

CD36 deletion is associated with reduced OEA content in jejunum (A), but not duodenum (B).
The effect is limited to the dark phase of the light/dark cycle, when mice consume most of their
daily meals. +/+: wild-type; -/-: CD36-null mice. Results are expressed as mean ± S.E.M. of
n = 4–5. **P < 0.01 vs. wild-type within the same phase of the light/dark cycle; #P < 0.05 vs.
dark phase within the same genotype (two-way ANOVA followed by SNK).
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Figure 2.

CD36 deletion elevates PEA levels (A) in jejunum during the dark phase, without changing
significantly the levels of anandamide (B). FAAH activity is not altered (C), whereas NAPEPLD activity is increased in CD36-null mice during the dark phase (D). +/+: wild-type; -/-:
CD36-null mice. Results are expressed as means±S.E.M. of n = 4–6. *P < 0.05 vs. wild-type
within the same phase of the light/dark cycle; #P < 0.05 vs. dark phase within the same genotype
(two-way ANOVA followed by SNK).
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Table 1

NIH-PA Author Manuscript

Jejunal levels of fatty acids in wild-type and CD36-null mice during the dark phase (11:30 pm) and the light
phase (11:30 am).
Dark phase

Light phase

+/+

-/-

+/+

-/-

18:1 (nmol/g)

20.17 ± 2.18

14.91 ± 1.01***

15.07 ± 2.06#

15.13 ± 1.62

22:1 (pmol/g)

594.28 ± 89.72

585.99 ± 179.69

505.75 ± 111.86

734.42 ± 181.62

24:1 (pmol/g)

399.9 ± 49.72

287.5 ± 87.32

318.2 ± 71.55

370.9 ± 44.71

18:2 (nmol/g)

18.90 ± 2.58

15.89 ± 1.33

12.71 ± 1.34#

14.25 ± 1.29

18:3 (nmol/g)

3.44 ± 0.42

2.48 ± 0.22

1.55 ± 0.23###

1.99 ± 0.24

ω-9 series

ω-6 series

20:4 (nmol/g)

4.41 ± 0.27

5.58 ± 0.72

4.31 ± 0.24

5.77 ± 0.91

Σ ω-6 (nmol/g)

24.98 ± 2.34

21.46 ± 1.95

17.02 ± 1.47

20.02 ± 1.20

16:1 (pmol/g)

2.31 ± 0.18

2.06 ± 0.44

2.20 ± 0.511

3.51 ± 0.59

20:5 (pmol/g)

1391.35 ± 140.48

1032.78 ± 85.66

733.22 ± 52.70###

857.73 ± 139.40

22:5 (pmol/g)

45.48 ± 5.41

52.46 ± 10.01

44.26 ± 5.78

66.52 ± 9.16

22:6 (nmol/g)

2.52 ± 0.19

2.65 ± 0.35

2.52 ± 0.19

3.21 ± 0.29

Σ ω-3 (nmol/g)

51.71 ± 5.74

58.21 ± 10.81

49.71 ± 6.34

73.39 ± 9.80

C16:0 (nmol/g)

11.28 ± 0.89

9.71 ± 0.83

10.44 ± 0.96

10.37 ± 0.91

C18:0 (nmol/g)

11.66 ± 0.83

9.36 ± 0.75*

10.24 ± 0.26

9.36 ± 0.61

Σ saturated (nmol/g)

23.21 ± 1.56

19.07 ± 1.49

20.68 ± 0.97

19.73 ± 1.38

16:1/16:0

5.08 ± 0.43

5.12 ± 0.65

5.40 ± 0.70

3.41 ± 0.60

18:1/18:0

1.83 ± 0.12

1.60 ± 0.07

1.48 ± 0.21

1.64 ± 0.20

18:2/18:3

6.01 ± 0.18

6.42 ± 0.19

8.46 ± 0.45

7.34 ± 0.47

20:4/22:6

1.77 ± 0.10

2.13 ± 0.16

1.72 ± 0.07

1.77 ± 0.19

22:1/24:1

1.47 ± 0.11

1.58 ± 0.31

1.60 ± 0.06

1.51 ± 0.06

ω-6/ω-3

0.49 ± 0.03

0.40 ± 0.05

0.36 ± 0.03

0.28 ± 0.02

ω-3 series

NIH-PA Author Manuscript

Saturated

Ratios

NIH-PA Author Manuscript

Data are expressed as mean ± S.E.M of n = 4-5. +/+: wild-type; -/-: CD36-null mice. ω-9 series: 18:1, oleic acid; 22:1, erucic acid and 24:1, nervonic
acid; ω-6 series: 18:2, linoleic acid; 18:3, linolenic acid and 20:4, arachidonic acid. ω-3 series: 16:1, palmitoleic acid; 20:5, eicosapentaenoic acid;
22:5, docosapentaenoic acid and 22:6, docosahexaenoic acid; Saturated: C16:0, palmitic acid and C18:0, stearic acid.
*

P < 0.05 and

***

P < 0.005 vs. wild-type within the same phase of the light/dark cycle;

#

P < 0.05 and

###

P < 0.005 vs. dark phase within the same genotype (Two-way ANOVA followed by SNK).
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Table 2

NIH-PA Author Manuscript

Jejunal levels of NOPE and NPPE in wild-type and CD36-null mice during the dark phase (11:30 pm) and the
light phase (11:30 am).
Dark phase

Light phase

+/+

-/-

+/+

-/-

NOPE

365.84 ± 91.05

307.46 ± 82.59

381.62 ± 74.74

338.19 ± 44.04

NPPE

238.01 ± 50.73

324.72 ± 66.15

381.31 ± 46.93

328.39 ± 26.72

Data are expressed as mean ± S.E.M of n = 4-5. +/+: wild-type; -/-: CD36-null mice. NOPE: N-oleoyl-phosphatidylethanolamine, NPPE: N-palmytoylphosphatidylethanolamine. NOPE and NPPE levels are expressed as pmol/g tissue.
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Table 3

NIH-PA Author Manuscript

Levels of OEA in various peripheral tissues and brain regions of wild-type and CD36-null mice during the dark
phase (11:30 pm) and the light phase (11:30 am).
Dark phase

Light phase

+/+

-/-

+/+

-/-

Adrenal gland

206.17 ± 46.04

172.97 ± 27.17

245.23 ± 32.75

192.37 ± 22.30

BAT

274.48 ± 43.97

264.76 ± 26.98

449.97 ± 67.79#

451.71 ± 38.30#

Duodenum

283.48 ± 34.89

258.17 ± 45.44

179.31 ± 16.11#

204.81 ± 33.89

Epididymal fat

150.72 ± 23.02

121.62 ± 16.70

346.89 ± 57.58###

378.70 ± 68.41###

Peripheral tissues

NIH-PA Author Manuscript

Heart

96.22 ± 15.66

103.42 ± 7.56

165.28 ± 25.90

160.29 ± 38.13

Kidney

296.00 ± 49.59

96.17 ± 13.13*

259.3 ± 19.02

100.80 ± 9.72***

Liver

27.42 ± 2.48

31.12 ± 3.68

33.85 ± 5.24

38.96 ± 5.33

Pancreas

203.14 ± 45.44

97.83 ± 20.70

151.40 ± 50.97

298.29 ± 64.93#

Plasma

10.60 ± 1.33

6.09 ± 0.78*

14.89 ± 1.59

10.25 ± 2.55

Stomach

281.4 ± 19.50

250.9 ± 17.80

299.0 ± 25.62

366.7 ± 60.99

Vastus lateralis

92.72 ± 11.81

141.66 ± 21.12

182.82 ± 24.57#

194.99 ± 35.25

Brainstem

251.52 ± 10.18

267.54 ± 9.24

235.28 ± 10.97

255.62 ± 12.08

Cerebellum

236.06 ± 18.00

246.38 ± 10.17

233.32 ± 10.76

261.26 ± 14.21

Cortex

206.83 ± 18.21

199.43 ± 7.27

203.98 ± 10.11

243.00 ± 19.11

Brain regions

Hippocampus

135.57 ± 10.96

118.61 ± 5.00

118.01 ± 10.36

123.30 ± 7.69

Hypothalamus

105.93 ± 9.80

118.91 ± 13.57

100.46 ± 19.80

92.66 ± 17.72

Striatum

216.04 ± 11.41

199.64 ± 3.22

209.13 ± 9.58

222.28 ± 8.99

Thalamus

302.17 ± 24.26

310.18 ± 25.81

274.32 ± 5.17

302.64 ± 14.18

Data are expressed as mean ± S.E.M of n = 4-6. +/+: wild-type; -/-: CD36-null mice. OEA levels are expressed as pmol/g tissue.
*

P < 0.05 and

***

P < 0.005 vs. wild-type within the same phase of the light/dark cycle;

NIH-PA Author Manuscript

#

P < 0.05 and

###

P < 0.005 vs. dark phase within the same genotype (Two-way ANOVA followed by SNK).
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