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Abstract

Dietary (n-3) long-chain PUFA [(n-3) LCPUFA] ameliorate several metabolic risk factors for cardiovascular diseases,

although the mechanisms of these beneficial effects are not fully understood. In this study, we compared the effects of

dietary (n-3) LCPUFA, in the form of either fish oil (FO) or krill oil (KO) balanced for eicosapentaenoic acid (EPA) and

docosahexaenoic acid (DHA) content, with a control (C) diet containing no EPA and DHA and similar contents of oleic,

linoleic, and a-linolenic acids, on ectopic fat and inflammation in Zucker rats, a model of obesity and related metabolic

dysfunction. Diets were fed for 4 wk. Given the emerging evidence for an association between elevated endocannabinoid

concentrations and metabolic syndrome, we also measured tissue endocannabinoid concentrations. In (n-3) LCPUFA-

supplemented rats, liver triglycerides and the peritoneal macrophage response to an inflammatory stimulus were

significantly lower than in rats fed the control diet, and heart triglycerides were lower, but only in KO-fed rats. These

effects were associated with a lower concentration of the endocannabinoids, anandamide and 2-arachidonoylglycerol, in

the visceral adipose tissue and of anandamide in the liver and heart, which, in turn, was associated with lower levels of

arachidonic acid in membrane phospholipids, but not with higher activity of endocannabinoid-degrading enzymes. Our data

suggest that the beneficial effects of a diet enriched with (n-3) LCPUFA are the result of changes in membrane fatty acid

composition. The reduction of substrates for inflammatory molecules and endocannabinoids may account for the

dampened inflammatory response and the physiological reequilibration of body fat deposition in obese rats. J. Nutr. 139:

1495–1501, 2009.

Introduction

Long-chain (n-3) PUFA [(n-3) LCPUFA]11 are known to improve
several metabolic problems associated with obesity, including

insulin resistance, liver and heart steatosis, and hypertension (1).
It has been suggested that they act by reducing the biosynthesis
of arachidonic acid (ARA) and its incorporation into phospho-
lipids (PL) and by a partial replacement of ARA with
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)
(2), thus potentially modifying the levels of PL-derived metab-
olites involved in inflammation (3), immune response (4,5),
energy homeostasis (6), and neural activity (7). However, the
exact mechanisms whereby (n-3) LCPUFA exert these effects
have not yet been clarified.

In obesity, visceral adipose tissue (VAT) accumulation and its
metabolic consequences might be due in part to dysregulation of
the endocannabinoid system and of cannabinoid receptor of type
1 (CB1) activity in the various depots of white adipose tissue
(8,9). Endocannabinoids are ARA-containing, PL-derived me-
diators capable of binding to CB1 and CB2. The two best stud-
ied endocannabinoids are N-arachidonoylethanolamine (AEA;
anandamide) (10) and 2-arachidonoylglycerol (2-AG) (11,12).
The main enzymes for degradation of AEA and 2-AG are fatty
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acid amide hydrolase (FAAH) and monoacylglycerol lipase
(MAGL), respectively [see (13) for review]. In mice with high-fat
diet–induced obesity, the upregulation of CB1 receptors and/or
endocannabinoid concentrations might contribute to insulin
resistance, dyslipoproteinemia, and nonalcoholic fatty liver
diseases (8,9,14). Endocannabinoid concentration dysregulation
is due in part to alterations in the activity/expression of enzymes
regulating endocannabinoid biosynthesis and degradation. Di-
etary (n-3) LCPUFA decrease endocannabinoid concentrations
(15) and, in isolated adipocytes, they affect the amounts of ARA
esterified on the sn-1 and sn-2- position of PL, thus presumably
reducing the amounts of endocannabinoid biosynthetic precur-
sors (16). It was suggested that a higher or lower abundance of
(n-3) and (n-6) LCPUFA precursors in high-fat diets affects AEA
and 2-AG levels in a time- and tissue-specific manner (17).

The beneficial effects of (n-3) LCPUFA on metabolic disor-
ders associated with obesity might depend on the form in which
they are administered [i.e. fish oil (FO) vs. pure preparations of
ethyl esters (18)]. Furthermore, some of their metabolic effects in
animal models can be observed only when high doses are used
(19). FO consists almost exclusively of triglyceride-bound (n-3)
LCPUFA, which is different from the natural form of (n-3)
LCPUFA in fish products. In salmon meat, e.g., (n-3) LCPUFA
are bound to PL and triacylglycerols (TAG) in a 40:60 ratio (20).
Krill oil (KO) is a novel source of (n-3) LCPUFA extracted from
an Antarctic crustacean, Euphausia superba, with a high content
of PL-, mainly phosphatidylcholine-, bound (n-3) LCPUFA. The
proportion of PL in the total lipids of krill has been reported to
vary between 30 and 60%, depending on krill species, age,
season, and harvest time (21). Human studies have evidenced
remarkable effects of dietary KO supplementation on premen-
strual syndrome and dysmenorrhea in healthy women, as well as
on dyslipidemia and inflammation in patients with arthritis (22–
24).

In this study, our aim was to investigate the effects of
relatively low doses of dietary (n-3) LCPUFA, administered as
FO or KO, on lipid metabolism, ectopic fat deposition, and
susceptibility to inflammation in Zucker fa/fa rats, which exhibit
an inactivating mutation in the leptin receptor (25), inducing
hyperphagia and resulting in visceral obesity and ectopic lipid
accumulation. Fatty acid profiles and endocannabinoid concen-
trations were determined in different tissues to examine the
possible impact of (n-3) LCPUFA on the dysregulated endocan-
nabinoid system of Zucker rats, which were fed a diet containing
0.8% of energy (n-3) LCPUFA, a level lower than that typically
used in rodent studies (19), to allow a more meaningful
comparison with human studies.

Materials and Methods

Animals and diets. Eighteen male Zucker rats (Harlan) 4 wk of age,

with an initial weight of 250 6 30 g, were divided into 3 groups and fed

for 4 wk a control diet (C) or diets supplemented with either FO (GC
Rieber Oils) or KO (Superba, Aker BioMarine). The diets were based on

the AIN-93G formulation, with substitution of soybean oil with a blend

of oils (rapeseed oil, sunflower oil, coconut oil, and linseed oil). This

allowed the 3 diets to be similar for total fatty acids and for oleic, linoleic
(LA), and a-linolenic (ALA) acids. FO and KO diets were further

balanced for EPA and DHA content (Table 1). The 3 diets were prepared

by AltrominGmbH&Co. KG and stored in vacuum bags to reduce (n-3)

LCPUFA oxidation. The amount of 0.5 g EPA + DHA/100 g of diet,
equivalent to 0.8% of energy in the rat diet, was chosen to provide a level

of (n-3) LCPUFA intake achievable in humans and corresponds to 1.8 g/d

in an 8.4-MJ/d diet in humans. All experiments were performed

according to the guidelines and protocols approved by the European

Union (EU Council 86/609; D.L. 27.01.1992, no. 116) and by the

Animal Research Ethics Committee of the University of Cagliari, Italy.

Peritoneal macrophage and tissue collections. Rats were food
deprived overnight and macrophages were isolated from their peritoneal

cavity. The rats were deeply anesthetized with sodium pentobarbital

(50 mg/kg intraperitoneally; Sigma-Aldrich) before being killed. Cells
were obtained by peritoneal lavage with 60 mL of cold PBS containing

5 mmol/L EDTA. The rats were subjected to a vigorous massage of the

peritoneal area prior to collection of cells. Immediately after death,

blood was drawn from aorta, and liver, brain, heart, subcutaneous
adipose tissues (SAT), and VATwere removed and stored at 2808C.

Macrophage culture. Cells were centrifuged at 3003 g; 10 min and the

cell pellet was washed twice with cold sterile PBS and suspended in
DMEM, 10% heat-inactivated fetal calf serum, penicillin (100 kU/L),

and streptomycin (100 mg/L). The cell number was determined with a

Coulter Counter corrected for viability determined by trypan blue dye
exclusion. The cells were then seeded at the density of 4.0 3 105 cells

cm22 and incubated for 2 h at 378C and 5% CO2 atm. After removing

nonadherent cells, macrophages were cultured in DMEMwith 10% fetal

calf serum in the presence of lipopolysaccharide (LPS) from Escherichia
coli 026:B6 (Sigma Aldrich) (100 mg/L) for 24 h. The incubation time

was chosen based on preliminary experiments that showed no substan-

tial difference in cytokine secretion between 24 and 48 h. At the time

indicated, supernatants and cells were separated and stored at 2808C
until ELISA and fatty acid analysis were performed. Sandwich ELISA

tests were carried out all at the same time to avoid variations during the

assay conditions and performed as described by the manufacturer.

Cytokine assay. Serum C-reactive protein (Chemicon International),

tumor necrosis factor-a (TNFa), interleukin (IL)-10, and tumor growth

factor-b (TGFb) (Biosource) were determined by a sandwich ELISA.
Moreover, to evaluate macrophage susceptibility to inflammatory

ligands, the secretion of TNFa, IL-6 (Bender MedSystem), IL-1b, IL-

10, and TGFb were assessed in culture supernatants from peritoneal

macrophages activated with LPS. Media were assayed at 8003 g; 10 min
to remove debris. Supernatants were frozen at 2808C until assayed with

a sandwich ELISA (Biosource). All procedures were performed as

previously reported (26) according to the manufacturer’s instructions.

Measurement of fatty acid composition of tissue TAG and PL.

Total lipids were extracted from tissues using chloroform:methanol 2:1

TABLE 1 Dietary fatty acid composition

Fatty acid C FO KO

g/100 g diet

18:3(n-3) 0.26 0.26 0.29

18:4(n-3) 0.00 0.05 0.08

20:5(n-3) 0.00 0.29 0.30

22:6(n-3) 0.00 0.18 0.14

Total (n-3) 0.26 0.78 0.81

18:2(n-6) 2.07 2.23 2.22

20:4(n-6) 0.00 0.01 0.01

Total (n-6) 2.07 2.24 2.23

(n-6):(n-3) 7.85 2.86 2.76

18:1(n-9) 2.34 2.72 2.25

Total UFA 4.68 5.74 5.29

12:0 1.09 0.04 0.02

14:0 0.39 0.20 0.38

16:0 0.58 0.78 1.09

18:0 0.22 0.21 0.19

20:0 0.03 0.04 0.03

Total SFA 2.32 1.26 1.71

UFA:SFA 2.02 4.54 3.10

1496 Batetta et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article/139/8/1495/4670503 by U

.S. D
epartm

ent of Justice user on 17 August 2022



(v:v) (27). Separation of total lipids into TAG and PL was performed as

previously reported (28). Aliquots were mildly saponified as previously

described (28) to obtain FFA for HPLC analysis. Separation of fatty acids
was conducted with a Hewlett-Packard 1100 HPLC system (Hewlett-

Packard) equipped with a diode array detector as previously reported

(29). Because SFA are transparent to UV, they were measured, after

methylation (30), by means of a gas chromatograph (Agilent, Model
6890) equipped with split ratio of 20:1 injection port, a flame ionization

detector, an autosampler (Agilent, Model 7673), a 100-m HP-88 fused

capillary column (Agilent), and an Agilent ChemStation software

system. The injector and detector temperatures were set at 2508C and
2808C, respectively. H2 served as carrier gas (1 mL/min) and the flame

ionization detector gases were H2 (30 mL/min), N2 (30 mL/min), and

purified air (300 mL/min). The temperature program was as follows:
initial temperature was 1208C, programmed at 108C/min to 2108C and

58C/min to 2308C, then programmed at 258C/min to 2508C and held for

2 min.

Endocannabinoid analyses. AEA and 2-AG were measured as

previously described (31).

Enzyme activity assays. MAGL and FAAH activities were determined
in the heart, liver, VAT, and SAT from C and FO- and KO-supplemented

rats. In particular, 2-AG hydrolysis (mostly by MAGL) was measured by

incubating the 10,000 3 g cytosolic fraction of tissues (100 mg per
sample) in Tris-HCl 50 mmol/L, at pH 7.0 at 378C for 20 min, with

synthetic 2-arachidonoyl-[3H]-glycerol (40 Ci/mmol, ARC) properly

diluted with 2-AG (Cayman Chemicals). After incubation, the amount of

[3H]-glycerol produced was measured by scintillation counting of the
aqueous phase after extraction of the incubation mixture with 2 volumes

of CHCl3:MeOH 1:1 (v:v). AEA hydrolysis (by FAAH) was measured by

incubating the 10,000 3 g membrane fraction of tissues (70 mg per

sample) in Tris-HCl 50 mmol/L, at pH 9.0–10.00 at 378C for 30 min,
with synthetic N-arachidonoyl-[14C]-ethanolamine (110 mCi/mmol,

ARC) properly diluted with AEA (Tocris Bioscience). After incubation,

the amount of [14C]-ethanolamine produced was measured by scintil-

lation counting of the aqueous phase after extraction of the incubation
mixture with 2 volumes of CHCl3:MeOH 1:1 (by vol.). Values in the text

are means 6 SD.

Statistical analysis. One-way ANOVA and the Bonferroni test for post

hoc analyses were applied to evaluate statistical differences among

groups. Where variances were unequal, we used Kruskal-Wallis non-

parametric 1-way ANOVA.

Results

Obesity-related metabolic and inflammatory markers.

Growth and food intake did not differ among the 3 groups
and none of the rats exhibited adverse effects (data not shown).
At the end of the 4-wk treatment, the body weight of the rats was
400 6 35 g.

In KO-supplemented rats, and to a lesser extent in the FO
group, the liver TAG concentration was significantly lower than
in C (Fig. 1A). The heart TAG concentration was significantly
lower than C only in KO-supplemented rats (Fig. 1B).

Rats supplemented with FO or KO had 75% lower plasma
LDL cholesterol concentrations than C, whereas HDL choles-
terol did not differ among the groups (Supplemental Fig. 1A).
Conversely, triglyceridemia was ~30% higher than C in both
(n-3) LCPUFA-supplemented groups (Supplemental Fig. 1B).

Plasma proinflammatory (TNFa, IL-6, IL-1b) and antiin-
flammatory cytokines (IL-10 and TGFb) and C-reactive protein
did not differ among the experimental groups (Supplemental

Table 1).
In macrophages incubated for 24 h in the presence of LPS,

TNFa secretion was significantly lower in FO and KO rats
compared with C (Table 2). Plasma IL-1b, IL-6, and IL-10

concentrations did not differ among dietary groups following
LPS stimulation (data not shown).

Tissue endocannabinoid concentrations. The VAT AEA
concentration was lower in the FO and KO groups than in C
(Fig. 2A), whereas 2-AG was significantly lower than C only in
the KO-supplemented rats (Fig. 2B). Endocannabinoid concen-
trations in SAT did not differ among the 3 groups (data not
shown).

Liver and heart endocannabinoids were similarly affected in
the KO-supplemented rats (Fig. 3). AEA concentrations were
~25% of, and 2-AG concentrations ~200% of, those of C in
both tissues. In FO-fed rats, liver but not heart AEA concentra-
tions were less than in C.

Activities of enzymes involved in endocannabinoid deg-

radation. Changes in FAAH and MAGL activity have been
observed in adipose tissues and liver of obese individuals and
rodents (9,14,32–35). In this study, heart, liver, VAT, and SAT
FAAH activities did not differ among the experimental groups
(Table 3). Conversely, MAGL activity was significantly lower in

FIGURE 1 Liver (A) and heart (B) TAG concentrations of Obese

Zucker rats fed C, FO, or KO diets for 4 wk. Values are means 6 SD,

n = 6. Means without a common letter differ, P , 0.05.

TABLE 2 TNFa release in LPS-treated peritoneal macrophages
from Obese Zucker rats fed C, FO, or KO diets for
4 wk1

C FO KO

mg/L plasma

Basal 0.6 6 0.1 1.9 6 0.7 0.3 6 0.1

LPS 68.4 6 9.4a 37.2 6 9.7b 42.2 6 3.2b

1 Values are means 6 SD, n = 6. Means in a row with superscripts without a common

letter differ, P , 0.05.
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the VATof the FO and KO groups, and in the heart tissue of the
KO group, compared with C (Table 3). Liver MAGL activity
tended to be lower in both groups compared with C (P = 0.1).

Plasma and tissue fatty acid concentrations. Plasma EPA
and DHA concentrations were higher and that of ARA was
lower in the FO and KO groups compared with C (Supplemental
Table 2). Interestingly, the levels of ALA and LA (only in the KO
group) were higher than in C despite the similar levels of these
fatty acids in the diets (Table 1). Peritoneal macrophages from
FO- and KO-fed rats had significantly higher EPA and DHA and
lower ARA concentrations than those from the C group
(Supplemental Table 3).

Dietary (n-3) LCPUFA influenced the TAG fraction of VAT
and SAT with greater incorporation of EPA, DPA, and DHA in
both experimental groups compared with C (Supplemental
Table 4). The EPA and DHA levels in SAT were higher in FO-
than in KO-treated rats. ARA was significantly lower than in C
only in SAT of KO-supplemented rats; there was no difference
among the groups in VAT. As in plasma, ALAwas higher than in
C in both VAT and SATof FO and KO groups. On the contrary,
LA was significantly higher only in VAT of (n-3) LCPUFA-
supplemented rats compared with C. In all 3 dietary groups,
remarkable differences in fatty acid profiles of the PL fraction
were observed, also between VAT and SAT (Supplemental Table
4). PL ARA levels of the VAT, but not SAT, were significantly less
in FO- and KO-supplemented rats than in C. Levels of EPA,
DPA, and DHAwere higher in the (n-3) LCPUFA-supplemented
rats compared with C in VAT PL, while only EPA changed
significantly in SAT PL.

In liver TAG, EPA, DPA, and DHA levels were significantly
elevated in the FO and KO groups compared with C, whereas
ARA levels did not differ among the groups. In liver PL, EPA and
DPA concentrations were greater in both (n-3) LCPUFA-
supplemented groups than in C, whereas DHAwas significantly
higher than C only in the KO group. LAwas significantly greater
in the (n-3) LCPUFA-supplemented groups than in C, whereas

the ARA level did not differ (Supplemental Table 5). The heart
TAG fatty acid profile had higher levels of EPA, DPA, and DHA
and lower levels of ARA in the FO and KO groups compared
with C. LA and ALA concentrations were lower than in C only
in the KO-supplemented rats. In the PL fraction of the (n-3)
LCPUFA-supplemented groups, concentrations of EPA, DPA,
and DHAwere also greater than C, with higher levels in the KO
group, whereas ARAwas significantly less than in C only in the
FO group (Supplemental Table 5).

Discussion

In this study, we observed that relatively low doses of (n-3)
LCPUFA administered to obese Zucker rats for 4 wk consider-
ably improved both ectopic fat deposition and susceptibility to
inflammation. The KO diet generally reduced both liver and
heart TAG concentrations more than the FO diet, whereas both
(n-3) LCPUFA diets reduced to the same extent the plasma LDL-
cholesterol concentration and LPS-induced TNFa release from
peritoneal macrophages. Furthermore, dietary (n-3) LCPUFA
modulated endocannabinoid concentrations in the VAT, liver,
and heart. This latter event, in turn, might have affected lipid
metabolism in these tissues via CB1 and/or CB2 receptors. In
fact, CB1 receptors are involved in the control of adipocyte
differentiation, proliferation and size, lipogenesis, insulin sensi-
tivity and release, hepatic fatty acid synthesis, and oxidation
[reviewed in (8)].

AEA and 2-AG concentrations in VAT, but not SAT, were
lower in KO-, and to a lesser extent in FO-, fed rats. This may
have reduced CB1 receptor overactivity, which is associated with
increased intra-abdominal fat in rodents and obese humans
(9,32,36,37). We previously observed that lower endocannabi-
noid concentrations in SAT compared with VAT caused by a
14-wk high-fat diet was accompanied by VAT accumulation
(9). Therefore, reduction of endocannabinoid tone in the VAT
compared with SAT of obese animals by (n-3) LCPUFA might

FIGURE 2 VAT AEA (A) and 2-AG (B) concentrations in Obese

Zucker rats fed C, FO, or KO diets for 4 wk. Values are means 6 SD,

n = 6. Means without a common letter differ, P , 0.05.

FIGURE 3 Liver (upper panels) and heart (lower panels) AEA (A,C)

and 2-AG (B,D) concentrations in rats fed C, FO, or KO diets for 4 wk.

Values are means6 SD, n = 6. Means without a common letter differ,

P , 0.05.
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lead, in the long term, to decreased fat accumulation in this
adipose depot (8,37,38). We did not measure here the effect of
the diets on the relative amounts of VAT and SAT, because we
deemed it unlikely that a 4-wk administration of (n-3) LCPUFA
would be sufficient to reduce the amount of accumulated fat in
Zucker rats, particularly as we did not observe any effect on
body weight. However, we did find an association between the
lowering of the VATendocannabinoid concentration and that of
ectopic fat, with KO being significantly more efficacious than
FO in both cases, leading to a dramatic 50% reduction of the
TAG concentration in the liver. This might suggest that
endocannabinoid overactivity in the VAT contributes to ectopic
fat formation. Likewise, endocannabinoid overactivity in hepa-
tocytes is associated with the development of alcoholic and
nonalcoholic fatty liver disease in mice, which are fully
prevented in liver-specific CB1 null mice (39,40). In the present
study, AEA, but not 2-AG, levels were reduced by dietary (n-3)
LCPUFA, in agreement with the previous findings that AEA is
the endocannabinoid responsible for nonalcoholic hepatic TAG
deposition in rodents. Through reduction of hepatic AEA, (n-3)
LCPUFA might downregulate important genes in lipogenesis
(14,40). However, additional factors are likely to contribute to
lower liver TAG content, such as direct activation of PPAR by
(n-3) LCPUFA (41).

Although possible in theory, it is unlikely that the reduction
of endocannabinoid concentrations by dietary (n-3) LCPUFA
observed here is a consequence, rather than one of the causes, of
the metabolic effects exerted by FO and KO. Studies in obese
patients showed that only very rigorous interventions, resulting
in considerable loss of body weight and intra-abdominal fat,
lead to decreased peripheral endocannabinoid concentrations
(42,43). Even with gastric surgery in obese rats, such changes
occur only 4 wk after the intervention and 2 wk after weight loss
(44), whereas in our case, dietary (n-3) LCPUFA caused
decreased endocannabinoid concentrations in the absence of
weight loss. Studies in Zucker rats with FO or KO in the
presence of CB1 receptor antagonists, or the use of CB1 receptor
“null” mice with high fat diet-induced obesity, might help us in

understanding whether or not the FO- and KO-induced decrease
of endocannabinoid concentrations underlie the metabolic
effects of the 2 diets. However, such experiments might not be
easily performed. Chronic treatment of Zucker rats with the CB1

antagonist rimonabant reduces body weight and nearly restores
the metabolic profile of these animals to that of lean controls
(45), whereas CB1 receptor null mice are completely resistant to
high fat diet-induced obesity and its metabolic consequences
(14). Thus, a submaximal dose of rimonabant that renders
Zucker rats less responsive to FO and KO should be sought to
support a role of endocannabinoids in the effects of these diets.
Conversely, because systemic CB1 agonist administration affects
food intake acutely, but does not cause weight gain chronically
(46) or affect metabolic parameters, possibly because it cannot
mimic the tissue-selective overactivation of CB1 receptors
associated with obesity (8), and causes downregulation of CB1

receptors, such approach would likely not result in the counter-
action of FO- and KO-induced metabolic changes in Zucker
rats.

Rats fed (n-3) LCPUFA diets had greater plasma TAG
concentrations and lower plasma LDL-cholesterol concentra-
tions, with no changes in HDL-cholesterol. The somewhat
paradoxical finding of increased plasma TAG concentrations
might result from the (n-3) LCPUFA-induced increase in the rate
of VLDL release from the liver under the experimental condi-
tions used in this study. At least 1 other report showed that a
massive decrease of fat deposition in the liver results in increased
plasma TAG concentrations in Zucker rats (47). This phenom-
enon is likely to be transient and to reflect the specific metabolic
state of the rats, characterized by a concentration of TAG in the
liver ~5-fold higher than in lean rats, as compared with the data
previously reported in the literature (48). Another possible
explanation might be the relatively low dietary level of (n-3)
LCPUFA used here, because the hypotriglyceridemic activity of
(n-3) LCPUFA is exclusively observed with high doses in both
experimental animals and humans (49,50). Future studies will
be needed to investigate these hypotheses.

We investigated here the possible mechanism(s) by which
dietary (n-3) LCPUFA affect endocannabinoid metabolism in the
4 tissues analyzed. It was previously shown that AEA levels in
the white adipose tissue, liver, and heart during obesity can be
determined by changes in the expression and activity of its
degrading enzyme FAAH [reviewed in (51)], with elevations of
AEA tissue concentrations usually being accompanied by
reductions in FAAH activity (9,14). This is the case to some
extent also for 2-AG andMAGL and for human obesity (32–35).
Therefore, we analyzed here the effects of FO and KO onMAGL
and FAAH. However, FAAH activity did not differ, whereas
MAGL activity was slightly lower in the VATof the FO and KO
groups and in the heart of the KO group. Thus, the diet-induced
decreases in AEA levels were not due to an elevation of FAAH
activity. The lower activity of MAGL might partially explain the
higher 2-AG levels in the heart. High intersample variability in
the measured enzymatic activities might have prevented us from
detecting significant differences, particularly in the SAT, where
FO tended to reduce, and KO to enhance, FAAH activity. We
could analyze only 4 of the 6 rats for these experiments because
of the limited amount of tissue left after lipid analyses. However,
even assuming that the differences in FAAH activity had been
significant, the predicted effects on AEA concentrations (in-
creased by the FO diet and decreased by the KO diet) are the
opposite of what we observed in SAT. These data strengthen our
hypothesis that changes in FAAH activity are not responsible for
changes in AEA levels in white adipose tissue.

TABLE 3 FAAH and MAGL activities in heart, liver, VAT, and
SAT from Obese Zucker rats fed C, FO, or KO
diets for 4 wk1

Tissue and diet group FAAH MAGL

Heart pmol/(min � mg tissue)

C 4.8 6 1.6 2442.7 6 62.2a

FO 4.1 6 1.3 2169.8 6 10.1a,b

KO 4.0 6 1.4 2072.6 6 168.4b

Liver

C 208.0 6 4.5 2075.3 6 6.6

FO 207.6 6 4.9 1958.6 6 106.7

KO 208.9 6 3.9 1938.7 6 110.4

VAT

C 9.7 6 3.2 1627.5 6 151.8a

FO 7.0 6 2.7 1257.8 6 49.0b

KO 6.2 6 0.8 1217.4 6 18.8b

SAT

C 29.6 6 1.1 1279.2 6 8.3

FO 14.1 6 3.8 1316.3 6 24.7

KO 50.4 6 25.3 1277.8 6 45.1

1 Values are means 6 SD, n = 4. Within a tissue, means in a column with superscripts

without a common letter differ, P , 0.05.
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It was proposed that availability of ARA-containing PL, the
biosynthetic precursors of endocannabinoids, can determine
endocannabinoid concentrations in some tissues (9,52) and in
isolated adipocytes (16). Because dietary (n-3) LCPUFA act in
part by reducing the amount of ARA esterified to PL, we assessed
the effects of the 2 diets on esterified ARA, EPA, and DHA levels
in the 4 tissues analyzed here. Our data indicate that the diet-
induced reduction of endocannabinoid concentrations in VAT is
associated with lower ARA levels in the PL, but not in the TAG,
fraction of the tissue. In the SAT, endocannabinoid concentra-
tions were not altered by (n-3) LCPUFA supplementation and,
consistent with a role of the tissue precursor supply in
endocannabinoid biosynthesis, PL ARA content was also
unaltered. Whereas in the heart and liver the decrease in AEA
levels correlated with PL ARA content only in the FO group, the
increase in the 2-AG levels was independent of any changes in PL
or TAG ARA concentration. Therefore, whereas in the VAT,
(n-3) LCPUFA might decrease endocannabinoid concentrations
by decreasing the amount of ARA esterified into PL, in the liver
only FO might reduce AEA levels via this mechanism. In the
heart, KO might enhance 2-AG levels by reducing its degrada-
tion via MAGL. It is not clear how EPA and DHA incorporation
in PL alters the biosynthetic precursors of endocannabinoids.
However, it is worth noting that in all tissues exhibiting changes
in endocannabinoid concentrations, EPA and DHA concentra-
tions in the PL fraction were increased and the increase was
greater in the KO- compared with FO-supplemented rats.

The effects observed here with dietary (n-3) LCPUFA were
obtained with a relatively low dose of (n-3) LCPUFA,
corresponding to ~2 g/d of EPA + DHA intake in humans.
Several reports in the literature show that some dietary compo-
nents, including (n-3) fatty acids, PL, and choline (53), reduce
TAG deposition in the liver. A study involving dietary supple-
mentation of obese rats with egg yolk phosphatidylcholine and
(n-3) phosphatidylcholine (54) is also relevant to the present
observations on the effects of KO. Shiourchi et al. (54)
demonstrated that fish roe-derived (n-3) phosphatidylcholine
reduced liver steatosis in obese OLETF rats compared with an
equal amount of egg yolk-derived phosphatidylcholine.

In conclusion, we have reported that diets rich in (n-3)
LCPUFA, and a KO-based diet in particular, exert beneficial
effects on several metabolic dysfunctions in Zucker rats, which
was associated with lower endocannabinoid concentrations in
several peripheral tissues. Interestingly, some of the (n-3)
LCPUFA effects, i.e. reduction of fatty liver and inflammation,
were also reported in studies with Zucker rats after antagonism
of endocannabinoid action at CB1 receptors with rimonabant
(45,55). Whereas CB1 receptor antagonists dampen the over-
activated endocannabionid system by blocking the receptor,
dietary (n-3) LCPUFA, and KO in particular, may reduce the
activity of the endocannabinoid system by decreasing the
substrate availability for endocannabinoid biosynthesis. Such a
nutritional approach, if influencing the endocannabinoid system
only peripherally, might avoid the adverse psychiatric effects
associated with the use of CB1 antagonists, thus potentially
providing a safer alternative for “endocannabinoid reequilibra-
tion” in obese individuals.
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