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Endocannabinoid activation at hepatic CB;
receptors stimulates fatty acid synthesis and
contributes to diet-induced obesity
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Endogenous cannabinoids acting at CB; receptors stimulate appetite, and CB; antagonists show promise in
the treatment of obesity. CB;7~ mice are resistant to diet-induced obesity even though their caloric intake is
similar to that of wild-type mice, suggesting that endocannabinoids also regulate fat metabolism. Here, we
investigated the possible role of endocannabinoids in the regulation of hepatic lipogenesis. Activation of CB,
in mice increases the hepatic gene expression of the lipogenic transcription factor SREBP-1c and its targets
acetyl-CoA carboxylase-1 and fatty acid synthase (FAS). Treatment with a CB; agonist also increases de novo
fatty acid synthesis in the liver or in isolated hepatocytes, which express CB;. High-fat diet increases hepatic
levels of the endocannabinoid anandamide (arachidonoyl ethanolamide), CB; density, and basal rates of fatty
acid synthesis, and the latter is reduced by CB; blockade. In the hypothalamus, where FAS inhibitors elicit
anorexia, SREBP-1c and FAS expression are similarly affected by CB, ligands. We conclude that anandamide
acting at hepatic CB, contributes to diet-induced obesity and that the FAS pathway may be a common molecu-

lar target for central appetitive and peripheral metabolic regulation.

Introduction

Maintenance of energy homeostasis and body weight involves
the coordinated regulation of appetitive behavior and peripheral
energy metabolism (1), as illustrated by the ability of the appetite-
reducing hormone leptin to regulate fat metabolism in the liver
(2). Endocannabinoids are novel lipid mediators that modulate
appetitive behavior through the activation of CB; (3-11). Sites in
the hypothalamus (4, 10, 12), limbic forebrain (11-13), and periph-
eral sensory nerve terminals (7) have been implicated in mediat-
ing the orexigenic effect of endocannabinoids, which is potenti-
ated by hunger or in hyperphagia associated with obesity (4-6, 9)
and antagonized by CB; blockade. Indeed, CB, antagonists show
promise in the treatment of obesity (14). A number of recent obser-
vations suggest that reduction of food intake alone cannot fully
account for the antiobesity effects of CB; antagonists. In a mouse
model of diet-induced obesity, chronic treatment with the CB;
antagonist SR141716 caused a transient reduction in food intake
and a more prolonged reduction in body weight (15). Mice lack-
ing CB, are resistant to diet-induced obesity even though their
total caloric intake is similar to that of wild-type littermates, which
become obese on the same diet (16). CB;7~ mice display a moder-
ately lean phenotype throughout adulthood but only a temporary
hypophagia in the first few weeks of life (17). These observations
suggest that endocannabinoids and CB; also regulate peripheral
energy metabolism. Indeed, adipocytes have been found to express
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CBy, stimulation of which may affect fat metabolism by regulating
the level of the adipocyte-derived hormone adiponectin (18) or by
increasing lipoprotein lipase activity (17). However, the role of adi-
pose tissue in de novo lipogenesis is minor compared with that of
the liver (19). Therefore, we have examined the possible role of the
liver as a peripheral target of the metabolic actions of endocannabi-
noids and explored the underlying molecular targets. The results
indicate that hepatocytes express CBy, stimulation of which induces
the expression of the lipogenic transcription factor SREBP-1c (20)
and its target enzymes acetyl coenzyme-A carboxylase-1 (ACC1)
and fatty acid synthase (FAS), and also increases de novo fatty acid
synthesis. This mechanism may contribute to the development
of diet-induced obesity, which is found to be associated with an
increase in the hepatic levels of the endocannabinoid anandamide
(arachidonoyl ethanolamide) and CB;-mediated fatty acid synthe-
sis in mice. CB; activation induces the same molecular targets in
the hypothalamus, where inhibitors of FAS have been reported to
cause anorexia (21, 22). Thus, the fatty acid biosynthetic pathway
may represent a common molecular target for the central appetitive
and peripheral metabolic effects of endocannabinoids.

Results
Activation of CB; increases lipogenic gene expression. In order to identify
likely peripheral molecular targets of CBy, we profiled the expres-
sion of a group of genes involved in fat metabolism in the liver
and adipose tissue of wild-type and CB;7~ mice. Gene expression
was analyzed by RT-PCR, using mRNA extracted from the liver
and adipose tissue of CB;”* and CB;7~ mice maintained on regular
chow. The level of expression of the lipogenic transcription factor
SREBP-1c (20) was consistently lower in liver and adipose tissue of
CB; 7/~ compared with that of CB;”* mice. Because SREBP-1c regu-
lates the expression of enzymes involved in fatty acid synthesis (20),
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we next examined whether treatment of wild-type mice with a CB,
agonist could increase the gene expression of SREBP-1c and its tar-
get enzymes ACC1 and FAS in the liver and adipose tissue, using
Northern hybridization. In vivo treatment with the potent CB;
agonist HU210 (20 ng/g i.p.) resulted in a marked increase in the
hepatic levels of SREBP-1¢, ACC1, and FAS mRNA, and pretreat-
ment of the animals with 3 pug/g of the CB; antagonist SR141716
blocked the effect of HU210 (Figure 1). Similar changes were
observed in Northern blots from combined fat pads, where mRNA
levels of the same 3 proteins increased by 45% + 15%, 105% + 32% and
90% + 24%, respectively. Increased hepatic expression of the SREBP-1c¢
protein in response to treatment with HU210 was also evident in
DNA mobility shift assays, using nuclear extracts isolated from the
livers of wild-type mice treated for 3 days with daily injections of
vehicle, 20 ng/g HU210, 3 ug/g SR141716, or 20 ng/g HU210 plus
3 ug/g SR141716. Relative to vehicle-treated controls, HU210 treat-
ment increased the radioactivity in the specific shifted bands by
30% + 11% (P < 0.05; » = 4), whereas in mice pretreated with
SR141716,HU210 treatment had no effect (13% + 11%; n = 4).

Figure 2

Activation of CB; stimulates de novo fatty acid synthesis in the liver in
vivo and in vitro. (A) In vivo fatty acid synthesis in CB;*+ and CB;7- mice
on normal diet was assayed by the conversion of 3H,0 into fatty acids in
the liver. Mice were treated i.p. with vehicle (white bars), 20 ng/g HU210
(black bars), 3 ug/g SR141716 (dark gray bars), or 20 ng/g HU210 plus
3 ug/g SR141716 (light gray bars), and the rate of fatty acid synthesis
was expressed as micromoles of 3H,0 converted into fatty acids per
hour per gram of tissue weight. (B) In vitro fatty acid synthesis in iso-
lated hepatocytes from mice. Isolated cells were treated with drugs in
vitro and fatty acid synthesis quantified as described in Methods. Bars
represent mean + SEM from 4-5 separate experiments.
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Figure 1

Activation of CB; increases the gene expression of SREBP-1¢, ACC1,
and FAS in the liver of CB1*+ mice. Mice were injected i.p. with vehi-
cle, 20 ng/g HU210, 3 ug/g SR141716, or 20 ng/g HU210 plus 3 ug/g
SR141716 (SR141716 + HU210) 1 hour prior to sacrifice and removal
of the liver. RNA was isolated and Northern hybridization performed as
described in Methods. An original blot (A) as well as the mean + SEM
from 5 replicate experiments in each group (B) are shown. Relative
mRNA levels were quantified by densitometry, corrected for 18S ribo-
somal RNA levels used as loading control, and expressed as a per-
centage of the value measured in vehicle-treated controls.

Activation of CB; stimulates de novo fatty acid synthesis in the liver. The
liver is the main source of fatty acids synthesized de novo. To test
the functional consequence of increased lipogenic gene expression,
we analyzed de novo hepatic fatty acid synthesis in vivo, by measur-
ing the incorporation of tritium into fatty acids in the liver follow-
ing intrahepatic injection of 3H,O. As summarized in Figure 2A,
pretreatment of mice with 20 ng/g HU210 caused more than a
2-fold increase in the rate of hepatic fatty acid synthesis. This
increase was mediated by CB; because no increase was observed in
mice pretreated with 3 ug/g SR141716 or in CB;/~ mice. Similar
effects were observed in hepatocytes isolated from wild-type mice:
incubation of the cells with 100 nM HU210 for 60 minutes signifi-
cantly increased the incorporation of subsequently added *H,O
into fatty acids. The effect was attenuated in the presence of 10 nM
SR141716 and was absent in cells from CB; 7/~ mice (Figure 2B).

Presence of CB receptors in the mouse liver. The above findings predi-
cate the presence of CB; in hepatocytes, which was verified using
multiple methods. The results of RT-PCR indicated the presence
of CB; mRNA in the livers of control mice and its absence in livers
from CB;7/~ mice (Figure 3A). CB; mRNA was also detected by in
situ hybridization, with strong labeling detected in Kupffer cells
and lower levels evident in endothelial cells as well as hepatocytes,
particularly in perivascular areas (Figure 3B). The presence of CB,
protein in the liver was demonstrated by immunohistochemistry
(Figure 3C). Using an antibody against the N terminus of CBjy,
the expression of immunoreactive CB; was more prominent in
hepatocytes around the central veins, a pattern similar to that
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Figure 3

Presence of CB; in mouse liver. (A) CB; mRNA is present in the liver of CB*+ but not CB;7~ mice, as tested by RT-PCR. B-actin mRNA was
amplified as internal control. (B) Localization of CB; mRNA in normal mouse liver by in situ hybridization in the presence (left panel) and absence
(right panel) of the cRNA probe. (C) Immunoreactive CB; is present in hepatocytes in the liver of a CB;*+ (left panel) but not a CB;7- mouse (right
panel). Center panel: the effect of preincubation of the N-terminal antibody with its blocking peptide in a section from the same liver as shown at
left. Tissue structure is visualized by nuclear fast red counterstaining. (D) Immunoreactive CB; in purified liver plasma membranes was visual-
ized by Western blot analysis using an antibody against the C terminus of rat CB+. The specificity of the reaction is indicated by its absence in a

preparation from a CB;7- mouse. The expression of CB; is upregulated in mice on a high-fat diet (HF) compared to regular diet (R).

seen with in situ hybridization. Staining was stronger around the
cell perimeter, suggesting membrane localization. The specificity
of the staining was indicated by the ability of blocking peptide to
suppress it (Figure 3C, middle) and by its absence in liver sections
from CB; 7~ mice (Figure 3C, right). The presence of CB; protein
in purified liver plasma membranes was further documented by
Western blotting using an antibody against the C terminus of rat
CB; (Figure 3D), which also indicated increased receptor levels in
preparations from mice kept on a high-fat diet for 3 weeks com-
pared with those in mice on regular mouse chow.

CB; 7/~ mice are resistant to diet-induced obesity. High-fat diet has been
recently reported to induce obesity in wild-type but not in CB;”
mice, despite similar caloric intake (16). To uncover the reason
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Figure 4

for this difference in phenotype, we placed CB;7~ mice and their
wild-type littermates on a high-fat diet, while respective controls
remained on regular mouse chow. Daily food intake increased tran-
siently in wild-type mice during the first 10 days on the high-fat diet
and then returned to the levels seen in the other 3 groups, resulting
in similar overall caloric intake in the 4 groups for the 3-month diet
period (Figure 4A). In contrast to wild-type mice fed normal chow,
wild-type mice on the high-fat diet became obese (Figure 4B), dem-
onstrated associated hormonal and metabolic changes (Figure 4,
C-H), and developed fatty liver (Figure 5, A, C, and E). CB;7~ mice
on the high-fat diet, however, remained lean (Figure 4B), their met-
abolic and hormonal profile remained unchanged (Figure 4, C-H),
and they did not develop fatty liver (Figure 5, B, D, and F), despite
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Effects of high-fat diet (black bars) versus regular chow (white bars) on physiological and biochemical parameters in CB*+ (n = 9 regular, 10 high-
fat) and CB;~- mice (n = 8 in each group). Food intake reflects cumulative intake over the diet period; the other parameters were measured at the
time the mice were sacrificed. Adiposity index was calculated as the total fat pad weight ([subcutaneous + retroperitoneal + inguinal]/eviscerated
body weight x 100). Body weight at the start of the diet was slightly, but significantly, lower in CB;~- mice than in their CB;*+ littermates, in agree-
ment with published results (17). *P < 0.01 versus corresponding group on control diet; **P < 0.05 versus corresponding value in CB;*+ mice.
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having caloric intake similar to that of wild-type mice on the high-
fat diet. In wild-type mice, feed efficiency increased significantly
from 3.23 + 0.19 mg/kcal on normal chow to 5.41 + 0.53 mg/kcal
on the high-fat diet (P < 0.02), whereas in CB;7~ mice, it remained
unaffected by the diet (1.87 + 0.11 mg/kcal on normal chow versus
2.40 £ 0.55 mg/kcal on the high-fat diet; P> 0.2).

Diet-induced obesity is associated with increased CB-mediated fatty acid
synthesis in the liver. The resistance of CBy-deficient mice to diet-
induced obesity in spite of similar caloric intake suggests a role for
CB; in the lipogenic response of wild-type mice to high-fat diet.
In a group of mice, we tested the effect of the high-fat diet on de
novo hepatic fatty acid synthesis 3 weeks following the initiation
of the diet, before a significant effect on body weight could be
detected. When tested at this time, the basal rates of de novo fatty
acid synthesis were markedly increased compared with those of
lean controls, and pretreatment of mice on the high-fat diet with
3 ug/g SR141716 significantly reduced the rate of fatty acid syn-
thesis (Figure 6A). In CB;7~ mice, the high-fat diet did not induce
any change in the basal rate of fatty acid synthesis, which remained
unaffected by SR141716 (Figure 6B). Interestingly, deposition of
lipid droplets was already evident at this time in wild-type, but not
CB;7/~, mice (compare Figure 5C and Figure 5D).

Figure 6

High-fat diet increases de novo hepatic fatty acid synthesis via activa-
tion of CB1 receptors. The rate of conversion of 3H,0 to fatty acids in the
liver was assayed in wild-type (A) and CB;~- mice (B) 15 minutes after
the i.p. injection of vehicle (white bars) or 3 mg/kg SR141716 (SR) (gray
bars). Animals were on control or high-fat diets for 3 weeks prior to test-
ing, as indicated. The marked increase in hepatic fatty acid synthesis
in wild-type mice was inhibited in the presence of SR141716 and was
absent in CB;~- mice. *P < 0.01 versus corresponding vehicle-treated
group. Bars indicate mean + SEM from 5-8 animals in each group.
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Figure 5

High-fat diet induces fatty liver in CB;*+ but not CB;~- mice. Fat depo-
sition is visualized by Oil Red O staining in liver sections from mice on
normal diet (A and B) or on high-fat diet for 3 weeks (C and D) or for
14 weeks (E and F).

Inmicesacrificed at the same time, hepaticlevels of anandamide were
greatly elevated in animals on the high-fat diet (81.5 + 8.2 fmol/mg
protein; n = 6) compared with lean controls (25.2 + 3.5 fmol/mg
protein; n = 6; P < 0.005), with no difference in the hepatic levels of
2-arachidonoylglycerol (2-AG) (630 + 48 fmol/mg in high-fat diet
versus 814 + 94 fmol/mg in control). Hepatic anandamide levels
declined through the remaining diet period but remained slightly
elevated compared with controls when measured at the end of the
14-week diet period (20.1 + 1.5 fmol/mg tissue in high-fat diet ver-
sus 14.2 + 1.6 fmol/mg tissue in control; P < 0.05). In CB;”/~ mice
fed the high-fat diet for 3 weeks, hepatic anandamide levels were
also increased (33.4 + 3.2 fmol/mg protein) compared with those
of controls fed normal chow (17.8 + 6.1 fmol/mg protein, P < 0.05),
although the change was less marked than in wild-type mice. Again,
there was no significant difference in hepatic 2-AG levels.

Mechanism of high-fat diet—induced increase in hepatic anandamide. To
test the role of altered synthesis versus degradation in the elevation
of hepatic anandamide levels, we measured the activities of N-acyl-
transferase (NAT), the rate-limiting step in anandamide synthesis
(23), and of fatty acid amidohydrolase (FAAH), the enzyme respon-
sible for the metabolism of anandamide (24), using purified liver
plasma membrane preparations from mice on normal versus high-
fat diets. NAT activity was unchanged at 570 + 73 fmol/min/mg
protein versus 543 + 302 fmol/min/mg protein in normal versus
high-fat diet groups, respectively, of N-['4CJarachidonoyl phosphati-
dylethanolamine (NAPE) generated from 1,2-phosphatidylcholine-
L-a-[!*C]diarachidonoyl. On the other hand, FAAH activity, as mea-
sured by the release of [*H]ethanolamine from [*H]anandamide, was
dramatically reduced from 460 + 15 fmol/min/mg protein in 4 plas-
ma membrane preparations from controls to 87 + 29 fmol/min/mg
protein in 4 preparations from mice on the high-fat diet (P < 0.005).
However, the level of FAAH protein, as quantified in Western blots
of liver plasma membranes using a FAAH antibody, was similar in
mice on normal and high-fat diets (data not shown).
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Figure 7

Cannabinoid regulation of lipogenic gene expression in the hypo-
thalamus. (A) Activation of CBs by HU210 increases SREBP-1c and
FAS gene expression in the hypothalamus of CB;*+ mice (n = 4).
The hypothalamus was dissected as previously described (39).
RT-PCR analysis was performed as described in Methods, and its
results were confirmed by real-time quantitative RT-PCR. (B) The
CB; antagonist SR141716 inhibits SREBP-1c and FAS gene expres-
sion in fasted/refed (n = 6) but not in fasted-only mice (n = 6). Mice
received an i.p. injection of vehicle (white bars) or 3 ug/g SR141716
(gray bars) at the end of the 24-hour fast.

CB; regulation of fatty acid synthesis in the hypothalamus. The enzyme
FAS is widely expressed in the brain, including in neurons of the
hypothalamus linked to appetite control, and inhibitors of FAS
dramatically reduce food intake, most likely by an action in the
hypothalamus (21, 22, 25). We therefore examined whether hypo-
thalamic FAS is regulated by CB;. Treatment of wild-type mice
with 20 ng/g HU210 caused a significant increase in hypothalamic
SREBP-1c and FAS mRNA levels, as measured by RT-PCR, and this
effect was abrogated in animals pretreated with 3 ug/g SR141716,
although SR141716 alone did not reduce SREBP-1c and FAS
mRNA levels (Figure 7A). Similar results were obtained using real-
time quantitative RT-PCR, where the fold increase in mRNA levels
over control, in response to HU-210, SR141716, and combined
HU-210 and SR141716 treatment, respectively, was 11.2, 1.8, and
2.3 for SREBP-1c, and 3.3, 1.8, and 2.3 for FAS.

The appetite- and weight-reducing effects of CB; antagonists
are more pronounced in obese, hyperphagic animals than in their
lean controls (5, 6), and in non-obese animals, the anorexigenic
effect of SR141716 is more prominent when tested in animals
during refeeding after temporary food restraint or deprivation
(4, 7-9) than in animals with free access to food. This fasting/
refeeding approach is a potent inducer of SREBP-1¢ (26) and FAS
gene expression (27). Therefore, we tested the effect of SR141716
1302
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on hypothalamic SREBP-1c and FAS gene expression in mice
fasted for 24 hours, followed by a 3-hour period of either contin-
ued fasting or refeeding with a high-carbohydrate diet. Fasting/
refeeding increased SREBP-1c and FAS mRNA levels significantly
more in mice treated with vehicle at the start of the refeeding peri-
od than in mice treated with 3 ug/g SR141716, whereas SR141716
treatment did not affect the much lower mRNA levels in fasted-
only mice (Figure 7B).

In the fasted/refed groups, food intake during the 3-hour
refeeding period was significantly reduced by SR141716 treatment
compared with that in vehicle treatment (1.12 + 0.21 g/mouse ver-
sus 1.85 + 0.22 g/mouse; n = 6; P < 0.05). In contrast, in mice with
free access to food, in which SR141716 treatment did not affect
SREBP-1c and FAS mRNA levels (Figure 7A), food intake was simi-
larly unaffected by SR141716 treatment (0.41 + 0.12 g/mouse ver-
sus 0.45 + 0.16 g/mouse; n = 6; P> 0.5).

Discussion
The activation of CB; by endocannabinoids is considered a central
factor in neural control of appetite (3-13). The present findings
demonstrate that endocannabinoids also target the liver, where
activation of CB; results in increased de novo fatty acid synthe-
sis through the induction of the lipogenic transcription factor
SREBP-1c and its target enzymes ACC1 and FAS. The results also
suggest that activation of this pathway by endogenous anan-
damide in the liver has a key role in the development of diet-
induced obesity and fatty liver. Importantly, the same molecular
targets are induced by CB; activation in the hypothalamus, where
inhibition of FAS has been previously shown to result in profound
anorexia (21, 22, 25). Thus, these findings suggest that the same
molecular pathway is involved in both the central appetitive and
the peripheral anabolic effects of cannabinoids.

In agreement with a recent report (16), CB;-deficient mice
were resistant to diet-induced obesity despite the fact that
their overall caloric intake was similar to that in wild-type
mice, which strongly suggests the existence of peripheral met-
abolic targets of endocannabinoids. We present several lines
of evidence that endocannabinoids directly target the liver to
stimulate fat synthesis and document, for the first time to our
knowledge, the presence of CB; in hepatocytes by using a com-
bination of techniques including RT-PCR, in situ hybridization,
immunohistochemistry, and Western blotting. The latter tech-
nique necessitated the use of purified plasma membranes owing
to the low density of hepatic CBy, which may explain earlier fail-
ures to detect CB; using crude liver homogenates (28).

In an earlier study, anandamide was reported to decrease rath-
er than increase fatty acid synthesis in rat hepatocytes through
a noncannabinoid mechanism mediated by arachidonic acid, as
indicated by the ability of the nonspecific FAAH inhibitor PMSF
to block this effect (29). Although in that study PMSF did not
unmask a CB;-mediated stimulatory response to anandamide
(29), this could be due to the weak partial agonist properties of
anandamide and/or its rapid elimination from the medium. When
suspended at high cell-to-medium ratios, hepatocytes have been
shown to rapidly deplete drugs from the medium by uptake and
metabolism, an effect that can be minimized by using low cell-to-
medium ratios similar to those used in the current study (30).

The lipogenic response to CB; activation in isolated hepatocytes
argues strongly for a direct hepatic effect under in vivo conditions,
although it does not rule out an additional, centrally mediated
Volume 115
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effect through neuronal or hormonal pathways. Inhibition of this
lipogenic response by SR141716 and its absence in CB; 7~ mice fur-
ther confirms the lipogenic role of hepatic CB;. SR141716 alone
reduced basal levels of fatty acid synthesis, which were similar
in CB;** and CB;7~ mice. This could suggest the presence of an
endocannabinoid tone, the absence of which may be compensated
when CB; is absent from birth. We also demonstrate that activa-
tion of CB; induces the expression of the lipogenic transcription
factor SREBP-1c and its target enzymes ACC1 and FAS, which
likely account for the CBi-mediated increase in fatty acid synthe-
sis. CBy is negatively coupled to adenylate cyclase via Gi/G, (31),
and SREBP-1c and FAS gene expression are negatively regulated
by cAMP (32). This suggests that CB; may regulate lipogenic gene
expression via inhibition of adenylate cyclase.

The ability of exogenous cannabinoids to stimulate hepatic fatty
acid synthesis does not, in itself, prove that CB; signaling contrib-
utes to diet-induced obesity. This is supported by the present find-
ings that the increase in de novo lipogenesis in mice on a high-fat
diet can be inhibited by a CB; antagonist. Obesity induced by high-
fat diets is usually associated with a decrease in de novo fatty acid
synthesis. However, in the short term, high-fat diets can induce
lipogenic gene expression and fatty acid synthesis (33). Even after
prolonged exposure to a high-fat diet, increased de novo fatty
acid synthesis can be maintained through the hyperinsulinemia
present in the insulin-resistant obese animals (ref. 34, see
also Figure 4), as insulin is a known inducer of SREBP-1c
and lipogenic genes (35). Furthermore, such a diet-induced
increase in de novo fatty acid synthesis appears to be selective for
the liver (36, 37). In the current study we show that exposure of
wild-type mice to a high-fat diet for 3 weeks, which is not sufficient
to induce obesity, results in a marked increase in the basal rate of
hepatic fatty acid synthesis as well as in the development of hepat-
ic steatosis. The findings that the increased rate of hepatic fatty
acid synthesis is blunted by SR141716 (Figure 6A) and is absent
in CB;7~ mice (Figure 6B) indicate tonic activation of hepatic
CB; in wild-type mice, most likely mediated through the paral-
lel increase in the hepatic levels of both anandamide (Figure 6B)
and CB; (Figure 3D). This mechanism likely contributes to the
development of not only obesity but also fatty liver in control
mice, as indicated by the absence of both changes in CB;7~ mice
on a high-fat diet (Figure 4B and Figure 5). More importantly,
these findings strongly suggest that a critical component in diet-
induced obesity is an early, endocannabinoid-mediated increase
in de novo lipogenesis in the liver, and raise the possibility that
CB; antagonists may be effective not only as antiobesity agents,
but also in preventing/reversing the development of fatty liver.

With caloric intake being similar in wild-type and CB; 7~ mice on
the high-fat diet, there must be a difference in their energy expen-
diture to account for the difference in total body fat. Feeding a
high-fat diet to C57B16 mice has been shown to decrease energy
expenditure, as documented by indirect calorimetry (38), and the
increase in feed efficiency we observed in such animals is in agree-
ment with such a change. Although the underlying mechanism has
not been analyzed in detail, the parallel decline in the plasma lev-
els of adiponectin (Figure 4), a hormone that promotes fatty acid
B-oxidation, is likely to be involved. In CB; 7~ mice, feed efficiency
as well as plasma adiponectin levels remained unaffected by the
high-fat diet, suggesting that energy expenditure was not similarly
reduced. Furthermore, ongoing experiments indicate that exposure
to the high-fat diet for 14 weeks results in a significant increase in
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the expression of carnitine palmitoyltransferase-1, the rate-limit-
ing enzyme in fatty acid B-oxidation, in CB;7~ but not in wild-type
mice, as detected by Western blotting.

The present findings indicate that a high-fat diet increases
hepatic anandamide owing to a major reduction in its degradation
by FAAH, whereas anandamide synthesis appears to be unchanged.
Because the membrane levels of the FAAH protein are not signifi-
cantly altered, a high-fat diet may inhibit the activity rather than
the expression of FAAH by a mechanism that remains to be deter-
mined. The upregulation of hepatic CB; observed in mice on the
high-fat diet is reminiscent of the reported upregulation of CB,
expression in adipose tissue from genetically obese versus lean rats
(18) and could involve similar underlying mechanisms.

Lipid metabolism in selective hypothalamic neuronsactsasa prima-
ry sensor of nutrient availability (39), and its modulation by enzyme
inhibitors has been found to affect appetitive behavior (21, 22, 25).
Here we demonstrate that the fatty acid synthetic pathway in the
hypothalamus is regulated by endocannabinoids via CBy, which is
known to be involved in the control of appetite. Fasting/refeeding
unmasks the orexigenic effects of endocannabinoids (4, 9), which
is in agreement with the present findings that SR141716 inhibited
food intake in fasted/refed mice but not in mice with free access to
food. Similarly, SR141716 treatment inhibited the hypothalamic
expression of SREBP-1c and FAS in fasted/refed mice (Figure 7B)
but not in free-feeding mice (Figure 7A). This suggests that lipo-
genic gene expression in the hypothalamus is linked to the control
of food intake, although the nature of this relationship and its
possible presence in other brain regions implicated in the appeti-
tive effects of endocannabinoids (11-13) remain to be explored.
Nevertheless, the present findings provide evidence for a common
molecular pathway involved in central appetitive and peripheral
metabolic regulation by an endogenous signaling system, thus
providing a molecular basis for the coordinated regulation of
nutrient intake and energy metabolism.

Methods
Mice. All animal experiments conformed to NIH guidelines and were
approved by the Institutional Animal Care and Use Committee of the
National Institute on Alcohol Abuse and Alcoholism. CB; 7~ mice and their
wild-type littermates were developed and backcrossed to a C57Bl/6] back-
ground as previously described (40). For experiments not involving CB;7~
mice, wild-type C57Bl/6] mice were obtained from The Jackson Laboratory.
To induce obesity, 8- to 10-week-old mice of both sexes were fed a diet con-
taining 33.5% fat (60% of calories), 26.5% carbohydrate, and 27.4% protein
(TD97070; Harlan Teklad) for 14 weeks. Controls received regular chow
(NITH-31 rodent diet). CB; 7~ mice had slightly lower body weights than their
wild-type littermates (Figure 1B). The mice had free access to food and water
and were maintained on a 12-hour light/12-hour dark cycle. Food intake
and body weight were measured daily. Feed efficiency was calculated as mil-
ligrams of body weight gain per kilocalorie of food eaten over the 14-week
diet period. For fasting/refeeding experiments, mice were placed on a low-
carbohydrate diet (5789C; Purina Mills) for 3 days, followed by 24 hours of
fasting and re-exposure to a high-carbohydrate diet (88122; Harlan Teklad)
or continued fasting for 3 hours. Mice were sacrificed by cervical disloca-
tion. The liver and combined adipose tissue (inguinal, retroperitoneal, and
subcutaneous fat pads) were removed, weighed, and snap-frozen, and blood
was collected for determining endocrine and biochemical parameters.
Blood chemistry. Blood was collected at the time the mice were sacrificed.
Serum triglycerides and lipoprotein lipase activity were determined using a
clinical chemistry analyzer system (PROCHEM-V; Drew Scientific). Serum
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leptin (Quantikine M; R&D Systems) and adiponectin levels were determined
using commercial sandwich ELISA assays (B-Bridge International) in accor-
dance with the manufacturer’s instructions. Serum insulin was determined
using the Ultrasensitive Mouse Insulin EIA kit (ALPCO Diagnostics).

Endocannabinoids. For measuring endocannabinoid levels, mice were sac-
rificed by decapitation and their livers were removed and extracted (41).
Anandamide and 2-AG levels were determined by liquid chromatography/
mass spectrometry as previously described (41).

Anandamide synthesis. The activity of NAT, the rate-limiting step in
anandamide synthesis, was quantified in liver homogenates from mice
on normal and high-fat diets by measuring the conversion of 1,2-phos-
phatidylcholine-L-o-[1-'4C]diarachidonoyl to the anandamide precursor
NAPE. Details of the assay, including separation of the lipids by thin-layer
chromatography, have been described previously (42).

Anandamide degradation. FAAH activity in liver homogenates was quanti-
fied by the amount of [*H]ethanolamine released from [*H]anandamide
labeled on the ethanolamine moiety as previously described (42).

Immunobistochemistry and bistology. Affinity-purified CB; primary
polyclonal antibody, raised in rabbits against a 14-amino acid peptide near
the N terminus of the human CB; (CB11-A), was obtained from Alpha Diag-
nostic International. Formalin-fixed, paraffin-embedded 10-um-thick liver
sections were immunostained with primary and biotinylated secondary
antibody and visualized using the VECTASTAIN Elite ABC kit as described
by the manufacturer (Vector Laboratories). Specificity of the reaction was
controlled by preabsorption of the antibodies with 1-10 ug/ml of the
immunizing peptide and by doing parallel immunostaining in liver sections
from CB; 7/~ mice. For analysis of fat accumulation in liver, the tissue was
fixed in 10% formalin, and 10-um-thick frozen sections prepared using a
cryostat were stained with Oil Red O (Vector Laboratories), counterstained
with Mayer’s haematoxylin, and analyzed by light microscopy.

In situ hybridization bistochemistry. A CB; cDNA clone ligated into the
PcDNA3 vector (43) was used to produce DIG-11-dUTP-labeled cRNA probe
(Roche Diagnostics Corp.). In situ hybridization was performed on paraf-
fin-embedded tissue sections as described previously (44). CB; mRNA tran-
script was detected by reaction with anti-DIG antibody coupled to alkaline
phosphatase using NBT/BCIP as substrate (Roche Diagnostics Corp.). Meth-
ods for creating negative controls included: (a) replacement of the specific
antisense probe with a sense probe, (b) omission of either the RNA probe or
the anti-DIG antibody, and (c) pretreatment of tissue sections with RNase.

Western hybridization. Purified plasma membranes were isolated from
mouse liver by sucrose density gradient centrifugation (45). This prepa-
ration is enriched 10-fold in membrane proteins, as indicated by an
approximately 10-fold increase in the number of a,-adrenergic receptor
binding sites per milligram of protein, measured by [3H]prazosin bind-
ing (G. Kunos, unpublished observations). Two hundred micrograms of
membrane protein was solubilized in lysis buffer, size-fractionated by 10%
SDS-PAGE, and transblotted to a nitrocellulose membrane, as previously
described (46). Western blotting using rabbit antibody raised against the C
terminus of the rat CB; receptor or a rabbit antibody against human FAAH
(Alpha Diagnostics) was done as previously described (46).

RT-PCR analyses. Total RNA was isolated from liver and adipose tissue
using TRIZOL and reverse-transcribed using the SuperScript First-Strand
Synthesis System, in accordance with the manufacturer’s instructions
(Invitrogen Corp.). The resulting single-stranded cDNA (5 ul) was dena-
tured at 94°C for 5 minutes and, after the addition of the polymerase,
subjected to 35 cycles of amplification, each consisting of 15 seconds at
94°C, 30 seconds at 58°C, and 1 minute at 68°C, with a 30-second final
extension at 68°C during the last cycle. Each PCR reaction mixture (100 ul)
contained the cDNA template, 1 uM of the primers, 200 uM of dNTPs,
1.5 mM MgCl,, 10 mM Tris/HCI (pH 9.0), 50 mM KCl, 0.1% Triton X-100,
1304
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and 2.5 uM Taq polymerase (Invitrogen Corp.). The following forward and
reverse primers were used, with the size of the amplicon in brackets (the
same primers were used to generate the double-stranded oligonucleotides
used as probes in Northern blots): SREBP-1c, 5'-CTCCAAGGTTTCGTCT-
GACG-3', 5'-TCCAGTGGCAAAGAAACACC-3' (447 nt); FAS, 5'-TAC-
CAGTGCCACAGGAGTCTCA-3',5'"-TAAACACCTCGTCGATTTCGTTC-3'
(158 nt); ACC1, S'-GAAGTGAAACGGAAACCCTC-3', 5'-ATTTGGTCGT-
GAGGGCTAAG-3' (426 nt). CB;: S GTACCATCACCACAGACCTCCTC 3/,
5" GGATTCAGAATCATGAAGCACTCCA 3’ (300). The mouse -actin gene
was amplified as a control. The PCR products were separated by electropho-
resis on a 1% agarose gel. RNA without reverse transcriptions did not yield
any amplicons, indicating the absence of genomic DNA contamination.

Real-time quantitative RT-PCR. Estimates of cannabinoid-induced changes
in SREBP-1c and FAS mRNA levels in the hypothalamus obtained by stan-
dard RT-PCR (see above) were confirmed by real-time quantitative PCR,
using a model 7700 Sequence Detection System (Applied Biosystems Inc.).
Details of the method and calculations of the fold increases over control
were as previously described (47).

Northern hybridization. Total RNA was prepared from individual mouse
livers as described above. Northern analysis was performed in accordance
with an established protocol (48). The signal was detected using the CDP-
star chemiluminescence assay (Amersham Biosciences). Oligonucleotide
probes for the respective genes were labeled using the AlkPhos-Direct kit in
accordance with the manufacturer’s instructions (Amersham Biosciences).
mRNA levels were quantified by densitometry, using the 18S ribosomal
RNA band for loading control. Values represent the percentage of the levels
expressed by vehicle-treated controls.

Hepatic fatty acid synthesis in vivo and in vitro. Rates of in vivo hepatic
fatty acid synthesis were measured as previously described (49). Briefly,
following an overnight fast, mice were injected i.p. with vehicle, 20 ng/g
HU210, 3 ug/g SR141716, or 20 ng/g HU210 plus 3 ug/g SR141716. One
hour later, each animal received an intrahepatic injection of 50 mCi of
3H,O in saline and, following an additional hour, the animals were sacri-
ficed, the liver removed and homogenized, and fatty acids extracted with
petroleum ether and quantified by liquid scintillation spectrometry.
To analyze the effects of cannabinoids on fatty acid synthesis in vitro,
hepatocytes were isolated from wild-type mice as previously described
(50). Cells (5-7 x 106 cells/25 ml flask) were suspended in DMEM at
37°C under 5% CO; in O,. 3H,0 (0.5 mCi/ml) was added to the cell
suspension and incubated for a further 60 minutes. The incubation
was terminated by the addition of chloroform/methanol (1:1 vol/vol),
and lipids were extracted as previously described (51). Total lipids were
saponified at 75°C for 2 hours with 0.3 M NaOH in 90% (vol/vol) meth-
anol. The saponifiable fractions were extracted with petroleum ether.
Aliquots were placed onto Whatman filter paper discs and evaporated
to dryness. Radioactivity on the filters was quantified by liquid scintil-
lation spectrometry. Lipogenesis was expressed as micromoles of 3H,O
incorporated into fatty acids per 108 cells (52).
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