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Research article

Hepatic CB+ receptor is required for
development of diet-induced steatosis,
dyslipidemia, and insulin and
leptin resistance in mice
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Diet-induced obesity is associated with fatty liver, insulin resistance, leptin resistance, and changes in plasma
lipid profile. Endocannabinoids have been implicated in the development of these associated phenotypes,
because mice deficient for the cannabinoid receptor CB; (CB17") do not display these changes in association
with diet-induced obesity. The target tissues that mediate these effects, however, remain unknown. We there-
fore investigated the relative role of hepatic versus extrahepatic CB; receptors in the metabolic consequences
of a high-fat diet, using liver-specific CB; knockout (LCB17-) mice. LCB17~ mice fed a high-fat diet developed
a similar degree of obesity as that of wild-type mice, but, similar to CB17~ mice, had less steatosis, hyperglyce-
mia, dyslipidemia, and insulin and leptin resistance than did wild-type mice fed a high-fat diet. CB; agonist—
induced increase in de novo hepatic lipogenesis and decrease in the activity of carnitine palmitoyltransferase-1
and total energy expenditure were absent in both CB1~~and LCB1~~ mice. We conclude that endocannabinoid
activation of hepatic CB; receptors contributes to the diet-induced steatosis and associated hormonal and
metabolic changes, but not to the increase in adiposity, observed with high-fat diet feeding. Theses studies
suggest that peripheral CB, receptors could be selectively targeted for the treatment of fatty liver, impaired
glucose homeostasis, and dyslipidemia in order to minimize the neuropsychiatric side effects of nonselective

CB; blockade during treatment of obesity-associated conditions.

Introduction

Endocannabinoids increase food intake through their interac-
tion with the leptin-regulated central neural appetitive circuitry
(1, 2), and pharmacological blockade of CB; receptors has shown
promise in the treatment of visceral obesity and the metabolic
syndrome (3-5). Mice exposed to high-fat diets develop obesity,
steatosis, and insulin and leptin resistance as well as plasma lipid
changes similar to those associated with the metabolic syndrome
(6). Mice deficient in CB; receptors have a lean phenotype (7) and
are resistant to these diet-induced changes, even though their total
caloric intake is not different from that of wild-type mice fed the
same diet (8, 9). Similarly, chronic treatment of obese mice or rats
with a CB; antagonist induces sustained weight loss and protects
rodents from this detrimental metabolic phenotype, even though
it causes only a transient reduction in food intake (10-13). These
findings indicate that endocannabinoids can directly affect periph-
eral energy metabolism by mechanisms unrelated to their effect on
appetite. We recently reported that activation of CB; receptors in
wild-type mice stimulates de novo lipogenesis in the liver through

Nonstandard abbreviations used: ALT, alanine aminotransferase; CPT1, carnitine
palmitoyltransferase-1; LCB17/-, liver-specific CB; knockout; RQ, respiratory quotient;
TEE, total energy expenditure; VO,, oxygen consumption; VCO,, carbon dioxide
production.
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induction of the lipogenic transcription factor SREBP1c and its
target enzymes acetyl-CoA carboxylase-1 (ACC1) and fatty acid syn-
thase (FAS) (9). Furthermore, a high-fat diet increased the hepatic
levels of the endocannabinoid anandamide and CB; receptors as
well as the basal rate of de novo lipogenesis, and the latter could be
attenuated by CB, blockade (9). Although these findings strongly
implicate hepatic CB; receptors in the development of diet-induced
obesity and related metabolic changes, they do not exclude the
alternative possibility that endocannabinoids act on CB; receptors
in the CNS to influence peripheral energy metabolism indirectly
or produce their effects via CB; receptors at extrahepatic sites, such
as the adipose tissue (14). For example, centrally acting leptin was
previously shown to affect hepatic glucose fluxes (15) and hepatic
lipid metabolism (16), possibly through neural input to the liver.
Moreover, communication between the liver and adipose tissue may
occur through neural pathways involving hepatic vagal afferents
(17). In order to more directly test the role of hepatic CB; receptors
in diet-induced metabolic changes, we generated a mouse model
with a hepatocyte-selective deletion of CB; receptors and compared
the metabolic effects of a high-fat diet as well as the effects of can-
nabinoid agonist and antagonist treatment with those observed in
wild-type mice and in mice with global knockout of CB; receptors.

The resistance of CB; receptor-deficient mice to diet-induced
obesity and steatosis despite their similar caloric intake indicates
enhanced energy expenditure and fat elimination, but the mech-
anism by which CB; receptor deficiency or blockade increases
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energy expenditure is not yet clear. Therefore, we also investigated
the effects of pharmacological activation, inhibition, or genetic
ablation of CB; receptors on the gene expression and enzymatic
activity of carnitine palmitoyltransferase-1 (CPT1), the rate-limit-
ing enzyme in fatty acid f-oxidation. Overall, our results indicated
that endocannabinoids acting at hepatic CB; receptors mediated
diet-induced steatosis through increasing de novo lipogenesis and
inhibiting fatty acid oxidation in the liver. Endocannabinoids also
played an essential role in diet-induced changes in plasma lipid
profile and insulin and leptin resistance, but did not contribute
to the parallel increase in fat deposition in adipose tissue and the
resulting diet-induced obesity.

Results
High-fat diet feeding upregulates CB; receptors in hepatocytes. We previ-
ously demonstrated increased expression of CB; receptors in whole
liver tissue of mice fed a high-fat diet for 3 weeks (9). To further
define the cellular localization of CB; receptors regulated by the
diet, we used Western blotting to analyze CB; receptor protein lev-
els in isolated pure fractions of hepatocytes from wild-type mice
fed regular chow or high-fat diet for 3 weeks. As shown in Figure
1A, there was a marked increase in the level of CB; receptor protein
in cells from the latter group compared with controls.
Liver-specific CB; knockout mice are susceptible to diet-induced obesity.
Liver-specific CB; knockout (LCBI7~) mice lack CB; receptors in
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Figure 1

Upregulation of CB; receptors by high-fat diet and selective deletion
of CBy receptors by hepatocyte-specific gene knockout in mouse
hepatocytes. (A) Short-term exposure to high-fat diet upregulates CB;
receptors in mouse hepatocytes. Mice were fed regular mouse chow
(Reg) or a high-fat diet (HF) for 3 weeks, starting at 6-8 weeks of
age. Hepatocytes from 4 mice per group were isolated, and cellular
proteins were solubilized and fractionated by gel electrophoresis. CB
receptor protein was visualized by Western blotting and quantified by
densitometry (regular chow, 0.82 + 0.09 AU; high-fat diet, 1.99 + 0.41
AU; P < 0.05). Immunoblotting for g-actin was used as loading control.
(B) CBj receptor levels were normal in brain and greatly reduced in
whole liver tissue from LCB7-~ mice compared with wild-type mice.
Results of Western blots with 2 animals per group are shown. (C) CB;
receptor mMRNA was absent in purified hepatocytes from LCB7-- mice.
Receptor mMRNA was amplified using RT-PCR, with parallel amplifica-
tion of B-actin mRNA as control. (D) Normal levels of CB; receptor
mRNA in adipose tissue and skeletal muscle of LCB7-- mice. Recep-
tor mRNA was quantified by real-time PCR from adipose tissue and
soleus muscle of floxed/floxed, LCB1--, and CB71-- mice. (E) Selective
expression of cre in the liver of LCB7-- mice. Cre mRNA expression
was analyzed by RT-PCR in brain and liver of a wild-type mouse and
an LCB1-- mouse.

hepatocytes, but have normal levels of CB; receptors elsewhere in
the body. Their phenotype is unremarkable; liver weight and the
macroscopic and microscopic appearance of the liver are normal.
As illustrated in Figure 1B, the level of CB; receptor protein was
similar in the brains of wild-type and LCBI7/~ mice, whereas in the
liver, where CB; receptors are expressed at much lower levels than
in the brain, there was a faint band detectable in extracts from
LCBI7~ mice, probably representing CB, receptors in nonhepato-
cyte liver cells. The complete lack of CB; receptor expression in
purified hepatocytes from LCB17~ mice is illustrated in Figure 1C
by the absence of CB; mRNA, as documented by RT-PCR. In con-
trast, levels of CB; receptor mRNA in adipose tissue and skeletal
muscle were similar in floxed/floxed controls and LCB17~ mice, as
determined by real-time quantitative PCR (Figure 1D). The selec-
tivity of the knockout for the LCB17~ liver was further supported
by the selective expression of Cre in the livers but not the brains of
LCBI17/~ mice, as documented by RT-PCR (Figure 1E).

When maintained on a high-fat diet for 14 weeks, LCBI/~ mice
developed obesity similar to their CB; floxed/floxed control
littermates, whereas mice with global CB; receptor knockout
(CB17/- mice) were resistant to obesity when exposed to the same
diet (Figure 2), in agreement with previous reports (8, 9). Total
caloric intake over the 14-week period was not different among
the 3 groups. The diet-induced increase in body weight in both
control and LCBI~7~ mice was associated with increased fat accu-
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mulation in peripheral adipose tissue, as indicated by the marked
increase in adiposity index in both strains, whereas there were no
significant changes in either parameter in the CB17~ mice fed the
high-fat diet (Figure 2).

LCBI7~ mice are resistant to diet-induced steatosis. High-fat diet feed-
ing also induced significant steatosis in wild-type mice, as docu-
mented histologically in Oil Red O-stained liver sections and by
the significant increase in hepatic triglyceride content (Figure 3).
These changes were associated with increased plasma alanine ami-
notransferase (ALT) levels, indicating hepatocellular damage. In
contrast, CB17/~ mice were resistant to the diet-induced steatosis
and hepatocellular damage. Although LCB17~ mice on the high-fat
diet did have somewhat more fat in their livers than did CBI7~ mice,
their steatosis was significantly less than that observed in

wild-type mice despite their similar susceptibility to diet- 200
induced peripheral fat accumulation (Figure 3).

LCBI~ mice are resistant to diet-induced changes in plasma 160
lipid profile as well as leptin and insulin levels. Obesity induced
by high-fat diets in mice is associated with changes char- 5 120
acteristic of the metabolic syndrome, i.e., altered plasma gy
lipid profile as well as elevated serum insulin and leptin ~ <C 80
levels that most likely reflect insulin and leptin resistance &
(18). As illustrated in Figure 4, wild-type mice fed the
high-fat diet developed hyperinsulinemia and hyperlep- 5

tinemia, whereas their plasma adiponectin levels declined
by nearly 50%. Strikingly, mice with either global or hepa-
tocellular knockout of CB; receptors displayed no signifi-
cant changes in plasma insulin and adiponectin, whereas
the hyperleptinemia was completely absent in CB17~ mice

Figure 3

LCB1--mice are resistant to diet-induced steatosis. Steato-
sis was assessed in the same groups of mice as in Figure 2
by measurement of hepatic triglyceride content of mice fed
regular chow (white bars) or high-fat diet (black bars), and
histologically by Oil Red O staining (representative sections).
Hepatocellular damage was assessed by plasma ALT lev-
els. *P < 0.05 versus corresponding group fed regular chow.
n = 8 per group.
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Figure 2

LCB1-- mice are susceptible to diet-induced obesity. Male and female
6- to 8-week-old wild-type, CB1--, and LCB1-- mice were fed regu-
lar chow (white bars) or high-fat diet (black bars) for 14 weeks, as
described in Methods. Body weight and adiposity index at the end of
the 14-week period are shown (mean + SEM; n = 8-12 per group).
Adiposity index was determined as the percentage of the combined
weight of inguinal, retroperitoneal, epididymal, and subcutaneous fat
pads relative to body weight. *P < 0.05 versus corresponding group
fed regular chow.

and markedly reduced in LCBI7~ mice. Because the diet-induced
obesity was similar in wild-type and LCBI7~ mice, these findings
suggest that LCBI7~ mice are less leptin resistant than wild-type
mice. This was tested by analyzing the anorexic effect of 200 ug
leptin following a 24-h fast. In wild-type mice on regular diet,
leptin reduced food intake by 38% + 4% relative to vehicle treat-
ment (2.54 versus 1.57 g/mouse, n = 4), whereas in wild-type mice
fed the high-fat diet, leptin reduced food intake by 23% + 5% (7.86
versus 6.07 g/mouse, n = 4; P < 0.05). In contrast, in LCBI~7~ mice
the leptin-induced reduction in food intake was similar with regu-
lar chow (37% + 6%, from 2.18 to 1.37 g/mouse; n = 5) and high-fat
diet (46% = 5%, from 5.38 to 2.93 g/mouse; n = 5) feeding. Similarly,
the marked increase in LDL cholesterol levels and parallel decrease
in plasma HDL cholesterol detected in wild-type mice fed the high-
fat diet versus regular chow were absent in both CB; knockout
strains, whereas the diet-induced hypertriglyceridemia remained
statistically significant, suggesting the involvement of CB;-inde-
pendent mechanisms in this latter parameter (Figure 5).

Hepatic CB; receptors are involved in high-fat diet—induced glucose intol-
erance and insulin resistance. Wild-type mice fed the high-fat diet
developed fasting hyperglycemia as well as glucose intolerance
and insulin resistance, as reflected in the results of i.p. glucose tol-
erance testing followed by insulin tolerance testing (Figure 6). In
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contrast, high-fat diet feeding did not worsen glucose tolerance
and insulin sensitivity in CBI17/~ mice, which remained normogly-
cemic, and had a minor effect in LCB17/~ mice, which displayed a
moderate elevation of baseline blood glucose (Figure 6). Because
these findings suggested that CB, receptor activation induces glu-
cose intolerance and insulin resistance, we tested the effect of acute
treatment of mice with a CB; agonist on these parameters. As illus-
trated in Figure 7, i.p. injection of 20 ng/g HU-210 in wild-type
mice resulted in glucose intolerance as well as decreased insulin
sensitivity, whereas the agonist had no significant effect on these
parameters in either CBI7~ or LCBI7/~ mice.

Activation of bepatic CB; receptors increases de novo lipogenesis. We pre-
viously reported that treatment of wild-type mice with the potent
synthetic cannabinoid HU-210 (20 ng/g i.p.) increased the incorpo-
ration of 3H,0 into hepatic fatty acids, a measure of de novo lipogen-
esis. This effect was inhibited by pretreatment of mice with the CB,
antagonist rimonabant and was absent in CBI7~ mice, confirming
the role of CB; receptors (9). In order to distinguish between a direct
hepatic effect and an indirect, centrally mediated effect, we mea-
sured de novo hepatic lipogenesis in LCBI7~ mice. As illustrated in
Figure 8, the basal rate of de novo lipogenesis was lower in the livers
of LCB17/~ mice than in their controls and remained unaffected by
HU-210 treatment, similar to our observations in CB17~ mice. This
finding confirms the role of hepatic CB; receptors in this effect.

CB; regulation of hepatic fatty acid oxidation. In wild-type mice with
high-fat diet-induced obesity, the activity of hepatic CPT1, the rate-

Figure 5

The high-fat diet-induced increases in serum triglyceride and LDL
cholesterol (LDL-C) and decrease in HDL cholesterol (HDL-C) levels
in wild-type mice are absent or attenuated in CB7-- or LCB1-- mice.
Serum lipid profile was determined in the same groups of mice as in
Figure 4. White bars, regular chow; black bars, high-fat diet. *P < 0.05
versus corresponding control.
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Figure 4

High-fat diet—-induced hyperleptinemia, hyperinsulinemia, and
decreased serum adiponectin levels are absent in CB71--and LCB1--
mice fed the same high-fat diet. Mice were fed regular chow (white
bars) or a high-fat diet (black bars) for 14 weeks, at which time they
were sacrificed and serum hormone levels were determined from trunk
blood. *P < 0.05, **P < 0.01 versus corresponding group fed regular
chow. n = 6-8 per group.

limiting enzyme in fatty acid B-oxidation, was significantly reduced
compared with regular chow-fed controls (Figure 9A), in agreement
with previously published observations (19). However, high-fat diet
feeding failed to reduce CPT1 activity in either CBI7/~ or LCB17~
mice, which may account for their resistance to diet-induced ste-
atosis. These changes in enzyme activity were likely caused, at least
in part, by parallel changes in CPT1 gene expression: CPT1 mRNA
levels were markedly reduced in wild-type mice fed the high-fat diet
versus regular diet, whereas in CB17/~ mice basal CPT1 mRNA levels
tended to be higher than in wild-type mice and were unaffected by
the high-fat diet, as detected by real-time PCR (data not shown).
Furthermore, chronic treatment of high-fat diet-fed mice with
3 ug/g/d rimonabant for 7 d resulted in elevated protein levels of
CPT1A, the hepatic isoform of CPT1, as documented by Western
blotting (Figure 9C). Together, these findings suggest that, similar
to the involvement of CB; receptors in the diet-induced increase in
de novo lipogenesis (Figure 8 and ref. 9), the accompanying decrease
in fatty acid oxidation is also CB; receptor mediated. To further test
this, we examined the effects of pharmacological activation and/or
inhibition of CB; receptors on hepatic CPT1 activity. Acute treat-
ment of wild-type mice with 20 ng/g HU-210 i.p. decreased hepatic
CPT1 activity, and this effect was inhibited by pretreatment with
3 ug/g rimonabant i.p. Treatment with rimonabant alone signifi-
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Figure 6

High-fat diet—induced glucose intolerance and
insulin resistance in wild-type mice, as revealed by
intraperitoneal glucose tolerance and insulin resis-
tance tests, is absent in CB7-~ mice and attenuated
in LCB1-- mice. Filled symbols, regular chow; open
symbols, high-fat diet. Values are mean + SEM from
4 mice (for points without error bars, the SEM is within
the size of the symbol). *P < 0.05 versus correspond-
ing group fed regular chow.

remained unchanged with high-fat diet feeding.
The TEE of LCBI7~ mice fed regular chow was sim-
ilar to that of wild-type mice, but, similar to CBI7~
mice, it remained unchanged with high-fat diet
feeding. The pattern of diet- and strain-related dif-
ferences in TEE was very similar to the differences
in hepatic CPT1 activity shown in Figure 9A.

Discussion

The present findings delineate the unique con-
tribution of the hepatic endocannabinoid/CB;
receptor system to specific components of the
metabolic syndrome induced in mice by a high-fat
diet. In contrast to the resistance of CB17/~ mice to
high-fat diet-induced obesity (9, 10), LCBI~~ mice
developed obesity similar to that of wild-type mice

WT
400 0 .
= o)
Ke)
S 300 8 * *
£ 27 5
© 200 o
8 g %
5 100 €
9] °
0 X ot
400 cB1"
2 300 g 10
Q
£ S 75
o 200 =
g — $
o 100 £ 25
(e}
1] °\° 0+
LCB1+
400 10
— ®
g 2]
S 300 * 875
£ >
[o)]
g 200 {* g 50
3 100 £
& = 2
0 R,
o
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Time after glucose (min)

cantly increased CPT1 activity and prevented the inhibitory effect
of subsequently administered HU-210 (Figure 9D).

CB; regulation of energy expenditure and substrate use. The CBi-medi-
ated effects on hepatic fatty acid synthesis and oxidation suggest
that endocannabinoids may also be involved in the control of sub-
strate use and whole-body energy expenditure, which we exam-
ined using indirect calorimetry. Oxygen consumption (VO,) and
carbon dioxide production (VCO,) were continuously monitored
in individually housed mice. The mice had free access to regular
chow and water during the dark phase, and food was removed
at the beginning of the light phase (postprandial state), after i.p.
injection of vehicle or 10 mg/kg rimonabant, so that secondary
effects of changes in food intake could be excluded. As shown in
Figure 10A, in wild-type mice rimonabant induced an immediate
reduction in the respiratory quotient (RQ) that lasted up to 12 h,
which indicates a shift from carbohydrate to lipid oxidation.
A similar postprandial shift to lipid oxidation was apparent in
vehicle-treated CBI7~ mice, in which rimonabant did not cause any
further change in RQ (Figure 10B). Responses in LCB17~ mice were
intermediate between wild-type and CB17~ mice, in that a small
reduction in RQ in vehicle-treated mice was enhanced when the
mice were treated with rimonabant (Figure 10C). These findings
therefore indicate that pharmacological or genetic ablation of CB;
receptors results in increased lipid oxidation.

Total energy expenditure (TEE) was also calculated in mice fed
either regular chow or the high-fat diet. As shown in Figure 9B,
wild-type mice fed the high-fat diet had significantly lower TEE
than did mice fed regular chow. TEE of CBI/~ mice fed regular
chow was elevated compared with wild-type control mice and
3164
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when maintained on a high-fat diet. This obser-
vation suggests that the well-documented ability
of CB; antagonist treatment to reduce fat mass
in adipose tissue is mediated via CB; receptors at
extrahepatic sites. CB; antagonists may act at receptors in the CNS
to affect peripheral fat metabolism indirectly through neural or
humoral signals (16), or their action may be the result of inhibi-
tion of CB; receptors on adipocytes, which was previously shown
to cause increased adiponectin production and release (20). Our
present findings do not identify the specific site or sites of the anti-
obesity action of CB; antagonism, which may be better defined
through the targeted deletion of CB; receptors at those locations.

In contrast to the obesity induced by high-fat diet feeding, the
associated steatosis and hepatocellular damage were prevented by
global absence — and significantly attenuated by hepatocyte-spe-
cific absence — of CB; receptors, which indicates that activation
of hepatic CB, receptors is necessary to produce these latter effects
but does not exclude the possibility that extrahepatic CB; recep-
tors may also contribute. Whether hepatic CB; receptor activation
is sufficient to cause steatosis and hormonal/metabolic changes
remains to be determined.

The relevance of CB;-mediated hepatic steatosis to public health
is illustrated by recent epidemiological findings that daily marijua-
na use predisposes to hepatic steatosis in subjects with hepatitis C
viral infection (21). Chronic, heavy marijuana use has also been
recently found to increase the plasma level of apolipoprotein C-IIT
(22), aliver-derived plasma constituent that correlates with dyslip-
idemia and cardiovascular risk in the metabolic syndrome (23).

Because caloric intake on the high-fat diet was similar in wild-
type and CBI7/~ mice (9), the resistance of the latter to obesity
means that these animals must have increased energy expenditure.
Two lines of evidence support this conclusion. First, basal CPT1
expression and activity increased in CBI7/~ mice compared with
Volume 118
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Figure 7

Acute treatment of regular chow—fed mice with a CB;
agonist induces glucose intolerance and insulin resis-
tance in wild-type mice, but not in CB71-- or LCB1--
mice. Mice were injected with vehicle (filled symbols)
or 20 ng/g HU-210 i.p. (open symbols) 10 min prior to
the i.p. injection of glucose. Values are mean + SEM
from 4 mice (for points without error bars, the SEM is
within the size of the symbol). *P < 0.05 versus cor-
responding vehicle-treated control.
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wild-type mice. Endocannabinoid activation of
hepatic CB; receptors may be a common mecha-
nism of steatosis of different etiologies, as indi-
cated by our recent finding that LCBI17~ mice are
also resistant to fatty liver induced by chronic
ethanol feeding (24).

The rimonabant-induced postprandial
decrease in RQ in wild-type mice (Figure 10A),

which is similar to the recently reported effect of
rimonabant in rats (25), reflects increased lipid
oxidation, the likely mechanism of both the anti-
obesity effect of rimonabant treatment (26) and
its ability to reverse hepatic steatosis (12, 13). In
CBI17~mice,a postprandial decrease in RQ similar
to that induced by rimonabant in wild-type mice
was observed, and it remained unchanged follow-
ing rimonabant treatment (Figure 10B), which

400 LCB1"-
= 8100
Red 1o}

o 300 Q75
£ =]
~ o

& 200 5} T 50
Q =
(&} c
= 4 —

o 100 o 25
R

0 0

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Time after glucose (min)

both wild-type and LCB17~ mice, whereas the diet-induced sup-
pression of CPT1 activity seen in controls was absent in both CBI7~
and LCBI7/~ mice (Figure 9). Second, parallel changes in TEE
were evident in vivo, as measured by indirect calorimetry. Again,
TEE increased in CBI7~ mice versus wild-type and LCBI~7~ mice,
whereas the high-fat diet-induced suppression of TEE observed
in wild-type mice was absent in both CB17~and LCBI~~ mice. This
pattern of responses is compatible with the possibility that under
control conditions, fatty acid oxidation and TEE are tonically
suppressed by activation of mostly extrahepatic CB; receptors and
that the absence of this mechanism in CBI7/~ mice accounts for
their lean phenotype (7) as well as their resistance to diet-induced
obesity (8, 9). On the other hand, activation of hepatic CB; recep-
tors substantially contributed to the ectopic accumulation of fat
in the liver, which manifested in the diet-induced suppression of
hepatic CPT1 activity and contributed to the decline in TEE in

Figure 8

Effects of a CB4 agonist on the rate of de novo hepatic lipogenesis in
mice fed regular diet. Mice were injected with vehicle (white bars) or
20 ng/g HU-210 i.p. (black bars), and de novo lipogenesis was mea-
sured by the rate of incorporation of 3H,0 into hepatic fatty acids, as
described in Methods. Note that HU-210 increased lipogenesis in wild-
type mice, but not in CB1-- or LCB1-- mice. *P < 0.05 versus corre-
sponding vehicle-treated control.
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further proves that the effect of rimonabant is
caused by CB, inactivation.

Interestingly, LCB17~ mice not only are resis-
tant to diet-induced steatosis, but also do not
develop elevated LDL cholesterol and reduced HDL cholesterol
levels, which are important cardiovascular risk factors of the met-
abolic syndrome (27). In humans, the role of CB; receptors in the
regulation of these parameters has been suggested by the results
of several multicenter phase III studies, which documented
substantial improvements of the plasma lipid profile of obese
individuals chronically treated with rimonabant (3-5). The find-
ing of a similar improved lipid profile in LCBI7/~ mice compared
with wild-type mice fed the high-fat diet implicates hepatic CB;
receptors in the regulation of these parameters. Further stud-
ies are required to define the mechanisms by which activation
of hepatic CB; receptors increases LDL cholesterol levels and
decreases HDL cholesterol levels.

High-fat diets induce insulin and leptin resistance (18), which
are predisposing factors for type II diabetes. Pharmacological acti-
vation of CB; receptors was also previously reported to induce glu-
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cose intolerance both in humans (28) and in rats (29). A major find-
ing of the present study is that deletion of hepatic CB; receptors
led to a dissociation of obesity from insulin and leptin resistance
induced by a high-fat diet. The marked diet-induced elevation of
plasma insulin and leptin levels (Figure 4) and the accompany-
ing hyperglycemia in wild-type mice were significantly attenu-
ated in LCBI~7~ mice (Figure 6), which indicates that endocan-
nabinoids acting at hepatic CB; receptors contribute to high-fat
diet-induced insulin and leptin resistance. The role of hepatic CB,
receptors in the diet-induced glucose intolerance and insulin resis-
tance is further supported by the ability of CB; agonist treatment
to elicit similar changes in wild-type mice (Figure 7) and by the
near absence of both the diet- and CB; agonist-induced changes
in LCBI1~/~ mice (Figures 6 and 7). Diet-induced insulin resistance
involves multiple target organs, including adipose tissue, skeletal
muscle, and liver, and complex interactions among the 3 that may
involve neurogenic mechanisms (17) and/or circulating factors
(30), which were not explored in the present experiments and will
require further study. High-fat diet feeding in mice was previously
reported to induce the expression of CB; receptors in skeletal mus-
cle (31), and CB; blockade was shown to increase muscle insulin
sensitivity in genetically obese mice (32). As-yet unidentified cir-
culating factors may explain how endocannabinoid action in the
liver may influence insulin sensitivity in muscle.

Leptin is an adipocyte-derived hormone, and its elevated lev-
els in obesity may be a reflection of the increased fat mass. How-
ever, the increase in plasma leptin induced by the high-fat diet
was significantly smaller in LCB17~ than in wild-type mice, even
though these 2 groups developed similar obesity. This means
that the striking, approximately 7-fold increase in plasma leptin
in wild-type mice must be predominantly related to leptin resis-
tance, which was also reflected by the reduced anorexic effect of
leptin in wild-type compared with LCBI/~ mice fed the high-fat
diet. Multiple mechanisms have been invoked to account for the
3166
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leptin resistance induced by high-fat diets (18, 33). Our earlier
studies demonstrated that hypothalamic endocannabinoids are
negatively regulated by leptin (1). The present findings point to
the existence of a bidirectional relationship whereby endocan-
nabinoids in turn induce leptin resistance. Further studies are
needed to explore the mechanism by which hepatic CB; recep-
tor activation may have a permissive effect on the development of
diet-induced leptin resistance.

The metabolic consequences of hepatic CB; receptor inactiva-
tion or ablation raise the question of the nature and source of the
endogenous ligand responsible for its tonic activation in obesity.
Both anandamide and 2-arachidonoylglycerol (2-AG) are present in
the liver at concentrations comparable to that in the brain (9, 24),
and they have been detected in different types of liver cells, includ-
ing hepatocytes and stellate cells (24, 34). A selective increase in
hepatic anandamide levels, but not 2-AG levels, caused by high-fat
diet could be attributed to the suppression of the hepatic activity
of fatty acid amidohydrolase (9), the enzyme responsible for the in
vivo degradation of anandamide. Anandamide may thus act as an
autocrine ligand of hepatocyte CB; receptors to induce lipogenesis
and inhibit fatty acid oxidation. Interestingly, steatosis induced
by chronic ethanol feeding resulted in a selective increase in 2-AG
in hepatic stellate cells, and there is evidence for a CB-mediated
paracrine activation of hepatocyte lipogenesis by activated stellate
cells (24). Thus, the nature and cellular source of the endogenous
CB; ligand may depend on the primary lipogenic stimulus.

The albumin-cre mice used to generate the LCBI/~ mice have been
widely used for the hepatocyte-selective ablation of numerous other
genes, and the conclusions in all these studies, including the pres-
ent one, are heavily dependent on the hepatocyte specificity of gene
deletion. Although trace-level expression of albumin mRNA has
been detected in the anterior olfactory nucleus, tegmental reticular
nucleus, and cerebral cortex of rats (see http://mouse.brain-map.
org/brain/Alb1.html), here we found no detectable cre expression in
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Figure 10

The effect of rimonabant on RQ in regular chow—fed mice, as moni-
tored by indirect calorimetry. In wild-type (A), CB1-- (B), and LCB1-~
(C) mice, rimonabant (10 mg/kg i.p., dashed lines) or vehicle (solid
lines) was injected at the end of the dark period (indicated by arrows),
followed by removal of food from the cage. n = 8 per group. Values
are mean + SEM.

the LCBI7/~ brain using RT-PCR, whereas the expected expression
of cre in the liver was clearly observed (Figure 1E).

The unique metabolic profile of hepatic CB, receptor activation
has potentially important therapeutic implications. Chronic treat-
ment with a CB; antagonist was recently shown to dramatically
reduce steatosis in genetically obese rats (13). This finding points
to the potential usefulness of CB; blockade in the treatment of
fatty liver of various etiologies, which are predisposing factors for
both type II diabetes and liver cirrhosis. The therapeutic poten-
tial of CB; antagonists in obesity/metabolic syndrome appears to
be limited by CNS-mediated side effects, including anxiety and
depression (35). The present findings that the favorable effects
of CB; blockade on steatosis and cardiovascular risk factors, such
as insulin resistance and changes in plasma lipid profile, may be
mediated at the level of the liver offers the impetus to develop
peripherally restricted CB; antagonists, thus minimizing CNS side
effects. A further reduction of the risk of side effects may come
from combination therapies taking advantage of potential syner-
gisms between CB; antagonists and statins on cholesterol metabo-
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lism or CB; antagonists and antidiabetic agents in reversing insu-
lin resistance and the associated cardiometabolic complications.

Methods

Animals. All animal study protocols were reviewed and approved by the
Institutional Animal Care and Use Committee of the National Institute
on Alcohol Abuse and Alcoholism, NIH. CB17* and CB1~/~ littermate mice
were obtained by breeding of heterozygotes that had been backcrosssed to
a C57BL/6] background, as described previously (36). LCBI/~ mice were
generated by crossing mice homozygous for the CB;-floxed allele (CB,7f),
which were on a predominantly C57BL/6N background (7-8 crossings;
ref. 37), with mice expressing the bacterial Cre recombinase driven by the
mouse albumin promoter (TG[Alb-cre]21Mgn) that had been backcrossed
7 times to a C57BL/6] background, from Jackson Laboratory (38), to
obtain CB,f x CB,7%AIbCre breeding pairs. The littermates obtained were
on a mixed C57BL/6 JxN background. In each experimental paradigm, lit-
termates were used as controls. Genotyping by PCR for the Cre transgene
was done as described previously (37).

Diet-induced obesity. Male and female mice (6-8 weeks old) were fed either
regular mouse chow or a high-fat diet for 14 weeks. The high-fat diet con-
tained 33.8% fat (59.9% of calories), 27.1% carbohydrate (21.3% of calories),
and 23.9% protein (18.8% of calories) as well as 5.8% fiber, 6.2% moisture,
and 3.2% vitamins and minerals (TD.97070; Harlan Teklad). The fatty acid
profile was 45% saturated, 24% trans, 24% monounsaturated (cis), and 7%
polyunsaturated (cis). The mice had free access to food and water and were
kept on a 12-hour light/12-hour dark cycle. Food intake and body weight
were measured daily. Mice were sacrificed by cervical dislocation. The liver
and combined adipose tissue (inguinal, retroperitoneal, subcutaneous, and
epididymal) were removed, weighed, and snap-frozen, and the combined
adipose tissue weight expressed as percent of total body weight was defined
as adiposity index. Trunk blood was collected for measuring endocrine and
biochemical parameters.

Preparation of pure hepatocyte fractions. Mouse hepatocytes were isolated
via in situ collagenase perfusion and differential centrifugation on Percoll
density gradients as described previously (39).

Leptin resistance. To test the sensitivity to the anorexic effect of leptin,
wild-type and LCB17/~ mice fed regular chow or high-fat diet were fasted for
24 h, after which they were injected i.p. with either vehicle or 200 ug leptin.
Food was then presented to each animal, and cumulative food intake was
measured for 3 h at the beginning of the dark period. Each mouse was
tested with vehicle and leptin on different days, and percent reduction in
food intake after leptin versus vehicle was calculated.

Histology. For analysis of fat accumulation in the liver, the tissue was
fixed in 10% formalin, and 10-um-thick frozen sections were stained with
Oil Red O (Vector Laboratories) and visualized by light microscopy.

Blood chemistry. Plasma ALT levels were quantified using a kit from Drew
Scientific. Plasma triglycerides and cholesterol were measured using
a clinical chemistry analyzer system (PROCHEM-V; Drew Scientific).
Hepatic triglyceride contents were also quantified using the PROCHEM-V
system. Plasma leptin (Quantikine M; R&D Systems) and adiponectin
levels (B-Bridge International) were determined using commercial sand-
wich ELISA assays in accordance with the manufacturers’ instructions.
Plasma insulin was determined using the Ultrasensitive Mouse Insulin
EIA kit (ALPCO Diagnostics).

Glucose tolerance and insulin resistance tests. Glucose tolerance tests were
performed i.p. in mice fasted overnight and subsequently injected with
glucose (2 g/kgi.p.) Tail blood was collected at -1, 15, 30, 60, and 120 min-
utes relative to glucose injection (40). Blood glucose levels were determined
using the Elite glucometer (Bayer). In some animals, CB; receptor agonist
or antagonist or vehicle control was injected i.p. 1 h prior to glucose tol-
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erance test. Once blood glucose levels returned to baseline, the animals
received an i.p. injection of insulin (0.75 U/kg; Eli Lilly), and blood glucose
levels were determined at the same intervals as indicated above.

Indirect calorimetry. VO, and VCO, were monitored using a 4-chamber
Oxymax system (Columbus Instruments) with 1 mouse per chamber. The
animals were accustomed to the chambers for 1 d, and VO, and VCO,
measurements every 30 min were then collected and recorded on a com-
puter over the next 24 h at room temperature. During the 12-h dark phase,
mice had free access to food and water. Food was removed at the begin-
ning of the light phase (postprandial state), at which point mice received
an i.p. injection of vehicle or 10 mg/kg rimonabant and were monitored
for an additional 12 h. RQ was measured as VCO,/VO,, and TEE was cal-
culated as VO, - (3.815 + 1.232 - RQ), normalized to (body mass)®7%, and
expressed as kJ/kg/h.

Hepatic de novo fatty acid synthesis. Rates of in vivo hepatic fatty acid syn-
thesis were measured by the incorporation of 3H,O into hepatic fatty acids,
as described previously (41). Briefly, following an overnight fast, mice were
injected i.p. with vehicle, 20 ng/g HU-210, 3 ug/g rimonabant, or HU-210
and rimonabant combined. After 1 h, each animal received an intrahepatic
injection of 250 uCi 3H,O in 50 wl saline. An additional hour later, the
animals were sacrificed, the liver was removed and homogenized, and fatty
acids were extracted with petroleum ether and quantified by liquid scintil-
lation spectrometry. The rate of lipogenesis was expressed as micromole
3H,0 incorporated into fatty acids per milligram tissue per minute.

Isolation of mitochondria and CPT1 activity assay. Mitochondria were isolated
using previously established methods (42). Briefly, 1 g liver tissue was placed
in the homogenization buffer (250 mM mannitol, 5 mM HEPES, 1 mM
EGTA, pH 7.2), homogenized, and diluted to 20 ml. The homogenate was
centrifuged at 800 g for 6 min, the pellet was discarded, and the supernatant
was collected into a fresh tube and recentrifuged at 8,000 g for 10 min. The
mitochondrial pellet was reconstituted in a small amount of medium, and
protein concentration was determined using the Bradford method. About
100 ug mitochondrial protein was resuspended in 100 ul of the assay buffer
(25 mM HEPES, 50 mM mannitol, 75 mM KCl, 2 mM NaCN; 1% fat-free
BSA, 0.2 mM EGTA, 1 mM DTT, 70 uM palmitoyl-CoA; and 0, 1, 3, 5, or
10 uM malonyl-CoA at pH 7.3) and incubated at 30°C for 3 min. We added
L-carnitine containing 0.1 uCi *H-methylcarnitine (Amersham Bioscience)
to a final concentration of 200 uM and incubated at 30°C for 6 min. The
reaction was stopped by the addition of 0.5 ml of 4M ice-cold perchloric
acid and centrifuged at 8,000 g. The mitochondrial pellet was washed with
500 ul of 2 mM perchloric acid and centrifuged, and the resulting pellet was
resuspended in 800 ul H,O and extracted with 600 ul butanol. For liquid
scintillation counting, 300 ul butanol extract was used.

Western blot analysis. The relative tissue content of CPT1A protein was
assessed by Western blot analysis using a CPT1A antibody (Alpha Diag-
nostic International). Western blotting was performed was performed as

—_

described previously (9). The CB receptor antibody used for Western anal-
yses was raised against the C-terminal (aa 461-472) intracellular region of
the human CB; receptor (Cayman Chemical).

RT-PCR. mRNA expression under different experimental conditions was
assessed by RT-PCR and normalized with B-actin as described previously
(9). Total RNA was isolated from liver tissue using TRIZOL and reverse tran-
scribed using the SuperScript First-Strand Synthesis System in accordance
with the manufacturer’s instructions (Invitrogen). The resulting single-
stranded cDNA (5 ul) was denatured at 94°C for 5 min and — after the
addition of the polymerase — subjected to 35 cycles of amplification, each
consisting of 15 sat94°C,30sat 58°C,and 1 min at 68°C, with a 30-s final
extension at 68°C during the last cycle. Each 100-ul PCR reaction mixture
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,
and 2.5 uM Taq polymerase (Invitrogen). The following forward and reverse
primers were used: CPT1A (NM 013495.1), 5" TCCATGCATACCAAAGT-
GGA-3"and 5" TGGTAGGAGAGAGCAGCACCTT-3'; CB; (NM 007726.3),
5'-GTACCATCACCACAGACCTCCT-3" and 5'-GGATTCAGAATCAT-
GAAGCACTCCA-3'; Cre, 5'-GTGAAACAGCATTGCTGTCACTT-3' and
5'-GCGGTCTGGCAGTAAAAACTATC-3'. The mouse B-actin gene was
amplified as a control. The PCR products were separated by electrophore-
sis on a 1% agarose gel. RNA without reverse transcriptions did not yield
any amplicons, indicating the absence of genomic DNA contamination.

Quantitative real-time PCR. Real-time quantification of gene expression
was performed according to previously established methods (9), except that
the Opticon real-time detector system with a PTC-2000 Peltier base (M]
Research) and the iTaq SYBR Green Supermix with ROX (BioRad) were used.
Amplification and reaction protocols were as described previously (9).

Statistics. Values shown are expressed as mean + SEM. Statistical analysis
was performed by unpaired 2-tailed Student’s ¢ test or by 1-way ANOVA, as
appropriate. A Pvalue less than 0.05 was considered significant.
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