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Background: The role of Cb1r signaling-mediated activation of Crebh in regulating lipid metabolism and insulin signaling
is currently unknown.
Results: Cb1r signaling regulates Lipin1 gene transcription via Crebh and inhibits insulin receptor signaling.
Conclusion: Crebh-mediated activation of Lipin1 by Cb1r deregulates insulin receptor signaling.
Significance: Relieving higher hepatic DAG levels by targeting its upstream regulators might be beneficial to restore insulin
signaling.

Activation of hepatic cannabinoid 1 receptor (Cb1r) signaling
has been implicated in the development of phenotypes associ-
ated with fatty liver, hypertriglyceridemia, and insulin resis-
tance. In the current study,wehave elucidated the critical role of
endoplasmic reticulum-bound transcription factor cyclic AMP-
response element-binding protein H (Crebh) in mediating acti-
vatedCb1r signaling in inducing phosphatidic acid phosphatase
Lipin1 gene expression and subsequently deregulating hepatic
insulin receptor signaling. Cb1r agonist (2-arachidonoylglyc-
erol (2-AG)) treatment induced Lipin1 gene expression in a
Crebh-dependent manner via recruiting CREBH to the endoge-
nous Lipin1 gene promoter. Adenoviral overexpression of
Crebh or 2-AG treatment in mice induced Lipin1 gene expres-
sion to increase thehepatic diacylglycerol (DAG) level andphos-
phorylation of protein kinase C� (PKC�). This in turn inhibited
hepatic insulin receptor signaling. Knockdown ofCrebh orCb1r
antagonism attenuated 2-AG-mediated induction of Lipin1
gene expression and decreased DAG production in mouse liver

and subsequently restored insulin receptor signaling. Similarly,
knockdown of Lipin1 attenuated the 2-AG-induced increase in
the DAG level and PKC� phosphorylation. Finally, shRNA-me-
diated knockdown of Crebh partially but significantly blunted
Lipin1 expression and the DAG level in db/db mice. These
results demonstrate a novelmechanismbywhichCb1r signaling
induces Lipin1 gene expression and increases DAG production
by activating Crebh, thereby deregulating insulin receptor sig-
naling pathway and lipid homeostasis.

The endocannabinoid system comprises the cannabinoid
receptors type 1 (Cb1r),4 which is expressed at high levels in the
brain but is also present at much lower concentrations in
peripheral tissues, andCb2r, which is expressed predominantly
in immune and hematopoietic cells (1). Arachidonoyl ethanol-
amide (anandamide) and 2-arachidonoylglycerol (2-AG) are
endocannabinoids and lipid mediators that activate these
receptors. Various studies in rodent models (2) and patients (3,
4) have provided evidence of hyperactivity of the endocannabi-
noid system and its correlation to obesity due to impaired
energy balance. Mice deficient in Cb1r are resistant to diet-
induced obesity and steatosis, whereas in wild-type mice,
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chronic treatment with Cb1r antagonists reverses these diet-
induced effects (5). Both genetically and diet-induced obese
animal models show elevated levels of endocannabinoids in the
hypothalamus and peripheral tissues (1, 2, 5). Recently, using a
liver-specific Cb1r knock-out mouse model, it was demon-
strated that peripheralCb1r could be selectively targeted for the
treatment of fatty liver, impaired glucose homeostasis, and dys-
lipidemia to reduce the neuropsychiatric side effects of nonse-
lective Cb1r signaling blockade in treatment of obesity-associ-
ated conditions (5). Overall, both clinical (3, 4, 6) and animal
data regarding theCb1r blockade (2, 5) overwhelmingly suggest
the beneficial actions of Cb1r antagonism on lipid metabolism
and insulin receptor signaling.
Endoplasmic reticulum-bound liver-specific transcription

factor cyclic AMP-response element-binding protein H
(CREBH) has been reported to be induced by the acute inflam-
matory response-inducing factor lipopolysaccharide and pro-
inflammatory cytokines interleukin-6 and tumor necrosis fac-
tor � (7). Previously, we have reported that Crebh plays an
important mediatory role in hormonal regulation of hepatic glu-
coneogenesis under fasting or insulin-resistant conditions in
rodent liver and demonstrated that Crebh is dramatically
induced and activated in diet-induced obese rodent models (8).
In a recent study, we found that Cb1r signaling activates Crebh
via the c-Jun N-terminal kinase pathway and elucidated the
molecular mechanism involved in Cb1r signaling-mediated
regulation of hepatic gluconeogenesis (9). Crebh has also been
demonstrated to be involved in the regulation of hepatic iron
(10) and triglyceride metabolism (11).Crebh gene expression is
known to be regulated by nuclear receptors HNF4� and perox-
isome proliferator-activated receptor � as well as fatty acids,
thereby suggesting a possible role of Crebh in fatty acid metab-
olism (12, 13). Because of its liver-specific expression and stress
sensor activation, Crebh is emerging as a key player in regulat-
ing various hepatic metabolic pathways.
Lipin1 plays a crucial role in lipid metabolism in adipose

tissue, skeletalmuscle, and liver. Lipin1was identified as a cyto-
solic phosphatidic acid phosphatase that generates DAG in
response to an increase in intracellular free fatty acid levels (14).
Interestingly, Lipin1-deficient mice have a reduced adipose tis-
sue mass, mild hyperglycemia, and insulin resistance, whereas
enhanced Lipin1 expression in the adipose tissue or skeletal
muscle of transgenic mice leads to obesity (15). Lipin1-defi-
cienct mice display lipodystrophy-associated insulin resistance
perhaps due to the lack of adipokine generation, showing the
importance of adipose-specific Lipin1 function in lipid home-
ostasis and systemic insulin receptor signaling (15, 16). How-
ever, the role of Lipin1 in liver is complex as contradicting evi-
dence suggests that LIPIN1 functions as a transcriptional
coactivator for peroxisome proliferator-activated receptor
�/PGC-1� to regulate fatty acid oxidation gene expression, and
LIPIN1 has also been demonstrated to contribute to the regu-
lation of triglyceride synthesis and VLDL secretion (17). It has
been reported that the glucocorticoid receptor regulates the
mouse Lipin1 promoter by the synthetic glucocorticoid dexa-
methasone (14) and that regulation of Lipin1 gene expression is
mediated by sterol (18) and estrogen-related receptor � (19),
thereby suggesting the involvement of certain factor(s) affect-

ing lipogenesis and adipogenesis by modulating Lipin1 gene
expression.
Although Cb1r signaling has been known to affect lipid

metabolism, the molecular mechanism behind this phenome-
non is still unclear. Therefore, in the current study, we investi-
gated the effect of Cb1r signaling pathway on lipid metabolism
and insulin receptor signaling and the mediatory role of
CREBH in this context. Our study delineates an unprecedented
link by which Cb1r signaling pathway-induced activation of
Crebh regulates Lipin1 gene expression and hepatic insulin
receptor signaling.

EXPERIMENTAL PROCEDURES

Animals—Seven-week-old C57BL/6J (B6) and diabetic
db/db mice (The Jackson Laboratory) were used. Mice were
treated with a single dose of 2-AG (Tocris; 5 mg/kg intraperi-
toneally; 12 h) or pretreated with a single dose of AM251 (Toc-
ris; 5 mg/kg intraperitoneally; 12 h) followed by 2-AG treat-
ment. Delivery of recombinant adenoviruses (100 multiplicity
of infection/virus) was performed via tail vein injection. For
adenoviral overexpression, mice were sacrificed 72 h following
viral delivery. For adenovirus-mediated knockdown experi-
ments, mice were sacrificed 96 h after viral delivery. Following
completion of experiments, liver tissues were collected for total
RNA isolation or protein extraction and DAG measurement.
All animal experiments were approved by the Institutional Ani-
malUse andCareCommittee of theKorea Research Institute of
Bioscience and Biotechnology and performed in accordance
with the United States National Institutes of Health Guidelines
for Animal Experiments (NIH Publication No. 85-23, revised
1996).
Plasmids—Mouse Lipin1 gene promoter serial deletion-lu-

ciferase constructs and expression vectors (pcDNA3-FLAG)
encoding CREBH-N, ATF6-N, and dominant negative CREBH
have been described previously (8, 9, 20). CREBH response ele-
ment mutant-luciferase constructs were cloned and confirmed
by DNA sequencing.
Cell Culture, Isolation of Primary Rat Hepatocytes, and

Adenoviral Infection—Transient transfection assays were per-
formed in AML12 cells using Lipofectamine 2000 reagent
(according to the manufacturer’s protocol) with the indicated
treatments as described previously (8, 9). Primary rat hepato-
cytes were prepared from 200–250-g Sprague-Dawley rats by a
collagenase perfusion method as described previously (8, 9).
For adenoviral infections, cells were washed with PBS and left
for 2–3 h in serum-free medium containing the appropriate
amount of viral particles (100 multiplicity of infection/virus).
Medium was replaced with fresh growth medium for an addi-
tional 36–72 h before any treatment. All adenoviruses used in
this study have been described previously (8, 20).
Semiquantitative PCR, Quantitative PCR (qPCR), and West-

ern Blot Analysis—Total RNA from either primary hepatocytes
or liver tissueswas extracted using an easy-spinRNAextraction
kit (Intron Biotechnology). cDNAs were generated by Super-
script II enzyme (Invitrogen) and analyzed by semiquantitative
PCR (1% agarose gel stained with EtBr) and qPCR using a SYBR
GreenPCRkit andRotorGene 6000Real TimeSystem (Corbett
Life Science). All data were normalized to �-actin expression.
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For Western blot analysis, cell lysates were prepared from pri-
mary rat hepatocytes or liver tissues of experimental animals,
and Western blotting was performed using the indicated
antibodies.
Chromatin Immunoprecipitation (ChIP) Assay—The ChIP

assay was performed according to the manufacturer’s protocol
(Upstate). Immunoprecipitation was performed using poly-
clonal anti-CREBH antibody (Orbigen) or IgG (as a negative
control). After recovering DNA, qPCR was performed using
primers encompassing the mouse Lipin1 promoter (�531/
�256 and �1010/�846 bp) region.
Measurement of DAG Level—Liver tissues were processed

for liquid chromatography/mass spectrometric determination
of the DAG level as described previously (20).
Statistics—Values are expressed as mean � S.E. Statistical

significance was calculated using an unpaired Student’s t test
and one-way analysis of variance. Differences were considered
significant at p � 0.05.

RESULTS

Activated Cb1r Signaling and Crebh Induce Hepatic Lipin1
Gene Expression in Vivo—In a recent study, we demonstrated
that activated Cb1r signaling induces Crebh gene expression
and generates the active form of CREBH (9). We have also
shown that Crebh plays an important role in the regulation of
hepatic gluconeogenesis and is hyperactive under insulin resis-
tance conditions (8). In previous studies, it has been shown that
chronic alcohol exposure increases the hepatic endocannabi-
noid 2-AG but not the arachidonoyl ethanolamide level to acti-
vate Cb1r signaling, which subsequently leads to an aberrant
increase in hepatic lipogenesis, resulting in fatty liver (5).
Therefore, to dissect the role ofCb1r andCrebh in lipid metab-
olism, we initially treatedmice with 2-AGor infectedmice with
adenovirus (Ad) CREBH-N (active form of CREBH) and ana-
lyzed the expression of key genes involved in lipid metabolism
(Table 1). 2-AG treatment led to an increase in several genes
involved in this pathway (Srebp1c, mtGPAT1, Cd36, Dgat1,
Dgat2, and Lipin1) along with a significant decrease in genes
involved in fatty acid oxidation (Cpt1 and Ucp2). Interestingly,

Crebh overexpression showed significant up-regulation of
Lipin1 and to some extent Dgat2 mRNA levels, whereas the
expression of several other genes was not affected under this
condition. This indicated a common role of activated Cb1r sig-
naling and Crebh in regulating Lipin1 gene expression.
Next, we tried to systematically analyze the effect of 2-AG on

Lipin1 gene regulation. A time course 2-AG treatment in mice
showed significant induction of Lipin1 but not Lipin2 mRNA
levels along with an increase ofCb1r andCrebhmRNA levels as
observed from semiquantitative and qPCR analyses (Fig. 1A,
left top and right). Similarly, 2-AG treatment also increased the
LIPIN1 protein level and generated the active form of CREBH
(Fig. 1A, left bottom). To confirm that 2-AG-induced activation
of Cb1r signaling pathway induces Crebh and Lipin1 gene
expression, we used Cb1r antagonist AM251 pretreatment in
mice exposed to 2-AG. Pretreatment with AM251 significantly
attenuated the 2-AG-mediated induction of Crebh as well
Lipin1mRNA and protein levels (Fig. 1B), and as expected, no
changeswere observed in themRNA level ofLipin2 gene.Over-
all, these results indicate a connection between Cb1r signaling-
mediated activation of Crebh and induction of Lipin1 gene
expression in vivo.
CREBH Is aTranscriptional Regulator of Hepatic Lipin1—To

elucidate the role of Crebh in 2-AG-mediated induction of
Lipin1 gene expression, we sought to investigatewhetherCrebh
directly regulates Lipin1 gene transcription. Initially, to con-
firm the specificity ofCrebh-mediated activation of Lipin1 gene
expression, we infected primary rat hepatocytes with adenovi-
ruses encoding active forms of CREBH (CREBH-N) and ATF6
(ATF6-N), amember of theCREB/ATF family closely related to
CREBH. Overexpression of Crebh significantly and specifically
induced Lipin1 gene expression, whereas overexpression of
Atf6 led to no significant change in the Lipin1mRNA level (Fig.
2A). However, both Crebh and Atf6 overexpression signifi-
cantly induced the C-reactive protein (Crp) mRNA level, a pre-
viously reported common target of both Crebh and Atf6. This
indicates that the adenoviruses were in proper working condi-
tions. Next, to verify the role of Crebh in regulating Lipin1
at the transcriptional level, we performed transient transfec-
tion using the Lipin1 promoter in AML12 cells. Similar to
the induction of the Lipin1 mRNA level, overexpression of
Crebh activated the Lipin1 gene promoter, whereas Atf6
overexpression failed to show any significant activation (Fig.
2B). Overall, these results suggest that Crebh specifically regu-
lates Lipin1 gene transcription.
Next, we investigated the mediatory role of Crebh in 2-AG

activation of the Lipin1 promoter. Co-transfection of the
Lipin1 promoter with plasmid encoding Crebh cDNA lacking
the transcriptional activation domain (dominant negative
CREBH) was done in AML12 cells, and then cells were treated
with 2-AG (Fig. 2C). 2-AG significantly activated the Lipin1
promoter under normal conditions but failed to activate the
Lipin1promoter in cells co-transfectedwith dominant negative
CREBH, thereby suggesting thatCrebh plays amajormediatory
role in activating Lipin1 gene transcription by Cb1r signaling
pathway.
Next, using several deletion constructs, we tried to map the

CREBH-responsive region in the Lipin1 gene promoter. Dele-

TABLE 1
Key genes involved in lipid metabolism
Mice (n � 4–5/group) were treated with 2-AG for 12 h or were infected with the
indicated adenoviruses (100multiplicity of infection/virus) for 72 h. Following com-
pletion of the experiments, mice were sacrificed, and liver tissues were obtained for
qPCR analyses of the indicated genes. Acc1, acetyl-coenzyme A carboxylase 1;
Scd1, stearoyl-CoA desaturase; ChREBP, carbohydrate-response element-bind-
ing protein.

mRNA level (-fold change)
Genes 2-AG vs. control Ad-CREBH vs. Ad-GFP

Srebp1c 3.28a 0.83
Acc1 1.34 0.79
Scd1 0.87 1.13
ChREBP 1.11 1.03
mtGPAT1 1.43a 0.92
Cpt1 0.66a 0.79
Ucp2 0.53a 0.81
Cd36 2.11a 1.09
Dgat1 1.76a 1.12
Dgat2 2.54a 1.97a
Lipin1 5.71a 4.43a
Lipin2 1.21 0.73
Crebh 5.91a 19.28a

a p � 0.05 versus control or Ad-GFP.
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tion mapping results demonstrated that the putative CREBH-re-
sponsive region lies within �531 to �231 bp of the transcription
start site of theLipin1promoter (Fig. 2D).We identified a putative
binding region of CREBH (Fig. 2E). 2-AG treatment significantly
activated thewild type (WT)Lipin1promoter construct but failed
to activate the CREBH mutant Lipin1 promoter. Similarly, 2-AG
treatment led to the recruitment of endogenous CREBH to the
endogenousLipin1genepromoter (Fig.2F, top), andthis increased
occupancy of endogenous CREBH on the Lipin1 gene promoter
upon2-AG treatmentwasmitigated in theCREBHmutantLipin1
promoter construct as demonstrated by ChIP assays (Fig. 2F, bot-
tom). These results confirm that induction of Lipin1 by Cb1r sig-
naling is mediated viaCrebh.
Knockdown of Crebh Attenuates Lipin1 Induction and

Decreases DAG Production by Hepatic Cb1r Signaling in Vivo—
Previous reports have identified Lipin1 as a mammalian cyto-
solic phosphatidic acid phosphatase in various cell types and

demonstrated that Lipin1 increases the hepatic DAG level (20).
Adenoviral overexpression of CREBH in mice resulted in a sig-
nificant increase of the Lipin1 mRNA and protein levels com-
parable with another Crebh target, phosphoenolpyruvate car-
boxykinase (Pepck) gene expression, in vivo (Fig. 3A) and also
led to a significant increase in the DAG level (�2.5-fold) (Fig.
3B). As expected, Lipin2 gene expression showed no significant
change in this condition.
Next, to ascertain the role of activatedCb1r signaling and the

mediatory role ofCrebh in this context, we overexpressed short
hairpin RNA (shRNA) adenoviruses encoding unspecific RNAi
(USi) andCrebhRNAi (CREBHi) inmice preceding 2-AG treat-
ment. 2-AG treatment led to significant induction ofLipin1 and
CrebhmRNAand protein levels inUSi-infected livers but failed
to substantially induce Lipin1 mRNA or protein in CREBHi-
infected livers (Fig. 3C). Similarly, DAG production was signif-
icantly higher in 2-AG-treatedmice comparedwith the vehicle-

FIGURE 1. Activated Cb1r induces Lipin1 gene expression via Crebh. A, mice (n � 5 per group) were treated with 2-AG at the indicated times or for 12 h, and
liver tissues were obtained for semiquantitative PCR (top left) or qPCR (right) analyses and for measuring protein levels (bottom left). *, p � 0.05 versus untreated
control. B, mice (n � 5 per group) were treated with 2-AG for 12 h or treated with AM251 for 12 h preceding 2-AG treatment for a further 12 h, and liver tissues
were obtained for semiquantitative PCR (top left) or qPCR (right) analyses and for measuring protein levels (bottom left).*, p � 0.05 versus control; **, p � 0.05
versus vehicle (veh) � 2-AG. All data represent mean � S.E. (error bars).
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treated mice under the USi-infected condition but was
dramatically reduced to the basal level under the CREBHi-in-
fected condition (Fig. 3D, left). Indeed, CREBHi-infected

mouse livers produced lower amounts of DAG compared with
USi-infected littermates (Fig. 3D, left). To confirm the involve-
ment of Lipin1 in Cb1r/Crebh-mediated regulation of DAG

FIGURE 2. Crebh is a transcriptional regulator of Lipin1 gene expression. A, primary (1°) rat hepatocytes were infected with adenoviruses encoding GFP,
FLAG-ATF6-N, and FLAG-CREBH-N for 48 h. RNA was extracted for semiquantitative PCR (left) and qPCR analyses (right). *, p � 0.05 versus Ad-GFP. B–E, transient
transfection assays were performed in AML12 cells with mLipin1-luc reporter constructs along with co-transfection of the indicated expression vectors
(B–D) as indicated or treatment with 2-AG for 12 h (B and E) prior to luciferase assays. -Fold activity represents relative luciferase activity:�-gal activity. All
transfections were performed in triplicates and are representative of three to four independent experiments. F, untransfected AML12 cells (top) or AML12 cells
transfected with wild type or CREBH mutant constructs of mLipin1-Luc (bottom) were treated with vehicle or 2-AG for 12 h, and immunoprecipitation (IP) of
AML12 chromatin from cells exposed to vehicle or 2-AG was performed with IgG or CREBH antibody. The percentage of DNA immunoprecipitated with CREBH
antibody relative to input chromatin was demonstrated by semiquantitative PCR analysis. *, p � 0.05 versus control. All data represent mean � S.E. (error bars)
of at least three independent experiments. DN, dominant negative.

FIGURE 3. Crebh-mediated induction of Lipin1 gene expression and increase in hepatic DAG level in vivo. A and B, mice (n � 5) were infected with the
indicated adenoviruses for 72 h. Following completion of the experiments, mice were sacrificed, and liver tissues were obtained for semiquantitative PCR (top
left) or qPCR (right) analyses and for measuring protein levels (bottom left). The DAG level was measured in Ad-GFP- and Ad-CREBH-N-infected mouse liver
samples (B). *, p � 0.05 versus Ad-GFP. C, mice (n � 5) were infected with the indicated adenoviruses, and 96 h postinfection, mice were treated with 2-AG for
a further 12 h. Liver tissues were obtained for semiquantitative PCR (top left) or qPCR (right) analyses and for measuring protein (bottom left). *, p � 0.05 versus
USi; **, p � 0.05 versus USi � 2-AG. Data represent mean � S.E. D, mice (n � 5; left) or AML12 cells (right) were infected with the indicated adenoviruses, and 96 h
postinfection, mice were treated with 2-AG for a further 12 h. The DAG level was measured in adenovirus-infected mouse liver samples (left) and in AML12 cells
(right). *, p � 0.05 versus USi/vehicle (veh); **, p � 0.05 versus USi/vehicle � 2-AG. All data represent mean � S.E. (error bars).
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production, AML12 cells were infected with adenovirus encod-
ing Lipin1 RNAi (shLipin1) preceding 2-AG treatment. 2-AG
treatment led to an increase of the DAG level (�60% compared
with untreated cells). Similarly to CREBHi, Lipin1 knockdown
led to a significant decrease in the total DAG level compared
with 2-AG-treated cells (�15% decrease from 2-AG-treated
cells), thereby indicating the dependence of the Cb1r/Crebh
pathway on Lipin1 to regulate DAG production (Fig. 3D, right).
These observations indicate the crucial role played by Crebh in
mediating the effect ofCb1r signaling onLipin1 gene regulation
and DAG production.
Cb1r Signaling Pathway Inhibits Hepatic Insulin Receptor

Signaling via Crebh-mediated Induction of Lipin1—It has been
demonstrated previously that increased production of DAG is
linked to obesity-related insulin resistance in peripheral tissues
(21, 22). Therefore, we sought to investigate the effect of Cb1r-
mediated induction of Crebh and Lipin1 gene expression and
increased DAG production on hepatic insulin receptor signal-
ing in vivo. Both 2-AG treatment and Crebh overexpression in
mice showed a remarkable increase in Ser-729 phosphorylation

of PKC�, a major non-canonical isoform of PKC found in the
liver. In addition, there was a significant reduction in the phos-
phorylation of insulin receptor � and its downstream signaling
components, Tyr-989 phosphorylation of insulin receptor sub-
strate 1 (IRS1) and Ser-473 phosphorylation of AKT, upon
these treatments (Fig. 4, A and B). These results indicate that
increased expression of Lipin1 in these conditions could pro-
mote deregulation of insulin signaling in the liver.
Therefore, we next assessed the phosphorylation status of

these signaling components upon Cb1r antagonism or knock-
down of Crebh (Fig. 4, C and D). Consistent with our earlier
results that showed reduced gene expression of Lipin1 and a
decrease in the DAG level under these conditions, we found
that AM251 pretreatment or knockdown ofCrebh significantly
attenuated 2-AG-mediated activation of PKC� and led to a sig-
nificant increase in insulinreceptor�, IRS1,andAKTphosphor-
ylation compared with 2-AG-treated mice (Fig. 4, C and D).
Furthermore, to reconfirm that the 2-AG-induced deregula-
tion of insulin receptor signaling pathway is mediated by
Lipin1, the phosphorylation status of the above mentioned sig-

FIGURE 4. Crebh-mediated induction of Lipin1 gene expression is linked to perturbation of hepatic insulin receptor signaling in vivo. A–E, experiments
were performed as described in Fig. 1 (for A and C) or Fig. 3 (for B, D, and E), and liver tissues (A–D) or AML12 cell lysates (E) were obtained for Western blot
analysis with the indicated antibodies. Protein levels were quantified by densitometry analysis (phospho:total form). *, p � 0.05 versus control and Ad-GFP;
**, p � 0.05 versus vehicle (veh) � 2-AG and USi � 2-AG. All data represent mean � S.E. (error bars). IR�, insulin receptor �.
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naling kinases was assessed inAML12 cells upon knockdown of
Lipin1 preceding 2-AG treatment (Fig. 4E). Similar to the effect
of Crebh knockdown, Lipin1 knockdown significantly attenu-
ated 2-AG-induced activation of PKC� and released the inhib-
itory effect of 2-AG on the IRS1 and AKT phosphorylation sta-
tus, thereby suggesting that the 2-AG-induced deregulation of
the insulin signaling pathway is mediated via Lipin1. Overall,
these results indicate that the blockade of Crebh significantly
attenuates Cb1r-mediated deregulation of hepatic insulin sig-
naling via a reduction in Lipin1 gene expression and decreased
DAG production in vivo.
Knockdown of Crebh Attenuates Induction of Lipin1 Expres-

sion and Decreases DAG Production in Insulin Resistance
Condition—Initially, we observed that Crebh and Lipin1 gene
expression was significantly higher in db/db mice compared
with normal mice (Fig. 5A). A recent report (5) demonstrated
that Cb1r gene expression follows a pattern similar to that of
Crebh and Lipin1 in the diet-induced obesity condition. Inter-
estingly, we found that Cb1r gene expression was also signifi-
cantly higher in db/db mice compared with normal mice,
whereas Cb2r gene expression was significantly lower under
similar conditions (Fig. 5A). These results indicate a constitu-
tively activated status of theCb1r signaling pathway in the insu-
lin-resistant condition. Therefore, to ascertain the significance
ofCrebh-mediated induction of Lipin1 gene expression and the
increase in DAG production from a physiological perspective,
we overexpressed Crebh RNAi in db/db mice. Crebh knock-
down resulted in a significant decrease in theLipin1mRNAand
protein levels (Fig. 5, B andC), and as a consequence, there was
a dramatic reduction in the DAG level of db/dbmice under this
condition (Fig. 5D). However, the phosphorylation status of the

components of the insulin signaling pathway showed marginal
changes (data not shown) uponCrebh knockdown.Overall, our
results provide a novel link connecting hepatic Cb1r signaling
with deregulation of the insulin receptor signaling pathway and
identifyCrebh as a crucial player in regulating lipidmetabolism
via Lipin1 gene induction in vivo.

DISCUSSION

Crebh has been demonstrated to play an important role in
hepatic gluconeogenesis, triglyceride metabolism, and iron
metabolism by transcriptional regulation of key enzyme genes
involved in those metabolic pathways (8–11). In our current
study, we investigated and suggest a novel role of Crebh in reg-
ulating hepatic lipid metabolism by transcriptional activation
of the Lipin1 gene. Cb1r-mediated activation of CREBH and
Lipin1 induction lead to increased DAG production in vivo and
phosphorylation of PKC�. Activation of PKC� by this signaling
cascade imparts insulin resistance effects via disruption of the
insulin receptor signaling pathway. Antagonism ofCb1r signal-
ing repressed the activation of CREBH and its downstream tar-
get Lipin1, and Cb1r activation under Crebh-deficient condi-
tions failed to induce the Lipin1-mediated increase in DAG
production, ultimately leading to recovery of insulin receptor
signaling component activity. Hepatic Cb1r, Crebh, and Lipin1
gene expression is higher in various models of insulin resis-
tance (5, 8, 20). Conversely, in our previous study, we dem-
onstrated that insulin treatment (or AKT co-transfection)
leads to diminished CrebhmRNA levels (as well as promoter
activity) (8). Knockdown of Crebh in an insulin-resistant
rodent model (db/dbmice) also showed significant lowering
of the pre-existing high DAG level. Overall, our current

FIGURE 5. Knockdown of Crebh reverses perturbation of hepatic insulin receptor signaling in db/db mice. A, semiquantitative PCR (top) or qPCR (bottom)
analyses of gene expression in B6 or db/db mice (n � 4 –5). *, p � 0.05 versus B6. B–D, semiquantitative PCR (B, left) or qPCR (B, right) analyses, protein levels
(C), and DAG levels (D) were measured in db/db mice (n � 5) infected with Ad-USi or Ad-CREBH RNAi. *, p � 0.05 versus USi. All data represent mean � S.E. (error
bars). E, proposed model depicting the effect of endocannabinoid-mediated activation of Cb1r in inducing and activating CREBH to disrupt hepatic insulin
signaling via induction of Lipin1 gene expression and by increasing DAG production. IR, insulin receptor.
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study unravels a connection among Cb1r, Crebh, and Lipin1
and sheds light onto a novel molecular mechanism by which
activation of CB1R leads to deregulation of the insulin sig-
naling pathway in the liver (a schematic model is shown in
Fig. 5E), indicating that targeted disruption of hepatic Cb1r
signaling and CREBH activity might provide plausible ther-
apeutic approaches to restore proper functioning of insulin
receptor signaling.
The rate ofde novohepatic lipogenesis was increased byCb1r

agonists and decreased byCb1r antagonists in rodents. Adipose
tissuemay be the source of liver fat as it has been demonstrated
that activation ofCb1r in adipocytes promotes lipogenesis, and
the released fatty acids are converted to triglycerides by the liver
(1, 2, 4). Conversely, Cb1r blockade with antagonists leads to
reduction of hepatic triglycerides with an increased rate of
secretion of triglyceride-rich VLDL from the liver of insulin-
resistant rodents. However, because of the deleterious side
effects of Cb1r antagonists, it is essential to elucidate the Cb1r
signaling pathway in detail to unravel downstream targets for
possible therapeutic benefits. In this context, our study demon-
strates the involvement of the endoplasmic reticulum-bound
transcription factor Crebh in a mediatory role and may explain
in part the molecular basis of Cb1r-mediated up-regulation of
lipogenesis and DAG production that ultimately causes insulin
resistance via deregulation of the insulin receptor signaling.
Recently, it has been shown that chronic ethanol feeding
increases the endocannabinoid 2-AG but not the arachidonoyl
ethanolamide level in mouse liver, and this increase was fol-
lowed by a robust change in the lipogenic gene program with a
significant increase in gene expression of Srebp1c and its tar-
gets, whereas AMP-activated protein kinase and fatty acid oxi-
dation were considerably attenuated under these conditions
(5). In our previous study, we found that 2-AG treatment also
led to increased CREBH activity (9), and in insulin resistance
conditions, both are expressed at a higher level (5, 8). Therefore,
we presumed that Crebh might mediate some of the effects
associated with Cb1r activation by regulating the expression of
some key genes involved in lipogenesis and the triglyceride syn-
thesis pathway. However, our results (Table 1) demonstrated
thatCb1r andCrebh have common targets further downstream
in the lipogenic program and confirmed that Lipin1, a key gene
involved in DAG production as well as perturbation of hepatic
insulin signaling, is the common mediator of activated Cb1r
and Crebh effects.
Recent reports have demonstrated the role of Lipin1 in pro-

moting insulin resistance via enhanced DAG production and
PKC� activation, triglyceride formation, andVLDL secretion in
the liver (20). CREB/CRTC2 was identified as a regulator of
Lipin1 gene transcription under fasting-refeeding and diet-in-
duced obesity conditions to explain the role of Lipin1 in insulin
resistance (20). Interestingly, ethanol is also known to increase
the hepaticDAG level and promote insulin resistance, although
the underlying molecular mechanism was not clearly estab-
lished (23). In this context, an important observation was that
chronic ethanol feeding increases the endocannabinoid 2-AG
but not the arachidonoyl ethanolamide level in mouse liver (5).
Thus, in accordance with our previous report (9), 2-AG-medi-
ated activation of CREBH and CREBH-mediated transcrip-

tional activation of Lipin1 gene may provide the missing link
connecting alcohol injury to enhanced DAG production and
insulin resistance. Previous studies have revealed the impor-
tance of DAG as a signaling molecule to activate PKC� in mus-
cle or PKC� in liver to target either insulin receptor substrates
or insulin receptor, respectively (22, 24). This phenomenonwas
further confirmed by knockdown of Crebh in 2-AG-treated or
db/dbmice that showed a concomitant decrease in PKC� activ-
ity and Lipin1-mediated DAG production as well as consider-
able recovery in the activities of insulin receptor and its down-
stream signaling components (IRS1 and AKT). Our findings
were further supported by a recent report inwhich a lowering of
the hepatic triglyceride level inCrebh knock-outmousemodels
was observed (11).
Interestingly, our results demonstrated a moderate but sig-

nificant decrease in the total DAG level upon Lipin1 knock-
down in cells treated with 2-AG. This observation indicates the
possibility of a Lipin1-independent effect of 2-AG in increasing
the total DAG level and consequently the inhibiting insulin
receptor signaling pathway. DAG is an interesting candidate
responsible for lipid-induced insulin resistance and was found
to be associated with insulin resistance after high fat feeding
and/or Cb1r activation (5, 25). DAG can be derived from mul-
tiple sources. However, in the case of lipid-induced insulin
resistance, the de novo synthesis of DAG via esterification of
glycerol 3-phosphate is suggested to be the most important
route. TheCb1r signaling pathway contributes to this source of
DAG synthesis (1, 5). Other sources of DAG synthesis include
the breakdown of phospholipids by the enzyme phospholipase
Cor phospholipaseD-mediated hydrolysis of phosphatidylcho-
line (26). Especially in the phospholipaseDpathway, both of the
phosphatidic acid phosphatase family proteins diacylglycerol
phosphate phosphatase and lipid-phosphate phosphatase con-
tribute to the synthesis of DAG (27, 28). Alternatively, hydro-
lysis of triacylglycerol by the activity of lipases also results in
increased DAG levels (29). Therefore, investigating the various
factors involved in these multiple pathways that contribute to
DAG synthesis in 2-AG-treated samples and analyzing the total
DAG level upon knockdown or pharmacological inhibition of
these factors (in the presence of 2-AG treatment) will provide
additional information regarding the involvement of other con-
tributory factors downstream of the Cb1r pathway and inde-
pendent of Lipin1.
Overall, our study demonstrates the molecular link between

Cb1r and insulin receptor signaling dysfunction in a lipogenic
setting with crucial roles played by endoplasmic reticulum
stress-activated transcription factor Crebh and Lipin1. These
findings at least in part support the hypothesis that relieving
higher hepatic DAG levels by targeting its upstream regulators
might be beneficial to restore insulin signaling. However, fur-
ther studies are necessary to assess the relative contribution of
this signaling cascade that can be targeted for potential thera-
peutic purposes in insulin resistance conditions.
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