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Activated cannabinoid 1 receptor (CB1R) signaling has been
implicated in the development of phenotypes associated with
fatty liver, insulin resistance, and impaired suppression of
hepatic glucose output. Endoplasmic reticulum stress-associ-
ated liver-specific transcription factor CREBH is emerging as a
critical player in various hepatic metabolic pathways and regu-
lates hepatic gluconeogenesis in diet-induced obese settings. In
this study, we elucidated the critical role of CREBH in mediating
CBIR signaling to regulate glucose homeostasis in primary rat
and human hepatocytes. mRNA and protein levels and glucose
production were analyzed in primary rat and human hepato-
cytes. ChIP assays were performed together with various tran-
scriptional analyses using standard techniques. CB1R activation
by 2-arachidonoylglycerol (2-AG) specifically induced CREBH
gene expression via phosphorylation of the JNK signaling path-
way and c-Jun binding to the AP-1 binding site in the CREBH
gene promoter. 2-AG treatment significantly induced hepatic
gluconeogenic gene expression and glucose production in
primary hepatocytes, and we demonstrated that the CREBH
binding site mutant significantly attenuated 2-AG-mediated
activation of the gluconeogenic gene promoter. Endogenous
knockdown of CREBH led to ablation of 2-AG-induced gluco-
neogenic gene expression and glucose production, and the
CBIR antagonist AM251 or insulin exhibited repression of
CREBH gene induction and subsequently inhibited gluconeo-
genesis in both rat and human primary hepatocytes. These
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results demonstrate a novel mechanism of action of activated
CBIR signaling to induce hepatic gluconeogenesis via direct
activation of CREBH, thereby contributing to a better under-
standing of the endocannabinoid signaling mechanism involved
in regulating the hepatic glucose metabolism.

Endogenous cannabinoids (endocannabinoids) are lipid
mediators that interact with cannabinoid receptors, the two
main endocannabinoids being arachidonoyl ethanolamide
(AEA,? anandamide) and 2-arachidonoylglycerol (2-AG). The
endocannabinoid system comprises the cannabinoid receptors
type 1 (CB1R), which are expressed at high levels in the brain
but are also present at much lower concentrations in peripheral
tissues, and CB2R, which are expressed predominantly in
immune and hematopoietic cells (1). Reports from animal stud-
ies and clinical investigations in humans have shown that in the
obese state, the endocannabinoid system is hyperactivated
because of impaired energy balance (2—4). In obese or hyper-
glycemic type 2 diabetic patients, circulating levels of AEA and
2-AG are increased, and elevated levels of 2-AG are found in
visceral adipose tissue (2, 5, 6). Mice deficient in CB1R are
resistant to diet-induced obesity and steatosis, and in wild-type
mice, chronic treatment with a CB1R antagonist reversed both
of these diet-induced effects. Both genetically and diet-induced
obese animal models show elevated levels of endocannabinoids
in the hypothalamus and peripheral tissues (7—10). A recent
study using a liver-specific CBIR knockout mice model dem-
onstrated that peripheral CB1R could be selectively targeted for
the treatment of fatty liver, impaired glucose homeostasis, and

2The abbreviations used are: AEA, arachidonoyl ethanolamide; 2-AG,
2-arachidonoyl glycerol; CB1R, cannabinoid receptor type 1; CREBH, CAMP-
responsive element-binding protein H; ER, endoplasmic reticulum; AP-1,
activator protein 1; Pepck, phosphoenolpyruvate carboxykinase; Gépc,
glucose-6-phosphatase catalytic subunit; USi, unspecific RNAi; qPCR,
quantitative PCR; Tm, Tunicamycin; HNF, hepatocyte nuclear factor; RE,
response element; DBD, DNA-binding domain; UAS, upstream activation
sequence; TK, thymidine kinase; ATF, activating transcription factor.
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FIGURE 1. Induction and activation of Crebh by cannabinoid receptor 1 signaling. Aand B, primary rat hepatocytes were treated with cannabinoid receptor
1 (CB1R) agonist 2-AG (A) or ER stress inducer Tunicamycin (Tm) (B) for the indicated time period, and total RNA was isolated for semiquantitative RT-PCR (A, left
panel) or gPCR analysis for the 12-h time point samples (A, center panel) and northern hybridization B, H4IIE cells were treated with 2-AG for 12 h, and cell lysates
were prepared for Western blot analysis using the indicated antibodies (A, right panel). Data represent mean = S.D. of three individual experiments. *, p < 0.05
versus vehicle-treated cells. C, AML12 cells were cotransfected with the Gal4-Luc (50 ng) and Gal4DBD (200 ng) or Gal4DBD-CREBH (200 ng) expression vectors
for 24 h followed by treatment with 2-AG and Tm for a further 12 h in serum-free media. Data are expressed in relative luciferase units and as the fold activation
relative to the control. Data represent mean =+ S.D. of three individual experiments.*, p < 0.05 versus control. D, primary rat hepatocytes were treated with 2-AG
or Tm for the indicated time period, and cell lysates were prepared for Western blot analysis using the indicated antibodies. Data are representative of two

control

only

individual experiments.

dyslipidemia to reduce the neuropsychiatric side effects of a
nonselective CB1R signaling blockade in the treatment of obe-
sity-associated conditions (11). Overall, both clinical (12) and
animal data regarding the CB1R blockade (8 —-11) overwhelm-
ingly suggest the beneficial actions of CB1R antagonism on glu-
cose metabolism and insulin sensitivity.

Cyclic AMP response element-binding protein H (CREBH)
is an endoplasmic reticulum (ER) stress-associated liver-spe-
cific transcription factor that has been reported to be induced
by the acute inflammatory response-inducing factor LPS and
proinflammatory cytokines IL-6 and TNF« (13). A recent study
from our group has demonstrated that CREBH plays an impor-
tant mediatory role in the hormonal regulation of hepatic glu-
coneogenesis under fasting or insulin-resistant conditions in
the rodent liver (14). Our results demonstrated that CREBH is
dramatically induced and activated in diet-induced obese
rodent models. Upon induction and activation, CREBH directly
regulates the expression of the key hepatic gluconeogenic
enzyme genes Pepck (phosphoenolpyruvate carboxykinase)
and G6pc (glucose-6-phosphatase catalytic subunit) (14).
CREBH has also been demonstrated to mediate ER stress-in-
duced regulation of hepatic iron metabolism (15). Hepatocytes,
being professional secretory cells, are likely to be under a subtle
but continuous ER stress condition because of the enormous
requirement for protein folding in the ER lumen (16). Because
of its liver-specific expression and stress-sensory activation,
CREBH is emerging to be a key player in regulating various
hepatic metabolic pathways.
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Although CBIR signaling has been known to affect glucose
metabolism, the molecular mechanism behind this phenome-
non is still unclear. On the basis of this observation, in this study
we investigated whether the CBI1R signaling pathway regulates
CREBH gene expression and delineated the unprecedented link
by which the CBIR signaling pathway initiates an ER stress
condition, leading to the activation of CREBH to regulate
hepatic gluconeogenesis.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids—2-AG and AM251 were from Tocris
Bioscience. Wortmannin and U0126 were from Sigma. Tunica-
mycin, SB203580, SP600125, and compound C were from Cal-
biochem. Insulin (Norvolin R) was from Green Cross (Korea).
The reporter plasmids Pepck-Luc (-490/+72), Gépc-Luc (-231/
+57), Pepck-Luc (CREBH-RE mutant), G6pc-Luc (CREBH-RE
mutant), Gal4-Luc (GAL4DBD (UAS)-TK-Luc vector for
mammalian one-hybrid assay), and Crebh-Luc were described
previously (14, 17). A series of human CREBH promoter lucif-
erase reporter deletion constructs were described previously
(14). The AP-1 mutant luciferase reporter construct was
subcloned into the pGL3 vector using the Xhol and HindIII
restriction sites, and all constructs were confirmed by DNA
sequencing. Gal4DBD, Gal4CREBH, dominant negative
CREBH (DN-CREBH), and c-Fos plasmids were described pre-
viously (14, 17). HA-tagged c-Jun and c-Jun K, (kinase dead
mutant) were kind gifts from Dr. Dirk Bohmann (University of
Rochester Medical Center).
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Cell Culture and Transient Transfection Assay—AML12 and
HAIIE cells were obtained from the American Type Culture
Collection. Maintenance of cell lines and transient transfec-
tions were performed as described previously (17). Total cDNA
used for each transfection was adjusted to 1 ug/well by adding
the appropriate amount of empty vector and CMV-B-galacto-
sidase plasmids as an internal control. Cells were harvested
40-48 h post-transfection for the luciferase and p-galactosi-
dase assays. The luciferase activity was normalized to 3-galac-
tosidase activity and expressed as relative luciferase units.

Preparation of Recombinant Adenovirus—For endogenous
knockdown of Crebh gene expression, an adenoviral delivery
system was used. Adenoviruses for unspecific (USi) control
RNAi and Crebh RNAi were described previously (14).

Isolation and Culture of Primary Rat Hepatocytes—Primary
hepatocytes were prepared from 200- to 300-g Sprague-Dawley
rats by the collagenase perfusion method, as described previ-
ously (14, 17). The viability of cells was analyzed using trypan
blue staining. Cells were maintained in (Medium 199, IX with
Earle’s salts and L-glutamine) M199 medium (Mediatech) over-
night for attachment, and experiments were performed as
indicated.

Primary Human Hepatocyte Culture—PHHs were obtained
from the Liver Tissue and Cell Distribution System of the
National Institutes of Health (S. Strom, University of Pitts-
burgh, PA). Hepatocytes were cultured as described previously
(17).

RNA Isolation and Analysis—Total RNA was isolated for
northern hybridization using probes for Pepck, G6pc, Crebh,
and GAPDH, as described previously (14, 17). Semiquantitative
and qPCR analysis in primary rat hepatocytes and primary
human hepatocytes were performed using primers for Pepck,
G6pc, Crebh, Atf6, Srebf-1, Ppargcla, Cblr, and B-actin
(primer sequences are available on request), as described pre-
viously (14, 17).

Western Blot Analysis—Cell lysate preparation and West-
ern blot analysis in primary rat hepatocytes using rabbit
polyclonal JNK (t-JNK), rabbit polyclonal phospho-JNK
(P-JNK), rabbit polyclonal c-Jun, rabbit polyclonal phospho-
c-Jun (Cell Signaling Technology, Inc.), B-tubulin (Santa
Cruz Biotechnology, Inc.), and mouse polyclonal CREBH
antibodies were described previously (14, 17). To confirm
the CBI1R protein level, a ProteoExtract subcellular pro-
teome extraction kit (Calbiochem) and CBIR antibody
(Sigma, C1233) were purchased.

ChIP assay—The ChIP assay was performed according to the
manufacturer’s protocol (Upstate). Briefly, AML12 cells were
transfected with reporter plasmids, and treatments were
performed as indicated. Cells were then fixed with 1% formal-
dehyde and harvested. Soluble chromatin was immunoprecipi-
tated with rabbit polyclonal c-Jun, rabbit polyclonal phospho-
c-Jun, mouse polyclonal CREBH antibody, and mouse
monoclonal HNF-4a antibody (Santa Cruz Biotechnology,
Inc.). After recovering DNA, qPCR was performed using prim-
ers encompassing human CREBH promoter (-900/-750) for-
ward, 5'-GCGAGCAGGTGAGGTAGG; and reverse, 5'-AAA-
CCAGCTTGGACTCCG; or rat Pepck promoter (-500/-270)
and human G6pc promoter (-300/+57), as described previ-
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FIGURE 2. The JNK signaling pathway mediates induction of Crebh by
2-AG. A, primary rat hepatocytes were pretreated with the Cb1r-specific
antagonist AM251 (10 um) or protein kinase inhibitors Wortmannin (WM, 0.1
um), U0 (U0726, 10 um), SB203580 (SB, 25 um), SP600125 (SP, 25 um), and
compound C (Comp C, 10 um) for 1 h followed by treatment with 2-AGfor 12 h.
Total RNA was isolated for semiquantitative RT-PCR analysis (left panel) and
gPCR analysis (right panel) of Crebh mRNA expression and was normalized to
B-actin expression. Data are representative of three individual experiments.
B, primary rat hepatocytes were treated with 2-AG for the indicated time
period, and cell lysates were prepared for Western blot analysis using the
indicated antibodies. Data are representative of three individual experi-
ments. C, AML12 cells were transfected with Crebh-Luc (100 ng). 24 h after
transfection, cells were pretreated with the indicated inhibitors for 1 h pre-
ceding 2-AG treatment for a further 12 h in serum-free media. Data are
expressed as the fold activation relative to the control, representing mean *+
S.D. of three individual experiments.*, p < 0.05; **, p < 0.05 versus vehicle and
2-AG treated cells, respectively.

ously (14). Endogenous ChIP assays were performed using
primers encompassing mouse Crebh promoter (-900/-750)
forward, 5'-CCTCAATGAGCAAGTATCAATCGA; and re-
verse, 5'-GCTTCCTGCTTTTCTTTCATTTGC; or mouse
Pepck promoter (-500/-270) forward, 5'-GATGGCCAGAG-
AATCCACCACACA; and reverse, 5'-TAGCCGAGACGC-
CTCTTGGACTT; or mouse G6pc promoter (-300/+57)
forward, 5'-TAATTGGCTCTGCCAATGGCGATC; and
reverse, 5'-ATCAGTCTGTGCCTTGCCCCTGT.

Glucose Production Assay—Glucose production from pri-
mary rat hepatocytes was measured according to the manufac-
turer’s protocol using a colorimetric glucose oxidase assay
(Sigma). Briefly, after the experimental time period as indi-
cated, the cells were washed three times with PBS, and cells
were incubated for 3 h at 37 °C, 5% CO, in glucose production
buffer (glucose-free DMEM (pH 7.4) containing 20 mmol/liter
sodium lactate, 1 mmol/liter sodium pyruvate, and 15 mmol/
liter HEPES, without phenol red). The glucose assays were per-
formed in triplicate, and the intra-assay coefficient of variation
was <5%.
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FIGURE 3. c-Jun mediated activation of the Crebh gene promoter by Cb1r signaling. A and B, AML12 cells were transfected with several deletion constructs
(A) or the AP-1 mutant (AP-17 m) construct of Crebh-Luc (100 ng) (B) and treated with 2-AG as indicated. Data are expressed as the fold activation relative to the
control, representing mean = S.D. of three individual experiments. *, p < 0.001 versus control. C, primary rat hepatocytes were treated with 2-AG for the
indicated time period, and cell lysates were prepared for Western blot analysis using the indicated antibodies. Data are representative of three individual
experiments. D, AML12 cells were cotransfected with Crebh-Luc (100 ng) and c-Jun and c-Fos expression vectors (400 ng each) (left panel) or treated with 2-AG
in the absence or presence of cotransfected c-Jun K, (400 ng each) (right panel). Data are expressed as the fold activation relative to the control, representing
mean = S.D. of three individual experiments.*, p < 0.05; **, p < 0.05 versus control and 2-AG treated cells, respectively. E, endogenous ChIP assay. AML12 cells
were treated with vehicle or 2-AG for 12 h. Soluble chromatin was prepared and immunoprecipitated with monoclonal antibody against c-Jun or IgG only as
indicated. 10% of the soluble chromatin was used as input. A semiquantitative RT-PCR analysis was performed to determine the binding of c-Jun to the
endogenous Crebh gene promoter. F, ChIP assay. AML12 cells were transfected with Crebh-Luc (-1000/+1) (200 ng) wild-type (wt), or AP-1 mutant, and
following transfection and serum starvation, cells were treated with vehicle or 2-AG for 12 h. Soluble chromatin was prepared and immunoprecipitated with
monoclonal antibody against c-Jun, phospho-c-Jun, or IgG only as indicated. 10% of the soluble chromatin was used as input. A semiquantitative RT-PCR
analysis was performed to determine the binding of c-Jun and phospho-c-Jun to the endogenous or to the transfected Crebh promoter constructs. Data are
representative of three independent experiments.

Statistical Analyses—Data are expressed as mean *= S.D.
Statistical analysis was performed using Student’s ¢ test or
analysis of variance followed by Duncan’s multiple compar-
ison tests. All experiments were performed at least three
times. Differences were considered significant at p < 0.05.

RESULTS

CBIR Signaling Induces and Activates CREBH Gene
Expression—Previous studies have demonstrated that CB1R
signaling regulates glucose metabolism (7, 11). In addition, we
recently demonstrated that CREBH plays an important role in
regulating key hepatic gluconeogenic enzyme gene expression
(14). On the basis of those observations, we first examined the
role of CB1R in Crebh gene expression (Fig. 1). Treatment of rat
primary hepatocytes with the CBIR agonist 2-AG demon-
strated a significant increase of CREBH gene expression in a
time-dependent manner, along with the CB1IR mRNA level
(Fig. 1A, left panel). Real-time PCR (qPCR) analysis of gene
expression showed that 2-AG treatment specifically induces
CREBH but has no significant effect on activating transcription
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factor 6 (Atf6) gene expression (Fig. 1A, center panel), an ER
stress-activated transcription factor belonging to the CREB/
ATF family (13, 18). Induction of the sterol response element
binding protein (Srebp)-1c mRNA level (Fig. 1A, right panel)
and CB1R mRNA and protein levels (Fig. 14, right panel) served
as positive controls to ensure proper working of the experimen-
tal conditions. ER stress inducer Tunicamycin (7m) showed a
similar induction pattern of the CREBH mRNA level (Fig. 1B) in
a time-dependent manner. Next, we examined the effect of
2-AG and Tm on activation of CREBH. Both 2-AG and Tm
significantly activated Gal4DBD-fused CREBH (Fig. 1C), sug-
gesting that both CBIR signaling and ER stress activates
CREBH. ER-bound CREBH is cleaved upon activation to pro-
duce a 75-kDa (full-length) and 50-kDa (N-terminal active
form) protein. Therefore, we examined whether 2-AG induces
cleavage of CREBH (Fig. 1D). 2-AG- and, as expected, Tm-
treated primary hepatocytes demonstrated cleavage of endog-
enous CREBH protein to generate its active form in a time-de-
pendent manner. Overall, these initial observations suggest
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that CBIR signaling induces and activates CREBH gene
expression.

CBIR Signaling Induces CREBH Gene Expression via the INK
and AP-1 Pathways—To evaluate the potential signaling path-
ways involved in CBIR signaling-mediated induction of
CREBH gene expression, primary hepatocytes were pretreated
with several specific inhibitors of cell signaling pathways before
2-AG treatment. Semiquantitative PCR analysis indicated that
pretreatment of AM251 (a CB1R antagonist), U0126 (an inhib-
itor of ERK), and SP600125 (SP, an inhibitor of JNK) prevented
CBI1R-mediated induction of CREBH gene expression (Fig. 24).
However, there was no significant effect of Wortmannin (WM,
an inhibitor of PI3 kinase), SB-203580 (SB, an inhibitor of
p38MAPK), and compound C (Comp. C, an inhibitor of AMPK)
on CREBH gene expression. 2-AG treatment also demon-
strated an acute but transient phosphorylation of JNK (P-JNK)
(Fig. 2B). Similarly, treatment of cell signaling inhibitors on
CREBH gene promoter-preceding 2-AG treatment (Fig. 2C)
demonstrated a similar inhibition pattern of the promoter
activity, comparable with the CREBH mRNA level. These
results suggest that CBIR signaling induces CREBH gene
expression via the ERK1/2 and JNK pathways.

Next, we tried to delineate the molecular mechanism for
transcriptional activation of CREBH by CB1R signaling. Treat-
ment of 2-AG to several serial deletion constructs of the
CREBH promoter revealed a putative AP-1 binding site that
renders 2-AG responsiveness to the CREBH promoter (Fig.
3A). A point mutation of the AP-1 site (AP-1 m) dramatically
abolished 2-AG-mediated activation of the CREBH gene pro-
moter (Fig. 3B). Moreover, Western blot analysis revealed that
2-AG treatment significantly increased c-Jun phosphorylation
(Fig. 3C). c-Jun homodimerization significantly activated the
CREBH gene promoter, whereas c-Jun/c-fos heterodimeriza-
tion showed no significant activation of the CREBH promoter
compared with c-Jun alone (Fig. 3D, left panel). Furthermore, a
kinase-dead mutant of c-Jun (c-Jun K, S63/73A) cotransfec-
tion significantly inhibited 2-AG-mediated activation of the
CREBH gene promoter (Fig. 3D, right panel). Finally, an endog-
enous ChIP assay in AMLI12 cells demonstrated c-Jun occu-
pancy in the CREBH promoter region upon 2-AG treatment
(Fig. 3E). This result was further confirmed by using wild-type
and AP-1 mutant CREBH promoter constructs. 2-AG treat-
ment significantly enhanced c-Jun phosphorylation and bind-
ing to the AP-1 site in the wild-type CREBH promoter but not
in the AP-1 mutant promoter (Fig. 3F), thereby suggesting that
the AP-1 site confers 2-AG responsiveness in the CREBH pro-
moter. Overall, these data suggest that the JNK signal transduc-
tion pathway is a critical component for CB1R-mediated induc-
tion of CREBH.

CBIR Signaling Induces Hepatic Gluconeogenesis in Primary
Hepatocytes—Several studies have demonstrated a correlation
between CBIR signaling and glucose metabolism (7, 11). How-
ever, to date, no clear evidence has been presented to elucidate
the role of CB1R signaling on hepatic gluconeogenesis. There-
fore, we addressed the effect of CBIR signaling on hepatic
gluconeogenesis. 2-AG (Fig. 4A) treatment in primary rat
hepatocytes significantly induced mRNA levels of the key
gluconeogenic enzyme genes Pepck and G6pc as well as per-
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FIGURE 4. Induction of hepatic gluconeogenesis by Cb1r signaling. A-C,
primary rat hepatocytes (A and B) or primary human hepatocytes (C) were
treated with 2-AG, and total RNA was isolated (A and C) for semiquantitative
RT-PCR (A, left panel) or gPCR analysis after 12 h treatment (A, right panel, and
(). Measurement of glucose production (B) was performed using glucose-free
media supplemented with gluconeogenic substrate sodium lactate (20 mm)
and sodium pyruvate (1 mm) after 12-h 2-AG treatment. Data represent
mean = S.D. of three individual experiments. *, p < 0.05 versus vehicle treated
cells.

Pepck G6pc

oxisome proliferator-activated receptor-y coactivator la
(Ppargcla) in a time-dependent manner. 2-AG treatment
also demonstrated a significant increase in glucose produc-
tion in hepatocyte culture media (Fig. 4B). Furthermore,
2-AG treatment in primary human hepatocytes showed a
significant induction of CREBH along with Pepck and G6pc
mRNA levels (Fig. 4C), thereby suggesting that CB1R signal-
ing induces hepatic gluconeogenesis in primary hepatocytes.

CREBH Is Required for CBIR Signaling-mediated Activation
of the Pepck and G6pc Gene Promoters—Next, we tried to elu-
cidate the molecular mechanism of 2-AG-mediated induction
of hepatic gluconeogenic enzyme genes and the role of CREBH
in mediating this effect. 2-AG treatment demonstrated a signif-
icant induction of the Pepck and G6pc gene promoters. Inter-
estingly, cotransfection with the dominant negative mutant of
CREBH (DN-CREBH) impaired the 2-AG-mediated transcrip-
tional activation of the Pepck and G6pc promoters by ~ 85%
(Fig. 5A). In our previous study, we characterized the binding
site of CREBH in both Pepck and G6pc gene promoters (14).
Accordingly, wild-type promoters of Pepck and G6pc were sig-
nificantly activated upon 2-AG treatment, whereas 2-AG
responsiveness in the CREBH-binding site mutant (CREBH-RE
mutant) promoters were blunted significantly (~80% decrease
compared with the wild-type constructs) (Fig. 5B). Next, we
assessed the binding of CREBH to the endogenous Pepck and
G6pc gene promoters upon 2-AG treatment (Fig. 5C), and
finally, endogenous CREBH binding to the CREBH-response
elements in the Pepck and G6pc gene promoters upon
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are expressed as the fold activation relative to the control, representing mean = S.D. of three individual experiments.*, p < 0.05; **, p < 0.05 versus control and
2-AG treated cells in the absence of cotransfected DN-CREBH (A) or CREBH-RE mutant promoters (B), respectively. C, endogenous ChIP assay. AML12 cells were
treated with vehicle or 2-AG for 12 h. Soluble chromatin was prepared and immunoprecipitated with monoclonal antibody against CREBH or IgG only as
indicated. 10% of the soluble chromatin was used as input. A semiquantitative RT-PCR analysis was performed to determine the binding of c-Jun to the
endogenous Pepck and G6pc gene promoters. D, ChIP assay. AML12 cells were transfected with Pepck-Luc or G6pc-Luc (200 ng) wild-type or CREBH-RE mutant.
Following transfection and serum starvation, cells were treated with vehicle or 2-AG for 12 h. Soluble chromatin was prepared and immunoprecipitated with
monoclonal antibody against CREBH, HNF-4, or IgG only as indicated. 10% of the soluble chromatin was used as input. A semiquantitative RT-PCR analysis was
performed using primers amplifying the indicated regions of the Pepck and G6pc promoter to determine the binding of CREBH and HNF-4« after 2-AG

treatment. Data are representative of three independent experiments.

activation of CBIR signaling was confirmed by ChIP assay
with CREBH-specific antibody. Hepatocyte Nuclear Factor
(HNF)-4a binding was demonstrated as a positive control
(Fig. 5D).

As expected, 2-AG treatment significant enhanced CREBH
binding to the endogenous (Fig. 5C) as well as to the wild-type
promoters but no binding was observed in the mutant pro-
moter constructs (Fig. 5D). Endogenous HNF-4« binding to the
Pepck and G6pc promoters (wild-type and CREBH-RE mutant)
remained unaffected in the absence or presence of 2-AG treat-
ment. These data indicate that CBIR signaling-mediated
CREBH occupancy plays a key role in the activation of gluco-
neogenic gene promoters.

Knockdown of CREBH Attenuates CBIR Signaling-mediated
Up-regulation of Hepatic Gluconeogenesis—To clarify the role
of CREBH in gluconeogenic gene expression during CB1R sig-
naling activation in primary rat hepatocytes, we used adenovi-
ral-mediated knockdown of CREBH expression (CREBH
shRNA, CREBHi). 2-AG treatment led to a marked induction of
gluconeogenic enzyme genes Pepck and Gé6pc as well as
CREBH and CB1R mRNA levels in USi-infected hepatocytes
but failed to significantly induce Pepck or G6pc expression in
CREBH shRNA (CREBHi)-infected hepatocytes (Fig. 6A4) or

27976 JOURNAL OF BIOLOGICAL CHEMISTRY

any significant increase of glucose production in hepatocytes
(B). Furthermore, 2-AG treatment demonstrated a similar
significant induction pattern of Pepck, G6pc, and CREBH
expression in primary human hepatocytes, and knockdown of
endogenous CREBH expression dramatically abolished the
2-AG-mediated induction of Pepck and Gépc (Fig. 6C). Inter-
estingly, knockdown of CREBH alone led to significant reduc-
tion of basal Pepck and G6pc mRNA levels in primary human
hepatocytes. Overall, these results suggest a key role of CREBH
in mediating CBIR signaling and ER stress-induced hepatic
gluconeogenesis.

AM251, a CBIR-specific Antagonist, and Insulin Reverse CBIR
Signaling-mediated Induction of Hepatic Gluconeogenesis—Fi-
nally, we tried to investigate the effect of CBIR antagonist
AM?251 and insulin on CBIR signaling-mediated activation of
CREBH and the subsequent increase in hepatic gluconeogene-
sis. Interestingly, treatment of either AM251 or insulin signifi-
cantly down-regulated 2-AG-mediated induction of Pepck and
Gopc gene expression along with the CREBH mRNA level in
primary rat hepatocytes (Fig. 7A), and as a consequence of this
decrease in gene expression, we observed a dramatic decrease
in glucose production in primary hepatocytes upon AM251
and insulin treatment (Fig. 7B). Interestingly, insulin showed
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FIGURE 6. Knockdown of Crebh expression attenuates Cb1r signaling-
mediated up-regulation of hepatic gluconeogenesis. A and B, primary rat
hepatocytes were infected with adenovirus USi (50 multiplicity of infection)
or CREBH shRNA (CREBHi, 50 multiplicity of infection) for 48 h followed by
treatment with 2-AG for 12 h, and total RNA was isolated for qPCR analysis (A).
Measurement of glucose production (B) was performed using glucose-free
media supplemented with gluconeogenic substrate sodium lactate (20 mm)
and sodium pyruvate (1 mm). Data represent mean =+ S.D. of three individual
experiments. *, p < 0.05; **, p < 0.001 versus vehicle and 2-AG treated cells in
the absence of CREBHi overexpression, respectively. C, primary human hepa-
tocytes were infected with adenovirus USi (50 multiplicity of infection) or
CREBH shRNA (CREBHi, 50 multiplicity of infection) for 48 h followed by treat-
ment with 2-AG for 12 h, and total RNA was isolated for gPCR analysis. Data
represent mean = S.D. of three individual experiments. *, p < 0.05; **, p <
0.001 versus vehicle and 2-AG treated cells in the absence of CREBHi overex-
pression, respectively.

significant inhibition of the 2-AG-activated CREBH gene
promoter (Fig. 7C). Consistent with these data, insulin sig-
nificantly decreased mRNA levels of the 2-AG-induced
Pepck, G6pc, and CREBH genes in primary human hepato-
cytes (Fig. 7D). Overall, these findings, in both rodent and
human primary hepatocytes, strongly indicate CREBH to
play a critical role in mediating CBIR signaling and ER
stress-induced hepatic gluconeogenesis.

DISCUSSION

The current findings delineate a novel mechanism by which
the hepatic endocannabinoid-CBIR signaling system induces
and activates ER-bound stress-sensory transcription factor
CREBH via the JNK signaling pathway. Activation of CREBH
leads to the induction of the key hepatic gluconeogenic enzyme
genes Pepck and G6pc and increases glucose production in pri-
mary hepatocyte culture (Fig. 7E). Several findings have dem-
onstrated the role of CBIR signaling in diet-induced obesity
and insulin resistance conditions, suggesting a critical role of
cannabinoid signaling in regulating glucose metabolism (2-7).
However, to date, there is no evidence of involvement of CB1R
signaling in initiating a stress condition and directly affecting
hepatic gluconeogenic enzyme gene expression. Considering
the importance of the endocannabinoid system and stress sig-
naling in modulating various metabolic pathways (7, 19, 20),
our present findings shed light into the detailed molecular
mechanism of action of the hepatic CB1R signaling pathway,
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which may provide important clues in controlling glucose
homeostasis.

Previous studies have demonstrated the endocannabinoid
system to be one of the most relevant regulators of energy bal-
ance. Blockade of CB1 receptors causes a reduction in food
intake and a sustained weight loss and enhances insulin sensi-
tivity in both humans and rodents (7). It is well established that
the endocannabinoid system contributes to the control of lipid
and glucose metabolism. However, not much information is
available regarding the downstream signaling pathway involved
in mediating the effects of endocannabinoid and activated
CBIR in liver. Our present findings identify the downstream
kinase (JNK) and a novel target of CBIR (CREBH) that connects
the endocannabinoid system to the dysregulation of hepatic
glucose homeostasis. CB1R has been reported previously to
activate the ERK, p38MAPK, PI3K, and JNK signaling pathways
(21). A recent report demonstrated that CB1R agonist, AEA,
treatment in skeletal muscle cells activated ERK and p38MAPK
signaling and impaired insulin-stimulated Akt phosphoryla-
tion, leading to insulin-resistant conditions in skeletal muscles
(22). Our results indicate that 2-AG-mediated induction and
activation of CREBH occurs via JNK activation and c-Jun phos-
phorylation, indicating a broad spectrum of the mode of action
of CBI1R that may be tissue-specific in nature. However, our
results using various signaling pathway inhibitors to determine
the specific protein kinase involved in 2-AG-mediated activa-
tion of the CREBH promoter (Fig. 2C) suggest the possibility of
cross-talk between more than one signaling pathway, although
JNK seemed to be the predominant kinase involved in this phe-
nomenon. Moreover, it has also been reported that the biosyn-
thesis and degradation of AEA and 2-AG occur through dis-
tinct pathways and likely result in a distinct mode of action of
these two agonists (1). Another previous report demonstrated
ER stress-mediated induction of hepatic gluconeogenesis and
hepatic glucose production (19). However, it was unclear
regarding the mechanism by which ER stress induced gluco-
neogenesis. Our findings indicate CREBH to be the missing link
that connects ER stress to hepatic gluconeogenesis.

In addition to glucose metabolism, endocannabinoid-acti-
vated CBIR signaling has been implicated in dysregulation of
the lipid metabolism in the liver (7, 11, 12). Recent studies using
global and liver-specific knockdown of CB1R in mice has dem-
onstrated resistance to high-fat diet induced obesity (11) and
chronic alcohol-induced hepatic steatosis (23). CB1R activa-
tion has been shown to directly stimulate hepatic gene expres-
sion of the lipogenic transcription factor Srebp-1lc and its
downstream targets acetyl-CoA carboxylase-1 (Accl) and fatty
acid synthase (Fas), leading to increased lipogenesis. Interest-
ingly, both Srebp-1c and CREBH are ER-resident transcription
factors and are regulated by regulated intramembrane proteol-
ysis in response to ER stress (13) that leads to activation of their
downstream targets and metabolic pathways, lipogenesis and
gluconeogenesis, respectively. However, our results suggest
that CB1R signaling has no observable effect on another ER-
bound transcription factor, Atf6. A recent report (24) indicated
a negative regulatory role of Atf6 in hepatic gluconeogenesis by
interacting with and inhibiting CREB-regulated transcription
coactivator 2 (CRTC2) function, whereas our previous study
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FIGURE 7. Cb1r-specific antagonist AM251 and insulin reverses 2-AG mediated induction of hepatic gluconeogenesis. A and B, primary rat hepatocytes
were pretreated with insulin (Ins, 10 nm) or AM251 for 1 h followed by treatment with 2-AG in the continued presence or absence of insulin or AM251 for 12 h,
and total RNA was isolated for gPCR analysis. Measurement of glucose production (B) was performed using glucose-free media supplemented with gluconeo-
genic substrate sodium lactate (20 mm) and sodium pyruvate (1 mm). Data represent mean = S.D. of three individual experiments. *, p < 0.05; **, p < 0.001
versus control and 2-AG, respectively. C, AML12 cells were transfected with Crebh-Luc (100 ng) for 24 h. Cells were then pretreated with insulin for 1 h followed
by treatments with 2-AG for 12 h in serum-free media as indicated. Data are expressed as the fold activation relative to the control, representing mean *+ S.D.
of three individual experiments. ¥, p < 0.05; **, p < 0.001 versus vehicle and 2-AG treated cells, respectively. D, primary human hepatocytes were pretreated
with insulin (/ns, 10 nm) for 1 h followed by treatment with 2-AG in the continued presence or absence of insulin for 12 h, and total RNA was isolated for gPCR
analysis. Data represent mean = S.D. of three individual experiments. *, p < 0.05; **, p < 0.05 versus control and 2-AG, respectively. E, schematic depiction of
CB1R-mediated induction of hepatic gluconeogenesis. CB1R signaling phosphorylates JNK, leading to phosphorylation and activation of c-Jun. Phosphory-
lated c-Jun activates and induces Crebh gene expression, which in turn induces hepatic gluconeogenesis via induction of Pepck and G6pc gene expression and

increases hepatic glucose production.

demonstrated that CRTC2 potentiates the CREBH-mediated
induction of Pepck and Gé6pc gene expression. These interest-
ing but opposite observations indicate the possibility of an early
response and delayed-response phase under various ER stress
condition.

Clinical data has demonstrated that serum levels of both
2-AG and AEA were increased in type II diabetic patients and
the circulating 2-AG level was significantly correlated with
body fat, visceral fat mass, fasting plasma insulin concentra-
tions and C-reactive protein (CRP) level (7). In this regard, a
previous study has reported that CREBH induces CRP gene
expression and CREBH knock-out mice demonstrated a signif-
icant reduction in CRP mRNA level (13). Our results indicate
that CREBH knockdown in primary rat and human hepatocytes
led to significant attenuation of CB1R signaling and ER stress-
induced gluconeogenic gene expression along with reduction in
glucose production. Future studies with liver-specific ablation
of CREBH in genetically engineered rodent models exposed to
ER stress or diet-induced obese conditions will provide a clear
picture regarding the role of CREBH in mediating these effects.
The pharmacological blockade of CBIR by Rimonabant (RIO,
Rimonabant in Obesity) as well as a Rimonabant diabetes trial
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demonstrated the efficacy of CB1 receptor antagonism in treat-
ing insulin resistance conditions as well as the improvement of
glucose homeostasis in humans (25, 26). Similar results have
been obtained using AM251, which was also able to decrease
circulating plasma glucose and enhance glucose tolerance fol-
lowing glucose load in chronically treated ob/ob mice (9). In
accordance with these observations, our results in human and
rat primary hepatocytes indicate that blockade of CB1R signal-
ing by insulin or AM251 resulted in a dramatic decrease in
CREBH gene expression and subsequently led to decrease in
Pepck and G6pc gene expression and glucose production. How-
ever, possible neuropsychiatric side effects because of non-se-
lective pharmacological inhibition of CB1R have led to with-
drawal of Rimonabant from clinical trials. Therefore, detailed
elucidation of the molecular mechanism involved in CB1R-me-
diated up-regulation of hepatic gluconeogenesis may provide
alternative options for potential therapeutic purposes in diet-
induced obese conditions. In this regard, in vitro studies have
reported that treatment with the CB1 antagonist AM251
increased mRNA levels of the « 1 isoform of AMP-activated
protein kinase (AMPKal) in myotubes from lean and obese
patients, an effect that might lead to fatty acid oxidation (27).
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Recent studies from our group have also demonstrated the ben-
eficial effects of pharmacological activation of AMPKal in
rodent models by the anti-diabetic drug metformin (28) and the
anti-lipidemic drug fenofibrate (29) in the diabetic and non-
alcoholic steatohepatitis settings, respectively. Furthermore,
our recent study indicates that induction of CREBH gene
expression can be attenuated by metformin-induced induction
of orphan nuclear receptor small heterodimer partner (SHP,
NROB2) gene expression (14). With detailed elucidation of the
molecular mechanism of CBI1R signaling action, our current
findings might provide interesting clues to further therapeutic
options in the treatment of the hyperactivated endocannabi-
noid system state.

In summary, our study demonstrates the molecular mecha-
nism of endocannabinoid system-mediated regulation of
hepatic gluconeogenesis involving the activation of the INK sig-
naling pathway and the ER-bound transcription factor CREBH
and unravels an unprecedented link between hepatic CB1R and
stress signaling to initiate a perturbation in glucose homeosta-
sis in hepatocytes.
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