
Hyperactivation of anandamide synthesis and
regulation of cell-cycle progression via cannabinoid
type 1 (CB1) receptors in the regenerating liver
Bani Mukhopadhyaya,1, Resat Cinara,1, Shi Yinb, Jie Liua, Joseph Tama, Grzegorz Godlewskia, Judith Harvey-Whitea,
Isioma Mordic, Benjamin F. Cravattd, Sophie Lotersztajne,f, Bin Gaob, Qiaoping Yuanc, Kornel Schuebelc,
David Goldmanc, and George Kunosa,2

aLaboratory of Physiological Studies, bLaboratory of Liver Biology, and cLaboratory of Neurogenetics, National Institute on Alcohol Abuse and Alcoholism,
National Institutes of Health, Bethesda, MD 20892; dScripps Institute, La Jolla, CA 92037; eInstitut National de la Santé et de la Recherche Médicale U955; and
fUniversité Paris XII Val de Marne, Créteil, France

Edited by Leslie Lars Iversen, University of Oxford, Oxford, United Kingdom, and approved February 16, 2011 (received for review November 24, 2010)

The mammalian liver regenerates upon tissue loss, which induces
quiescent hepatocytes to enter the cell cycle and undergo limited
replication under the control ofmultiple hormones, growth factors,
and cytokines. Endocannabinoids acting via cannabinoid type 1
receptors (CB1R) promote neural progenitor cell proliferation, and
in the liver they promote lipogenesis. These findings suggest the
involvement of CB1R in the control of liver regeneration. Here we
report that mice lacking CB1R globally or in hepatocytes only and
wild-type mice treated with a CB1R antagonist have a delayed pro-
liferative response to two-thirds partial hepatectomy (PHX). In
wild-type mice, PHX leads to increased hepatic expression of CB1R
and hyperactivation of the biosynthesis of the endocannabinoid
anandamide in the liver via an in vivo pathway involving conjuga-
tion of arachidonic acid and ethanolamine by fatty-acid amide hy-
drolase. In wild-type but not CB1R

−/− mice, PHX induces robust up-
regulation of key cell-cycle proteins involved in mitotic progression,
including cyclin-dependent kinase 1 (Cdk1), cyclin B2, and their tran-
scriptional regulator forkhead box proteinM1 (FoxM1), as revealed
by ultrahigh-throughput RNA sequencing and pathway analysis
and confirmed by real-time PCR and Western blot analyses. Treat-
ment of wild-type mice with anandamide induces similar changes
mediated via activation of the PI3K/Akt pathway.We conclude that
activation of hepatic CB1R by newly synthesized anandamide pro-
motes liver regeneration by controlling the expression of cell-cycle
regulators that drive M phase progression.

The mammalian liver has a unique ability to regenerate fully
after tissue loss or injury, thus ensuring that the critical

functions of the liver are maintained. Liver regeneration is tightly
regulated by multiple growth factors, cytokines, and hormones
that induce quiescent hepatocytes to enter the cell cycle and
undergo limited replication to restore liver mass (1, 2). Loss of
liver tissue can occur in response to toxic chemicals, such as al-
cohol or CCl4, or viral infection, in which case the regenerative
process is superimposed on an inflammatory response aimed at
removing dead cells or the infectious agent. There is no in-
flammatory response during the regenerative response triggered
by surgical removal of part of the liver, as in the case of liver
tumors or liver transplantation. Two-thirds partial hepatectomy
(PHX) is an experimental model for liver regeneration un-
complicated by an inflammatory response that frequently is used
to gain insight into humoral factors that modulate hepatocyte
proliferation. In mice, the peak proliferative response occurs
40 h after PHX.
Endocannabinoids, such as arachidonoyl ethanolamide (anan-

damide, AEA) and 2-arachidonoylglycerol (2-AG), are lipid
mediators that promote neural progenitor cell proliferation via
activation of cannabinoid type 1 receptors (CB1R) in the brain (3,
4). CB1R and endocannabinoids also are present in the liver (5)
where they promote de novo lipogenesis (5–7), a process also ac-
tivated during regeneration (8–10). The ability of endocannabi-
noids to promote cell proliferation and to stimulate hepatic

lipogenesis suggests that they may contribute to the early stages of
the regenerative response of the liver. In the present study, we
tested this hypothesis by examining the effects of pharmacolo-
gical and genetic manipulation of CB1R on the proliferative re-
sponse to PHX in mice and on the PHX-induced changes in the
hepatic gene-expression profile, using ultrahigh-throughput RNA
sequencing followed by pathway analysis. The results indicate that
PHX induces hyperactivation of the hepatic AEA/CB1R system
that contributes to the proliferative response via induction of cell-
cycle proteins that drive M-phase progression.

Results
Effect of Genetic or Pharmacological Ablation of CB1R on the
Proliferative Response to PHX. To investigate the effect of CB1R
signaling on the regenerative response to PHX, we quantified
proliferating hepatocytes by BrdU staining 40 h after PHX or
sham operation in wild-type mice and in mice lacking CB1R
globally (CB1R

−/−) or in hepatocytes only (LCB1R
−/−). After

PHX, the high proportion of BrdU+ cells in the wild-type liver
was reduced dramatically in CB1R

−/− and LCB1R
−/− livers as

well as in livers of wild-type mice treated with the CB1R antag-
onist rimonabant, 10 mg·kg−1·d−1 for 3 d before sacrifice (Fig.
S1). Accordingly, a small, but significant post-PHX increase in
liver weight was evident at 40 h in wild-type but not in CB1R

−/−

mice; however, the percent recovery of liver weight by the sixth
day was similar in the two strains, indicating catch-up growth in
CB1R

−/− mice (Fig. S2). This result suggests a prominent role for
hepatic CB1R in the early proliferative response.

Up-Regulation of CB1R and Hyperactivation of AEA Synthesis in
the Posthepatectomy Remnant Liver. In wild-type mice, PHX
up-regulated the hepatic endocannaboid/CB1R system, as in-
dicated by a 7.5-fold increase in CB1R mRNA, a more modest
increase in CB1R protein levels (Fig. 1A), and a dramatic in-
crease in the tissue levels of AEA (Fig. 1B) but not 2-AG (2.6 ±
0.5 pmol/mg in 0-h samples vs. 1.3 ± 0.4 pmol/mg in 40 h sam-
ples; P > 0.1). The increase in hepatic AEA was short-lived,
because levels were back to control levels by the sixth day
posthepatectomy (Fig. S3). The unprecedented, >100-fold in-
crease in hepatic AEA content, which exceeds brain levels by
two orders of magnitude, led us to explore the underlying
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mechanism. The steady-state levels of AEA reflect the balance
between its biosynthesis and degradation, the latter catalyzed by
fatty-acid amide hydrolase (FAAH), yielding arachidonic acid
and ethanolamine (11). To assess AEA biosynthetic activity,
mice subjected to PHX were treated with the FAAH inhibitor
URB597 (1 mg/kg) 1 h before sacrifice to prevent AEA degra-
dation. Unexpectedly, URB597 blunted rather than potentiated
the PHX-induced increase in hepatic AEA (Fig. 1C). PHX
similarly failed to increase hepatic AEA in FAAH−/− mice (Fig.
1D). This result strongly suggests that in the post-PHX liver,
AEA synthesis is catalyzed by FAAH operating in reverse,
resulting in the conjugation of arachidonic acid and ethanol-
amine. Accordingly, trace amounts of [2H4]ethanolamine added
to liver extracts were incorporated into [2H4]AEA in 40-h post-
PHX tissue but not in 0-h samples from wild-type mice, nor in
either 0-h or 40-h samples from FAAH−/− or CB1R

−/− mice (Fig.
1E). The levels of another FAAH substrate, oleoylethanolamide
(OEA), also increased in 40-h vs. 0- h liver samples (573 ± 187
vs. 134 ± 14 fmol/mg; n = 3), and this increase similarly was
absent in FAAH−/− mice (40 h: 202 ± 45 fmol/mg vs. 0 h: 175 ±
14 fmol/mg; n = 3). The increase in the AEA synthase activity of
FAAH in 40-h vs. 0-h samples was paralleled by a decrease in its
amidase activity, as assayed by the degradation of [3H]AEA (Fig.
1F), presumably because of the inhibition by the end products.
Reversal of the reaction catalyzed by FAAH may occur only at

high substrate concentrations (12). Indeed, PHX increased he-
patic arachidonic acid from 121 ± 48 μM at 0 h to 798 ± 189 μM
at 40 h (n = 5 P < 0.01), and a parallel increase in hepatic
ethanolamine levels from 0.32 to 1.47 mM at 48 h post-PHX was

reported earlier (13). To explore further which of the two re-
action products inhibits the amidase activity of FAAH, the
FAAH activity was measured in extracts of control livers sup-
plemented with either ethanolamine or arachidonic acid. Al-
though the addition of ethanolamine up to a final concentration
of 1.2 mM did not affect FAAH activity, the addition of arach-
idonic acid caused concentration-dependent inhibition in the 10-
to 100-μM range (Fig. S4). In contrast, the AEA synthase activity
of FAAH was increased strongly by excess arachidonic acid (100
μM), as measured by the incorporation of [2H4]ethanolamine
into AEA in extracts of normal mouse liver (Fig. S4).
The PHX-induced increase in hepatic AEA was blunted in

CB1R
−/− and LCB1R

−/− mice (Fig. 1D) and in rimonabant-
treated wild-type mice (Fig. 1C). This result suggests that AEA
can induce its own biosynthesis via activation of CB1R, and this
effect likely involves activation of phospholipase D (PLD),
analogous to the CB1R-mediated increase in PLD activity in
HEK293 cells stably transfected with CB1R and PLD2 (14). In-
deed, hepatic PLD activity was increased threefold in the 40-h vs.
0-h samples from wild-type mice, whereas baseline PLD activity
was lower and did not change after PHX in CB1R

−/− mice (Fig.
1G), a finding that is compatible with CB1R-mediated activation
of hepatic PLD in the regenerating liver.
The post-PHX increase in AEA apparently is limited to liver,

because AEA levels remained unaltered by PHX in the heart
(4.6 vs. 4.4 fmol/mg tissue), lungs (5.6 vs. 4.0 fmol/mg tissue), and
spleen (4.3 vs. 5.2 fmol/mg tissue) at 0 vs. 40 h (P > 0.2 for all
three tissues).
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Fig. 1. PHX up-regulates hepatic CB1R and hyper-
activates hepatic AEA synthesis via the conjugation
pathway. (A) Expression of CB1R in the liver is
induced 40 h following PHX, as documented by
immunohistochemistry (Upper), Western blotting
(Lower Right), and real-time PCR (Lower Left).
Specificity of CB1R immunostaining (brown color,
Upper Center) is indicated by its elimination by
a blocking peptide. *P < 0.05 relative to 0-h control
value; n = 5. Note that for Western blots, CB1R first
were immunoprecipitated using N-terminal anti-
body and then were gel-fractionated and blotted
with C-terminal antibody, as described inMaterials
and Methods. (B) Hepatic AEA content is measured
by LC-MS/MS. Representative ion chromatograms
from the post-PHX remnant livers (40 h) and the
resected livers (0 h) from the same mice are shown.
(C) Hepatic levels of AEA in 0-h and 40-h post-PHX
samples of untreated, rimonabant (Rimo)-pretreated
(10 mg·kg−1·d−1 i.p. for 3 d) and URB597 (URB)-
treatedmice (1mg/kg i.p. at 38 h post-PHX). Results
shown are mean ± SE; n = 6 mice per group. *P <
0.005. In the same samples, 2-AG levels remained
unchanged (0 h: 225 ± 42 fmol/mg vs. 40 h: 310 ±
85 fmol/mg). (D) PHX fails to induce AEA bio-
synthesis in FAAH−/−, CB1R

−/−, and LCB1R
−/− mice.

(E ) [2H4]ethanolamine is converted into [2H4]AEA
in remnant but not in control liver from wild-type
but not from CB1R

−/− or FAAH−/− mice. Liver
homogenates were incubated with 50 μM [2H4]
ethanolamine at 37 °C for 30 min and then were
extracted for LC-MS/MS analysis of [2H4]AEA. (F )
The amidase activity of FAAH is lost in the post-
PHX liver. FAAH activity was assayed as the release
of [3H]ethanolamine from [3H]AEA, subject to in-
hibition by in vivo pretreatment with 1 mg/kg
URB597. (G) PLD activity is induced by PHX in
CB1R

+/+ but not in CB1R
−/−mouse liver. PLD activity

in liver homogenates was measured as described
inMaterials andMethods. *P< 0.05 relative to 0-h,
#P < 0.05 relative to 40-h value in wild-type mice.
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CB1R Induction of Cell-Cycle Proteins Involved in Mitotic Progression.
To identify downstream targets of CB1R in the regenerating
liver, genome-wide hepatic gene expression was profiled in
control and post-PHX liver from wild-type and CB1R

−/− mice,
using ultrahigh-throughput RNA sequencing and pathway anal-
ysis software. Arbitrary cutoffs were set at a greater than fivefold
difference in gene expression between the 0-h and 40-h samples
from wild-type mice, coupled with a less than fivefold difference
for the corresponding values in CB1R

−/− mice. A distinct set of
cell-cycle proteins with a key role in mitotic progression dis-
played robust up-regulation in the post-PHX liver in wild-type
but not in CB1R

−/− mice (Fig. 2). These proteins include the
transcription factor forkhead box protein M1 (FoxM1) and its
targets cyclin B2 (Ccnb2) (15) and cyclin-dependent kinase 1
(CDK1), with additional proteins involved in DNA replication
and centrosome organization, including kinesin-like 1 (Knsl1)
(16), proliferating nuclear cell antigen (PCNA) (17), and Rad21
(18). In addition, the lipogenic transcription factor sterol regu-
larity element-binding protein 1c (SREBP-1c) showed the same

pattern of activation, in agreement with evidence that its hepatic
expression is regulated by CB1R (5) and that lipogenesis is in-
creased in the regenerating liver (8–10). These targets were
validated at the mRNA and protein levels by real-time PCR and
Western blotting, respectively (Figs. 3 and 4 A–C). Furthermore,
acute in vivo treatment of mice with 10 mg/kg AEA resulted in
rapid up-regulation of Foxm1, Ccnb2, Cdk1, Rad21, Pcna, and
Knsl1 in the liver of wild-type, but not CB1R

−/−, mice, as
detected by real-time PCR (Fig. S5). Similar treatment with 2-
AG caused a much smaller and delayed response (Fig. S6),
perhaps in part because exogenous 2-AG is degraded much more
rapidly than AEA in vivo (19).

CB1R Induces Foxm1 Expression via the PI3K/Akt Signaling Pathway.
CB1R couple to multiple signaling pathways, including the PI3K/
Akt cell-survival pathway, which mediates its effect on neural
progenitor cell proliferation (3, 4). Akt and its negative regulator,
phosphatase and tensin homolog (PTEN), also are involved in
regulating the expression of Foxm1 (20, 21). Accordingly, Akt

A
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2: CB1R
+/+ 40

3: CB1R
-/- 0

4: CB1R
-/- 40

B

Fig. 2. Global transcriptome analysis
reveals CB1R-dependent, PHX-induced
up-regulation of key cell-cycle proteins.
Transcript levels of cell-cycle proteins
involved in mitosis progression (A) or
spindle separation (B) were determined
using ultrahigh-throughput RNA se-
quencing and grouped on the basis of
pathway analyses. Genes whose expres-
sion is increased by PHX in wild-type but
not in CB1

−/− mouse liver are high-
lighted in yellow and include Foxm1 and
its targets Ccnb2, Cdk1, and Knsl1 (A) as
well as Rad21 and Pcna (B). Relative
mRNA levels are displayed as vertical
red bars, with the four treatment
groups juxtaposed in the indicated or-
der for easy visual analysis.
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phosphorylation was increased and PTEN phosphorylation was
decreased in 40-h post-PHX vs. 0-h liver samples from wild-type
mice, but no such changes were noted in corresponding tissue
samples fromCB1R

−/−mice (Fig. 4D). The association ofAkt with
FoxM1 was demonstrated further by immunoprecipitating the
complex using a FoxM1 antibody and then visualizing the gel-
fractionated complex by an antibody against phosphorylated Akt
(p-Akt) (Fig. 4D). This result indicates that the CB1R-mediated
induction of Foxm1 occurs via the Akt/PTEN signaling pathway.

Discussion
This study demonstrates that AEA acting via hepatic CB1
receptors plays a key role in liver regeneration by controlling
the expression of cell-cycle regulators that drive M-phase pro-
gression. It also provides evidence for hyperactivation of the
biosynthesis of AEA in the regenerating liver via the enzymatic
conjugation of arachidonic acid and ethanolamine, a pathway
that previously had been thought to operate only under artificial,
in vitro conditions.
The in vivo biosynthesis of AEA originally was proposed to

occur via the conjugation of arachidonic acid and ethanolamine
(22–24). However, the Ca2+-dependent biosynthesis of AEA
from larger membrane phospholipid precursors now is widely
considered the mechanism of AEA biosynthesis in vivo, via ei-
ther the originally proposed transacylation/phosphodiesterase

pathway (25) or alternative, parallel pathways (26, 27). As a
result, the conjugation pathway has become viewed as an arti-
fact of the high in vitro concentrations of arachidonic acid and
ethanolamine used in the assay (12), which may occur only in
postmortem tissue (28). The present findings present evidence
for AEA biosynthesis via the conjugation pathway under well-
defined in vivo conditions. At the exceptionally high, micro-
molar levels of AEA generated via the conjugation pathway,
hepatic CB1R would be maximally occupied and activated in the
regenerating liver, as also is suggested by the decrease observed
in the early proliferative response with rimonabant treatment or
in the CB1

−/− liver.
It has been speculated that coincident activation of phospho-

lipase A2 (PLA2) and PLD could trigger the conjugation pathway
via the release of arachidonic acid and ethanolamine, re-
spectively (23), thus reversing the direction of the enzymatic
reaction because of the end-product inhibition of the amidase
activity of FAAH. Indeed, we found that the addition of free
arachidonic acid, but not ethanolamine, caused concentration-
dependent inhibition of the amidase activity and a reciprocal
dramatic increase in the AEA synthase activity of FAAH in
extracts of normal liver (Fig. S4). The relative importance of
arachidonic acid versus ethanolamine may be tissue dependent,
because in extracts of peritoneal macrophages (29) or rat testis
membranes (30), it was the addition of 0.1–1 mM ethanolamine
that reportedly increased AEA synthesis by the conjugation
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Fig. 3. PHX-induced hepatic expression of cell-cycle proteins and the lipo-
genic transcription factor SREBP1c is blunted in CB1R

−/− mice. (A) Cell-cycle
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expression determined as above. *P < 0.05 from corresponding 0-h value.

CB
1
R

+/+
 40h CB

1
R

-/-
 40h

CB
1
R

-/-
 0hCB

1
R

+/+
 0h

0

5

10

15

20

25

30

35

F
O

X
M

1
 p

o
s
it

iv
e
 

H
e
p

a
to

c
y
te

s
 /
 f

ie
ld

0

10

20

30

40

50
*

*

*

#

#

FOXM1

β-actin

A

C

D

B

CB
1R

PI3K

PTEN PIP3

PDK1

AKT

Cell

Proliferation

FOXM1

?

?

?

β-actin

β-actin

0 04 0 40

CB
1
R +/+ CB

1
R -/-

0 04 0 40

CB
1
R +/+ CB

1
R -/-

0 040 40

CB
1
R +/+ CB

1
R -/-

0 040 40

CB
1
R +/+ CB

1
R -/-

Total- AKT

IP:FOXM1

Phospho- AKT

Phospho- AKT

Phospho- PTEN

Total- PTEN

0 40

CB
1
R +/+

0 40

CB
1
R -/-

m
R

N
A

 (
F

o
ld

 C
h

a
n

g
e

) 

F
o

x
m

1

Fig. 4. PHX-induced hepatic expression of FoxM1 ismediated by CB1R via the
Akt/PTEN pathway. Induction of Foxm1 mRNA assessed by real-time PCR (A)
and FoxM1 protein documented by Western blotting (B) and immunohisto-
chemistry (C) is blunted in the liver of CB1R

−/− mice. (D) PHX increases p-Akt,
decreases phosphorylated PTEN (p-PTEN), and increases the association of p-
Akt with FoxM1 in livers from wild-type but not from CB1R

−/− mice. p-Akt/
FoxM1 complexes (bottom lane) were identified by immunoprecipitation with
a FoxM1 antibody followed by Western blotting with a p-Akt antibody.

6326 | www.pnas.org/cgi/doi/10.1073/pnas.1017689108 Mukhopadhyay et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1017689108/-/DCSupplemental/pnas.201017689SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1017689108


pathway, whereas arachidonic acid mobilization by calcium-
induced PLA2 activation had no such effect (29).
The transacylase/phosphodiesterase pathway is not specific for

arachidonic acid-containing N-acylethanolamides (25), but the
conjugation pathway is (23, 30), and this specificity may explain
its greater capacity to generate AEA (>100-fold increase) than
other acylethanolamides, such as OEA, levels of which were
increased only fourfold.
The robust activation of proteins involved in cell-cycle pro-

gression during liver regeneration is expected and in some cases
has been documented by targeting individual genes (31, 32) or
using gene-array methodology (33). By sequencing of the entire
transcriptome of liver tissue at a critical early phase of re-
generation and by comparing transcriptional changes in wild-type
and CB1R-deficient mice which have a delayed regenerative re-
sponse, this study presents an unbiased genome-wide view of the
transcriptome change during liver regeneration. By pathway
analysis, the whole-genome sequencing implicated previously
known networks involved in cell-cycle progression and also
detected a key role for endocannabinoids in regulating the activity
of those networks. The finding that the set of genes induced by
PHX in the wild-type liver is not induced in the CB1R

−/− liver
strongly implicatesAEAacting viaCB1Ras themediator involved.
This activity is supported further by the observation that acute in
vivo treatment of mice with AEA induced the expression of the
same genes in the liver of wild-type but not of CB1R

−/− mice.
The FoxM1 transcription factor plays a central role in con-

trolling the expression of a network of genes involved in mitotic
progression (34) and also has been implicated in hepatocellular
carcinoma (35). Mice with hepatocyte-specific deletion of Foxm1
have reduced DNA replication and complete inhibition of mi-
totic activity in hepatocytes after PHX (31) and also are highly
resistant to chemically induced hepatocellular carcinoma (35).
The finding that PHX or AEA up-regulates Foxm1 gene ex-
pression as well as the level of FoxM1 protein in wild-type but
not CB1R

−/− mice clearly indicates that endogenous AEA acting
via CB1R plays a key role in this effect. This role is confirmed
further by the ability of in vivo treatment with AEA to induce
Foxm1 expression in the liver of wild-type but not CB1R

−/− mice.
In CCl4-induced liver injury, increased CB2R activity in non-

parenchymal liver cells and infiltrating leukocytes has been
reported to reduce tissue damage and promote hepatocyte pro-
liferation via a paracrine mechanism involving IL-6 and TNF-α
(36). These effects probably are mediated by 2-AG, because
CCl4 has been shown to cause a selective increase in hepatic 2-
AG content (37). However, CB2R are unlikely to contribute to
the PHX-induced changes in gene expression described here, as
indicated by the absence of such changes in the liver of CB1R

−/−

mice (Figs. 2 and 3).
The present findings add endocannabinoids and CB1 receptors

to the list of established promitogenic factors, including hepa-
tocyte growth factor (HGF) and its receptor cMET, the epi-
dermal growth factor receptor (EGFR), and the cytokine TNF-α,
whose mitogenic action is mediated via the Akt-dependent ac-
tivation of NFκB (2). The redundancy of hepatic mitogens is the
most likely reason regeneration is delayed, but not prevented, in
the absence of CB1. Whether endocannabinoids may interact
with other hepatic mitogens is not yet clear, although there is
reason to suspect that they do. In certain paradigms, AEA syn-
thesis is triggered via NFκB and Akt activation (38), and in turn,
CB1R can activate Akt (39) and transactivate the EGFR (40).
Unlike HGF, whose levels are increased by PHX both in liver
and in distant organs, suggesting the involvement of a hormonal
factor in its induction (41), the PHX-induced increase in AEA is
limited to the remnant liver, compatible with its action as an
autocrine or paracrine-acting mitogen.
The present findings reveal a prominent role for endogenous

AEA acting via CB1R in regulating the expression of key cell-
cycle proteins required for mitotic progression in both regener-
ating liver and in liver carcinoma. Increased activity of the he-
patic endocannabinoid/CB1R system also has been implicated in

the pathology of liver cirrhosis, where it contributes to increased
fibrogenesis (42) and hemodynamic abnormalities leading to
ascites formation and hemorrhage (43). Indeed, reversal of these
effects by CB1R blockade may have therapeutic value in cirrhosis
(42, 43). Although CB1R blockade inhibits the early stages of
regeneration, this effect is transient and would be more than
offset by the benefit from suppressing the expression of cell-cycle
proteins implicated in hepatocellular carcinoma, the incidence of
which is known to be increased in cirrhotic individuals (44).

Materials and Methods
Animals. All procedures were approved by the Institutional Animal Care and
Use Committee and were performed in accordance with the National Insti-
tutes of Health Guide for the Care and Use of Laboratory Animals. C57BL/6J
mice were from Jackson Laboratories. Male mice 10–12 wk of age were used
in all experiments. CB1R

−/− and CB1R
+/+ littermates were obtained by breeding

heterozygotes that had been backcrossed to a C57BL/6J background, as de-
scribed (45). Mice with hepatocyte-specific knockout of CB1R (LCB1R

−/− mice)
were generated as described (46). FAAH−/− mice generated and maintained as
described (47) had been backcrossed to a C57Bl6/J background.

Partial Hepatectomy. Two-thirds PHX was performed as described (48). The
removed liver tissue was snap-frozen in liquid nitrogen and used for analyses
as 0-h control samples. The animals were killed by decapitation 40 h or 6 d
after surgery, and the remnant liver was collected and snap-frozen in
liquid nitrogen.

Endocannabinoid Measurements. The tissue levels of endocannabinoids were
measured by stable isotope dilution liquid chromatography/tandem mass
spectrometry (LC-MS/MS), as detailed in SI Materials and Methods.

Enzymatic Formation of [2H4]AEA from [2H4]Ethanolamine. Liver was homoge-
nized in 10 mM Tris buffer, pH 7.6, containing 1 mM EDTA in a volume of 2.5
mL/g wet tissue weight. The homogenate was centrifuged at 1,000 × g for
5 min, and 200-μL aliquots of the supernatant containing 70 μg protein were
incubated with 50 μM [2H4]ethanolamine (Sigma-Aldrich) for 30 min at 37 °C.
The reaction was stopped by the addition of 2 mL of CHCl3/MeOH (2:1, vol/
vol), and the mixture was extracted as described above. [2H4]AEA in the
extracted sample was measured by LC-MS/MS.

FAAH Activity. FAAH activity in liver homogenates was assayed by the release
of [3H]ethanolamine from [3H]AEA labeled on the ethanolamine moiety, as
described (49).

RNA Isolation. Total RNA was isolated from liver using TRIzol reagents
(Invitrogen) according to the manufacturer’s instructions. The isolated RNA
was treated with RNase-free DNase (Ambion) to remove any traces of ge-
nomic DNA contamination. RNA was purified further using the Qiagen RNA
Clean-Up Kit.

RNA Sequencing by the SOLiD System. Total RNA was isolated as described
above from liver samples pooled from six CB1R

+/+ and six CB1R
−/− mice at the

time of PHX (0 h) and at 40 h post-PHX. rRNA was depleted by two rounds of
passage of 10 μg of total liver RNA through a RIBOMINUS concentration
module (Ambion). rRNA-depleted RNA, 100 ng for each sample, was treated
with RNase III to generate 100- to 200-nt fragments, hybridized, ligated with
Adaptor Mix B, reverse-transcribed, size-selected, amplified, and purified
using the Applied Biosystems SOLiD WTAK kit. Amplified libraries were li-
gated to beads using the Applied Biosystems SOLiD 3 System Templated
Bead Preparation Guide. Approximately 6 × 107 templated beads for each
sample were sequenced on the Applied Biosystems SOLiD Version 3.0 in-
strument using 50-nt chemistry.

Analyses of RNA Sequencing Data. Short sequences of 50 bases from SOLiD
v3.0 were aligned to the reference genome (UCSC mm9) using IMAP-0.2.5.1
(Applied Biosystems). The uniquely mapped reads were parsed with in-house
Perl scripts to generate coverage of each nucleotide. The expression level of
NCBI mouse refSeq genes (Build 37) was estimated by high50Ave, which is the
average RNA sequence read coverage for the 50-bp window with the highest
count and corresponding to a single exon. The raw data were log2 trans-
formed and quantile normalized using the Limma package from Bio-
conductor (50). The total uniquely mapped reads were 5,948,676 (wild-type,
0 h); 6,354,410 (wild-type, 40 h); 2,357,632 (CB1R

−/−, 0 h); and 6,966,732
(CB1R

−/−, 40 h).
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Pathway Analyses of RNA Sequencing Data. Normalized values of high50Ave
for each gene were analyzed using MetaCore (GeneGo) pathways software.

CB1R Immunoprecipitation. For Western blotting, cell extracts were immu-
noprecipitated using a CB1R N-terminal antibody. The proteins were size-
fractionated by gel electrophoresis and visualized using a C-terminal CB1R
antibody, as described (51).

PLD Assay. PLD activity in liver tissue was assayed using the Amplex Red
Phospholipase D Assay Kit (Invitrogen). In this enzyme-coupled assay, PLD
cleaves phosphatidylcholine to yield choline and phosphatidic acid. Choline
then is oxidized by choline oxidase to betaine and H2O2. Finally, H2O2, in the
presence of HRP reacts with Amplex Red reagent to generate the fluores-
cent product, resorufin, which is monitored at 571 and 585 nm.

Statistical Analyses. Results are reported as mean ± SE. Statistical significance
among groups was determined by one-way ANOVA followed by post hoc
Newman–Keuls analysis using GraphPad Prism 4.3 software. Probability
values of P < 0.05 were considered significant. Statistical significance be-
tween two groups was determined by the two-tailed unpaired Student
t test.

For details of real-time PCR and Western blot analyses, coimmunopreci-
pitation of Akt with FoxM1, and immunohistochemistry, see SI Materials
and Methods. Primers used for real-time PCR are listed in Table S1.
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