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ABSTRACT
Objective The endocannabinoid system (ECS) exerts
key roles in the development of liver ﬁbrosis and fatty
liver, two diseases that promote the development of
hepatocellular carcinoma (HCC). Although cannabinoids
exert potent antitumour effects in vitro, the contribution
of the ECS to carcinogenesis in vivo remains elusive.
Design Expression of key components of the ECS,
including endocannanabinoids, endocannabinoiddegrading enzymes and endocannabinoid receptors, was
determined in healthy liver and tumours.
Diethylnitrosamine-induced hepatocarcinogenesis was
determined in mice deﬁcient in fatty acid amide
hydrolase (FAAH), the main anandamide (AEA)degrading enzyme, in cannabinoid receptor (CB)1, CB2,
or transient receptor potential cation channel subfamily
V member 1 (TRPV1)-deﬁcient mice.
Results Murine and human HCCs displayed activation
of the ECS with strongly elevated expression of CB1 and
CB2 but only moderately altered endocannabinoid levels.
Contrary to the antitumour effects of cannabinoids in
vitro, we observed increased hepatocarcinogenesis in
FAAH-deﬁcient mice, a mouse model with increased
AEA levels. Accordingly, inactivation of CB1, the main
receptor for AEA, in wild-type or FAAH-deﬁcient mice
suppressed hepatocarcinogenesis. In contrast,
inactivation of CB2 increased hepatocarcinogenesis. CB1
was strongly expressed within HCC lesions and its
inactivation suppressed proliferation and liver ﬁbrosis.
CB2 was predominantly expressed in macrophages. CB2
inactivation decreased the expression of T-cell-recruiting
chemokines and inhibited hepatic T-cell recruitment
including particular CD4+ T cells, a population with
known antitumour effects in HCC. TRPV1 deletion did
not alter HCC development.
Conclusions Similar to their role in ﬁbrogenesis, CB1
and CB2 exert opposite effects on hepatocarcinogenesis
and may provide novel therapeutic targets.

INTRODUCTION
Liver cancer has recently been declared the second
leading cause of worldwide cancer mortality,
causing 800 000 deaths annually.1 In virtually all
patients, liver cancer develops as a consequence of
chronic liver disease with 80% of hepatocellular
carcinomas (HCCs) arising in patients with liver
ﬁbrosis and cirrhosis. Hence, HCC is viewed as the
ﬁnal consequence of the chronic wound healing
response, with inﬂammation, ﬁbrosis and chronic
regeneration being driving forces.2

Signiﬁcance of this study
What is already known on this subject?

▸ A wide body of literature suggests anticancer
effects of endocannabinoids in cancer of other
organs.
▸ In the liver, endocannabinoid receptors CB1
and CB2 regulate ﬁbrosis in opposite fashion.
▸ In the liver, endocannabinoid receptor CB1
regulates cell proliferation and steatosis.

What are the new ﬁndings?

▸ We demonstrate that the endocannabinoid
system is activated during
hepatocarcinogenesis, and that its
hyperactivation increases hepatocarcinogenesis.
▸ CB1 drives hepatocarcinogenesis through
increased hepatocyte proliferation and liver
ﬁbrosis.
▸ CB2 inactivation enhances
hepatocarcinogenesis by altering hepatic
immune cell inﬁltration including inﬁltration of
CD4+ T cells, a population with a key role in
antitumour immunity in hepatocarcinogenesis.

How might it impact on clinical practice in
the foreseeable future?

▸ Our data suggest that the endocannabinoid
system can be employed for hepatocellular
carcinoma prevention or treatment by receptorspeciﬁc approaches, for example, CB1
antagonists or CB2 agonists.
▸ Our data suggest the need for further investigation
of the effects of recreational cannabis consumption
on hepatocarcinogenesis.

The endocannabinoid system (ECS) consists of
endocannabinoids such as anandamide (AEA) and
2-arachidonoylglycerol (2-AG), endocannabinoiddegrading enzymes such as fatty acid amide
hydrolase (FAAH) and monoacylglycerol lipase,
cannabinoid receptor 1 (CB1) and cannabinoid
receptor 2 (CB2), as well as several additional
endocannabinoid-binding
receptors
such
as
G protein-couple receptor 55 (GPR55) and transient receptor potential cation channel subfamily V
member 1 (TRPV1).3 Although best known for its
role in the central nervous system, the ECS has
been shown to exert a major role in the development of liver disease.4 5 As such, CB1, the main
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Opposite roles of cannabinoid receptors 1 and 2
in hepatocarcinogenesis

Hepatology

MATERIALS AND METHODS
Mice
All animal procedures were in accordance with guidelines by the
National Institutes of Health and approved by the Institutional
Animal Care and Use Committee at Columbia University. Wild-type,
CB2-deﬁcient (B6.129P2-Cnr2tm1Dgen/J, Jax stock number
005786) and TRPV1-deﬁcient mice (B6.129X1-Trpv1tm1Jul/J, Jax
# 003770) were purchased from Jackson Laboratories. FAAH-deﬁcient mice were a gift from Benjamin F. Cravatt, Scripps Research
Institute, La Jolla, USA.17 CB1-deﬁcient mice were generated by
breeding CB1ﬂ/ﬂ mice (a gift from Beat Lutz, University of Mainz,
Germany) with germline-deleter Ella-Cre (B6.FVB-Tg (EIIa-cre)
C5379Lmgd/J, Jax # 003724). All knockout mice were intercrossed
with C57Bl/6 mice, followed by establishment of knockout mice
and wild-type controls from heterozygote mice.

HCC induction and evaluation
HCC was induced in male offspring by intraperitoneal injection
of diethylnitrosamine (DEN (25 mg/kg), Sigma) given at day 15
post partum. Mice were sacriﬁced between 10 months (FAAHko
mice) and 11 months (all other mice) after initial DEN injection.
Animals were sacriﬁced by inhalation of isoﬂurane and subsequent exsanguination. Tumour number and largest tumour size
were determined by counting the number of visible tumours (at
least 1 mm in diameter) and measuring the size of the largest
tumour with a calliper as described.18 Liver tissue (non-tumour
or tumour) was snap-frozen in liquid nitrogen and stored at
−80°C for RNA and protein analysis as well as ﬁxed in 10%
formalin for 24 h and subsequently parafﬁn-embedded for
further analysis. Whole blood samples were centrifuged for 5
min to collect serum and stored at −80°C.

Human samples
Human liver samples (10 controls and 10 sets of non-tumour/
tumour samples) were obtained from patients who underwent
liver resection because of colorectal liver metastasis and from
patients with HCC caused by chronic hepatitis B virus infection.
Samples were provided by the Ajou and Keimyung Human
Bio-Resource Bank, a member of the National Biobank of
1722

Korea, supported by the Ministry of Health and Welfare.
Human sera were obtained from ﬁve healthy controls and ﬁve
HCC patients at Chuncheon Sacred Heart Hospital,
Chuncheon, South Korea.

Statistical evaluation
Statistical analysis was performed using Prism V.5.0 (GraphPad,
San Diego, California, USA) and SPSS, V.19.0 (SPSS, Chicago,
Illinois, USA). Differences between two groups were calculated
by Student’s t test or Mann–Whitney U test. Differences
between multiple groups were determined by one-way analysis
of variance, followed by Dunnett’s post hoc test. All data are
expressed as means±SEM. Additional methods are described in
the online supplementary materials.

RESULTS
Activation of the ECS in murine and human HCC
Based on previous studies showing a key role of the ECS in
hepatic responses to chronic injury,6 9–11 we sought to investigate the hypothesis that the ECS may be involved in the regulation of hepatocarcinogenesis. To test this hypothesis, we ﬁrst
compared the expression of key components of the ECS
between normal mouse liver and DEN-induced HCCs.
Microarray analysis revealed changes of several components of
the ECS including enzymes involved in endocannabinoid synthesis, endocannabinoid receptors, as well as endocannabinoiddegrading enzymes (ﬁgure 1A). These data were further
conﬁrmed by qPCR, which demonstrated signiﬁcant upregulation of cannabinoid receptors CB1 (99.5-fold vs normal liver,
p<0.01, 24.8-fold vs non-tumour, p<0.001), CB2 (6.98-fold vs
normal liver, p<0.01; 3.63-fold vs non-tumour, p<0.01) and
GPR55 (11.7-fold vs normal liver, p<0.01; 4.99-fold vs nontumour, p<0.01), a putative cannabinoid receptor,19 but
unaltered expression of TRPV1, a receptor that is activated by
AEA in addition to various other ligands.20 Moreover, the
expression of endocannabinoid-degrading enzymes FAAH
(0.63-fold vs normal liver, p<0.01; 0.6-fold vs non-tumour,
p<0.01) and monoacylglycerol lipase (MGLL) (0.31-fold vs
normal liver, p<0.01; 0.35-fold vs non-tumour, p<0.001) was
reduced in HCCs (ﬁgure 1B). Of note, glypican 3 mRNA
expression was increased several hundred folds in tumour
samples, thus conﬁrming tumours as HCCs (ﬁgure 1B). Similar
ﬁndings were made in human HCCs, with signiﬁcant upregulations of CB1 (307-fold vs normal liver, p<0.01; 143-fold vs
non-tumour, p<0.01), CB2 (5.44-fold vs normal liver, p<0.05)
and GPR55 (9.73-fold vs normal liver, p<0.05), unaltered
TRPV1 expression and downregulation of FAAH (0.45-fold vs
non-tumour, p<0.05), MGLL (0.49-fold vs non-tumour,
p<0.05), as well as increased levels of glypican 3 mRNA in
tumours (ﬁgure 1C). Decreased expression of FAAH in HCC
was conﬁrmed by western blot analysis (ﬁgure 1D). High
protein expression of CB1 in HCC versus normal liver was conﬁrmed by immunohistochemical staining in mice and patients
(ﬁgure 1E). The endocannabinoid AEA was moderately
decreased in murine HCCs while 2-AG was moderately
increased (ﬁgure 1F). Endocannabinoids, including AEA and
2-AG, were increased in human HCCs (ﬁgure 1G). In sera of
patients with HCC, there was no statistically signiﬁcant change
in endocannabinoid levels (see online supplementary ﬁgure S1).
Taken together, these data demonstrate local activation of the
ECS that predominantly occurs at the level of endocannabinoid
receptor expression.
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receptor for AEA, promotes the development of liver ﬁbrosis
and fatty liver.6 7 In contrast, CB2 suppresses the development
of liver ﬁbrosis.8 Accordingly, inhibition of CB1 signalling by
non-selective or peripherally acting CB1 receptor antagonists
has been shown to reduce liver ﬁbrosis, fatty liver development
and hepatocyte proliferation following partial hepatectomy.6 9–
11
Based on these ﬁndings, it is conceivable that components of
the ECS might contribute to the progression of chronic liver
disease to HCC and provide a therapeutic target to halt this
progression. On the other hand, a large number of studies have
found that cannabinoids and endocannabinoids exert potent
antitumour effects in vitro as well as in xenograft models.12–16
Hence, an alternative hypothesis could be that endocannabinoids actively suppress HCC development despite their role in
the promotion of liver disease development. Here, we tested
these hypotheses by various genetic approaches that allowed us
to assess the effects of increased endocannabinoid levels or
decreased cannabinoid receptor signalling in vivo. By these
approaches, we found that the endocannabinoid AEA and its
receptor CB1 acted as potent tumour promoters in vivo,
whereas CB2 exerted tumour-suppressive effects.

Hepatology

Hyperactivation of the ECS enhances DEN-induced
hepatocarcinogenesis
Next, we sought to determine whether activation of the ECS
would affect hepatocarcinogenesis. Based on our ﬁnding that
the ECS in murine hepatocarcinogenesis was predominantly
activated via increased endocannabinoid receptor expression, we
Suk K-T, et al. Gut 2016;65:1721–1732. doi:10.1136/gutjnl-2015-310212

reasoned that increasing endocannabinoid levels rather than
further enhancing the already upregulated endocannabinoid
receptors would represent the best approach to hyperactive
endocannabinoid signalling. As such, FAAH-deﬁcient mice have
strongly elevated hepatic levels of the endocannabinoid AEA
due to decreased AEA degradation (ﬁgure 2A)17 without
1723
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Figure 1 Activation of the endocannabinoid system in murine and human hepatocellular carcinoma (HCC). (A) Microarray comparison of
components of the endocannabinoid system between normal liver and HCC induced by diethylnitrosamine (DEN) (given at day 15 post partum) in
mice. (B) qPCR conﬁrmation of the HCC microarray data in mice normal liver (N, n=5), non-tumour (NT, n=17) and tumour (T, n=17). (C) qPCR
conﬁrmation of the HCC microarray data in human N (n=5), NT (n=8) and T (n=8). (D) Fatty acid amide hydrolase (FAAH) was determined by
western blot analysis in non-tumour and tumour livers of DEN-injected mice. (E) Immunohistochemical conﬁrmation of CB1 expression in murine and
human HCCs. (F) Endocannabinoids levels in normal (N, n=5), non-tumour (NT, n=5) and tumour tissue (T, n=5) from DEN-induced murine HCC.
(G) Endocannabinoids levels in normal (N, n=5), non-tumour (NT, n=5) and tumour tissue (T, n=5) from patients. *p<0.05, **p<0.01. AEA,
anandamide; 2-AG, 2-arachidonoylglycerol; LEA, linoleoylethanolamide; OEA, oleoylethanolamide; PEA, palmitoylethanolamide; SEA,
stearoylethanolamide.

Hepatology

alterations of CB1 protein or CB1, CB2 or Mgll mRNA expression (ﬁgure 2B, C). To test the effect of increased endocannabinoid levels on HCC formation, we therefore subjected
wild-type and FAAH-deﬁcient mice to DEN-induced hepatocarcinogenesis. In comparison to wild-type mice, we observed a
striking increase of three different parameters of tumour load,
that is, tumour number, tumour size and liver body weight ratio
in FAAH-deﬁcient mice in comparison to wild-type mice (ﬁgure
2D, E). Of note, we did not ﬁnd any differences in acute
responses to DEN, including upregulation of inﬂammatory and
p53-dependent genes (see online supplementary ﬁgure S2), indicating that the initial response to DEN was not altered by
FAAH status.

Opposite functions of endocannabinoid receptors CB1
and CB2 in hepatocarcinogenesis
Next, we sought to determine which cannabinoid receptors were
involved in endocannabinoid-mediated modulation of hepatocarcinogenesis. To determine the role of CB1, the endocannabinoid
1724

receptor with the strongest upregulation in murine and human
HCC (ﬁgure 1), we subjected wild-type and CB1-deﬁcient mice
to DEN-induced hepatocarcinogenesis. Of note, CB1 is the main
receptor for AEA, the endocannabinoid that is elevated in
FAAH-deﬁcient mice. We observed a signiﬁcant reduction of
tumour number, and liver body weight ratio, and a trend towards
decreased largest tumour size in CB1-deﬁcient mice in comparison to wild-type mice (ﬁgure 3A, B). Next, we compared
DEN-induced hepatocarcinogenesis between CB2-deﬁcient and
wild-type mice. In contrast to our results in CB1-deﬁcient mice,
we observed signiﬁcant increases in tumour number, largest
tumour size and liver body weight ratio in CB2-deﬁcient mice
(ﬁgure 4A, B). These results are remarkably similar to the
opposite functions of CB1 and CB2 in hepatic ﬁbrogenesis, where
CB1 promotes and CB2 inhibits liver ﬁbrosis development.6 8

TRPV1 does not regulate hepatocarcinogenesis
TRPV1 represent another receptor that has been reported to
be activated by AEA.20 Although we had not found
Suk K-T, et al. Gut 2016;65:1721–1732. doi:10.1136/gutjnl-2015-310212
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Figure 2 Hyperactivation of the endocannabinoid system promotes hepatocellular carcinoma (HCC) development. (A) Anandamide (AEA) was
determined in liver extracts by liquid chromatography-tandem mass spectrometry (LC-MS/MS). (B and C) CB1 protein expression (B) and expression
of Cnr1, Cnr2 and Mgll mRNA (C) were compared between livers of wild-type (Wt) and fatty acid amide hydrolase (FAAH)-deﬁcient mice by
immunohistochemistry and qPCR, respectively. (D and E) Wild-type mice (n=21) and FAAHko mice (n=25) were injected with diethylnitrosamine
(DEN) (25 mg/kg intraperitoneally) at the age of 15 days and sacriﬁced 10.5 months after DEN. Shown are tumour number, largest tumour size,
liver/body weight ratio, H&E sections and representative images. **p<0.01.

Hepatology

alterations in TRPV1 expression in our microarray and
qPCR data, we next compared hepatocarcinogenesis between
wild-type and TRPV1-deﬁcient mice. We did not ﬁnd any
difference in DEN-induced tumour number, tumour size or

liver body weight ratio between wild-type and TRPV1-deﬁcient mice, suggesting that TRPV1 does not regulate DENinduced hepatocarcinogenesis (see online supplementary
ﬁgure S3).

Figure 4 CB2 suppresses hepatocellular carcinoma (HCC) development. Wild-type (Wt) mice (n=15) and CB2ko mice (n=15) were injected with
diethylnitrosamine (DEN) (25 mg/kg intraperitoneally) at the age of 15 days and sacriﬁced 10.5 months after DEN. Shown are tumour number,
largest tumour size, liver/body weight ratio, H&E sections and representative images. *p<0.05, **p<0.01.
Suk K-T, et al. Gut 2016;65:1721–1732. doi:10.1136/gutjnl-2015-310212
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Figure 3 CB1 promotes
hepatocellular carcinoma (HCC)
development. Wild-type (Wt) mice
(n=20) and CB1ko mice (n=11) were
injected with diethylnitrosamine (DEN)
(25 mg/kg intraperitoneally) at the age
of 15 days and sacriﬁced 10.5 months
after DEN. Shown are tumour number,
largest tumour size, liver/body weight
ratio, H&E sections and representative
images. *p<0.05, **p<0.01.

Hepatology
FAAH deﬁciency-induced increase in hepatocarcinogenesis is
mediated by CB1

The AEA-CB1 axis promotes proliferation and ﬁbrogenesis
during hepatocarcinogenesis
To determine mechanisms by which the AEA-CB1 axis promotes HCC development, we analysed several parameters that
are known to critically inﬂuence hepatocarcinogenesis, including
inﬂammation, cell death, proliferation and ﬁbrosis. While we
observed no differences in inﬂammation and cell death, as determined by qPCR for Il6 and Tnf (see online supplementary
ﬁgure S4A) and cleaved caspase-3 staining (see online
supplementary ﬁgure S4B), there was a profound increase in
proliferation, as determined by Ki-67 staining (ﬁgure 6A) and

Figure 5 CB1 mediates anandamide (AEA)-induced hepatocarcinogenesis. (A) Fatty acid amide hydrolase (FAAH )ko (n=11) and FAAH/CB1dko
mice (n=6), (B) FAAHko (n=15) and FAAH/CB2dko mice (n=15) and (C) FAAHko (n=12) and FAAH/TRPV1dko mice (n=12) were injected with
diethylnitrosamine (DEN) (25 mg/kg intraperitoneally) at the age of 15 days and sacriﬁced 10.5 and 11 months after DEN. Shown are tumour
number, largest tumour size, liver/body weight ratio, H&E sections and representative images. *p<0.05, **p<0.01.
1726
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To further determine mechanisms by which increased endocannabinoid signalling in FAAH-deﬁcient mice promotes HCC
development, we generated double knockout mice in which
CB1, CB2 or TRPV1 were deleted in addition to FAAH, and
subjected these mice to DEN-induced hepatocarcinogenesis. We
found that CB1/FAAH double-deﬁcient mice had signiﬁcantly
reduced development of HCC in comparison to FAAH single
knockout mice (ﬁgure 5A), whereas there was no reduction in
DEN-induced hepatocarcinogenesis in CB2/FAAH doubledeﬁcient (ﬁgure 5B) and TRPV1/FAAH double-deﬁcient mice
(ﬁgure 5C). These data conﬁrm our data on the key role of CB1
in tumour promotion and are consistent with the fact that AEA,

which is signiﬁcantly increased in FAAH-deﬁcient mice, is
known to predominantly act via CB1.

Hepatology
by additional FAAH deﬁciency-mediated increase in AEA. These
data are further supported by our ﬁnding that FAAH deﬁciency
increased hepatocyte proliferation following two-thirds partial
hepatectomy (see online supplementary ﬁgure S5A, B).
Conversely, CB1 deﬁciency decreased Ki-67 protein and mRNA
expression in non-tumour areas (ﬁgure 6B, D). Moreover,

Figure 6 Fatty acid amide hydrolase (FAAH) and CB1 promote hepatocyte proliferation in hepatocarcinogenesis. (A and B). Proliferation was
determined by Ki-67 staining and morphometric quantiﬁcation in non-tumour (NT) and tumour (T) sections from wild-type (Wt) (n=35) and FAAHko
(n=26) livers (A) and from wild-type (n=20) and CB1ko (n=11) livers (B). (C and D) Proliferation markers Mki67 and Ccnb2 were determined by
qPCR in non-tumour and tumour tissue from wild-type and FAAHko livers (C), and in non-tumour and tumour tissue from wild-type and CB1ko livers
(D). (E and F) Proliferation was determined in non-tumour and tumour sections from FAAHko (n=11) and FAAH/CB1dko (n=6) mice by Ki-67 staining
and morphometric quantiﬁcation (E) as well as qPCR for proliferation markers Mki67 and Ccnb2 (F). (G and H) Expression of pErk was determined
by immunohistochemistry in non-tumour and tumour tissue from wild-type (n=10) and FAAHko (n=10) livers (G), and from wild-type (n=11) and
CB1ko (n=9) livers (H). *p<0.05, **p<0.01.
Suk K-T, et al. Gut 2016;65:1721–1732. doi:10.1136/gutjnl-2015-310212
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qPCR for Mki67 and Ccnb2 (ﬁgure 6C) in FAAH-deﬁcient
mice. The increased proliferation was observed in non-tumour
regions, suggesting that FAAH deﬁciency promoted proliferation
in premalignant lesions rather than in large established tumours,
or that the endocannabinoid signalling in these tumours was
already at maximum levels that could not be further enhanced

Hepatology
signiﬁcant differences in ﬁbrillar collagen deposition and only a
trend towards reduced Acta2 and Col1a1 mRNA expression in
CB1-deﬁcient mice (ﬁgure 7B, D). Most likely, this ﬁnding
reﬂects the low grade of ﬁbrosis observed in the DEN-induced
HCC model, which can be exacerbated by increased endocannabinoid signalling but not much further reduced by inhibition of
CB1-mediated signals. This hypothesis is further supported by
our ﬁndings that CB1 deﬁciency reduced ﬁbrillar collagen
deposition and the expression of Col1a1 in FAAH-deﬁcient
mice (ﬁgure 7E, F). Of note, FAAH deﬁciency also resulted in
increased ﬁbrogenesis in response to hepatotoxin CCl4 (see
online supplementary ﬁgure S6). The more profound effect of
CB1 deﬁciency in FAAH-deﬁcient than in wild-type mice may
not only be due to the overall higher levels of ﬁbrosis but also
the strong increase of CB1 agonist AEA in this model. Together,
our data suggest that proliferation and ﬁbrogenesis are key
mechanisms by which the AEA-CB1 axis promotes HCC
development.

Figure 7 Fatty acid amide hydrolase (FAAH) and CB1 promote ﬁbrogenesis in hepatocarcinogenesis. (A and B) Liver ﬁbrosis was assessed by Sirius
red staining and morphometric quantiﬁcation in non-tumour (NT) and tumour (T) sections from wild-type (Wt) and FAAHko livers (A), and
non-tumour and tumour sections from wild-type (n=20) and CB1ko (n=11) livers (B). (C and D) Fibrosis markers Acta2 and Col1a1 were determined
by qPCR in non-tumour and tumour tissue from wild-type and FAAHko livers (C), and in non-tumour and tumour tissue from wild-type and CB1ko
livers (D). (E and F) Liver ﬁbrosis was assessed by Sirius red staining and morphometric quantiﬁcation in tumour and non-tumour sections from
FAAHko (n=11) and FAAH/CB1dko (n=6) mice (E) as well as qPCR for ﬁbrogenic genes Acta2, and Col1a1 (F). *p<0.05, **p<0.01.
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deletion of CB1 in FAAH-deﬁcient mice reduced proliferation,
assessed by Ki-67 immunohistochemistry and mKi67 qPCR, in
tumour and non-tumour areas (ﬁgure 6E, F). Since cannabinoids
including AEA have been shown to induce cancer cell proliferation via transactivation of epidermal growth factor receptor
(EGFR),21 we additionally investigated the levels of phosphorylated extracellular signal-regulated kinases ( pERK), a key downstream target of EGFR. Consistent with above ﬁndings, we
observed increased levels of pERK in tumours of FAAHdeﬁcient mice and decreased levels in tumours from CB1deﬁcient and FAAH-/CB1-double-deﬁcient mice (ﬁgure 6G, H
and online supplementary ﬁgure S5C–F). Since CB1 has been
also shown to promote the development of liver ﬁbrosis,6 a risk
factor for HCC development, we next investigated how ablation
of FAAH and CB1 affected liver ﬁbrosis. While FAAH deﬁciency increased the deposition of ﬁbrillar collagen as well as
the mRNA expression of Acta2 and Col1a1 in non-tumour and
Col1a1 in tumour tissue (ﬁgure 7A, C), there were no

Hepatology
CB2 promotes T cell accumulation within HCC lesions

observed virtually no expression in a murine HCC line as well
as four human HCC lines (see online supplementary ﬁgure S9).
As CB2 has been implicated in the suppression of inﬂammation
and immune responses,22 23 we next evaluated the inﬁltration of
inﬂammatory cell subsets in wild-type and CB2-deﬁcient livers.
Immunohistochemistry for pan-leucocyte marker CD45 showed
a strong inﬁltration of CD45-positive cells in tumours of wildtype mice but a signiﬁcant reduction in tumours of
CB2-deﬁcient mice (ﬁgure 8A). While we found no signiﬁcant
differences in macrophage and B cell markers between wild-type
and CB2-deﬁcient mice (see online supplementary ﬁgure S10),
there was a strong increase in T cell inﬁltration into HCC that
was signiﬁcantly suppressed in CB2-deﬁcient mice, as

Figure 8 Mechanisms by which CB2 contributes to hepatocellular carcinoma (HCC) development. (A) Livers from wild-type (Wt) (n=15) and CB2ko
(n=15) mice were stained for CD45 and quantiﬁed. (B) Liver from wild-type (n=15) and CB2ko (n=15) mice were stained for CD3 and quantiﬁed. (C)
Liver from wild-type (n=15) and CB2ko (n=15) mice were stained for CD4 and quantiﬁed. (D) Cd3e, Cd4 and Cd8a mRNA levels were determined in
livers from wild-type and CB2ko mice by qPCR. (E) Expression of Ccl5, Ccl17, Ccl20, Ccl27, Cxcl5, Cxcl9 and Cxcl10 were compared between liver
from wild-type (n=15) and CB2ko (n=15) mice by qPCR. *p<0.05, **p<0.01. NT, non-tumour; T, tumour.
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In contrast to CB1, we did not observe an effect of CB2 deﬁciency on proliferation, as determined by Ki-67 staining and
qPCR for mKi67 and Ccnb2 mRNA (see online supplementary
ﬁgure S7A, B). Moreover, there was also no signiﬁcant difference in apoptosis (see online supplementary ﬁgure S7C), ﬁbrogenesis (see online supplementary ﬁgure S7D) or inﬂammation
(see online supplementary ﬁgure S7E) between wild-type and
CB2 knockout mice. Consistent with previous publications,22
we observed high expression of CB2 within tumours in
CD45-positive cells, in particular in F4/80-positive macrophages
(see online supplementary ﬁgure S8). Accordingly, the highest
CB2 expression in isolated cells was in macrophages, and we
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DISCUSSION
Based on a large number of in vitro and in vivo studies employing cancer cell lines, activation of the ECS had been considered

Figure 9 Schematic overview of mechanisms by which CB1 and CB2
affect hepatocarcinogenesis. Increased expression of CB1 within
tumours results in the promotion of hepatocellular carcinoma (HCC)
formation via increased proliferation and increased ﬁbrogenesis. CB2
expression in macrophages limits HCC development by triggering the
recruitment of T cells including CD4+ T cells, a population with a
known key role in antitumour responses.
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a novel antitumour strategy.12–15 29 In contrast to this long-held
paradigm, several lines of evidence from our study now show a
tumour-promoting role of the AEA-CB1 signalling axis: (i) activation of the endocannabinoid signalling by FAAH knockout
increases hepatocarcinogenesis and (ii) inhibition of endocannabinoid signalling by CB1 in either wild-type or FAAH-deﬁcient
mice decreases hepatocarcinogenesis. These ﬁndings are consistent with a recently published study showing tumour-promoting
effects of CB1 in hepatocarcinogenesis.30 In view of the moderate changes in endocannabinoids but strongly increased CB1
expression and profound effects of CB1 receptor knockout, the
main mechanism by which the ECS becomes activated in hepatocarcinogenesis appears to be the upregulation of CB1.
Together with the fact that AEA—the endocannabinoid that is
upregulated in FAAH-deﬁcient mice—predominantly activates
CB1, these data demonstrate a cancer-promoting role of the
AEA-CB1 signalling axis. One likely explanation for differences
between the tumour-promoting effects of AEA in our in vivo
studies and the antitumour effects of AEA in previous in vitro
studies lies in different concentrations. Whereas AEA exist only
in nanomolar concentration in vivo, AEA-induced growth arresting and/or cytotoxic effects in vitro could only be observed in
micromolar range. In fact, we found that micromolar AEA concentrations kill a large number of murine and human hepatoma
cell lines (data not shown). It is unlikely that these concentrations can be achieved in vivo. Moreover, it is likely that micromolar concentrations of endocannabinoids may trigger
CB1-independent and CB2-independent cytotoxic effects as
demonstrated by us and others.31 32
Our study provides several mechanisms by which the
CB1-AEA axis promotes HCC development. Most notably, the
AEA-CB1 axis had a major impact on proliferation as evidenced
by reduced Ki-67 expression in FAAH-deﬁcient and
CB1-deﬁcient mice. These ﬁndings are consistent with previous
studies11 and our own data showing a key role for CB1 and
FAAH in regulating liver regeneration, and a recently published
study on promotion of hepatocarcinogenesis by CB1.30
Moreover, our ﬁndings of increased pERK in tumours from
FAAH-deﬁcient mice and decreased pERK in tumours from
CB1-deﬁcient or CB1-/FAAH-double-deﬁcient mice are consistent with a previous study showing that AEA increases cancer
cell proliferation via transactivation of EGFR.21 In addition, we
found increased ﬁbrosis in FAAH-deﬁcient and reduced ﬁbrosis
in CB1-deﬁcient mice, respectively, consistent with previous
reports on ﬁbrosis-promoting effects of CB1.6 Fibrosis is considered a risk factor for HCC development.33 Accordingly, a
hepatic stellate cell signature was associated with outcomes after
curative HCC resection.34 Our data showing alterations of ﬁbrosis and proliferation in non-tumour tissue suggest that the
AEA-CB1 axis may act predominantly on developing tumour
rather than fully established HCC.
Our data differ from several previous in vivo studies, in which
cannabinoids or endocannabinoids suppressed tumour formation. In one study, mice treated with the stable AEA analogue
metanandamide displayed drastic reduction of tumour volume
after transplantation of a transformed rat thyroid cell line.14
Likewise,
treatment
with
mixed
CB1/CB2
agonist
WIN-55,212-2 resulted in inhibition of skin tumour growth.16
In view of these results, it will be important to determine
whether the tumour-promoting effects of the AEA-CB1 axis
may be restricted to the liver, for example, by studying the effect
of FAAH and CB1 knockout on carcinogenesis in other organs,
in particular in types where cannabinoids have been suggested to
exert antitumour effects such as gliomas, breast, thyroid, skin
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determined by qPCR and immunohistochemistry for pan-T cell
marker CD3 as well as suppression of Cd4 and Cd8a mRNA
(ﬁgure 8C, D). Of note, recent publications have demonstrated
a key role for CD4+ T cells in antitumour effector population.24–26 To further understand how CB2 status was linked to
the recruitment of T cells, we next analysed expression of
T-cell-recruiting chemokines in our HCC model as well as in
acute liver injury models. We observed a strong reduction in the
mRNA expression of chemokines with known roles in the
recruitment of T cells,27 28 including Ccl5, Ccl17, Ccl20, Ccl27,
Cxcl5, Cxcl9 and Cxcl10 in CB2-deﬁcient mice (ﬁgure 8E).
Accordingly, there was a trend towards reduced recruitment of
CD3-positive T cells in CB2-deﬁcient mice following acute liver
injury by a single dose of CCl4 or concanavalin A and a signiﬁcant reduction of Cd3a and Cd4 mRNA expression as well as
the recruitment of CD4-positive cells following a single dose of
CCl4 (see online supplementary ﬁgures S11 and S12).
Moreover, mRNA levels of several chemokines were signiﬁcantly reduced following a single dose of CCl4 (see online
supplementary ﬁgure S12) as well as in macrophages isolated
from CCl4-treated mice (see online supplementary ﬁgure S13),
thus conﬁrming that the reduction of T-cell-recruiting chemokines occurred indeed in this cell population. Together, our ﬁndings indicate that CB2 modulates the expression of
T-cell-recruiting chemokines and the recruitment of T cells, in
particular CD4+ T cells in acute and chronic settings. In
summary, these data suggest that CB2 is likely to affect hepatocarcinogenesis
through
CB2-mediated
modulation
of
T-cell-recruiting chemokines in macrophages and subsequent
recruitment of CD4+ T cell that mediate antitumour responses
—but not through effects of CB2 on proliferation or ﬁbrosis.
Hence, CB1 and CB2 exert opposite effects on hepatocarcinogenesis, mediating their effects through distinct cellular targets
and mechanisms (ﬁgure 9).
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with one stone’ by decreasing HCC development as well as the
development of liver ﬁbrosis and/or hepatic steatosis. Consistent
with our ﬁndings, tumour-suppressive effects of CB2 receptor
agonists have been reported by Vara et al.37 However, we did
not ﬁnd expression of CB2 in HCC or HCC cell lines; thus, a
direct effect of CB2 agonists on tumour cells, as proposed by
Vara et al, is unlikely in our opinion.
Importantly, our ﬁndings emphasise the urgent need to investigate whether cannabis consumption or medical treatment with
cannabinoids results in increased tumour development or acceleration of tumour growth, respectively. Daily cannabis consumption has been linked with progression of liver ﬁbrosis and
increased hepatic steatosis in patients with chronic hepatitis
C.38 39 Based on our ﬁndings, it is conceivable that cannabis
consumption may also promote the development of HCC or
other cancers. With cannabis representing the most commonly
used illicit drug worldwide,40 effects on carcinogenesis could be
profound, in particular in patients with alcoholic liver disease or
HCV infection who not only have a higher risk for HCC development but often also a higher prevalence of cannabis
consumption.38
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and colon cancer.13–16 35 Alternatively, CB2-agonistic effects of
speciﬁc cannabinoids or endocannabinoids might explain antitumour effects seen in previous studies.
Analogous to previous studies on the role of cannabinoid
receptors in ﬁbrosis,6 8 we observed opposite functions of CB1
and CB2, with exacerbation of hepatocarcinogenesis in
CB2-deﬁcient mice. In contrast to previous studies, we found no
difference in ﬁbrosis between wild-type and CB2-deﬁcient mice.
It is possible that ﬁbrogenesis in the context of carcinogenesis
differs from toxin-induced and bile duct ligation-induced ﬁbrosis in regards to the involvement of CB2. In contrast to CB1, we
also found no inﬂuence of CB2 deﬁciency on proliferation.
Consistent with previous studies showing high expression and
key functions of CB2 in the immune system,22 23 we found predominant expression of CB2 in F4/80-positive macrophages and
a role for CB2 in the expression of T-cell-recruiting chemokines
both in liver under different disease conditions and in macrophages isolated from injured liver. We found that CB2 deﬁciency
signiﬁcantly decreased the recruitment of CD4+ T cells in hepatocarcinogenesis and in acute liver injury. In light of the key role
of CD4+T cells in antitumour immunity,24–26 it is likely that the
increased tumour load in CB2-deﬁcient mice is related to a
failed tumour immunosurveillance. Future studies with conditional ablation of CB2 in macrophages are needed to conﬁrm
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responses. Moreover, we did not ﬁnd alterations of CB2 expression in CB1-deﬁcient mice (see online supplementary ﬁgure
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that TRPV1 acts as a relevant endocannabinoid receptor in
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TRPV1 expression in murine and human hepatocarcinogenesis.
As we have not compared FAAH/CB1dko mice with CB1ko mice,
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tumour-promoting endocannabinoids that do not act through
CB1, CB2 or TRPV1. As such, GPR55, whose expression was
elevated in murine and human HCC, would be a potential candidate. Based on our data in CB1/FAAHdko mice, however, the
main contribution appears to be through CB1 and additional
receptors such as GPR55 are likely to make only minor contribution. We were not able to investigate potential contributions
of GPR55 to hepatocarcinogenesis due to the lacking availability
of GPR55 knockout mice.
Our study raises several issues with high relevance for patients
with cancer. In view of ongoing efforts to develop cannabinoids
for antitumour treatment, our data indicate an urgent need for
more detailed studies that analyse speciﬁc contributions of CB1
and CB2 in cancer. As such, it is likely that receptor-speciﬁc
interventions will be needed that suppresses tumour-promoting
effects of the ECS without interfering with tumour-suppressive
effects. Based on our ﬁndings, non-selective CB agonists or inhibitors of endocannabinoid degradation do not appear to be suitable for antitumour therapies. Our data suggest that CB1
antagonists or CB2 agonists may protect from HCC development. In this regard, CB1 antagonists could ‘kill several birds

Hepatology
7

9

10

11

12
13

14
15

16

17

18
19

20
21

22
23

1732

24
25

26
27
28

29
30

31

32
33

34

35
36

37

38

39

40

Kang TW, Yevsa T, Woller N, et al. Senescence surveillance of pre-malignant
hepatocytes limits liver cancer development. Nature 2011;479:547–51.
Jia Y, Zeng Z, Li Y, et al. Impaired function of CD4+ T follicular helper (Tfh)
cells associated with hepatocellular carcinoma progression. PLoS ONE 2015;
10:e0117458.
Ma C, Kesarwala AH, Eggert T, et al. NAFLD causes selective CD4(+) T lymphocyte
loss and promotes hepatocarcinogenesis. Nature 2016;531:253–7.
Bromley SK, Mempel TR, Luster AD. Orchestrating the orchestrators: chemokines in
control of T cell trafﬁc. Nat Immunol 2008;9:970–80.
Peng D, Kryczek I, Nagarsheth N, et al. Epigenetic silencing of TH1-type
chemokines shapes tumour immunity and immunotherapy. Nature
2015;527:249–53.
Bifulco M, Laezza C, Valenti M, et al. A new strategy to block tumor growth by
inhibiting endocannabinoid inactivation. FASEB J 2004;18:1606–8.
Mukhopadhyay B, Schuebel K, Mukhopadhyay P, et al. Cannabinoid receptor 1
promotes hepatocellular carcinoma initiation and progression through multiple
mechanisms. Hepatology 2015;61:1615–26.
Siegmund SV, Qian T, de Minicis S, et al. The endocannabinoid 2-arachidonoyl
glycerol induces death of hepatic stellate cells via mitochondrial reactive oxygen
species. FASEB J 2007;21:2798–806.
Siegmund SV, Uchinami H, Osawa Y, et al. Anandamide induces necrosis in primary
hepatic stellate cells. Hepatology 2005;41:1085–95.
Hernandez-Gea V, Toffanin S, Friedman SL, et al. Role of the microenvironment in
the pathogenesis and treatment of hepatocellular carcinoma. Gastroenterology
2013;144:512–27.
Zhang DY, Goossens N, Guo J, et al. A hepatic stellate cell gene expression
signature associated with outcomes in hepatitis C cirrhosis and hepatocellular
carcinoma after curative resection. Gut 2016;65:1755–65.
Ligresti A, Bisogno T, Matias I, et al. Possible endocannabinoid control of colorectal
cancer growth. Gastroenterology 2003;125:677–87.
Reichenbach V, Muñoz-Luque J, Ros J, et al. Bacterial lipopolyshaccaride inhibits
CB2 receptor expression in human monocytic cells. Gut 2013;62:
1089–91.
Vara D, Salazar M, Olea-Herrero N, et al. Anti-tumoral action of cannabinoids on
hepatocellular carcinoma: role of AMPK-dependent activation of autophagy. Cell
Death Differ 2011;18:1099–111.
Hézode C, Roudot-Thoraval F, Nguyen S, et al. Daily cannabis smoking as a risk
factor for progression of ﬁbrosis in chronic hepatitis C. Hepatology 2005;42:
63–71.
Hézode C, Zafrani ES, Roudot-Thoraval F, et al. Daily cannabis use: a novel risk
factor of steatosis severity in patients with chronic hepatitis C. Gastroenterology
2008;134:432–9.
Degenhardt L, Hall W. Extent of illicit drug use and dependence, and their
contribution to the global burden of disease. Lancet 2012;379:55–70.

Suk K-T, et al. Gut 2016;65:1721–1732. doi:10.1136/gutjnl-2015-310212

Gut: first published as 10.1136/gutjnl-2015-310212 on 11 May 2016. Downloaded from http://gut.bmj.com/ on January 8, 2023 by guest. Protected by copyright.

8

Osei-Hyiaman D, Liu J, Zhou L, et al. Hepatic CB1 receptor is required for
development of diet-induced steatosis, dyslipidemia, and insulin and leptin
resistance in mice. J Clin Invest 2008;118:3160–9.
Julien B, Grenard P, Teixeira-Clerc F, et al. Antiﬁbrogenic role of the cannabinoid
receptor CB2 in the liver. Gastroenterology 2005;128:742–55.
Tam J, Vemuri VK, Liu J, et al. Peripheral CB1 cannabinoid receptor blockade
improves cardiometabolic risk in mouse models of obesity. J Clin Invest
2010;120:2953–66.
Wei Y, Kang XL, Wang X. The peripheral cannabinoid receptor 1 antagonist VD60
efﬁciently inhibits carbon tetrachloride-intoxicated hepatic ﬁbrosis progression.
Exp Biol Med (Maywood) 2014;239:183–92.
Mukhopadhyay B, Cinar R, Yin S, et al. Hyperactivation of anandamide synthesis
and regulation of cell-cycle progression via cannabinoid type 1 (CB1) receptors in
the regenerating liver. Proc Natl Acad Sci USA 2011;108:6323–8.
Velasco G, Sánchez C, Guzmán M. Towards the use of cannabinoids as antitumour
agents. Nat Rev Cancer 2012;12:436–44.
De Petrocellis L, Melck D, Palmisano A, et al. The endogenous cannabinoid
anandamide inhibits human breast cancer cell proliferation. Proc Natl Acad Sci USA
1998;95:8375–80.
Bifulco M, Laezza C, Portella G, et al. Control by the endogenous cannabinoid
system of ras oncogene-dependent tumor growth. FASEB J 2001;15:2745–7.
Galve-Roperh I, Sánchez C, Cortés ML, et al. Anti-tumoral action of cannabinoids:
involvement of sustained ceramide accumulation and extracellular signal-regulated
kinase activation. Nat Med 2000;6:313–19.
Casanova ML, Blázquez C, Martínez-Palacio J, et al. Inhibition of skin tumor growth
and angiogenesis in vivo by activation of cannabinoid receptors. J Clin Invest
2003;111:43–50.
Cravatt BF, Demarest K, Patricelli MP, et al. Supersensitivity to anandamide and
enhanced endogenous cannabinoid signaling in mice lacking fatty acid amide
hydrolase. Proc Natl Acad Sci USA 2001;98:9371–6.
Dapito DH, Mencin A, Gwak GY, et al. Promotion of hepatocellular carcinoma by
the intestinal microbiota and TLR4. Cancer Cell 2012;21:504–16.
Lauckner JE, Jensen JB, Chen HY, et al. GPR55 is a cannabinoid receptor that
increases intracellular calcium and inhibits M current. Proc Natl Acad Sci USA
2008;105:2699–704.
Ross RA. Anandamide and vanilloid TRPV1 receptors. Br J Pharmacol
2003;140:790–801.
Hart S, Fischer OM, Ullrich A. Cannabinoids induce cancer cell proliferation via tumor
necrosis factor alpha-converting enzyme (TACE/ADAM17)-mediated transactivation of
the epidermal growth factor receptor. Cancer Res 2004;64:1943–50.
Munro S, Thomas KL, Abu-Shaar M. Molecular characterization of a peripheral
receptor for cannabinoids. Nature 1993;365:61–5.
Klein TW, Newton C, Larsen K, et al. The cannabinoid system and immune
modulation. J Leukoc Biol 2003;74:486–96.

Miscellaneous

Correction: Opposite roles of cannabinoid receptors 1 and 2
in hepatocarcinogenesis
Ki-Tae S, Mederacke I, Gwak G-Y, et al. Opposite roles of cannabinoid receptors 1 and 2 in
hepatocarcinogenesis. Gut 2017;65:1721–32. doi:10.1136/gutjnl-2015-310212.
In figure 3B, the panels in “Largest tumor size (mm)” and “Liver body ratio (%)” were
switched. Data points and p-values are otherwise correct.
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