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Anandamide-induced apoptosis in Chang liver cells
involves ceramide and JNK/AP-1 pathway
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Abstract. In the present study we demonstrate that ananda-
mide, the most important endogenous cannabinoid, markedly
induced apoptosis in Chang liver cells, an immortalized non-
tumor cell line derived from normal liver tissue, while it
induced only modest effects in a number of hepatoma cell lines.
The apoptotic effect was reduced by methyl-6-cyclodextrin, a
membrane cholesterol depletor, suggesting an interaction
between anandamide and the membrane microdomains
named lipid rafts. Anandamide effects were mediated by
the production of ceramide, as demonstrated by experiments
performed with the sphingomyelinase inhibitor, desipramine,
or with the sphingomyelinase activator, melittin. This
conclusion was confirmed by the observation that exogenous
C2-ceramide induced a remarkable apoptotic effect in the
same cells. Anandamide-induced apoptosis in Chang liver
cells involved oxidative stress and activation of p38/JNK
pathway, which was accompanied by a remarkable increase
in AP-1 DNA-binding activity. Moreover, the levels of both
c-Jun and JunB, two components of the AP-1 complex, and
those of FasL and Bim, two transcriptional targets of AP-1,
also increased during anandamide treatment. In addition,
anandamide increased the level of Bax and caused degradation
of full-length Bid with the production of the active truncated
form. These effects were accompanied by dissipation of
mitochondrial transmembrane potential with the consequent
activation of both caspase-3 and caspase-6. On the contrary,
in hepatoma cells, anandamide did not induce apoptotic
effects and it was not possible to observe any increase in
p38/INK pathway and AP-1 activity after drug treatment.
Our results suggest that the induction of cell death in non-
tumor Chang liver cells by anandamide was mediated by
ceramide, JNK and AP-1 and was dependent on the activation
of both the extrinsic and intrinsic pathways of apoptosis.
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Introduction

Anandamide (N-arachidonylethanolamine or AEA) is an
endocannabinoid which belongs to a family of N-acyl-
ethanolamines produced by several mammal tissues (1-3). It
acts as a lipid mediator through type-1 and type-2 cannabinoid
receptors (CB1 and CB2) or the vanilloid receptor type 1
(VR1), which is the site of action of capsaicin (4-5). Recently,
it has been reported that anandamide can exert cellular actions
independently by its receptors through interaction with specific
lipid microdomains of plasma membrane named lipid rafts (6).

Although the precise physiological role of endogenous
cannabinoids has not been fully elucidated, anandamide has
been implicated in a wide spectrum of central and peripheral
effects, including modulation of memory, blood pressure, pain
and control of immune system (7-8). More generally, it has
been speculated that anandamide may control cell fate by
modulating the choice between growth and death. Recent
findings have focused on the antitumoral potential of ananda-
mide for some transformed cell lines from glioma and human
prostate or breast cancers (9-11). Anandamide might exert
antitumor effects by means of several different mechanisms,
including direct inhibition of cell growth, induction of cell
death and/or inhibition of tumor angiogenesis and metastasis
(12-14). The antiproliferative properties of anandamide were
also demonstrated in vivo, where it induced inhibition of the
activity of the K-ras oncogene product, p21ras, thereby leading
to the reduction of tumor growth (15).

Moreover, a correlation between anandamide and the
progression of hepatic diseases was suggested by the observ-
ation that high plasma levels of anandamide were found in
patients with severe hepatitis or advanced cirrhosis and massive
hepatocellular damage (16).

In the last few years, we have investigated the apoptotic
action of a number of drugs in different hepatoma cell lines
(17-20). The present study was focused on the effects exerted
by anandamide on several human hepatic cell lines (Chang
liver, HepG2, HuH-6, SK-Hepl). We observed a different
susceptibility of these cells to the drug, since anandamide
induced only a modest effect in all hepatoma cell lines tested
but was very effective in non-tumor Chang liver cells, where
it triggered cell death by stimulating either the extrinsic or
intrinsic pathway of apoptosis. The effect was mediated by
endogenous ceramide and involved oxidative stress and
activation of INK/AP-1 pathway.
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Materials and methods

Chemicals and reagents. All compounds were purchased from
Sigma (St. Louis, MO) except for z-VAD-fmk (benzyloxy
carbonyl-Val-Ala-Asp-fluoromethylketone), which was
supplied by Promega (Italy). Stock solutions of anandamide
were dissolved in ethanol and diluted in culture medium.
Control cultures were incubated in the presence of vehicle
alone.

Monoclonal antibodies for c-Jun (H-79), Jun-B (C-11),
c-Fos (D-1), Fra-1 (N-17), Bax (B-9), Bim (FL-198), Bid
(C-20), FasL (Q-20), JNK1 (F-3) and phosho-JNK (G-7) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Antibodies against phospho-c-Jun (Ser-63), phospho-
MKK3/MKKG6 (Ser189/207), phospho-SEK1/MKK4 (Ser257/
Thr261), p38 MAPK , phospho-p38 MAPK (Thr180/Tyr182),
caspase-3, and caspase 8 (1C12) were obtained from Cell
Signaling Technology (Beverly, MA). Anti-caspase-6 antibody
was purchased from Sigma.

Cell cultures. Human hepatic Chang liver cells and hepatoma
HepG2, HuH-6 and SK-Hepl cells were cultured in RPMI-
1640 medium supplemented with 10% heat-inactivated fetal
calf serum (FCS), 1% sodium pyruvate and 1% L-glutamine
and maintained at 37°C with 5% CO, in a humid environment.

For the experiments, cells were seeded on 96-well plates
or 6-well plates at 60-70% confluence. Twenty-four hours after
seeding, cells were kept in serum-free medium for 6 h before
the addition of anandamide.

Cell viability assay. The effect of anandamide on cell viability
was determined by 3-[4,5-dimethylthiazolyl-2] 2,5-diphenyl-
tetrazolium bromide (MTT) assay. After incubation with the
compounds, MTT reagent was added to the cultures and
the assay was carried out as previously reported (18). Values
reported in figures are expressed as percentage of the viability
of control cells. The absorbance at 570 nm (test wavelength)
and 630 nm (reference wavelength) was measured using an
ELISA microplate reader.

Hoechst staining. Cells seeded in 96-well plates were washed
in PBS and stained for 10 min at room temperature in PBS
containing 40% paraformaldehyde and 10 pxg/ml Hoechst
33258. Morphological evaluations of nuclear condensation
and fragmentation were performed immediately after staining
by means of fluorescent microscope.

Quantification of apoptosis by flow cytometry. After treatment
with the compounds, cells were harvested by trypsinization
and resuspendend in a hypotonic solution containing 50 pg/ml
propidium iodide, 0.1% sodium citrate, 0.01% Nonidet P-40
and 10 pg/ml RNase A and incubated overnight at 4°C. Cell
cycle phase distribution was evaluated by an Epics XL flow
cytometer (Beckman Coulter) using Expo32 software. The
percentage of cells in the subdiploid region was considered
as an index of apoptosis.

Measurement of Ay,,. Mitochondrial transmembrane potential
(Ay,,) dissipation was measured by using 3,3-dihexyloxa-
carbocyanine (DiOCg). Chang liver cells were harvested by
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trypsinization, treated with 40 nM DiOC, for 20 min and
analysed by flow cytometry. The percentage of cells showing
a lower fluorescence, reflecting loss of Ayp,,, was determined
by comparison with untreated controls.

Western blot analysis. After treatment, cells were washed in
PBS and incubated in ice-cold lysis buffer containing protease
inhibitor cocktail for 20 min, as previously reported (17). Then,
cells were sonicated three times for 10 sec and the protein
content evaluated using the Lowry method. Equal amounts
of protein samples (60 pg/lane) were subjected to SDS-
polyacrylamide gel electrophoresis and then transferred to a
nitrocellulose membrane for detection with specific anti-
bodies. Bands were quantified by densitometric analysis. The
correct protein loading was verified by means of both red
Ponceau staining and immunoblotting for actin.

Electrophoretic mobility shift assay (EMSA). EMSA was
performed using Gel Shift Assay System (Promega, Italy).
For this study, double-stranded oligonucleotide containing
the AP1 binding site (5'-TCG ACA TCT CAA TTA GTC
AGC AAG-3') was labelled to 5'-end using T4 polynucleotide
kinase in the presence of [y-*?P]-ATP. Equal amounts of
nuclear extracts (10 ug of proteins), prepared according to
Schreiber et al (21) as described by Rabinovich (22), were
incubated in the presence of 3 pg of poly(dI-dC) in EMSA
buffer for 10 min at 4°C. Then, the labelled oligonucleotide
was added (2x10° c.p.m.) and the reaction mixture was incu-
bated for 20 min at 25°C. Complexes were resolved on 4%
native polyacrylamide gel in 1X TBE at 100 V for 1 h. Band
shift mobility was detected by autoradiography of dried gels
using Kodak film with an intensifying screen for approximately
16 h at-80°C.

The specificity of the binding was examined by competition
assays incubating the extracts for 10 min with a 100-fold excess
of either specific or non-specific unlabeled oligonucleotides
before the addition of 3>P-labeled probe.

Supershift assay. Nuclear extracts were incubated with 2 g
of specific antibodies against c-Jun, Jun-B, c-Fos, and Fral
in the presence of the radiolabelled AP-1 probe at 25°C for
45 min. The individual samples were then resolved by electro-
phoresis on 4% native polyacrylamide gel and detected as
described above (17).

Results

Apoptotic effects of anandamide in different hepatic cell
lines. We first evaluated the cell viability by means of MTT
assay either in Chang liver cells, an immortalised non-tumor
cell line, or in three different lines of hepatoma cells (HepG2,
HuH-6 and SK-Hepl).

As shown in Fig. 1A, anandamide induced a clear decrease
in the viability of Chang liver cells. The effect, which was
dose-dependent, was observed at a range of 2.5-15 uM. At 24 h
of treatment, the number of viable cells decreased to 28%
with 10 yM anandamide and 15% with 15 pM. In contrast,
all of the hepatoma cells exhibited only a little susceptibility
to the drug. In fact, with 15 M anandamide, the number of
viable HuH-6 or SK-Hepl1 cells did not drop below 55% and
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Figure 1. Apoptotic effects induced by anandamide in different hepatic cell lines. (A) Cells were treated with vehicle (control) or with the indicated
concentrations of anandamide (AEA). Cell viability was estimated at 24 h of treatment by MTT assay, as reported in Materials and methods. The results are
indicated as the percentage of viable cells with respect to untreated controls. Data represent the average + SD of six independent experiments performed in
triplicate. (B) Morphological analysis of Chang liver cells treated with 10 #M anandamide for 24 h. Fluorescence microscopy after Hoechst 33258 nuclear
staining was employed to detect typical chromatin changes. A representative experiment (of four) is shown. (C) Flow cytometric analysis of cell cycle
distribution of Chang liver cells after incubation with 10 xM anandamide for 24 h without or with 100 M z-VAD-fmk. Cells were stained with propidium
iodide as described in Materials and methods. The percentage of cells in different phases of the cycle was calculated using Expo32 software. The results of a

representative experiment (of four) are shown.

HepG?2 cells appeared almost insensitive to treatment, showing
a decrease in cell viability of only 10%.

Then, we assessed whether the cytotoxicity induced by
anandamide was associated with the induction of apoptosis.
Morphological evaluation of Chang liver cells using Hoechst
33258 staining and fluorescent microscopy revealed a marked
increase in the number of cells with nuclear condensation and
fragmentation after 24 h of treatment with 10 M anandamide
(Fig. 1B). These results were confirmed by flow cytometric
analysis after staining the cells with propidium iodide. The
intensity of apoptotic effect was indicated by the percentage
of cells with subdiploid DNA confined to the subGO/G1 phase
of the cell cycle. Fig. 1C shows that this was approximately
60% in Chang liver cells after 24 h of treatment with 10 yuM
anandamide. The addition of 100 yM z-VAD, a general
caspase inhibitor, counteracted anandamide's effect on DNA

fragmentation, suggesting that caspases are involved in the
death program induced by the drug in these non-tumor cells.

Cytometric analysis confirmed that anandamide induced
only a modest effect in hepatoma cells. In fact, under the same
experimental conditions, the percentage of cells confined to
the subGO/G1 phase was only 25% in HuH-6 and SK-Hepl
cells while, in HepG2 cells, it was similar to that observed in
untreated controls (not shown).

Cholesterol-dependent cytotoxic action of anandamide in
Chang liver cells. It is well known that anandamide interacts
with its targets mainly through CB1, CB2 and VRI1 receptors.
Recently, another mechanism used by the drug has been
reported which involves cholesterol-rich membrane micro-
domains known as lipid rafts. In order to ascertain whether
the apoptotic effect induced by anandamide was mediated by
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Figure 2. The influence of the membrane cholesterol depletor, methyl-63-
cyclodextrin, on the anandamide effect in Chang liver cells. Cells were pre-
treated for 1 h with the indicated concentrations of methyl-B-cyclodextrin
(MCD). Then, 5 or 10 #M anandamide (AEA) was added and the incubation
was protracted for 24 h. Cell viability was estimated by MTT assay, as
reported in Materials and methods and the results expressed as in Figure 1.

such lipid domains in Chang liver cells, we employed methyl-
B-cyclodextrin (MCD), a specific depletor of membrane
cholesterol which disrupts the integrity of lipid rafts (6). The
experiment reported in Fig. 2 confirmed that pre-treatment
with increasing concentrations of MCD reduced the effects
induced by anandamide on Chang liver cell viability so that
the addition of 2 mM MCD almost completely prevented the
effect of the drug.

Involvement of ceramide and oxidative stress in anandamide-
induced apoptosis. It has been reported that anandamide,
through interaction with its receptors, can induce hydrolysis
of sphingomyelin with the production of ceramide, an
effective activator of the death program (23-24). To verify
whether ceramide plays a role in the apoptotic mechanism
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induced by anandamide in Chang liver cells, we treated the
cells with desipramine, which is a powerful inhibitor of
sphingomyelinase (25). As shown in Fig. 3A, the addition of
10 uM desipramine almost completely counteracted the
effect induced by 5 yM anandamide, and markedly reduced
that observed with 10 M. In addition, treatment of Chang
liver cells with melittin, a non-specific activator of sphingo-
myelinase (26), induced an apoptotic effect like that observed
in cells treated with anandamide. The effect was dose-
dependent so that cell viability was reduced by approximately
65% after 24 h of treatment with melittin at a concentration
of 500 ng/ml (Fig. 3B). These results strongly suggested that
ceramide can be a mediator in anandamide-induced apoptosis.
The hypothesis was confirmed by experiments performed in
the presence of C2-ceramide, a cell-permeable ceramide
analogue. Fig. 3C shows that C2-ceramide dose-dependently
decreased Chang liver cell viability which reached 28% of
the control value at a dose of 50 yM while, in HepG2 cells,
C2-ceramide was much less effective.

Since ceramide production is often accompanied by
oxidative stress, we wanted to ascertain whether N-acetyl
cysteine (NAC), a thiol reducing agent that raises the intra-
cellular GSH pool and prevents the action of ROS, was
capable of counteracting anandamide's effect. Pre-treatment
of Chang liver cells for 1 h with NAC dose-dependently
prevented the cells from the cytotoxic effect of the drug. As
shown in Fig. 3D, the addition of 10 mM NAC suppressed
the effect induced by 10 xM anandamide for 24 h.

Effect of anandamide on the activation of p38/JNK pathway
and AP-1 DNA-binding activity. Previous studies have shown
that oxidative stress often causes the activation of p38/JNK
pathway (27). We investigated the possible involvement of
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Figure 3. The involvement of ceramide and oxidative stress in anandamide-induced apoptosis in Chang liver cells. Chang liver cells were treated for 24 h with
5 or 10 xM anandamide (AEA) and without or with the indicated doses of the sphingomyelinase inhibitor, desipramine (DES) (A), with the sphingomyelinase
activator melittin (B), with exogenous C2-ceramide (C), or pre-treated for 30 min with the indicated concentrations of the antioxidant N-acetyl-cysteine
(NAC), followed by incubation for 24 h with 10 M anandamide (D). Cell viability was estimated by MTT assay, as reported in Materials and methods. The
results are indicated as the percentage of viable cells with respect to untreated controls. Data represent the average + SD of five independent experiments

performed in triplicate.
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Figure 4. The effects of anandamide on the levels of various factors related
to c-Jun/JNK pathway. After treatment for 24 h with the indicated doses of
anandamide (AEA), Chang liver cells were lysed and analysed by Western
blotting for the expression levels of c-Jun, phospho-c-Jun, and Jun B (A);
phospho-JNK (B); phospho-p38, phospho-MKK-4, and phospho-MKK-3
(C). The effect induced by 10 uM desipramine (DES) on the level of
phospho-JNK was also analysed in the experiment of panel B. For each
experiment, an actin blot is included to show equal protein loading for all
the samples. Bands were quantified by densitometric analysis using SMX
Image software. The results are representative of four independent
experiments.

Actin

this pathway in apoptosis induced by anandamide in Chang
liver cells. Fig. 4A shows that treatment with 10 M ananda-
mide increased the level of both c-Jun and its phosphorylated
form by approximately 2.9- and 4.1-fold over the control value,
respectively, after 24 h of treatment. Moreover, the level of
Jun-B, another factor of the c-Jun family, also increased by
3.5-fold after treatment.

The members of the c-Jun family are phosphorylated by
different MAP kinases, such as c-Jun N-terminal kinase
(JNK) and p38/MAPK. As shown in Fig. 4B, 10 uM
anandamide induced a 4.5-fold increase in the phosphorylated
form of JNK, observed by using a phospho-specific SAPK/JNK
(Thr183/Tyr185) antibody. In contrast, the level of total INK
protein was not changed by anandamide exposure (not shown).
To demonstrate the direct correlation between the increase in
intracellular ceramide and the activation of JNK pathway, we
analysed the effect of desipramine on the levels of phos-
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Figure 5. The effects of anandamide on AP-1 DNA-binding activity (A) and
composition (B). Chang liver and HepG2 cells were cultured for 24 h
without or with 5 or 10 M anandamide (AEA). (A) Nuclear extracts,
prepared as reported in Materials and methods, were subjected to EMSA
after incubation with 3?P-labelled AP-1 probe. For competitive experiments,
nuclear extracts were incubated with 100-fold excess of specific or aspecific
cold oligonucleotide competitors as indicated. (B) Nuclear extracts,
prepared from Chang liver cells, were submitted to supershift analysis of
AP-1 complex. Antibodies (2 pg) against c-Jun, Jun B, c-Fos or Fra-1 were
added to the extracts in the presence of 32P-labelled probe, as reported in
Materials and methods. Complexes were resolved by electrophoresis and
detected by autoradiography of dried gels. The results were representative of
three independent experiments.

phorylated forms of JNK and c-Jun. As shown in Fig. 4B, the
addition of 10 uM desipramine clearly reduced the effect of
anandamide on phospho-JNK. Similar results were observed
with the phospho-c-Jun level (not shown).

In parallel experiments, we examined p38/MAPK activity
by using an antibody recognizing the (Thr180/Tyr182)-
phosphorylated/activated form of the enzyme. The results
reported in Fig. 4C indicate that the phospho-p38 level was
increased after treatment with anandamide (3.4-fold with
10 xM). Moreover, in anandamide-treated cells, we observed
a dose-dependent increase in the level of MKK-4 (also termed
SEK-1 or JNKK) and MKK-3, which are the kinases upstream
in JNK and p38 cascade, respectively (Fig. 4C).

Because phospho-c-Jun was the main component of
transcription factor AP-1, we performed EMSA experiments
in order to verify eventual changes in AP-1 DNA-binding
activity in anandamide-treated Chang liver cells. Fig. SA
shows that treatment with anandamide induced a dose-
dependent increase in AP-1 DNA-binding activity. Also in
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Figure 6. The effects of anandamide on the levels of some apoptotic factors.
After treatment for 24 h with 5 or 10 xM anandamide (AEA) Chang liver
cells were lysed and analysed by Western blotting for the expression level of
the indicated proteins, as reported in Materials and methods. For each
experiment, an actin blot is included to show equal protein loading for all
samples. Bands were quantified by densitometric analysis using SMX Image
software. The results are representative of four independent experiments.

this case, the addition of desipramine caused a marked
reduction of anandamide's effect on AP1 activity (not shown).
AP-1 binding specificity was demonstrated by competition
experiments in the presence of a 100-fold excess of specific
or aspecific cold oligonucleotides. In contrast, in anandamide-
treated HepG?2 cells, it was not possible to observe any variation
in AP-1 DNA-binding activity.

Furthermore, we investigated the composition of the AP-
1 complex by means of supershift analysis using antibodies
against different Fos and Jun family members (c-Jun, JunB,
c-Fos and Fra-1).

The results reported in Fig. 5B indicated that, under our
experimental conditions, c-Jun and Jun-B were the main
components of the AP-1 complex while Fos represented a
minor component. Finally, Fig. 5B suggested that Fral was
absent in the AP-1 complex, since the antibody against this
factor did not modify the electrophoretic mobility of AP-1.

Effect of anandamide on Bcl-2 family proteins and members
of the Fas pathway. It is well known that Bcl-2 family members
play an important role in the apoptotic mechanism (28). In
Chang liver cells treated with 10 xM anandamide, Western
blot analysis showed only a modest decrease in the levels of
Bcl-2 and Bcl-XL, which are two anti-apoptotic factors of
the family (not shown). Interestingly, we observed a clear
increase in the levels of Bim, Bid and Bax, three pro-apoptotic
factors of the Bcl-2 family.

Bim is a factor of the BH3-only subfamily, which is
present in cells in three different isoforms (BimEL, BimL
and BimS). Anandamide induced an increase in the level of
the three isoforms, particularly in that of BimL (3.9-fold
respect to the control) (Fig. 6). Moreover, treatment with the
drug caused a dose-dependent decrease in the level of native
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Bid together with the appearance of a band of 15 kDa,
corresponding to the truncated and active form of the protein
(Fig. 6). Also, a clear increase in the level of Bax was observed
in treated cells.

Since Fas pathway can be triggered by transcriptional
activity of AP-1, we analysed the level of both Fas receptor
and Fas ligand (FasL). The expression of Fas receptor was
not modified by anandamide treatment, while the drug clearly
increased the FasL level, which reached a 4-fold value over
the control in the presence of 10 xM anandamide (Fig. 6).

Involvement of mitochondria and caspase activities in
anandamide-induced apoptosis. The evaluation of mito-
chondrial transmembrane potential (Ay,,) using DiOCq, a
fluorescent voltage-dependent dye, showed that treatment
with 10 #M anandamide for 24 h induced the dissipation of
Ay, with the increase in percentage of depolarised cells. The
addition of 100 pM z-VAD partially counteracted (~50%)
the loss in mitochondrial transmembrane potential induced
by the drug (Fig. 7A).

In order to ascertain the involvement of caspase activity
in anandamide-induced apoptosis, we analysed the level of
caspase-8, an upstream protease, and that of caspase-3 and -6,
two proteases of the execution phase of apoptosis, using
Western blotting. The results reported in Fig. 7B indicate that
treatment for 24 h with 5 or 10 uM anandamide induced a
marked activation of caspase-8, as demonstrated by the
decrease in intensity of the 57-kDa band, corresponding to
procaspase-8, together with the appearance of the 43-kDa
band which is recognised as the active form. Fig. 7B also
shows the activation of caspase-3, as indicated by the decrease
of the proenzyme (band at 32 kDa) and the concomitant
increase in the level of the active form of 17 kDa. Finally,
anandamide also induced a clear decrease in the level of
procaspase-6 (Fig. 7B). However, in this case, the degraded
form was not observed since it is not recognised by the
antibody used in the experiment.

Discussion

In the last few years, many investigations have focused on
the effects exerted by endogenous cannabinoids. These factors
have been recently found to suppress cell proliferation or
induce apoptosis in many in vivo and in vitro systems (12).

In the present study, we investigated the effect of ananda-
mide in human Chang liver cells, a model of normal hepato-
cytes, and in three different lines of hepatoma cells. We
demonstrated by both MTT assay and cytofluorimetric analysis
that anandamide efficiently reduced the viability of Chang
liver cells in a dose-dependent manner but was much less
effective in hepatoma cells. Anandamide-treated Chang liver
cells show typical morphological signs of apoptosis, such as
chromatin condensation and fragmentation, as demonstrated
by Hoechst staining. Moreover, the caspase inhibitor, z-VAD,
completely prevented Chang liver cells from anandamide-
induced apoptosis, indicating that caspase activities are
involved in cell death.

It is well known that, in many cells, the effects of ananda-
mide, independently from the presence of specific receptors,
are mediated by cholesterol rich membrane microdomains,
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Figure 7. The involvement of mitochondria and caspase activity in anandamide-induced apoptosis. (A) Determination of dissipation of mitochondrial
transmembrane potential (Ay,,) in Chang liver cells treated for 24 h with 10 M anandamide (AEA) without or with 100 #M z-VAD-fmk. Ay,, was measured
by flow cytometry after staining with the lipophilic dye, DiOC, as reported in Materials and methods. Data are representative of three separate experiments
with similar results. (B) Activation of caspase activity in anandamide-treated Chang liver cells. Lysates were prepared by cells treated for 24 h with 5 or 10 xM
anandamide and analyzed by Western blotting as reported in Materials and methods. For each experiment, an actin blot is included to show equal protein
loading for all samples. Bands were quantified by densitometric analysis using SMX Image software. The results are representative of four independent

experiments.

known as lipid rafts. Since the addition of the cholesterol
depletor, methyl-B-dextrin, completely counteracted ananda-
mide-induced apoptosis in Chang liver cells, we postulate
that anandamide mainly acts through lipid rafts in these cells.
Results reported in this paper demonstrate that, in Chang liver
cells, treatment with melittin, a sphingomyelinase activator,
mimicked the effect induced by anandamide while the addition
of the sphingomyelinase inhibitor, desipramine, markedly
counteracted the effect of the drug. These data strongly suggest
that ceramide is involved in anandamide-induced apoptosis.
In accordance with this hypothesis, our data indicate that C2-
ceramide, a cell-permeable ceramide analogue, provoked a
remarkable reduction in Chang liver cell viability at a range
of 5-50 uM.

Our paper provides evidence that anandamide induced
apoptosis in Chang liver cells by means of a mechanism which
is mediated by JNK/p38 activity and the transcription factor,
AP-1. Treatment with the drug did not modify the basal level
of JNK proteins, while it increased the level of their phos-
phorylated forms as well as the level of phospho-MKK-4 and
MKK-3, the kinases upstream to JNK and p38 respectively.
In addition, since the sphingomyelinase inhibitor, desipramine,
prevented the phosphorylation/activation of JNK, we think that
ceramide, which was produced under anandamide stimulation,
could be responsible for the induction of JNK/p38 pathway.
Ceramide could induce JNK/p38 pathway either through direct
activation of the upstream kinase of JNK cascade MEKK-1,

as reported by Huwiler et al (29) in glomerular endothelial
cells, or through the generation of oxidative stress, which is the
main activator of JNK. The observation that the addition of
NAC, the most active antioxidant agent, completely prevented
anandamide-induced cell death in Chang liver cells, seems to
indicate a possible role of oxidative stress in the apoptotic
pathway induced by the drug. However, our data did not
clearly indicate the direct targets of ceramide action in Chang
liver cells.

Another interesting event is the marked increase in the
level of phospho-c-Jun, which was observed in Chang liver
cells treated with anandamide. This event, which was obviously
a closed consequence of JNK activation, contributed to
stabilising AP-1 and increasing its DNA-binding activity in
treated Chang liver cells. The observation that desipramine
also inhibited AP-1 DNA-binding activity is evidence that
AP-1 was activated by ceramide. Therefore, ceramide, JNK
and AP-1 seem to relate to each other in order to mediate
apoptosis induced by anandamide.

AP-1 is a transcriptional factor which plays an important
role in determining survival or cell death (30). Our results
suggest that AP-1 stimulated apoptosis in Chang liver cells
by inducing the expression of FasL and Bim, two apoptotic
factors which are transcriptional targets of AP-1. The marked
increase in the level of FasL was evidence that anandamide
induced death in Chang liver cells by stimulating the extrinsic
pathway of apoptosis. The involvement of FasL resulted in
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the activation of caspase-8 with degradation of full-length
Bid and the production of its active form, tBid. Finally, our
results demonstrate that anandamide also induced a marked
increase in the level of Bax, although our results did not clarify
the cause of this event. However, in accordance with Kashkar
(31), it is possible that ceramide can be involved in the mech-
anism which stimulated the activation of Bax in Chang liver
cells. The increased levels of many pro-apoptotic members of
the Bcl-2 family (tBid, Bim and Bax) induced by anandamide
were most likely responsible for the dissipation of mito-
chondrial transmembrane potential and activation of executive
caspase-3 and caspase-6.

In conclusion, our results indicate that anandamide triggered
apoptosis in Chang liver cells by activating the extrinsic
pathway of cell death and inducing mitochondrial damage.
The mechanism is most likely stimulated by ceramide and
mediated by JNK and AP-1. It is interesting to note that
anandamide was unable to induce apoptosis in HepG2 cells.
Although it is possible that the different effectiveness of
anandamide in the two cell lines depends on a lower uptake
of the drug in HepG2 cells, we suggest that it could be a
consequence of a different role exerted by ceramide, the
mediator of anandamide action. In particular, we advance the
hypothesis that ceramide mediates an apoptotic pathway in
Chang liver cells whereas, in HepG2 cells, it stimulates a
survival mechanism in accordance with recent evidence that
ceramide is converted in rat hepatocytes in sphingosine-1-
phosphate, a factor which induces cell survival by stimulating
Akt activity (32).

It is well known that liver fibrosis is a common response
to chronic liver injury, ultimately leading to cirrhosis and its
complications. A key role in the development of liver fibrosis
is played by hepatic stellate cells which, in injured liver, are
activated as collagen-producing cells. Thus, the current
treatment strategy against liver fibrosis includes the induction
of apoptosis in these cells. Recently, it has been reported that
anandamide is present at higher levels in the plasma of patients
with advanced cirrhosis and it is produced by monocytes
activated during the inflammatory process (33). Moreover,
Siegmud et al (34) have demonstrated that anandamide
inhibits proliferation and induces necrosis in primary hepatic
stellate cells, thereby probably exerting antifibrogenic action
in liver fibrosis. The results of the present study on the ability
of anandamide to induce apoptosis in Chang liver cells, a
model of normal hepatocytes in rapid proliferation, suggest
that, although the drug could play an anti-fibrotic role, it
could also counteract the process of liver regeneration.
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