
Research Paper

R(+)-Methanandamide-Induced Apoptosis of Human Cervical Carcinoma Cells
Involves A Cyclooxygenase-2-Dependent Pathway
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Purpose. Cannabinoids have received renewed interest due to their antitumorigenic effects. Using human
cervical carcinoma cells (HeLa), this study investigates the role of cyclooxygenase-2 (COX-2) in
apoptosis elicited by the endocannabinoid analog R(+)-methanandamide (MA).
Methods. COX-2 expression was assessed by RT-PCR and Western blotting. PGE2/PGD2 levels in cell
culture supernatants and DNA fragmentation were measured by ELISA.
Results.MA led to an induction of COX-2 expression, PGD2 and PGE2 synthesis. Cells were significantly
less sensitive to MA-induced apoptosis when COX-2 was suppressed by siRNA or the selective COX-2
inhibitor NS-398. COX-2 expression and apoptosis by MAwas also prevented by the ceramide synthase
inhibitor fumonisin B1, but not by antagonists to cannabinoid receptors and TRPV1. In line with the
established role of peroxisome proliferator-activated receptor γ (PPARγ) in the proapoptotic action of
PGs of the D and J series, inhibition of MA-induced apoptosis was also achieved by siRNA targeting
lipocalin-type PGD synthase (L-PGDS) or PPARγ. A role of COX-2 and PPARγ in MA-induced
apoptosis was confirmed in another human cervical cancer cell line (C33A) and in human lung carcinoma
cells (A549).
Conclusion. This study demonstrates COX-2 induction and synthesis of L-PGDS-derived, PPARγ-
activating PGs as a possible mechanism of apoptosis by MA.

KEY WORDS: Apoptosis; cyclooxygenase-2; lipocalin-type prostaglandin D synthase; peroxisome
proliferator-activated receptor γ; R(+)-methanandamide.

INTRODUCTION

In recent years, cannabinoids attracted a great deal of
interest as promising novel anticancer agents, as they have
been shown to inhibit the growth of tumor cells in culture and
animal models by modulating key cell-signaling pathways (for
review see (1,2)). By the beginning of the 1990s two
cannabinoid-specific Gi/o protein-coupled receptors, referred

to as CB1 and CB2, have been cloned (3–5) and several
endogenous ligands have been characterized. The first
endocannabinoid to be isolated was anandamide (arachido-
nylethanolamine, AEA) (6), which also displays agonist
activity at the transient receptor potential vanilloid-type 1
(TRPV1) (7), followed by 2-arachidonylglycerol (2-AG) (8).
There is accumulating evidence, that endocannabinoids have
the ability to modulate cell proliferation. AEA, for example,
has been shown to possess anticancer properties in a number
of different tumor-derived cell lines, including those derived
from breast cancer (9), rat glioma (10), cervical carcinoma
(11) and colorectal cancer (12). Moreover, upregulation of
endocannabinoid levels in several cancer tissues and malig-
nant cells has been suggested to be involved in the tonical
control of tumor growth (12,13). Interestingly, however,
AEA-mediated effects do not necessarily involve CB recep-
tor or TRPV1 activation (14–17).

Over the past years, the mediators of cannabinoid
effects have been intensively investigated. Thereby, a rela-
tionship between cannabinoids and prostaglandins (PGs) has
been established by several lines of evidence. For instance,
various actions of cannabinoids within the central nervous
system, including dilation of cerebral arterioles (18), psycho-
active and behavioural effects (19), or reduction of intra-
ocular pressure (20,21) have been associated with an
increased production of PGs. Consequently, Chan et al. (22)
have shown that the hippocampal neuronal death induced
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by Δ9-tetrahydrocannabinol was inhibited by non-steroidal
anti-inflammatory drugs and inhibitors of de novo synthesis
of mRNA and protein, implying the involvement of COX-2 in
this process. Investigations from our group revealed
upregulation of COX-2 by R(+)-methanandamide (MA), a
stable synthetic analog of AEA, and a contribution of this
enzyme to apoptotic death of human neuroglioma cells
(23,24). In line with these findings, COX-2 has also been
implicated in the proapoptotic and cytotoxic effects of diverse
substances, including therapeutically used chemotherapeutics,
in cancer cells (26–29), raising the hitherto unanswered
question whether COX-2 inhibitors might interfere with the
therapeutic benefit of COX-2-inducing anticarcinogenic agents.

Concerning the mechanisms underlying COX-2-mediated
apoptosis, we were recently able to prove a significant con-
tribution of lipocalin-type PGD synthase (L-PGDS), an
isomerase that converts PGH2 into PGD2, to apoptosis of a
cervical carcinoma cell line (HeLa) in response to several
COX-2-inducing chemotherapeutics (29). PGD2 and its bio-
logically active metabolites, including J2 series PGs such as
PGJ2, Δ12-PGJ2 and 15-deoxy-Δ12,14-PGJ2 (15d-PGJ2), are
important regulators of cell proliferation and death (30) and
have been shown to induce apoptotic death of human leukemia
cells (25). Furthermore, evidence is accumulating to suggest,
that PGD2 and 15d-PGJ2 induce apoptosis and cell growth
inhibition in several types of cancer cells via their ability to
activate the peroxisome proliferator-activated receptor γ
(PPARγ) (30,31). In line with this assumption, COX-2-
mediated apoptosis by chemotherapeutics was likewise shown
to involve a PPARγ-dependent pathway (29).

Despite the well-known relationship between PGs and
cannabinoids, an involvement of L-PGDS-derived PGs and
PPARγ still remains to be established. To clarify this issue,
the present study was designed to investigate apoptosis after
MA treatment in HeLa cells with special emphasis on the role
of COX-2, L-PGDS and PPARγ in this process. To exclude a
cell line specific effect, we further performed key experiments
with additional tumor cell lines.

MATERIALS AND METHODS

Materials

AM-251, AM-630, capsazepine and NS-398 were
purchased from Alexis Deutschland GmbH (Grünberg,
Germany). GW-9662 was obtained from Sigma-Aldrich Chemie
(Steinheim, Germany). Fumonisin B1 and MAwere purchased
from Calbiochem (Bad Soden, Germany). Dulbecco’s modified
Eagle’s medium (DMEM) with 4 mM L-glutamine and
4.5 g/l glucose was from Cambrex Bio Science Verviers
S.p.r.l. (Verviers, Belgium). Fetal calf serum and penicillin-
streptomycin were obtained from PAN Biotech (Aidenbach,
Germany) and Invitrogen (Karlsruhe, Germany), respectively.
Small-interfering RNA (siRNA) against COX-2 was synthe-
sized by Qiagen (Qiagen GmbH, Hilden, Germany). The
target sequence was 5′-aactgctcaacaccggaattt-3′ (bases 291–311
of NM000963.1) The siRNA sequence was controlled via
BLAST search and did not show any homology to other known
human genes. siRNA targeting L-PGDS (5′-cacaataaactccg
gaagcaa-3′) and PPARγ (5′-gagggcgatcttgacaggaaa-3′) were
commercially available (Qiagen GmbH, Hilden, Germany). A

negative (non-silencing) control siRNA was purchased from
Eurogentec (Seraing, Belgium; Cat. No. OR-0030-neg).

Cell culture and treatment protocols

The human cervical carcinoma cell lines HeLa and C33A,
as well as the human lung carcinoma cell line A549 were
maintained in DMEM supplemented with 10% heat-inactivated
fetal calf serum, 100 U/ml penicillin and 100 µg/ml streptomycin.
The cells were grown in a humidified incubator at 37°C and 5%
CO2. All incubations were performed in serum-free medium.
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Fig. 1. Influence of MA on COX-2 expression, PGE2 release and
apoptosis by HeLa cells. a Effect of MA on DNA fragmentation.
Effect of MA on COX-2 mRNA (b), PGE2 release (c), and COX-2
protein expression (d). Cells were incubated with MA at 10 µM or its
vehicle for the indicated times (a, b, c) and for 24 h (d). β-Actin was
used as a loading control for Western Blot analysis. Percent control
represents comparison with vehicle-treated cells (100%) in the
absence of test substance. Values are means±SEM of n=4 experi-
ments. *P<0.05, **P<0.01, ***P<0.001, vs. corresponding vehicle
control (Student’s t test).
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AM-251, AM-630, capsazepine and NS-398 were used at
a final concentration of 1 µM. GW-9662 was used at a 20-µM,
and fumonisin B1 at a 50-µM final concentration. Except
concentration dependence experiments, MA was used at a
final concentration of 10 µM. All inhibitors were added 1
hour prior to MA.

For transfection experiments, cells were seeded into
24-well plates (DNA fragmentation assays) or 6-well plates
(Western blots) and grown to 50–80% confluence. Thereafter,
cells were transfected with the respective silencing siRNA or
non-silencing siRNA using RNAiFect® (Qiagen GmbH,
Hilden, Germany) as described previously (23). The final
concentration of siRNA or nonsilencing siRNAwas 2.5 µg/ml
(COX-2 siRNA) and 1.25 µg/ml (L-PGDS siRNA and
PPARγ siRNA), respectively.

In experiments addressing the action of MA in COX-2-
silenced cells, HeLa cells were first transfected with COX-2
siRNA or non-silencing siRNA for 24 h. Following medium
change, cells were then treated with MA or vehicle in serum-
free medium containing the same amounts of COX-2 siRNA
or nonsilencing siRNA to provide constant transfection
conditions.

The incubation times of the individual experiments are
given in the Figure legends.

Quantitative RT-PCR analysis

HeLa cells were grown to confluence in 24-well plates.
After incubation of cells with the respective test compounds
or vehicle for 48 h (Fig. 4), or for the indicated times (2–48 h;
Fig. 1), supernatants were removed and cells were lysed for
subsequent RNA isolation. Total RNA was isolated using
the RNeasy total RNA Kit (Qiagen, Hilden, Germany). β-
Actin- (internal standard) and COX-2 mRNA levels were
determined by quantitative real-time RT-PCR as described
recently (23).

Western blot analysis

Western blot techniques were performed as described
recently (23). In brief, cells were grown to confluence, and
incubated with test substance or vehicle for the indicated times.
Subsequently, cells were lysed in solubilization buffer [50 mM
HEPES, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton
X-100, 10% (v/v) glycerol, 1 mM phenylmethylsulfonyl fluo-
ride, 1 µg/ml leupeptin, and 10 µg/ml aprotinin], homogenized
by sonication, and centrifuged at 10,000×g for 5 min. Proteins
derived from the supernatants were separated on a 10%
sodium dodecyl sulfate-polyacrylamide gel. After transfer to
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Fig. 2. Influence of the CB1 antagonist AM-251 (AM1; 1 µM), the CB2 antagonist AM-630
(AM2; 1 µM), the TRPV1 antagonist capsazepine (Capsa; 1 µM) and the ceramide synthase
inhibitor fumonisin B1 (FB1; 50 µM) on MA-induced apoptosis (a, c) and COX-2 protein
expression (b, d) by HeLa cells. Cells were incubated with MA at 10 µM or its vehicle for
24 h. All inhibitors were added to the cells 1 h prior to MA. β-actin was used as a loading
control for Western Blot analysis. Percent control represents comparison with vehicle-treated
cells (100%) in the absence of test substance. Values are means±SEM of n=4–8 experiments.
***P<0.001 vs. corresponding vehicle control; ###P<0.001, vs. MA (one-way ANOVA plus
Bonferroni test).
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nitrocellulose and blocking of the membranes with 5% milk
powder, blots were probed with specific antibodies raised to
COX-2 (BD Biosciences, Heidelberg, Germany; 1:250 for
detection in HeLa and A549, and 1:100 in C33A cells),
PPARγ, L-PGDS (Cayman, Ann Arbor, MI, USA; 1:500 for
PPARγ, and 1:250 for L-PGDS), and ß-Actin (Calbiochem,
Bad Soden, Germany; 1:5,000). Thereafter, membranes were
probed with horseradish peroxidase-conjugated Fab-specific
anti-mouse IgG (New England BioLabs, Frankfurt, Germany)
for detection of COX-2 and ß-actin, or anti-rabbit IgG (New
England BioLabs, Frankfurt, Germany) for detection of
L-PGDS and PPARγ, respectively. Antibody binding was visu-
alized by enhanced chemiluminescence Western blotting detec-
tion reagents (AmershamBiosciences Inc., Freiburg, Germany).

Determination of prostaglandins

HeLa cells seeded in 24-well plates at a density of 5×
100,000 cells/well were grown to confluence. Thereafter, cells
were incubated with the respective test compounds or its
vehicles for 48 h (Fig. 4) or the indicated times (12–48 h;
Fig. 1), in 300 µl cell culture medium without serum. PGE2

and PGD2 concentrations in cell culture supernatants were
determined using commercially available enzyme-linked
immuno assay (ELISA) kits (Cayman, Ann Arbor, MI,
USA). In brief, the quantification of PGE2 is based on the
binding competition between PGE2 from the cell culture
supernatant, and a PGE2-acetylcholinesterase conjugate serv-
ing as PGE2 tracer to a limited amount of monoclonal
antibody. Binding of the tracer-antibody-complex to the
secondary antibody coated on the plate bottom is therefore
inversely proportional to the amount of PGE2 that is
visualized by enzymatic reaction with Ellmann’s reagent and
can be calculated by a standard curve. The PGD2 enzyme
assay is based on the conversion of PGD2 to a stable
methoxylamine (MOX) derivative. Treatment of the sample
with MOX hydrochloride (MOX-HCl) converts PGD2 into
PGD2-MOX, thereby preventing its further chemical degra-
dation following collection of supernatants.

Detection of DNA fragmentation

HeLa, C33A, and A549 cells were seeded in 24-well
plates at a density of 1×100,000 cells/well and were grown to
confluence. Thereafter, cells were incubated with the respec-
tive test compounds or its vehicles for the indicated times.
Detection of DNA fragmentation in A549 cells was per-
formed after 48 h, and in C33A cells after 24 h of incubation
with the test substances or vehicles. For apoptosis detection,
adherent cells were harvested by trypsinization and combined
with the detached cells. Cytoplasmic histone-associated DNA
fragments (mono and oligonucleosomes) were assessed using
the cell death detection ELISAPLUS kit (Roche Diagnostics,
Mannheim, Germany).

Statistics

All data shown represent means±SEM referring to the
respective vehicle control that is defined as 100%. Statistical
analyses were undertaken using GraphPad Prism 4.01
(GraphPad Software, San Diego, CA, USA). Comparisons

between two groups were performed with Student’s t test.
When the experimental set-up includes more than two
groups, comparisons were performed with one-way ANOVA
plus Bonferroni test.

RESULTS

MA-induced toxicity, apoptosis, COX-2 expression
and PGE2 synthesis

To investigate whether MA possesses antitumor proper-
ties in HeLa cells, we analysed induction of apoptosis by this
compound using DNA fragmentation assays. As shown in
Fig. 1A, MA led to a significantly increased apoptosis at
different time points post-treatment.

In parallel, COX-2mRNAexpression was demonstrated to
be induced in a time-dependent manner, with peak levels
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0.001, vs. MA (one-way ANOVA plus Bonferroni test).
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occurring after a 24-h stimulation (Fig. 1B). MA also led to a
concentration-dependent induction of COX-2 protein synthesis
(Fig. 1D) accompanied by upregulation of COX-2 activity as
measured by increased PGE2 levels in supernatants (Fig. 1C).

Next we examined the involvement of CB receptors and
TRPV1 in MA responses, using the selective CB1 receptor
antagonist AM-251, the selective CB2 receptor antagonist
AM-630, a combination of AM-251 and AM-630 as well as
the TRPV1 antagonist capsazepine. However, all preincuba-
tions with receptor antagonists neither significantly altered
DNA fragmentation (Fig. 2A) nor COX-2 expression induced
by MA (Fig. 2B).

On the other hand, treatment of cells with the ceramide
synthase inhibitor fumonisin B1 completely abolished DNA
fragmentation by MA (Fig. 2C). Likewise, a suppression of
MA-induced COX-2 protein was observed (Fig. 2D).

Influence of COX-2 siRNA on MA-induced apoptotic
cell death

One main emphasis of the present study was the question
whether the proapoptotic action of MA on HeLa cells is
dependent on COX-2 activity. To address this issue, a set of
experiments using siRNA targeting COX-2 was performed.
As shown in Fig. 3A, transfection of cells with COX-2 siRNA
significantly inhibited DNA fragmentation by the endocanna-
binoid analog. At the concentration tested, COX-2 siRNA

completely inhibited MA-induced COX-2 protein expression
(Fig. 3B). Control experiments revealed no significant effect
of non-silencing siRNA on all these parameters investigated
(Fig. 3C and D)

Influence of NS-398 on MA-induced apoptotic cell death

In case of a key role of COX-2 activity in apoptosis
induction, selective inhibition of COX-2 activity is supposed
to mimic the protective effect of COX-2 knock-down.
Therefore, further experiments using the selective COX-2
inhibitor NS-398 were performed. Coincubation of MA with
NS-398 (1 µM) abolished MA-induced PGE2 and PGD2

formation (Fig. 4A, middle panels) and significantly protected
HeLa cells against DNA fragmentation (Fig. 4A, left).
Incubation of cells with NS-398 (1 µM) alone had no
significant effect on basal DNA fragmentation (Fig. 4A).
Interestingly, NS-398 at 1 µM also tended to suppress
induction of COX-2 mRNA expression by MA (Fig. 4A,
right). However, a statistical significance could not be
calculated in this respect.

Role of L-PGDS in MA-induced apoptotic cell death

As COX-2-dependent PGs generated by the enzymatic
activity of L-PGDS are known to induce apoptosis (28), we next
analysed, whether this enzyme is involved in HeLa cell apo-
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ptosis. As shown in Fig. 4B, transfection of cells with L-PGDS
siRNA significantly inhibited apoptosis elicited by the cannabi-
noid. At the concentration tested, L-PGDS siRNA was shown
to inhibit basal L-PGDS protein expression (Fig. 4C), which
was not altered by the investigated compound. L-PGDS siRNA
alone had no effect onDNA fragmentation (Fig. 4B). Moreover,
non-silencing siRNA which was used as a negative control, left
all investigated parameters virtually unaltered (Fig. 4B and C).

Role of PPARγ in MA-induced apoptosis

Previously, PGD2 was reported to mediate its effects as a
ligand on the PPARγ receptor (31). This led us to hypothesize
that MA-induced apoptosis might involve PPARγ activation.
As shown in Fig. 5A, knock-down of PPARγ by siRNA
transfection significantly inhibited MA-induced apoptosis.
Again, siRNA at the concentration tested was shown to inhibit
basal PPARγ protein expression (Fig. 5B), which was not
altered by the investigated cannabinoid. PPARγ siRNA did
not affect DNA fragmentation, as well as a non-silencing
siRNA which was used as a negative control had no effect on
all parameters investigated (Fig. 5A and B). Additionally,
coincubation of cells with the selective PPARγ antagonist GW-
9662 attenuated MA-induced apoptosis (Fig. 5C). In line with

these findings, MA-induced apoptosis was mimicked by the
synthetic PPARγ agonist rosiglitazone (Fig. 5D).

Involvement of COX-2 and PPARγ in MA-induced
apoptosis in A549 and C33A cells

To exclude a restriction to one single cell line, we
repeated the key experiments in another cervical carcinoma
cell line (C33A) as well as in a cell line derived from human
lung cancer (A549). As shown in Fig. 6A, COX-2 expression
was increased in both cell lines after treatment with 10 µM
MA. In line with the experiments addressing the role of
COX-2 and PPARγ in HeLa cells, induction of DNA frag-
mentation after MA treatment again proved to be sensitive to
NS-398 and GW-9662 in both C33A and A549 cells (Fig. 6B
and C).

DISCUSSION

In recent years, evidences for an antitumorigenic action
of cannabinoids and their endogenous analogs was mainly
derived from studies demonstrating their proapoptotic and
antiproliferative properties (for review see (1,2)). Moreover,
several cellular investigations revealed a contribution of
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the absence of test substance. Values are means±SEM of n=3–4 experiments. *P<0.05; **P<0.01;
***P<0.001, vs. corresponding vehicle control; #P<0.05, ###P<0.001, vs. MA (one-way ANOVA
plus Bonferroni test).
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endocannabinoids to the tonical control of cancer growth
(12,13). However, despite the fact that many signalling
pathways contributing to the antitumorigenic properties have
been clarified, several phenomena reported after cannabinoid
treatment have not been analysed yet regarding their

potential as key mediators of cannabinoid-induced apoptosis.
In this respect we were particularly interested in the
modulation of COX-2 expression and PG production which
has been reported to be involved in several biological effects
of cannabinoids (18–21,32,33). Recent investigations of our
group have shown that MA causes apoptotic death of H4
neuroglioma cells by a mechanism involving de novo
expression of COX-2 (23,24).

We here demonstrate an induction of COX-2 expression
and subsequent PG synthesis by MA in HeLa cells. Addi-
tional analysis provided evidence that MA-induced COX-2
expression and apoptosis were not mediated by either CB
receptors or TRPV1. Instead, MA-induced COX-2 expres-
sion was shown to involve a ceramide-dependent pathway
(for the complete proposed mechanism see Fig. 7). Ceramide
is an ubiquitous sphingolipid second messenger that plays an
important role in the control of cell fate at different sites (34)
and has previously been reported to induce COX-2 expres-
sion and to activate MAPKs (35), which have been implicated
as upstream targets regulating COX-2 expression (36).
Moreover, ceramide induction by cannabinoids has been
shown to mediate apoptosis of glioma cells (23,37). Ceramide
can be generated by hydrolysis of sphingomyelin by sphingo-
myelinases, de novo, or via reacylation of free sphingoid
bases (38). The data presented here suggest that MA-induced
apoptosis is mediated via de novo ceramide formation by the
enzyme ceramide synthase. Accordingly, induction of DNA
fragmentation by MA was prevented by the mycotoxin
fumonisin B1, a structural sphingolipid analog that inhibits
the acylation step in ceramide synthesis by binding competi-
tion with sphinganine and sphingosine (38). This mechanism
is in line with our recent data showing a contribution of de
novo ceramide synthesis to COX-2 induction and subsequent
apoptosis in H4 neuroglioma cells (39,23).

R(+)-Methanandamide

Sphingosine
Sphinganine

Ceramide

Apoptotic cell death

PPARγ

PGD2
15d-PGJ2

Ceramide synthase

L-PGDS

activation

COX-2 PGH2
Arachidonic

acid

FB1

NS-398
COX-2 siRNA

L-PGDS siRNA

GW-9662
PPARγ siRNA

Fig. 7. Scheme illustrating the proposed mechanism by which MA
enhances apoptotic cell death of HeLa, C33A and A549 cells. MA
increases synthesis of ceramide via the enzyme ceramide synthase,
which in turn leads to COX-2 expression, and subsequent synthesis of
PGD2 and 15d-PGJ2 by the L-PGDS. Finally, activation of PPARγ by
the indicated PGs is proposed to elicit apoptotic cell death.
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Fig. 6. Influence of NS-398 and GW-9662 on MA-induced DNA
fragmentation in C33A and A549 cells. a Western Blot analysis of
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Effect of NS-398 or GW-9662 on DNA fragmentation in C33A (b)
and A549 (c) and cells. Cells were incubated with MA (10 µM), NS-
398 (1 µM), GW-9662 (20 µM) or the respective vehicle controls for
24 (b) or 48 (c) h. Percent control represents comparison with
vehicle-treated cells (100%) in the absence of test substances. Values
are means±SEM of n=4 experiments. ***P<0.001 vs. corresponding
vehicle control; ###P<0.001, vs. MA (one-way ANOVA plus
Bonferroni test).
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The main emphasis of this study, however, was to estab-
lish a COX-2-dependent mechanism of apoptosis induction
by the investigated endocannabinoid analog. In fact, we con-
firmed a direct correlation between COX-2 and apoptosis
induction by means of COX-2 siRNA transfection. Addition-
ally, NS-398 significantly interfered with the proapoptotic and
cytotoxic action of MA at a concentration of 1 µM, which
itself did not induce apoptosis, but which completely inhibited
MA-induced PGE2 and PGD2 synthesis. Interestingly, NS-398
also inhibited, albeit not significantly, COX-2 mRNA expres-
sion suggesting a positive feedback regulation of COX-2
expression by COX-2-derived PGs, a phenomenon reported
by us and others previously (40–42).

Looking for the targets conferring COX-2-induced
apoptosis, we have recently focussed on diverse PGs synthe-
sized upon COX-2 stimulation. In this context, PGD2 and its
dehydration product 15d-PGJ2 were both shown to elicit
apoptosis in HeLa cells (29). On the other hand, PGE2, which
was proven to cause apoptosis of H4 neuroglioma cells (23)
and primary cultures of glioblastoma multiforme (43), failed
to induce DNA fragmentation in HeLa cells (29). Based on
these findings, the contribution of PGD2 to cannabinoid-
induced apoptosis was assessed using siRNA targeting its
biosynthesizing enzyme L-PGDS. L-PGDS is an N-glycosy-
lated, monomeric protein, which catalyzes the conversion of
PGH2 to PGD2 (44) and is known to induce apoptosis (45,46).
In our hands, L-PGDS siRNA significantly interfered with
cannabinoid-induced apoptosis, suggesting an involvement of
COX-2-dependent L-PGDS-derived PGs in the apoptotic
response to MA. These results are in line with findings by
Kim et al. (31) showing that L-PGDS and PGD2 metabolites
produced by normal prostate stromal cells inhibit tumor cell
growth.

Several natural and synthetic PPARγ activators, including
COX-2-dependent PGD2 and 15d-PGJ2, have been found to
inhibit cancer cell growth in vitro and in animal models
(30,31,47). Accordingly, we hypothesized that PPARγ might
be involved in MA-induced COX-2-mediated apoptosis. With
respect to cannabinoids, PPARγ is predominantly associated
with preadipocyte differentiation, insulin resistance and vaso-
relaxation (48–50). Furthermore, 2-AG was recently shown to
mediate interleukin-2 suppression via PPARγ activation,
independently of CB receptor activation (51). However, to
our knowledge, this is the first study to assess the involvement
of PPARγ activation in the apoptotic response of tumor cells
to cannabinoids. Accordingly, MA-induced apoptosis was
abolished by siRNA targeting PPARγ, and by coincubation
with the PPARγ antagonist GW-9662. Finally, the synthetic
PPARγ agonist rosiglitazone mimicked the apoptotic re-
sponse to MA. Referring to the fact that PGD2 activates
PPARγ (31), PPARγ activation by COX-2-dependent PGD2

is supposed to be involved in MA-induced apoptosis in
human cervical carcinoma cells.

Finally, we confirmed a COX-2- and PPARγ-dependent
proapoptotic effect of MA in another human cervical cancer
cell line (C33A) as well as in human lung carcinoma cells
(A549), suggesting both proteins as key mediators of MA-
elicited apoptosis. Future studies to be performed in vivo are
needed to further shed light on the role of COX-2 in tumor
progression and to verify a potential interaction of a con-
comitant treatment of MA and COX-2 inhibitors.

Collectively, this study supports the general understand-
ing of cannabinoids as antitumorigenic substances, provides
additional evidence for cannabinoid-induced apoptosis, and
suggests a novel COX-2-mediated mechanism for apoptosis
induction by MA. In this context, our results suggest a
relationship between PG synthesis, PPARγ activation and
endocannabinoid-induced apoptosis. Although PGs as well as
PPARγ are known mediators of cannabinoid-dependent
effects, this is the first study to show a combined involvement
of these parameters in cannabinoid-induced apoptosis.
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