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Abstract. In recent years, cannabinoids (the active compo-
nents of Cannabis sativa) and their derivatives have received
considerable interest due to findings that they can affect the
viability and invasiveness of a variety of different cancer cells.
Moreover, in addition to their inhibitory effects on tumor
growth and migration, angiogenesis and metastasis, the ability
of these compounds to induce different pathways of cell death
has been highlighted. Here, we review the most recent results
generating interest in the field of death mechanisms induced
by cannabinoids in cancer cells. In particular, we analyze
the pathways triggered by cannabinoids to induce apoptosis
or autophagy and investigate the interplay between the two
processes. Overall, the results reported here suggest that the
exploration of molecular mechanisms induced by cannabi-
noids in cancer cells can contribute to the development of safe
and effective treatments in cancer therapy.
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1. Introduction

The health and survival of every living organism is based on
the crucial balance between cellular life and death pathways.
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To maintain a normal size, each tissue must balance the
plethora of opposite signals which arrive on its membrane
surface and finely control each to prevent pathological condi-
tions such as cancer.

For many decades, the molecular bases of cancer transfor-
mation were related to the gain of function of oncogenes or the
inactivation of tumor suppressor genes, two classes of genes
involved in regulating cell proliferation (1,2). More recently,
this classification has been extended when it became clear
that neoplastic transformation is related not only to the uncon-
trolled proliferative thrust but also to the loss of death ability
(3.,4). Stimulation and/or restoration of cell death can lead to
the suppression of transformation and tumorigenesis (4). From
then on, the list of tumor suppressors with death-inducing
action towards tumor cells has lengthened progressively.
Moreover, mutations which affect specific genes controlling
death signalling can compromise the effectiveness of chemo-
therapy (5).

Recent studies have shown that tumor cells can activate
different pathways of death, such as apoptosis, necrosis, mitotic
catastrophe and autophagy which very often are activated by
the same oncogenic factors related to proliferative signals (6).
Signalling molecules and pathways involved in these alterna-
tive forms of cell death have not yet been defined and the
activation of a specific cell death mechanism may depend on
the metabolic context, the genotype and/or phenotype of the
cell, or the kind of damage. Thus, the relative contribution of
these different modes of cell death remains to be defined.

Apoptosis, the first identified process of genetically
programmed cell death, has been extensively studied and its
contribution to the pathogenesis of cancer is well documented.
Classical studies on apoptotic pathways evidenced the activation
of caspase family proteases as a key step in apoptotic cell death
(7). Caspases can be initiated through the extrinsic (receptor)
pathway or at the mitochondria by stimulating the intrinsic
pathway (8,9) and following the activation they are responsible
for the cleavage of a number of different substrates leading to
many of the morphologic features of apoptotic cell death.

Another interesting event in cancer is the balance between
the expression of survival factors and the induction of apop-
totic ones. It is well known that cancer cells show constitutive
activation of survival factors which sustain deregulated cell
proliferation and counteract death stimuli (10). The survival
factors which are very often related to tumorigenicity are
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survivin, a member of inhibitor of apoptosis protein (IAP)
family and AKT. Survivin sustains cell survival maintaining
inactivated the executioner caspases (11). The other survival
factor, the serine/threonine protein kinase AKT, is widely
recognised as a key mediator of growth factor-promoted cell
survival. It sustains nutrient uptake, macromolecular synthesis
and ATP production. Also, this factor which is constitutively
active in many types of human cancer (12), plays an anti-apop-
totic role in the cell. In fact, it phosphorylates and inactivates
some members of Bcl-2 and caspase families.

Surprisingly, a new mechanism of cell death in cancer
cells has been demonstrated, which has been related to the
activation of autophagic pathway (13,14). Originally known
as a housekeeping process responsible for the protein and
organelle turnover, autophagy has also been indicated to play
a significant role in cell death.

Autophagic process is achieved through two pathways:
microautophagy and macroautophagy, which can be further
classified into canonical and non-canonical forms (14). They
differ in the transport of the material to be degraded within
the lysosomal lumen, the type of transported material and its
regulation. Microautophagy has been traditionally regarded
as a form of active autophagy to ensure the turnover of long-
lived proteins in basal conditions (15). During microautophagy,
lysosomes incorporate and digest regions of cytosol, including
proteins and cytoplasmic organelles, by invagination or protru-
sion without the intermediate formation of autophagic vacuoles.

Macroautophagy (or autophagy) is responsible for the
degradation of soluble proteins and organelles under stress
conditions (16). It involves the formation of double-membrane
vacuoles (autophagosomes) that sequester portions of the cyto-
plasm and translocate them to the lysosomes (17).

To date, >30 autophagy-related genes (ATG) required for
autophagy and their related pathways have been identified
and analysed as markers of the different steps of autophagic
process. Some, such as Atgl, are involved in upstream steps
of autophagosome formation; others, such as Beclin-1 (Atg6),
perform their role as part of a core complex that contains
vacuolar sorting protein 34 (VPS34); others, such as LC-3, a
protein which is lipidated and inserted into the outer and inner
surface of autophagosomes, are essential for the biogenesis of
the large double-membrane vesicles (18). Once digested by
autophagosome, the substances are reabsorbed in the vacuole
and made available to the cells.

At the molecular level, autophagy is regulated by many
protein factors which are involved in key steps of the mecha-
nism. The PI3K/AKT/mTOR axis and AMP kinase are the
two major pathways involved in autophagy induction. mMTOR
is a repressor of autophagy because it is responsible for Atgl
hyper-phosphorylation, an event that inhibits the formation of
induction complex. A correlation between AKT and mTOR
pathway exists; in fact, AKT is able to positively regulate
mTOR since it phosphorylates and inhibits TSC1/TSC2
complex which is, in turn, responsible for mTOR inactivation.
This inhibition allows mTOR to act freely thus inhibiting
autophagy (19).

The other crucial pathway involved in autophagy is
sustained by AMPK. This protein is activated by an increase
in the intracellular AMP/ATP ratio as a consequence of energy
deficit. This event is responsible for mTOR inhibition and p53
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phosphorylation, inducing increase in autophagy and arrest of
cell cycle progression, respectively (20).

In an attempt to explain the exact role of autophagy in cancer
process, Eisenberg-Lerner and Kimchi (21) recently presented
a model in which the role of autophagy is dependent on the
stage of cell life, i.e. precancerous stage, transformed cell or
solid tumor. In the first two stages autophagy could accelerate
tumor development whereas in solid tumors, when apoptosis is
absent, autophagy program could be antitumorigenic.

It has been demonstrated that autophagy can undertake a
complex interplay with apoptosis (22). In relation to cell type,
it could serve as a cell survival pathway suppressing apoptosis,
or in others, it could trigger a death pathway either in collabo-
ration with apoptosis or substituting to that when the former
is defective. It is very difficult to distinguish the two pathways
because some death stimuli can activate both of them and
which pathway will be undertaken depends on the molecular
expression profile of the cell type (23). An interesting obser-
vation concerns the role explained by ER-stress response in
determining cell fate. Different injuries, such as calcium imbal-
ance, oxidative stress or misfolded proteins, trigger a condition
indicated as stress of endoplasmic reticulum (ER-stress)
which can lead to different cell responses. ER-stress can drive
mitochondria-dependent apoptosis when there is the activa-
tion of the transcription factor CHOP; or it can determine cell
survival when it is accompanied by the increase in the level of
GRP78, the main intraluminar HSP70 that protects cells from
the injury. Differently, if the level of the CHOP target TRB-3
significantly increases, ER-stress triggers autophagy.

The cross-talk between apoptosis and autophagy is there-
fore quite complex, and sometimes contradictory, but surely
critical to the overall cell fate.

2. Cannabinoids

Cannabis derivatives (cannabinoids) include the bioactive
constituents of cannabis (A°-tetrahydrocannabinol, canna-
bidiol), endogenous lipids with cannabinoid-like activity
(anandamide, 2-arachydonoyl-glycerol) and the synthetic
analogues (WINS55,212-2, methanandamide, the stable
analogue of anandamide, JWH-015, HU-210, HU-331) (24).
In the last few years, investigations have suggested the
potential application of cannabinoids as antitumor drugs
because in many in vivo and in vitro tumor models the acti-
vation of the cannabinoid system induces cell cycle arrest,
inhibition of cell survival and activation of programmed cell
death signalling (25). Apart from regulating tumor cell growth
and death, other antitumorigenic mechanisms of cannabinoids
are currently emerging as a focus of research work, such as
their effects on tumor neovascularization, cell migration, adhe-
sion, invasion and metastasis (26). The present review focuses
on the impact of cannabinoids on apoptosis and autophagy,
the two main death pathways responsible for cancer cell death.

3. Cannabinoid-induced apoptotic pathways

Although the antitumor properties of cannabinoids were first
observed more than 30 years ago, when Munson et al (27)
demonstrated that A’-tetrahydrocannabinoid (THC) inhibits
lung adenocarcinoma cell growth in vivo, the elucidation of
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mechanisms employed by cannabinoids for influencing cancer
cell proliferation and death was developed in the last two
decades. However, there are still many obscure sides on death
pathways activated by these compounds and, in particular, on
the different contribution of apoptosis and autophagy in cell
death.

The anticancer potential of this class of compounds can be
very different in the various tumor systems. This depends on
the mechanism used by cannabinoids to interact with the cells,
i.e. the class of receptors to which they bind or on the specific
intracellular activated pathways.

Regarding the interaction with the target cell, it has been
demonstrated that cannabinoids can interact with the specific
type 1 or 2 cannabinoid receptors (CB1 and CB2), which
are differently expressed in neural and peripheral tissues,
respectively, with transient receptor potential channels of
the vanilloid type-1 (TRPV1), or directly with membrane
microdomains rich in cholesterol named lipid rafts (28). The
interaction of cannabinoids with the different receptor types
often leads to the same cell fate even if different intracellular
signalling cascades can be activated. For example, the activa-
tion of CB receptors can be responsible for the increase in the
level of ceramide or the decrease of cAMP level via inhibition
of adenilate cyclase. These events result in canonical apoptosis
mediated by the activation of caspase activities (29,30). It has
also been demonstrated that the interaction of cannabinoids
with TRPV receptors causes the activation of overlapping
mechanisms, such as the mitochondrial apoptotic pathway,
although in this case the event is accompanied by the increase
in the level of ROS with the consequent oxidative stress (31).
However, sometimes the effects of cannabinoids can not be
counteracted by the addition of selective cannabinoid receptor
antagonists, hypothesizing that another type of interaction
between cannabinoids and cell membrane can be present. In
hepatic stellate cells, an interaction between anandamide and
lipid rafts, the membrane micro-domains rich in cholesterol,
was found. This relationship induces downregulation of PI3K/
AKT signalling pathway with a possible role in inflammatory
process (32). Differently, in hepatocellular carcinoma cells,
as well as in melanoma cells, the interaction of the synthetic
cannabinoid WIN55,212-2 to lipid rafts is able to promote
a canonical caspase-dependent apoptotic pathway (33,34).
Moreover, it is not possible to exclude that the activation of
CBI1 receptors and the consequent induction of cannabinoid
signalling could be mediated by the association of receptor
with lipid rafts, as recently demonstrated by Oddi ef al (35) in
elegant experiments of site-specific mutations of palmitoylated
cysteine residue of CB1 receptors.

An exception to that previously reported is represented by
GPRS55, a novel potential cannabinoid receptor, whose activa-
tion is strictly related to cell proliferation (36).

The analysis of intracellular mediators of apoptotic cell
death induced by cannabinoids leads to the identification of
some molecules, such as ceramide, reactive oxygen species
(ROS), mitogenic kinases (MAPK) and some survival factors,
that, more than others, seem to be representative of cannabi-
noid actions. Ceramide is one of the first molecules identified
as a mediator of cannabinoid action. The induction of ceramide
accumulation mediated by CB receptors leads to apoptosis in
mantle cell lymphoma, glioma, colon and pancreatic cancer
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(37-40). The increase in ceramide level can be dependent on
the de novo synthesis or the release from membrane sphyn-
golipids induced by the activation of sphyngomyelinase. The
different origins of ceramide can be disclosed by the employ-
ment of specific inhibitors of the two enzymes, fumonisin Bl,
the inhibitor of ceramide synthase, or desipramine, an inhibitor
of sphyngomyelinase (41,42).

In many cannabinoid signalling pathways, ROS can exert a
crucial role in activating both initiator and executioner caspase
activities suggesting that continuous oxidative stress can occur
following cannabinoid exposure. The involvement of ROS in
cannabinoid-induced apoptosis has been widely evidenced in
glioma and leukemia cells (43,44). Moreover, the demonstration
of ROS involvement in cannabinoid-induced apoptosis is also
confirmed by the employement of N-acetyl-cysteine, a thiol
antioxidant that scavenges ROS, or the NAD(P)H oxidase inhib-
itors, which are able to attenuate cannabinoid effects. A strong
interplay between ceramide and generation of oxidative stress
has been demonstrated. Ceramide stimulates the formation of
ROS and apoptotic mechanisms, establishing a link between
sphingolipid metabolism and oxidative stress. Moreover, inhibi-
tion of ROS generating enzymes or treatment with antioxidants
impairs sphingomyelinase activation and ceramide production.
Therefore, it is plausible to hypothesize that the contempora-
neous activation of CB and TRP vanilloid receptors, responsible
for the triggering of the two intracellular mediators (ceramide
and ROS), can augment the effects induced by cannabinoids
carrying out an amplification of caspase cascades.

The study on downstream events following ROS genera-
tion or ceramide induction has evidenced the involvement of
ER-stress. In many experimental tumor models, high ROS
levels induce ER-stress as demonstrated by the increase in the
level of specific ER-stress mediators (p8, CHOP, TRB-3 and
GRP-78) which, in turn, are responsible for the activation of
mitochondrial intrinsic apoptotic pathway (45). On the other
hand, a relationship between the increase in ceramide level
and ER-stress is also well documented in cannabinoid-induced
apoptosis in tumor cells (46). The activation of p§/CHOP axis
in cannabinoid-induced apoptosis has also been documented
(4047).

Another pathway, which has been demonstrated to be
modulated following cannabinoid exposure, is represented by
mitogen-activated protein kinase (ERK, JNK and p38/MAPK)
cascades. The main players of these pathways are a group of
serine/threonine protein kinases that convert extracellular
stress stimuli into different, sometimes opposite, cellular
responses, including cell cycle arrest, apoptotic cell death and
cytokine production, through the phosphorylation of specific
targets. A plethora of data reports the activation of stress-acti-
vated protein kinases or extracellular-related signal kinases
in cannabinoid-dependent control of cancer cell growth and
survival (43,48). Interestingly, it has been demonstrated that
the duration of the stimulus can be fundamental for the type
of cellular response. A transient activation of ERK cascade
leads to cell survival and proliferation, while long-term ERK
activation results to apoptotic response as proposed by Galve-
Roperh et al (48) in malignant glioma and confirmed in Kaposi
sarcoma cells (49). In this cell model, WIN55,212-2 induced
phosphorylation of ERK1/2 at the beginning of its action. Then,
the noxious stimulus may trigger activation of stress kinases
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JNK and p38 which, in turn, activate downstream mechanisms
leading Kaposi's sarcoma cells to apoptotic death (49). The
activation of ERK 1/2 has been recently demonstrated also in
gastric cancer; in this case, it is related to cell cycle arrest in
GO/G1 phase of proliferative cycle, an event which precedes
apoptotic response (50). Differently, studies on several prostate
and ovarian cancer cell lines evidenced that the activation of
ERK signalling by the putative cannabinoid receptor GPR55
activates an autocrine loop that sustains cell proliferation (51).

It is well known that the activation of death pathways needs
to be accompanied by downregulation of survival factors. A
central intracellular pro-survival signalling is represented
by the PI3K/AKT pathway, whose importance in different
cancers is also corroborated by clinical studies. This kinase
is the central node of PI3K/AKT/mTOR signalling pathway
that activates crucial processes such as cell survival, growth,
proliferation, angiogenesis, and cell migration and invasion
(52). On the contrary, inhibition of pAKT leads to cell cycle
arrest which precedes apoptotic response very often medi-
ated by the involvement of intrinsic mitochondria-dependent
pathway. Downregulation of AKT is involved in cannabinoid
antitumoral action. In human gastric cancer cells, it has been
reported that cannabinoid receptor agonists induce cell cycle
arrest which is a consequence of AKT inhibition related to
the activation of MAPK pathway (50). Interesting results were
also obtained in astrocytoma (53). In this model, cannabinoids
induce apoptosis only in cells expressing low levels of CB
receptors, while in cells with high CB receptor levels, canna-
binoids are ineffective because of the contemporaneous high
amount of the phosphorylated pro-survival AKT. These results
suggest that the coupling of CB receptors to AKT pathway
(when these receptors are expressed at mid and high levels)
eliminates the ability of cannabinoids to induce apoptosis in
astrocytoma cells. Therefore, AKT pathway is an attractive
target for anticancer agents and clinical trials with PI3K or
AKT inhibitors could reserve encouraging results.

4. Cannabinoid-induced autophagic pathways

As previously indicated, autophagy can assume different and
opposite roles in cell fate. In fact, this process may trigger
survival pathways, collaborate with apoptosis to induce cell
death or substitute itself to apoptosis to start an autonomous
death pathway.

Numerous recent studies have indicated the cannabinoid-
mediated induction of autophagy in different experimental
cancer models. Noteworthy is the observation that the acti-
vation of autophagic pathway is often mediated by the same
molecules that are involved in apoptosis.

In human glioma cells, the main cancer model for
studying cannabinoid action, it has been observed that
A°-tetrahydrocannabinol (THC) induces cell death through
stimulation of autophagy (54). Data indicate that THC induces
ceramide accumulation, phosphorylation of elF2a and ER
stress which activates autophagy via TRB3-dependent inhibi-
tion of the AKT/mTOR axis. In these cells autophagy seems
to be upstream of apoptosis in cannabinoid-induced cancer
cell death. The stimulation of autophagy-mediated apoptosis
induced by cannabinoids has also been demonstrated in animal
models of cancer, including glioma (54,55). Similar studies
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performed to investigate the effects of cannabinoids on the
growth of hepatocellular carcinoma cells have demonstrated
that THC markedly reduces the viability of the human hepa-
tocellular carcinoma cell lines through induction of autophagy
mediated, also in this case, by upregulation of TRB3 and
subsequent inhibition of the serine-threonine kinase AKT and
AMPK stimulation. As in glioma animal model, in vivo studies
on hepatocellular carcinoma subcutaneous xenografts have
revealed that THC-dependent growth inhibition is reduced
when autophagy is genetically or pharmacologically blocked,
thus confirming that the induction of autophagy can be a key
step in cannabinoid-induced cell death (56).

Further biochemical pathways have been suggested in the
attempt to clarify the molecular mechanisms of cell death
induced by cannabinoids. In breast cancer cells, cannabidiol
induces ER-stress and subsequently inhibition of AKT and
mTOR signalling, indicating autophagy activation. In addi-
tion, data have also shown the activation of intrinsic apoptotic
pathway. The coexistence of autophagy and apoptosis has
been confirmed by different observations: the inhibition of
cannabidiol-dependent ROS production blocked the induction
of both processes and the increase in the level of beclin-1, a
marker of autophagy, plays a central role in the induction of
cannabidiol-mediated apoptosis (57).

A new recent study on the interplay between autophagy
and apoptosis induced by cannabinoids showed a surprise in
mantle cell lymphomas (58). Interestingly, this study shows that
the response to cannabinoid treatment decreases cell viability
which does not involve the caspase-3 cascade. Moreover, mantle
cell lymphoma primary cells respond to cannabinoid treatment
through the formation of cycloheximide-sensitive cytoplasmic
vacuoles. However, the lack of enhanced autophagosome forma-
tion and lysosomal contribution also excludes the involvement
of a canonical autophagic process. The authors hypothesize that
the observed features resemble paraptosis-like cell death, a third
type of programmed cell death, not previously described in
response to cannabinoids. Activation of more types of cell death
by cannabinoids widens their potential therapeutic usefulness in
cells overexpressing cannabinoid receptors.

5. Synergistic effects of cannabinoids in combination with
other drugs

Recent studies have demonstrated the ability of cannabinoids
to synergize with other molecules to trigger death pathways
in cancer cells. It is well known that in cancer therapy the
employment of combinations of drugs rather than a single drug
represents a therapeutic strategy with distinct advantages. On
the one hand, the contemporaneous activation of different
biochemical pathways can achieve synergistic effects; on the
other hand, the combination can result in a reduction of the
dose of each single drug thereby reducing side effects. Thus,
the ability of cannabinoids in synergizing with other drugs
to improve their anticancer activity has been investigated. In
particular, we have recently demonstrated that the synthetic
cannabinoid WINS55,212-2 sensitizes hepatocellular carcinoma
cells to apoptosis, mediated by tumor necrosis-related apoptosis
inducing ligand (TRAIL). The molecular mechanism induced
by WIN/TRAIL combined treatment, involves activation of the
extrinsic apoptotic pathway through upregulation of TRAIL
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Figure 1. Schematic representation of the cannabinoid-induced cell death pathways.

death receptor DRS5 (47). This event seems to be related to the
increase in the level of p8 and CHOP, two factors implicated
in ER stress response and apoptosis. Moreover, WIN55,212-2
treatment also induces a marked downregulation of some
survival factors. Therefore, both the induction of DR5 and
the decrease of survival factors explain synergistic effects of
the drugs in hepatocellular carcinoma cells. Our unpublished
data obtained in osteosarcoma cells seem to indicate that
WIN also triggers an autophagic pathway with the increase
in the level of beclin-1 and LC-3 II, but this pathway is not
carried out because of the lysosomal membrane permeabi-
lization. Also, in pancreatic cancer cells the combination of
cannabinoids with gemcitabine, a pyrimidine analog largely
employed in anticancer therapy, induces synergistic effects
via activation of autophagy (59). In this case, gemcitabine
induces upregulation of both CB receptors thus sensitizing
cells to cannabinoid effects. A central role in this pathway
seems to be related to the increase in ROS production, induc-
tion of ER-stress which carried out to specific cell death
pathway of type II (autophagy). A curious observation about
the therapeutic potential of cannabinoids is that in the first
example cannabinoids sensitize the cells to TRAIL-induced
cell death while in the latter the cannabinoid death action
is potentiated by gemcitabine addition in pancreatic cancer
cells. Another example of synergistic effects of cannabinoids
with other drugs has also been reported by Gustafsson
et al (60) who demonstrated that the synthetic cannabinoid
HU210, anandamide and its other derivatives induce syner-
gistic and cytotoxic, rather than antiproliferative, effects
when employed in combination with the classic pyrimidine
antagonist 5-fluorouracil (5-FU) in the colorectal carcinoma
cells. The authors report that the effect does not seem to
involve cannabinoid receptors and suggest the involvement of
ER-stress because the employment of common antioxidants
attenuates cannabinoid cytotoxicity.

Autophagy is also involved in the strong antitumoral
effects induced in glioma xenografts by combined adminis-

tration of THC and temozolomide, the benchmark agent for
the management of glioblastoma multiforme, an effect that is
also observed in tumors which are resistant to temozolomide
treatment. THC/temozolomide combined treatment enhances
autophagy, whereas pharmacologic or genetic inhibition of
this process prevents the effects of combined treatment,
supporting that the activation of autophagy plays a crucial
role in the mechanism of action of this drug combination
(55).

6. Conclusion

Data reported in this review seem to confirm the ability of
cannabinoids to induce cell death in different tumor models.
Moreover, it can be seen from the brief literature overview
presented here that these compounds are effective in inducing
the main cell death modes, i.e. apoptosis and autophagy, and
that cell fate will depend on the role and the interplay among
these different death signals. Unfortunately, to simplify the
mechanisms induced by cannabinoids to carry out cells to death
and discriminate the role played by each intracellular mediator
appears to be very difficult for different reasons: i) the two
pathways often employ the same molecules (Fig. 1) and ii) the
identification of autophagy as cell death program of type II is
very recent as well as the discovery that many apoptotic path-
ways are preceded by the activation of autophagy. Therefore,
it is not possible to exclude that a cannabinoid-triggered death
pathway which was initially identified as a canonical apop-
totic cell death hides a ‘secret step of autophagic activation’.
Furthermore, the observation that cannabinoids can synergize
with other molecules thus accelerating death pathway, make
these compounds, employed alone or in combination, prom-
ising for clinical outcome.
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