Cell. Mol. Life Sci. 63 (2006) 2057-2066
1420-682X/06/172057-10

DOI 10.1007/s00018-006-6156-x

© Birkhduser Verlag, Basel, 2006

Research Article

ICeIIuIar and Molecular Life Sciences

The non-psychoactive cannabidiol triggers caspase
activation and oxidative stress in human glioma cells

P. Massi?, A. Vaccani®, S. Bianchessi®, B. Costa ¢, P. Macchi? and D. Parolaro® *

@ Department of Pharmacology, Chemotherapy and Medical Toxicology, University of Milan, via Vanvitelli 32,

20129 Milan (Italy)

®Department of Structural and Functional Biology, Pharmacology Section, Center of Neuroscience,
University of Insubria, via A. da Giussano 10, 21052 Busto Arsizio, Varese (Italy), Fax: +39 0331 339459,

e-mail: daniela.parolaro@uninsubria.it

¢ Department of Biotechnology and Bioscience, University of Milano-Bicocca, Piazza della Scienza 2,

20126 Milano (Italy)

4 Center for Brain Research, Department of Neuronal Biology, Medical University of Vienna, Spitalgasse 4,

Vienna (Austria)

Received 6 April 2006; received after revision 31 May 2006; accepted 22 June 2006

Online First 10 August 2006

Abstract. Recently, we have shown that the non-psy-
choactive cannabinoid compound cannabidiol (CBD)
induces apoptosis of glioma cells in vitro and tumor re-
gression in vivo. The present study investigated a possible
involvement of caspase activation and reactive oxygen
species (ROS) induction in the apoptotic effect of CBD.
CBD produced a gradual, time-dependent activation of
caspase-3, which preceded the appearance of apoptotic
death. In addiction, release of cytochrome ¢ and caspase-
9 and caspase-8 activation were detected. The exposure to

CBD caused in glioma cells an early production of ROS,
depletion of intracellular glutathione and increase activ-
ity of glutathione reductase and glutathione peroxidase
enzymes. Under the same experimental condition, CBD
did not impair primary glia. Thus, we found a different
sensitivity to the anti-proliferative effect of CBD in hu-
man glioma cells and non-transformed cells that appears
closely related to a selective ability of CBD in inducing
ROS production and caspase activation in tumor cells.
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Introduction

Apoptosis, also called programmed cell death, is a con-
served program of cellular suicide with specific bio-
chemical and morphological features. All apoptotic path-
ways converge on a family of cysteine aspartases, the
caspases, whose activity drives the biochemical events
leading to cellular disassembly and death. Two main
pathways promote the activation of initiator caspases: the
‘mitochondrial’ and the ‘death-receptor’ pathways of cell
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death, involving caspase-9 and caspase-8, respectively. In
different experimental models, these biochemical path-
ways converge on the activation of the most important
executioner caspase, caspase-3, that cleaves several sub-
strate proteins including poly (ADP ribose) polymerase
(PARP), resulting in self-destruction of the cells. Apo-
ptosis is required for the development of the nervous
system but also occurs during pathophysiological states.
Additionally, several anticancer drugs are therapeutically
effective by triggering the apoptotic death of malignant
cells via activation of different (in many cases yet-to-be
identified) mechanisms [1].
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Recently, a role for cannabinoids in the regulation of cell
proliferation has been demonstrated, and these findings
open new therapeutic possibilities for their use as poten-
tial antitumor agents [2, 3]. Cannabinoids are reported
to reduce cell proliferation in various cancer cell lines,
including breast and prostate cancer cell lines, PC12
pheochromocytoma and malignant glioma cells [2, 3].
The mechanism of this anti-neoplastic activity is not well
understood. Some reports correlate the anti-prolifera-
tive effects of cannabinoids with their ability to trigger
apoptosis in tumor cells. A’-Tetrahydrocannabinol (THC)
induced apoptosis in glioma cells in a cannabinoid recep-
tor-dependent mechanism associated with increased lev-
els of intracellular ceramide [4]. However, Sarafian et al.
[5, 6] noted that THC promoted necrotic rather than apop-
totic cell death. The endocannabinoid anandamide (AEA)
was reported to induce apoptosis in neuroblastoma and
lymphoma cells [7], but the inhibition of breast cancer
MCF-7 cell growth appears unrelated to this mechanism
[8]. Thus, there is evidence that cannabinoids possess
anticancer action overriding the resistance displayed by
the tumors per se and can cause the death of tumor cells
with different mechanisms depending on the cannabinoid
compounds utilized and the tumor cells investigated.
Recently, our laboratory reported that the non-psycho-
active cannabinoid compound cannabidiol inhibited the
growth of U87 and U373 human glioma cells both in
vivo and in vitro, triggering apoptosis [9]. Since at pres-
ent the biochemical basis of the action of CBD is still
poorly understood, the aim of the present work was to
investigate the biochemical pathways activated by CBD
in glioma cells. We now show that CBD elicits caspase
cascade activation in transformed cells, together with an
early increase of reactive oxygen species (ROS) and glu-
tathione (GSH) depletion without affecting primary glial
cells. These findings shed light on the cellular antitumor
action of the non-psychoactive cannabidiol and might
contribute to potential new strategies for its pharmaco-
logical approach.

Materials and methods

Materials. CBD was a generous gift from GW Pharma-
ceuticals (Salisbury, UK). It was initially dissolved in eth-
anol to a concentration of 100 mM and stored at —20 °C.
CBD was further diluted with tissue culture medium for
in vitro studies to the desired concentration, keeping the
ethanol concentration below 0.001%.

Cell culture. U87 human glioma cells were used. Cells
were maintained at 37 °C in a humidified atmosphere
with 5% CO, and 95% air. Cell were cultured in 75-cm?
culturing flask in DMEM supplemented with 4 mM L-
glutamine, 100 units/ml penicillin, 100 mg/ml streptomy-
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cin, 1% sodium pyruvate, 1% nonessential amino acids,
and 10% heat-inactivated fetal bovine serum. For in vitro
studies, cells were seeded in serum-free medium, consist-
ing of DMEM supplemented with 5 pug/ml insulin, 5 pg/
ml transferrin, and 5 ng/ml sodium selenite, in multiwell
plates or petri dishes according to experimental protocol.
After a 24-h incubation, the medium was removed and
new culture medium, containing the compounds to be
tested, was added.

Detection of caspase activity. Caspase activity was
measured by means of a spectrophotometric assay kit
(CaspACE Assay System Colorimetric, Promega, Italy,
for caspase-3; Calbiochem, Italy, for caspase-8 and -9)
following manufacturer’s instructions with some minor
modifications. Briefly, at the end of the incubation period,
cells were collected in Cell Lysis Buffer (as supplied by the
manufacturer) exposed to repeated freeze/thawing cycles,
and incubated for 15 min on ice. Insoluble fraction was
discarded by centrifugation (5 min at 13 000 rpm) and
the protein content in the supernatant was determined ac-
cording to the method of Bradford [10], and subsequently
adjusted to desired concentration in caspase assay buffer
(as supplied by the manufacturer). The determination of
caspase activity was carried out in a 96-well plate in the
presence of the corresponding tetrapeptide conjugated to
paranitroaniline (DEVD-pNA for caspase-3, LEHD-pNA
for caspase-9, IETD-pNA for caspase-8). Extracts were
incubated for 4 h at 37 °C. At the end of the incubation
period, released pNA was measured in a spectrophotom-
eter at 405 nm. The specificity of the caspase-3 induc-
tion was determined by adding the reversible caspase-3
inhibitor z-DEVD-fmk (50 uM, Calbiochem, Italy) to the
cells at the beginning of the experiment, 10 min prior to
addition of CBD (25 uM).

Evaluation of cytochrome c release. The release of cy-
tochrome ¢ from the mitochondria to the cytoplasm was
evaluated by an enzyme-linked immunosorbent assay
(ELISA) for quantitative detection of human cytochrome
¢ (Bender, Italy) in cell culture lysates, following the
manufacturer’s instructions. Briefly, at the end of the in-
cubation period, cells were collected in Cell Lysis Buffer
(1.5 % 10 cells/ml) and incubated 1 h on ice with gentle
shaking. Insoluble fraction was discarded by a centrifuga-
tion at 1000 g for 15 min and then the supernatant was di-
luted in Assay Buffer at least 50-fold for the assay. Sam-
ples were added to designated wells in a microwell plate
coated with monoclonal antibody to human cytochrome
¢, and biotin-conjugate was then added to all wells. Af-
ter 2 h at room temperature the wells were washed and a
streptavidin-HRP solution was added; the plate was then
incubated 1 h at room temperature. After the incubation,
the wells were washed, the tetramethylbenzidine (TMB)
substrate solution was added, and the plates were incu-
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bated for about 15 min at room temperature. After add-
ing the Stop Solution, the color intensity was measured
at 450 nm in a microwell reader. The absorbance values
of the unknown samples were within the linearity range
of the ELISA test, assessed by calibration curves with
known amounts of cytochrome c.

Western blot analysis. Cells were scraped and collected
by centrifugation, lysed with 20 mM HEPES, pH 7.2,
150 mM NaCl, 1% Triton X-100 in the presence of a pro-
tease inhibitor cocktail (Sigma-Aldrich, Italy), at 4 °C for
30 min. Extracted proteins (40 pug/well) were separated
on 15% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), followed by electroblotting onto nitrocellulose
membrane. The membrane were then probed overnight
with polyclonal anti-caspase-3 antibody (Alexis, Italy,
1:1000 in 3% nonfat dry milk in TBS), followed by spe-
cific IgG antibody conjugated to horseradish peroxidase
(Santacruz, Italy). Detection of proteins was then per-
formed by ECL system. The protein content was deter-
mined with BCA protein assay using bovine serum albu-
min as a standard.

Glial primary cultures. Glial cells were cultured as de-
scribed in Goetze et al. [11]. Briefly, glial cells were pre-
pared from E17 embryo hemispheres, collected in HBSS
and then incubated for 20 min in trypsin EDTA at 37 °C.
The hemispheres were resuspended in DMEM-HS (Invi-
trogen, Italy) and triturated with a Sml pipette. The cells
were then transferred to a 75-ml flask, and, after 24 h,
were washed with PBS and maintained in DMEM-HS
medium. At 8 days after culture the cells were split before
plating in 6-cm petri dishes (20 000 cells/dish). Viability
of the cells was evaluated by MTT colorimetric assay, as
previously described [9].

Evaluation of ROS production. The formation of intra-
cellular ROS was measured using 2’,7’-dichlorodihydro-
fluorescein diacetate (DCFH-DA, Sigma-Aldrich). Vi-
able cells can deacetylate DCFH-DA to a non-fluorescent
product that can quickly react quantitatively with oxygen
species within the cell to produce 2’,7’-dichlorofluorescein
(DCF), which is fluorescent and trapped inside the cell.
The cytofluorimetric measurement of the DCF produced
can provide an index of intracellular oxidation. The cells,
plated in 6-well plates, were incubated for 20 min with
DCFH-DA (20 uM final concentration), then washed,
resuspended in fresh medium and treated with CBD at
different time of exposure. The fluorescence intensity
was measured with a FACSCalibur flow cytometer (Bec-
ton Dickinson) equipped with an excitation laser line at
488 nm and CellQuest software (Becton Dickinson).

Determination of GSH content and GSH-related
enzymes. After being washed with PBS, cells were re-
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suspended in phosphate buffer 0.1 M (pH 8) containing
5mM EDTA (1 ml for 107 cells), sonicated and centri-
fuged (30 500 rpm) at 4 °C for 1 h. The cytosolic su-
pernatant was used to measure the GSH content and the
activity of GSH-related enzymes, i.e. reductase (GRed)
and peroxidase (GPox). The GSH content was analyzed
fluorimetrically with 350 nm and 420 nm as excitation
and emission wavelengths, accordingly to the method of
Hissin and Hilf [12] using ophthalaldehyde (OPT) as flu-
orescent reagent. The GSH concentration was calculated
using a standard curve with known amounts of GSH,
and expressed as ng/mg protein. The specific activities
of GRed and GPox were assayed spectrophotometrically
as previously described [13, 14]. Briefly, GRed activ-
ity was assayed monitoring, at 340 nm, the decrease in
NADPH that is consumed in the conversion of GSSG to
GSH. GPox activity was measured as selenium-depen-
dent activity using H,0, as peroxide and the oxidation of
NADPH was recorded at 366 nm. The specific activities
are expressed as nmol/min/mg protein using the corre-
sponding extinction coefficient.

Statistical analysis. Results are given as mean +SEM.
The significance of differences was evaluated by one-
way analysis of variance (ANOVA) for unpaired data fol-
lowed by post-hoc analysis Dunnett’s 7-test.

Results

Caspase-3, -8 and -9 activation after CBD exposure. In
a previous study we found that CBD induced apoptosis in
human glioma cells after 24 h exposure [9]. To evaluate
the involvement of caspases in CBD-induced cell death,
we started our analysis from the most important ‘effector’
caspase, i.e. caspase-3.

Because caspase activation is a relatively early event in
the apoptotic program, U87 cells were exposed for vari-
ous periods of time (624 h) to a concentration of CBD
that was inhibitory (25 uM) or non-inhibitory (10 uM)
for glioma growth, as previously evaluated in cell prolif-
eration assays [9]. As shown in Figure la, 25 uM CBD
significantly activated caspase-3 starting from 14 h after
exposure, as evaluated by spectrophotometric analysis of
yellow pNA release caused by the cleavage of the syn-
thetic tetrapeptide substrate DEVD-pNA. Maximal cas-
pase-3 activation was present at 17-24 h, when a fivefold
increase of enzyme activity with respect to the basal lev-
els was detected. In contrast, the non-inhibitory concen-
tration (10 uM) of CBD did not activate caspase-3 at any
time point. Activation of caspase-3 was also confirmed
by immunoblotting analysis (Fig. 1b), with an antibody
recognizing both the inactive proenzyme (detected as a
32-kDa band) and its proteolytic fragments (detected as
17-20-kDa protein bands). To further confirm the cas-
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Figure 1. (a) Time-dependent induction of caspase-3 activation
by CBD. U87 human glioma cells were exposed for various times
(6—24 h) to 10 or 25 uM CBD or its vehicle (control). At the end
of the incubation with the drug, the caspase-3 activity was de-
termined, evaluating cleavage of the specific caspase-3 substrate
DEVD-pNA and release of pNA in a spectrophotometer at 405 nm.
Results are expressed as increased percentage of enzyme activity
compared with the control cells (100%). Data represent the mean
+SEM of at least four experiments. *p < 0.05, **p < 0.01 versus
control. Dunnett’s #-test. (b) Western blot analysis of the activa-
tion of caspase-3 by 25 uM CBD as evaluated at 17 h peak time.
C= control. (¢) The specificity of the caspase-3 induction was de-
termined after 17 h from CBD exposure by adding the reversible
caspase-3 inhibitor z-DEVD-fmk to the cells at the beginning of
the experiment. Results are expressed as increased percentage of
enzyme activity compared with the control cells (100%). Data rep-
resent the mean £SEM of at least four experiments. **p < 0.01
versus control. Dunnett’s z-test.
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Figure 2. (a) Effects of CBD on cytochrome c release from U87
cells. Cells were exposed for various (6—-14 h) times to CBD (10 uM
or 25 uM) or its vehicle, and the amount of cytochrome c released
by mitochondria was determined by ELISA at 405 nm. Results are
expressed as ng/ml of cytochrome c calculated from a calibration
curve. Data represent the mean £ SEM of at least four experiments.
**p < 0.01 versus control. Dunnett’s 7-test. (b) Time-dependent in-
duction of caspase-9 activation by CBD. U87 human glioma cells
were exposed for various periods (6—24 h) to 10 uM or 25 uM CBD
or its vehicle (control). At the end of the incubation the caspase-9
activity was determined, evaluating cleavage of the specific cas-
pase-9 substrate LEHD-pNA and release of pNA at 405 nm. Results
are expressed as increased percentage of enzyme activity compared
with the control cells. Data represent the mean =SEM of at least
four experiments. *p < 0.05 versus control. Dunnett’s -test.

pase-3 activation, cells were exposed in vitro to the spe-
cific caspase-3 inhibitor z-DEVD-fmk. z-DEVD-fmk
completely prevented either caspase-3 activation (Fig. 1c)
or the inhibition of cell viability induced by CBD, as de-
termined by MTT test (data not shown).

To characterize the apoptotic pathways activated by CBD
upstream of caspase-3, we focused on the possible role of
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the mitochondrial pathway. Activation of this pathway of
cell death is coupled, sequentially, to cytochrome c release
from mitochondrial membrane, formation of the apopto-
some, stimulation of the ‘initiator’ caspase-9, and activa-
tion of effector caspases. As reported in Figure 2a, U87
cells were exposed to CBD for different times (6—14 h),
and cytochrome c release was evaluated by ELISA in the
cytosolic fraction of untreated cells and cells exposed to
25 uM CBD. The release of cytochrome c was detected
starting from 6 h after CBD exposure and reached sta-
tistical significance at 10 h. The maximal cytochrome
c release preceded the activation of caspase-9 (Fig. 2b),
which appeared significantly between 14 and 17 h after
the exposure to CBD. As expected, the non-inhibitory
concentration of CBD (10 uM) did not cause any release
of cytochrome c or activation of caspase-9 at any time
point (Fig. 2a, b).

Following a procedure similar to that for caspase-9, we
made a detailed (624 h) kinetic analysis of the activity
of caspase-8, to determine whether the ‘death receptor’
extrinsic pathway was involved in CBD-induced apopto-
sis. Cell extracts were incubated with a specific caspase-8
substrate, IETD-pNA, and enzyme activity was evaluated
as described in Materials and methods. Figure 3 shows
the time course of the specific activation of caspase-8.
CBD increased caspase-8 activation 2.5-3.5-fold over
basal activity, starting at 10 h after exposure, with an acti-
vation occurring before the observed increase of caspase-
9 and caspase-3 (see Fig. 2 and Fig. 1, respectively) with
a maximal effect seen between 14 and 17 h. In contrast,
10 uM CBD did not affect caspase-8.

Evaluation of the oxidative stress state induced by
CBD. Since in our previous report [9] we demonstrated
that the pretreatment of glioma cells with a-tocopherol
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Figure 3. Time-dependent induction of caspase-8 by CBD. U87
human glioma cells were exposed for various periods (6-24 h) to
10 or 25 uM CBD or its vehicle (control). At the end of the incuba-
tion, the caspase-8 activity was determined, evaluating cleavage of
the specific caspase-8 substrate IETD-pNA and release of pNA at
405 nm. Results are expressed as increased percentage of enzyme
activity compared with the control cells (100%). Data represent the
mean = SEM of at least four experiments. *p < 0.05, **p <0.01 vs
control. Dunnett’s #-test.

antagonized the anti-proliferative effect of CBD, we in-
vestigated whether CBD acted through the generation
of ROS. To detect the production of ROS, we loaded the
human glioma cells with the oxidation-sensitive probe
DCFH-DA. This dye is nonfluorescent until oxidized to
highly fluorescent DCF. As shown in Figure 4a, a kinetic
study revealed a time-dependent increase of ROS produc-
tion in U87 cells treated with 25 uM CBD. ROS forma-
tion became significant as early as after 5 h exposure to
the drug (Fig. 4a), while 10 uM CBD had no such effect

a b
50 control CBD 25uM
@ *%
% 40 200, 200,
9
g 301 ul w‘w m1w
fa 2
201 o
5 S o 3.02 % 8 43.88%
a 104 404 M1 40+ M1
0- 0 ; ; ; ‘ 0 ; ; ; .
Control 2h  3h Sh 6h 1 100 102 100 100 100 10 102 108 104
~ FL1-H FL1-H
CBD 25uM

Figure 4. (a) Time-dependent production of DCF in glioma cells after exposure to CBD. U87 cells were loaded with DCFH-DA (20 uM
final concentration) for 20 min, then exposed to 25 uM CBD for various times (2—6 h). At the end of the incubation, cells were harvested
and analyzed with the cytofluorimeter. Data represent the mean = SEM of at least four experiments. **p < 0.01 versus control. Dunnett’s
t-test. (b) Representative diagrams of the cytofluorimetric analysis performed after 6-h exposure to 25 pM CBD in glioma cells as reported
in Materials and methods. The amount of ROS production was quantified as the percentage of cells with increased fluorescence relative

to control.
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at any tested time point (data not shown). To confirm the
state of oxidative stress caused by CBD, we also exam-
ined the level of intracellular GSH. In U87 cells exposed
to CBD for 6 h, GSH was significantly depleted (by about
55%) by 25 uM CBD, while 10 uM concentrations did
not cause a significant GSH reduction (Fig. 5a). The ac-
tivity of GSH-associated enzymes was also tested. GPox
and GRed activities were significantly stimulated by the
exposure to either 10 uM or 25 uM CBD (Fig. 5b, c).

Effect of CBD in primary cultures. An important step
during the development of an anticancer drug consists in
the evaluation of its toxicity on non-transformed cells.
Therefore, we studied the cytotoxic effect of CBD on
glial primary culture (Fig. 6). Glial cells viability was not
affected by the treatment with CBD up to a concentration
50 uM, the highest tested in this study; in contrast, as ex-
pected, glioma cells viability was inhibited by the drug in
a concentration-dependent manner (Fig. 6). This different
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Figure 6. Evaluation of cell viability in primary glial culture and
U87 cells after a 24-h exposure to CBD (see Materials and meth-
ods). **p <0.01, ***p < 0.001 versus control. Dunnett’s #-test.
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Figure 7. (a) Time-dependent production of DCF in U87 and pri-
mary glial cells after exposure to CBD. Cells were loaded with
DCFH-DA (20 uM final concentration) for 20 min, then exposed to
25 uM CBD for various times (2—6 h). At the end of the incubation,
cells were harvested and analyzed with the cytofluorimeter. Data
represent the mean + SEM of at least three experiments. **p < 0.01
versus control. Dunnett’s 7-test. (b) Evaluation of the intracellular
GSH levels in U87 and primary glial cells exposed for 6 h to 25 uM
CBD:; at the end of the incubation cells were lysed and the amount
of GSH was measured. Data represent the mean +SEM of at least
three experiments. ***p < 0.001 versus control. Dunnett’s ¢-test.
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sensitivity of transformed versus non-transformed cells
was also confirmed by different rates of ROS production.
As shown in Figure 7a, CBD induced a time-dependent
ROS increase in glioma cells; in contrast, the exposure
to the drug did not cause any production of ROS in glial
cells. These results were confirmed in GSH content stud-
ies: while U87 cells showed a significant reduction in
GSH levels after CBD exposure, glial primary cells did
not (Fig. 7b).

Discussion

Recently, we have reported that the non-psychoactive
cannabinoid compound CBD triggers apoptosis in human
glioma cells [9]. Despite the great pharmacological inter-
est in this molecule that is lacks a psychotropic effect and
has a high potential of therapeutic use [15], the investiga-
tions conducted so far in elucidating the cellular action of
CBD are very limited. The present study was undertaken
to shed light on the possible molecular mechanism by
which CBD induces apoptosis in glioma cells. We dem-
onstrated, for the first time, that CBD induces cell death
through a caspase-dependent mechanism triggered by an
early production of ROS and marked depletion of GSH
content.

The time course of activation of caspases following CBD
treatment provides useful information on the mecha-
nism of apoptosis in glioma cells. After 10 h of CBD
exposure, the cytoplasmic cytochrome c release was in-
creased; this event preceded the maximal activation of
caspase-9, observed between 14 and 17 h. Interestingly,
there was also significant activation of caspase-8, which
was already evident at 10 h after treatment with the drug.
Thus, the time course suggests a concomitant activation
of both caspase-8 and -9, and supports the evidence that
their activation is the cause, rather than a consequence, of
caspase-3 activation, and that both intrinsic and extrinsic
pathways of apoptosis are involved in CBD cell death.
Although activation of caspase-3 and -9 was expected,
the activation of caspase-8, an apical caspase was sur-
prising. There is compelling evidence that caspase-8 is
the major initiator caspase recruited by death receptors,
mainly the Fas receptor and TNF receptor expressed in
different transformed cells, including glioma cells [16].
Even though death receptors and mitochondria represent
two distinct apoptotic initiators, the two death pathways
are known, in some case, to communicate with each other
in the different stages of apoptotic process. It has been
reported that a hybrid cannabinoid-vanilloid agonist such
as arvanil can induce apoptosis in Jurkat cells, with an
unknown mechanism, through a FADD/caspase-8-depen-
dent pathway [17]. An intriguing possibility, supported
by a recent paper [18] and also proposed by Sancho et al.
[17], suggests a link between ROS generation and Fas-
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induced cell death. The authors suggest that cisplatin,
Y-irradiation or arvanil promote ROS formation in Jurkat
cell line, contributing in turn, in an undetermined man-
ner, to Fas receptor aggregation, leading to the activation
of caspase-8 and cell death. Also Lombard et al. [19]
have described a cross-talk between extrinsic and intrin-
sic pathways in A’-tetrahydrocannabinol (THC)-induced
apoptosis in Jurkat cells, with no clear evidence of the
specific cellular mechanism induced by the drug. We still
have no experimental evidence of the direct engagement
of death receptors in CBD apoptosis, but experiments are
now in progress to evaluate this point.

Subsequently, we evaluated the mechanistic basis for the
caspase cascade activation by CBD. Since our previous
results [9] indicated that the anti-proliferative effect of
CBD was receptor independent, but partially prevented
only by the antioxidant agent a-tocopherol, we postu-
lated that the effect of CBD might be attributable to
ROS production. We therefore investigated in the pres-
ent work the existence of oxidative stress state in glioma
cells after CBD exposure. We report here for the first
time that CBD does induce significant ROS production,
GSH depletion and increase activity of GPox and GRed
enzymes, as early as 5-6 h after CBD exposure, with a
time course preceding caspases activation. Cells possess
an arsenal of defense and repair mechanism to deal with
the potentially dangerous ROS. Major players in these
defense mechanisms include antioxidant enzymes and
small molecules such as GSH. If the generation of ROS
exceeds the scavenging capacity of the cell, and if there
is a contemporary decrease in GSH level counteracted
by the increased activity of associated anti-oxidant en-
zymes, the cell could initiate cell death-linked molecular
events. Therefore, based on our results, a likely mecha-
nism by which CBD induces apoptosis in human glioma
cells might involve the induction of oxidative stress, fol-
lowed by the activation of caspase-9 and -8 which, in
turn, cleave caspase-3.

How does CBD induce ROS accumulation ? It is believed
that mitochondria are a major source of ROS, and mito-
chondria are also the site where many ROS-metabolizing
enzymes are situated. Since CBD possesses a very weak
affinity for cannabinoid receptors and because we were
able to demonstrate a cannabinoid and vanilloid receptor-
independent induction of apoptosis induced by CBD [9],
we can suppose that CBD, with its lipophilic properties,
can act by intercalating into the cell membrane. Alter-
natively, it has been proposed that CBD can stimulate a
putative CB3 receptor or other, as yet unidentified recep-
tors [15, 20-22]. Moreover, since, as recently reported
by Drysdale et al. [21], CBD can act as potent modulator
of [Ca?"]; through the modulation of intracellular stores,
a role of calcium in driving some aspects of tumor cell
death cannot be ruled out. A very intriguing hypothesis,
as already demonstrated by Sarker et al. [23] for apoptosis
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induced by anandamide, is that the lipophilic CBD signal-
ing could be mediated by a membrane lipid raft domain.
Thus, it appears that CBD, a cannabinoid compound with
a very low affinity for CB1 and CB2 receptors, is able to
cause apoptosis and trigger complete caspase cascade ac-
tivation in a manner similar to that already described for
other cannabinoids. This is not surprising since cell death
induced by cannabinoids is sometimes dependent or inde-
pendent by cannabinoid receptor stimulation [3, 24, 25].
The type of molecule, doses, cells, and system used in the
evaluation of cellular proliferation are a crucial issue for
debate in the cannabinoid field.

Based on our results, the reported oxidant properties of
CBD appear somewhat surprising and in contrast with
the antioxidant effects described so far for CBD [26-30]
as well as for other cannabinoids. The antioxidant prop-
erties of cannabinoids could be related, in some cases,
to their chemical structure, which include a phenolic
ring typical of many antioxidants isolated from plants.
In contrast, a majority of the reports agree with a potent
pro-oxidant/cytotoxic action of cannabinoids on tumor
cells [22] versus a protective effect displayed in normal
tissues [31]. On this subject, it has been reported that
anandamide induces oxidative stress in PC12 cells by
generation of intracellular superoxide anion that trig-
gers caspase activation [32], and that it can enhance
the susceptibility of HepG2 cells to oxidative stress
[33]. Since the disruption of lipid rafts prevents anan-
damide-induced apoptosis in many cell lines [23], it
has been suggested that anandamide can enter into the
cells through cholesterol-rich lipid rafts, inducing an
increase in intracellular ROS, which, in turn, triggers
the apoptosis [23]. It has also been demonstrated that
oxidative stress and excessive intracellular calcium are
involved in the anti-proliferative effect of anandamide,
as it can be completely blocked by a-tocopherol (an an-
tioxidant) and calpeptin (a calpain inhibitor) [34]. In C6
cells, stearoylethanolamide induces apoptosis through
a mechanism involving oxidation of the content of the
cells [35]. In addition, Sancho et al. [17] reported that
arvanil, a capsaicin-anandamide hybrid molecule, in-
duced ROS production in both wild-type and FADD
dominant negative (FADDy,) Jurkat cells, suggesting a
tight link between ROS generation and cell death. Also
THC was reported to be toxic for hippocampal neurons
and its action appears related the generation of free radi-
cals by cyclooxygenase [36]. Similarly, Sarafian et al.
[37] found the generation of ROS in the endothelial cell
line ECV 304 after an exposure to marijuana smoke.
Thus, although the precise molecular mechanism by
which cannabinoids exert their oxidative action on cells
is not yet clear, they are unquestionably able to evoke it.
An intriguing hypothesis is that, in experiments in vitro,
CBD can be partially air oxidized and transformed into
cannabidiol quinone, a potent anti-tumor agent with a
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possible redox cycling activity [38]. Nevertheless, this
would not seem to be the case since the CBD treatment
of non-transformed glial cells under the same experi-
mental conditions did not induce any oxidative stress
state.

Thus, although the antioxidant-pro-oxidant effects of can-
nabinoids in cells are not completely understood, these
properties appear unrelated to the chemical features of
the molecule, but it seems to depend from the different
biochemical and cellular features of tumor versus non-
tumor cells rather than from the molecule itself.

A very important finding in the present study was the
lack of cytotoxic effect of CBD on non-transformed glial
cells, demonstrated by the lack of induction of an oxida-
tive stress state by CBD on primary cultures. Although
this very surprising aspect of cannabinoid action has
been already documented in other sets of experiments
[39-42], there is not at the moment a convincing expla-
nation for this behavior. It may be that this dual property
depends on differences in the features of normal versus
transformed cells. Apparently, an opposite regulation
of CB1 and CB2 expression on tumoral versus normal
cells could justify the different sensitivity to CBD. In
our hands, this does not seem to be the case because,
beside the demonstration of a receptor-independent ef-
fect of CBD in inducing glioma cell death [9], glioma
cells (data not shown) and glial cells possess both canna-
binoid receptors [43, 44]. Thus, the different sensitivity
could be ascribed to differences in signal transduction
events downstream on the cell surface and/or in different
redox state-cellular features of the tumoral cells versus
normal cells. This hypothesis is consistent with the find-
ing that oxidative metabolism and associated sensitivity
to apoptosis in tumor cells differ from normal cells [45,
46]. This CBD selectivity, if definitively proved for addi-
tional tumor cell lines versus healthy control cells, might
be of considerable therapeutic interest.

In summary, we have demonstrated that CBD triggers
apoptosis of human glioma cells by a cellular mechanism
that involves an early production of ROS, depletion of
GSH, and concomitant activation of initiator caspase-8
and -9, converging in activation of the downstream ef-
fector caspase-3, with no effect in non-transformed cells.
The present findings may have useful implications for the
potential use of CBD in anti-neoplastic therapy, adding
new knowledge on its real molecular action on cells. Un-
derstanding the precise pathways of induction of apopto-
sis may help exploit CBD treatment modalities in cancer
therapy, either alone or in combination with other chemo-
therapeutic agents.
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