


Fig. 9A), inhibition of ceramide biosynthesis (Supplemen-
tary Fig. 9B), pharmacologic or genetic inhibition of
autophagy (Fig. 4C and Supplementary Fig. 9B and C),
or inhibition of apoptosis (Fig. 4D and Supplementary

Fig. 9B) prevented THC þ CBD-induced cell death.
Furthermore, in vivo administration of THC þ CBD
(Fig. 4D) or of the SAT-L preparation (Supplementary
Fig. 7B) enhanced autophagy and apoptosis of U87MG

A

B

Figure 3. Combined administration of submaximal doses of THC and CBD reduces the growth of U87MG cell–derived tumor xenografts. A, effect
of THC, CBD, and THCþCBD on the viability (72 hours) of U87MG, T98G (human glioma cell lines), and HG19 (a primary culture of human glioma cells) cells as
determined by the MTT test (mean � SD; n ¼ 12 for U87MG and T98G and n ¼ 4 for HG19 cells; **, P < 0.01 from vehicle-treated cells; ##, P < 0.01
from THC-treated cells; ��, P < 0.01 from CBD-treated cells). Red lines correspond to the reduction of cell viability obtained from the addition of the individual
cell death–promoting actions of THC and CBD at each concentration of these agents. B, left, effect of THC, CBD, or THCþCBD on the growth of U87MG
cell–derived tumor xenografts [n ¼ 6–8 for each condition; mean � SEM; symbols of significance are omitted for clarity; THC (7.5 mg/kg) þ CBD
(7.5 mg/kg)-treated tumors were significantly different from vehicle-treated tumors on days 6 and 7 (P < 0.05), and from day 8 until the end of the
treatment (P < 0.01); and from THC (7.5 mg/kg)- and CBD (7.5 mg/kg)-treated tumors from day 8 until the end of the treatment (P < 0.01). THC
(15 mg/kg)-treated tumors were significantly different from vehicle-treated tumors on day 6 (P < 0.05) and from day 7 until the end of the treatment (P < 0.01).
THC (7.5 mg/kg)-treated tumors were significantly different from vehicle-treated tumors on days 14 and 15 (P < 0.05)]. Top right, data correspond to
the mean fold-increase in tumor growth � SEM on the last day of the treatment. Bottom right, data represent tumor weight on the last day of the treatment
(n ¼ 6–8 for each condition; **, P < 0.01 from vehicle-treated tumors; ##, P < 0.01 from THC -treated tumors; and ��, P < 0.01 from CBD-treated tumors).
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tumor xenografts, supporting that the combined treat-
ment of THC þ CBD activates a similar mechanism as
that of THC to promote glioma cell death.

Combined treatment with THC þ CBD and TMZ
strongly reduces the growth of glioma xenografts

In view of the aforementioned results, we investigated
the ability of the combined administration of TMZ and
THC þ CBD to stimulate glioma cell death. Treatment
with submaximal doses of THC, CBD, and TMZ strongly
reduced the viability of U87MG and T98G glioma cells
(Supplementary Fig. 10A). Moreover, treatment with
TMZ and THC þ CBD enhanced both autophagy and
apoptosis of glioma cells (Supplementary Fig. 10B and C),
and pharmacologic inhibition of autophagy and apopto-
sis prevented TMZ þ THC þ CBD-induced cell death
(Supplementary Fig. 10D).

To validate the potential therapeutic relevance of these
observations, we treated U87MG cell–derived tumor
xenografts with TMZ in combination with THC,
THC þ CBD, or the SAT-L mixture. Of importance, the
combined administration of TMZ with THC (15 mg/kg/
d), a submaximal dose of THC þ CBD, or the SAT-L
preparation was equally efficient in reducing tumor
growth (Fig. 5A). Furthermore, autophagy and apoptosis
were strongly enhanced in the tumors that had been
treated with TMZ in combination with a submaximal
dose of THC þ CBD or with the SAT-L mixture (Fig. 5B).
These observations support that the combination of TMZ
with THC þ CBD (even at concentrations at which the
latter drug combination does not reduce tumor growth by
itself) exhibits a strong antitumoral action.

Combined treatment with TMZ and cannabinoids
overcomes the resistance of glioma xenografts to
TMZ antitumoral action

Resistance to TMZ antitumoral action frequently con-
tributes to the poor life prognosis of patients with GBM.

Increased expression of the enzyme O6-methylguanine
methyltransferase (MGMT) has been widely associated
with the resistance to TMZ (35). In line with previous
studies (36), we observed that T98G cells exhibited
much higher MGMT mRNA levels than U87MG cells,
which correlated with a higher resistance of T98G cells
to TMZ-induced cell death (Fig. 1 and Supplementary
Fig. 11A and B). To evaluate the efficacy of the com-
bined administration of TMZ and cannabinoids in
tumors that were potentially resistant to the antineo-
plasic action of these agents, we generated xenografts
with T98G cells. In agreement with the aforementioned
in vitro data, T98G tumors had higher MGMT mRNA
levels than tumors derived from U87MG cells (Supple-
mentary Fig. 11C). Moreover, unlike their U87MG coun-
terparts, T98G tumors were resistant to TMZ treatment
(Fig. 6A). In addition, and in line with our recent results
(Lorente et al., unpublished observations), T98G tumors
were also resistant to THC action (Fig. 6A). Of impor-
tance, treatment with TMZ þ THC or TMZ þ SAT-L
preparation strongly reduced the growth of T98G
tumors (Fig. 6A), supporting that the combined admin-
istration of TMZ and cannabinoids overcomes the resis-
tance of gliomas to the antitumoral action of these
agents.

It is worth noting that levels of MGMT were not
modified upon administration of THC, the SAT-L mix-
ture, or the combination of these agents with TMZ (Sup-
plementary Fig. 11B and C), indicating that cannabinoids
do not influence the expression of MGMT, and that
additional mechanisms are responsible for the combined
action exerted by these agents and TMZ in T98G tumors.
Immunofluorescence analyses revealed that similar to the
results obtained in U87MG cell xenografts, autophagy
and apoptosis were strongly increased in THC þ TMZ
and SAT-L þ TMZ-treated tumors (Fig. 6B). Taken
together, these observations support that the treatment
with cannabinoids and TMZ activates an autophagy-
mediated cell death mechanism that contributes to the

Figure 4. Combined administration of THC and CBD enhances autophagy and apoptosis in human glioma cells. A, top, effect of THC (0.9 mmol/L),
CBD (0.9 mmol/L), and THC þ CBD (0.9 þ 0.9 mmol/L) on LC3 immunostaining (24 hours) of U87MG cells. Values in the bottom right corner of each
photomicrograph correspond to the percentage of cells with LC3 dots relative to the total number of cells (mean�SD; n¼ 3; representative photomicrographs
of each condition are shown; **, P < 0.01 or *, P < 0.05 from vehicle-treated cells; ##, P < 0.01 from THC-treated cells; and ��, P < 0.01 from CBD-
treated cells). Bottom, effect of THC, CBD, and THC þ CBD on LC3 lipidation (24 hours). A representative experiment of 6 is shown. B, effect of THC
and CBD (24 hours) on apoptosis (as determined by active caspase-3 immunostaining) of U87MG cells. Data correspond to the percentage of active caspase-
3–positive cells relative to the total number of cells (mean � SD; n ¼ 3; **, P < 0.01 from vehicle-treated cells; ##, P < 0.01 from THC-treated cells;
and ��, P < 0.01 from CBD-treated cells). C, left, effect of 3-MA (5 mmol/L) and QVDPOH (15 mmol/L) on the viability (72 hours) of U87MG cells
treated with THC, CBD, or THC þ CBD (n ¼ 4; mean � SD, **, P < 0.01 from vehicle-treated cells; ##, P < 0.01 from THC-treated cells; ��, P < 0.01 from
CBD-treated cells; and SS, P < 0.01 from THC þ CBD-treated cells). Right, effect of THC, CBD, or THCþCBD on the viability (72 hours) of U87MG cells
transfected with control (siC) or Atg1-selective (siAtg1) siRNA (n ¼ 6; mean � SD, **, P < 0.01 from siC-transfected, vehicle-treated cells; ##, P < 0.01
from siC-transfected, THC-treated cells; ��,P < 0.01 from siC-transfected, CBD-treated cells; and SS,P < 0.01 from siC-transfected THCþCBD-treated cells).
Atg1 mRNA levels (as determined by real-time quantitative PCR) were reduced in siAtg1-transfected cells relative to their corresponding siC-transfected cells
by 72% (n ¼ 5). E, effect of THC (7.5 mg/kg), CBD (7.5 mg/kg), THC (15 mg/kg), or THC (7.5 mg/kg) þ CBD (7.5 mg/kg) on LC3 immunostaining and
TUNEL of U87MG cell–derived tumor xenografts. Values correspond to the LC3-stained area normalized to the total number of nuclei in each section
(mean fold change � SD; arrows point cells with LC3 dots) or to the percentage of TUNEL-positive cells relative to the total number of nuclei in each
section � SD [10 sections of 3 different tumors from each condition were analyzed; **, P < 0.01 from vehicle-treated tumors; ##, P < 0.01 from THC
(7.5 mg/kg)-treated tumors; and ��, P < 0.01 from CBD (7.5 mg/kg)-treated tumors].
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strong antitumoral action exerted by the combination of
TMZ and cannabinoids.

Discussion

The standard therapy for the management GBM
includes surgical resection, focal radiotherapy, and treat-
ment with the alkylating agent temozolomide (1, 2).

Unfortunately this therapeutic approach increases only
modestly the survival of GBM patients, whose life expec-
tancy after diagnosis remains approximately to 12 to 15
months. It is therefore urgent to search for novel ther-
apeutic approaches aimed at improving the poor prog-
nosis of GBMpatients. Results obtained by our group and
others during the last decade have shown that THC, the
main active component of marijuana, reduces the growth

A

B

Figure 5. Combined administration of THC, CBD, and TMZ strongly reduces the growth of U87MG cell–derived tumor xenografts. A, effect of THC
(15 mg/kg), TMZ (5 mg/kg), THC (3.7 mg/kg) þ CBD (3.7 mg/kg), SAT-L [THC-BDS (7.5 mg/kg) þ CBD-BDS (7.5 mg/kg)], THC (15 mg/kg) þ TMZ (5 mg/kg),
THC (3.7 mg/kg) þ CBD (3.7 mg/kg) þ TMZ (5 mg/kg), or SAT-L þ TMZ (5 mg/kg) on the growth of U87MG cell–derived tumor xenografts (n ¼ 6–8
for each condition; mean � S.E.M; symbols of significance are omitted for clarity; see the Supplementary Information section for a description of the
statistical differences for each treatment). Top right, data correspond to the mean fold-increase in tumor growth � SEM on the last day of the treatment.
Bottom right, data represent tumor weight at the last day of the treatment **, [P < 0.01 from vehicle-treated tumors; ##, P < 0.01 from THC (15 mg/kg)-treated
tumors; WW, P < 0.01 from TMZ-treated tumors; GG, P < 0.01 from THC (3.7 mg/kg) þ CBD (3.7 mg/kg)-treated tumors; SS, P < 0.01 from SAT-L–treated
tumors]. B, effect of the different treatments on LC3 immunostaining and TUNEL of U87MG cell–derived tumor xenografts. Values correspond to the
LC3-stained area normalized to the total number of nuclei in each section (mean fold change � SD; arrows point cells with LC3 dots) or to the percentage of
TUNEL-positive cells relative to the total number of nuclei in each section � SD [10 sections of 3 different tumors from each condition were analyzed;
**, P < 0.01 from vehicle-treated tumors; ##, P < 0.01 from THC (15 mg/kg)-treated tumors; WW, P < 0.01 from TMZ-treated tumors; GG, P < 0.01 from
THC þ CBD-treated tumors; and SS, P < 0.01 from SAT-L–treated tumors].
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A

B

Figure 6. Combined administration of THC, CBD, and TMZ strongly reduces the growth of T98G cell–derived tumor xenografts. A, effect of THC,
TMZ, SAT-L [THC-BDS (7.5 mg/kg) þ CBD-BDS (7.5 mg/kg)], THC þ TMZ, or SAT-L þ TMZ on the growth of T98G cell–derived subcutaneous tumor
xenografts. Once the tumors (generated by subcutaneous injection of 10 � 106 T98G cells) had reached 250 mm3, treatments were daily administered for
14 days with a single peritumoral injection (n¼ 6–8 for each condition; mean� SEM). Symbols of significance are omitted for clarity [THC (15mg/kg)þ TMZ- or
SAT-L þ TMZ-treated tumors were significantly different from vehicle-, TMZ-, and THC-treated tumors on days 12 and 13 (P < 0.05) and from day
14 until the end of the treatment (P < 0.01)]. Top right, data correspond to the mean fold-increase in tumor growth � SEM on the last day of the
treatment. [n¼ 6–8 for each condition; **,P < 0.01 from vehicle-treated tumors; ##,P < 0.01 from THC (15mg/kg)-treated tumors; WW,P < 0.01 from TMZ-treated
tumors; and SS, P < 0.05 from SAT-L–treated tumors]. Lower right, data represent tumor weight on the last day of the treatment [**, P < 0.01 from
vehicle-treated tumors; ##, P < 0.01 from THC (15 mg/kg)-treated tumors; WW, P < 0.01 from TMZ-treated tumors; and SS, P < 0.01 from SAT-L–treated
tumors]. B, analysis of LC3 immunostaining and TUNEL. Values correspond to the LC3-stained area normalized to the total number of nuclei in each section
(mean fold change � SD) or to the percentage of TUNEL-positive cells relative to the total number of nuclei in each section � SD [10 sections of 3 different
tumors from each condition were analyzed; **, P < 0.01 from vehicle-treated tumors; ##, P < 0.01 from THC (15 mg/kg)-treated tumors; WW, P < 0.01 from
TMZ-treated tumors; and SS, P < 0.01 from SAT-L–treated tumors].
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of different types of tumor xenografts including gliomas
(11, 13–16, 18, 37–40). In this report, we find that the
combined administration of TMZ and THC exerts a
potent antitumoral action in glioma xenografts. Thus,
treatment with these 2 agents inhibited tumor growth
to much higher extent than the treatment with TMZ or
THC alone. Furthermore, coadministration of TMZ and
THC strongly reduced the growth of tumors that are
resistant to the individual treatment with either of these
2 agents.
Our data indicate that the mechanism of TMZ þ THC

antitumoral action is based on the stimulation of autop-
hagy, which is a cellular process by which cytoplasmic
components—including organelles—are targeted for
degradation to the lysosome (32, 33). The final outcome
of the activation of the autophagy program seems to be
highly dependent on the cellular context and the strength
and duration of the stress-inducing signals. Thus, besides
its role in cellular homeostasis, autophagy can be a form
of programmed cell death or play a cytoprotective role,
for example, in situations of nutrient starvation (41).
Accordingly, autophagy plays a dual role in cancer. On
the one hand, this cellular process may help to overcome
the stress evoked at the initial steps of tumorigenesis, and
on the other, autophagy has been proposed to work as a
tumor-suppressingmechanism (42–44). Moreover, differ-
ent anticancer treatments activate autophagy in tumor
cells, which either enhance cancer cell death or act as a
mechanism of resistance to chemotherapy (29, 42, 45). We
had previously shown that the mechanism of THC anti-
tumoral action relies on autophagy stimulation (15, 19). In
this work, we find that coadministration of THC and
TMZ strongly enhances this cellular process both in vitro
and in tumor xenografts. Moreover, inhibition of autop-
hagy prevents THC þ TMZ-induced cell death, support-
ing that autophagy plays a crucial role in the antitumoral
action of this drug combination.
Resistance to TMZ and other alkylating agents has been

associated with increased expression of the enzyme
MGMT, which catalyzes the removal of methyl groups
added to the O6-position of DNA guanines, thereby neu-
tralizing the cytotoxic effect promoted by this chemical
modification (35, 36). Interestingly, coadministration of
TMZ and cannabinoids overcomes the resistance of T98G
glioma xenografts (which express high levels ofMGMT) to
TMZ. We observed that the treatment with TMZ alone
hardlyactivatesautophagy invitroor invivo (even in tumors
that respond to TMZ treatment), whereas the combination
of TMZþ THC strongly enhances this cellular process. Of
note, the treatment with TMZ and THC does not modify
MGMT expression in these tumors. These observations
further support that the combination of TMZ and canna-
binoids promotes cell death via stimulation of autophagy
and supports that TMZ together with cannabinoids could
efficiently reduce the growth of TMZ-resistant tumors.
Recent results by McAllister’s group indicate that CBD,

which had been previously shown to reduce the growth of
different types of tumor xenografts by itself (21–23, 25),

enhance the inhibitory effects of THC on the viability of
glioma cells (26). In linewith this idea, in this reportwe find
that the combinationofsubmaximaldosesofTHCandCBD
reduce tumor growth with a similar potency compared
withaneffectivedoseofTHC.Similar resultswereobtained
with the SAT-L mixture. This ability of a nonpyscoactive
compoundsuchasCBDtoenhanceTHCantitumoralaction
could allow reducing the amount of THC and therefore the
psychoactive effects of a potential cannabinoid-based ther-
apy. Of importance, the effects of the combination of THC
and CBD can be reproduced by using a SAT-L extract. Our
data support that the cell death–promoting activity of the
SAT-L mixture relies on the presence of THC and CBD
rather than on the other plant constituents. Thus, Sativex
could be usedwith similar efficacy comparedwith themix
of THC and CBD or a higher dose of THC to reduce tumor
growth. Of note, although THC and CBD promote glioma
cell death through the stimulation of different signaling
routes (refs. 23, 25; and this report), our results indicate that
THCþCBDantitumoral action is basedon the activationof
a similar mechanism as the one triggered by THC. Thus,
although the CBD-induced decrease in cell viability is
prevented only by apoptosis inhibitors, this agent still
enhances THC-related autophagy to a great extent, sug-
gesting that the signaling route triggered by CBD may
facilitate the stimulation of autophagybyTHC. In any case,
ourdata support that the stimulationof this cellularprocess
plays an important role in THCþCBD-induced cell death.
Of potential therapeutic relevance, coadministration of
TMZ and submaximal doses of THC þ CBD or of the
SAT-L mixture but not of CBD alone (data not shown)
strongly reduced the growth of either U87MG or T98G
xenografts.Moreover, theuseof lowerdosesofTHCþCBD
is enough for enhancing TMZantitumoral action and over-
coming the resistance of glioma xenografts to this che-
motherapeutic agent. Altogether, these observations
strongly support that the triple combination of TMZ,
THC, and CBD or of TMZ and the SAT-L mixture could
efficiently reduce the growth of gliomas.

Cannabinoids, a new family of potential anticancer
compounds, are devoid of the strong side effects asso-
ciated with other chemotherapeutic agents (10, 46). Thus,
no signs of toxicity were observed in patients enrolled in a
pilot clinical trial for the treatment of GBMwith THC (17)
or in tumor-bearing animals treated intracranially, peritu-
morally, or intraperitoneally with THC (refs. 14, 18; data
not shown). Moreover, no overt toxic effects have been
reported in other clinical trials with cannabinoids (includ-
ing Sativex) in cancer patients for various applications (e.
g., inhibition of nausea, vomiting, and pain), using differ-
ent routes of administration (e.g., oral, oromucosal; refs.
11, 47). These characteristics, together with their remark-
able anticancer activity, make cannabinoids excellent can-
didate drugs for combination with other antineoplastic
agents. Results presented here specifically show that the
coadministration of TMZwith THCandwith THCþCBD
exerts a strong antitumoral action in glioma xenografts.
Moreover, our results show that the combination of a
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SAT-L extract and TMZ is equally effective as the combi-
nation of THC and TMZ in reducing the growth of these
tumors. Taken together, our observations support that the
administration of cannabinoids, and in particular of Sati-
vex, which is currently used for palliative applications in
patients with cancer and multiple sclerosis, alone or in
combination with TMZ, could be of potential clinical
interest for the management of GBM.
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