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Cannabinoid Activity in an Orthotopic Murine Glioma Model

Figure 3. Effect of CBD, THC, and irradiation on colony-forming efficiency. T98G, U87MG, and GL261 were cultured with the pure forms of CBD and THC
individually or concomitantly for 4 hours, before irradiation (<10 Gy). Clonogenic potential was then assessed. Irradiation was active in the cell lines,
GL261 being most radiosensitive (A). Using either CBD or THC singly before irradiation did not alter the fraction of surviving cells (B); however,
preculturing cells with the combination of CBD and THC enhanced the activity of irradiation, as the dose required to kill 90% (LDgo) of cells was
increased. For example, in T98G cells, LDgo was altered from 5.6 Gy to 4.0 Gy (~SER10 of 1.45; B). Irradiating cells (10 Gy) resulted in an increase
in y-H2AX foci, a marker of DNA double-strand breaks. Foci persisted for a longer duration in cells pretreated with CBD and THC when compared
with irradiated cells that had no pretreatment (C). Western blotting was performed to assess the effects of these combinations on markers of cell

signaling, apoptosis, and autophagy (D).

A combination of CBD and THC enhances the effects
of radiation

For gliomas that are accessible to it, surgery is the
principal treatment. This is commonly supported by
radiotherapy and/or chemotherapy, and so for this
reason we assessed the benefit of combining the canna-
binoids with y-irradiation. We assessed whether the
cannabinoids can prime cells to irradiation and more
specifically studied whether in this instance they
should be used individually or with each other. Method-
ologically, cells were pretreated for 4 hours with a single
20 umol/L dose of CBD-P or THC-P, or with a combina-
tion of CBD-P and THC-P (equimolar dose of 10 umol/L
of both), before being subjected to ionizing radiation.
Treated cells were then reseeded into plates, and colo-
ny-forming efficiency was assessed by enumerating col-
onies after 14 days using methylene blue.

Results showed that all three cell lines tested were
radiosensitive, with a surviving fraction at 5 Gy of
0.12 £ 0.016, 0.22 £ 0.11, and 0.035 + 0.025 for T98G,
U87MG, and GL261, respectively (Fig. 3A). Following
pretreatment with single agent CBD or THC, there was
no significant difference in colony numbers, but there
was, however, a trend toward a smaller surviving
fraction when CBD and THC were used in combination

(Fig. 3B). For example, in U87MG cells, the extrapolated
LDy, for radiation alone was 6.5 Gy, and 5.6 Gy and 6.3
Gy when used in combination with CBD or THC.
However, this was reduced to 4.6 Gy when cells were
pretreated with CBD and THC concomitantly before
irradiation, giving an SER;( of 1.4 (Fig. 3B). The effect of
the cannabinoids on the repair of DNA double-strand
breaks caused by irradiation was assessed using
v-H2AX staining, whereby y-H2AX foci indicate indi-
vidual sites of damage. 10 Gy caused a substantial
increase in the number of these foci, present 1 hour
after irradiation, and this increase was unaffected by
pretreatment with the cannabinoids. Five hours after
irradiation, a large proportion of the foci were repaired
and fluorescence intensity in the irradiation alone cells
decreased. In the cannabinoid pretreated cells, how-
ever, fewer foci were repaired and fluorescence inten-
sity remained higher, particularly in those cells pre-
treated with a combination of CBD and THC (Fig. 3C).
These results suggested that cannabinoids slowed the
repair of double-strand breaks and that DNA damage
persisted in these cells.

To further understand the mechanisms of the benefit
of combining cannabinoids with irradiation, we examin-
ed the markers of general signaling pathways as well as
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markers of apoptosis and autophagy in cells exposed to
CBD and THC with or without irradiation for 4 hours, as
these have been previously implicated in cannabinoid
action. Generally, our results showed that irradiation
enhanced the actions of the cannabinoids. Specifically,
the cannabinoids, when used at higher concentrations,
decreased pAKT and pERK levels, and these were
reduced further when combined with irradiation. Simi-
larly, cannabinoids induced autophagy in the cells as
indicated by a dose-dependent increase in the ratio of
LC3Bii:LC3Bi, which again was further enhanced in the
irradiation combination group. This pattern was not rep-
licated by the markers of apoptosis; however, the only
time that cleavage of caspase-3 was seen was when the
higher dose of cannabinoids was combined with irradi-
ation (Fig. 3D).

CBD, THC, and radiotherapy is a superior treatment
regimen in mice

The efficacy of a treatment regimen consisting of
CBD, THC, and radiotherapy was subsequently assessed
in a murine model. The growth of the GL261 glioma
tumor orthotopically implanted in C57BL/6 mice was
tracked by MRI technology, and the effects on it of either
pure CBD and THC together, irradiation, or the combi-
nation of both treatment modalities were determined
(Fig. 4A). Of the mice inoculated with tumor cells, 80%
developed tumors. Tumors in control mice were visible
around day 9 and reached their permissible volumes by
day 21, at which time all animals were sacrificed. Ani-
mals were exposed to suboptimal doses of each of the
treatments, which allowed a window through which any
improved combinatorial activity could be seen. Results
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Figure 4. Effect of CBD+THC and irradiation in an orthotopic murine model. GL261 cells were injected intracranially into C57BL/6 mice, and the effect on
tumor growth of pure CBD and pure THC together, irradiation, or a combination of the two modalities was assessed. MRI scans were performed on
days 9, 13, 16, and 21. Representative images from MRI are shown in A, which shows the presence of tumor masses within the brain. The rate

of tumor growth was much slower in the group of mice treated with CBD, THC, and irradiation (B). Furthermore, the final tumor sizes were significantly
smaller in this group compared with the other three groups (C). P values were established from paired t tests following determinations of
differences between variable and control groups using one-way ANOVA.
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Figure 5. Effect of CBD+THC and irradiation on tumor morphology. Sections of the brains removed from mice treated with CBD-+THC, irradiation and
CBD+THC with irradiation had tumor masses that were distinguishable in situ. Images, where T denotes tumor region and N denotes normal tissue, were: MRI
images obtained on day 21; morphology of whole-brain tissue, images of a coronal slice of the brain in mountant; composite H&E; angiogenesis: DAPI (blue)
and CD31 (red); proliferation: DAPI (blue) and Ki67 (green); apoptosis: overlay of propidium iodide (PI; red) and TUNEL (green).

showed that 4 Gy irradiation had no dramatic effect on
tumor growth, whereas CBD and THC administered
together reduced tumor progression (Fig. 4A and B).
Combining the cannabinoids with irradiation impeded
even further the rate at which tumor growth progressed,
which was virtually stagnant throughout the experi-
ment course (Fig. 4B); and correspondingly, tumor sizes
on the final day of the study were significantly smal-
ler in this cohort of animals compared with any of the
others (Fig. 4C). The ensuing ex vivo analyses of the
brains resected from the mice showed that in situ
the tumor masses were denser in the two groups that
had been treated with the cannabinoids, and further-
more, that these tumors also appeared less sanguine.
Subsequent immunohistochemical analysis confirmed
this: expression of the vascularization marker CD31 was
lower in the cannabinoid treated groups, particularly
in the combination treated samples. Expression of the
proliferation marker Ki67 appeared similar in all sam-
ples (Fig. 5). TUNEL staining was positive in all sections,
but generally higher where cannabinoids were used, and
specifically when combined with irradiation. Mean
staining scores for TUNEL were 0/+, +, +, and +/++
for controls, IR, cannabinoids, and the combination
groups, respectively (Fig. 5).

Discussion

There is ever-increasing evidence supporting a role for
cannabinoids in cancer therapy, and so the current study
was undertaken to explore this further. Of particular
interest is the impact that cannabinoids have on signaling
pathways that underlie cell fate. This impact allows scope
for exciting combination strategies, specifically, the effect
of combining these agents with existing therapeutic

modalities, which presents an attractive novel avenue
for research. In this study, we have concentrated on
combining cannabinoids with radiotherapy as this is the
primary form of treatment for patients with glioma fol-
lowing surgical resection. The principal aim of the current
study, therefore, was to assess the efficacy of CBD and
THC in combination with radiotherapy, to determine the
potential clinical benefits of this combination in improv-
ing radiotherapy outcome. The most significant finding
of this study has been the dramatic reduction in tumor
growth in vivo when cannabinoids and ionizing radiation
were used together.

CBD and THC were tested in this study as they have
previously been shown to be effective in glioma both
in vitro and in vivo, and display multiple mechanisms of
action. Both cannabinoids can reduce cell numbers by
inhibiting cell-cycle progression and cell growth as well
as by triggering apoptosis and engaging autophagy (19),
and are also antiangiogenic and antimigratory (15). The
two compounds have also been combined in a prepara-
tion that is currently licensed to treat multiple sclerosis,
which is now undergoing trials in patients with glioma.
In the first part of the study, we assessed the individual
activities of CBD and THC in two human glioma cell
lines, and confirmed that they both cause dose-dependent
reductions in cell numbers in these lines. These reduc-
tions were associated with mild increases in apoptosis
and no clear alterations to the DNA profiles of the cells.
This suggested the cannabinoids were both cytotoxic and
cytostatic in nature under our in vitro test conditions.

In the preparation of the compounds used in the
current study, the cannabinoids were extracted and
purified from the cannabis plant. Depending on the
level of purification, this process can result in CBD and
THC preparations that contain small amounts of other
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minor cannabinoids and other plant products. These
cannabinoids can all bind to a super-family of G pro-
tein-coupled receptors, which includes cannabinoid
receptors 1 and 2, whose activation feeds into a number
of intracellular signaling programs. These interactions
can thus determine the extent to which cellular func-
tions such as proliferation are engaged. The level of
these interactions can vary, as the individual cannabi-
noids possess their own different affinities for the each
of the receptors (20). Unlike THC, which has high
affinities for both cannabinoid receptors (21), CBD and
the majority of these minor cannabinoids exhibit little, if
any, affinity for either receptor (20, 22). It is important to
note, however, that they can still antagonize those
cannabinoids that do engage receptors.

At first, we tested and compared the activities of the
pure forms of CBD and THC with the less refined BDS
forms. Whereas pure CBD and THC contained less than
5% impurities, the BDS-forms contained only approxi-
mately 65% (w/w) of each respective agent. The impu-
rities in both BDS compounds were made up of a number
of other cannabinoids, a number of which possess their
own bioactivities. Our results showed that generally,
pure CBD was more efficacious than the BDS-form;
for example, in T98G cells, the ICsy at 48 hours was
8.4 + 2.9 umol/L versus 16 + 4.7 umol/L for the P and
BDS forms, respectively (P < 0.01). Although the reduced
activity of the CBD-BDS could be in part attributed to the
lower amount of CBD within the formulation, dose—
response experiments suggested this not to be the case
entirely. Conversely, THC appeared to be more active in
the BDS-form, which consisted of approximately 35%
other non-THC cannabinoids. These data reiterate the
complexity of the interactions between the cannabinoids,
and suggest that overall action depends upon the type
and amount of each one present. We and others have
shown that activities of distinct cannabinoids are depen-
dent upon the mixtures within which they are present.
For example, CBD can specifically enhance the action of
THC in glioma cells (23), and can also combine with other
minor cannabinoids in a synergistic fashion (11).

It is unclear whether or not cannabinoid activity is
entirely dependent upon the levels of their cognate
receptors; overall cannabinoid activity does not always
correlate with the specific binding affinities of the range
of compounds (24). The confusion surrounding the
mode of action of the cannabinoids stems from the
intrinsic heterogeneity of the proteins impacted upon
by these compounds. The fact that these proteins are
inextricably linked (25) results in a "snowball" effect,
where the cause and effect can become uncoupled and
unstable. Consequently, depending upon the cell type,
drug concentration, and treatment schedule/timing,
cannabinoid activities have been shown to be both
dependent and independent of receptors. However,
what remains consistent is that the activities of canna-
binoids involve modifications to key intracellular sig-
naling cascades (15, 26, 27). MAPK is a major signaling

pathway that underpins a number of important cellular
processes that support cancer survival, growth, and
development, and was therefore assessed in the current
study. We showed that culturing cells with lower con-
centrations of CBD and THC could cause an increase in
PERK, whereas higher concentrations may reduce it.
This was in agreement with the work of others that
suggested the effects of cannabinoids on MAPK was
both dose-dependent and cell line specific (15, 23). In
addition to MAPK, the PI3-kinase/AKT pathway was
also considered as it has also been linked to cannabinoid
action and is an important determinant of cell fate (28).
Our results showed modest reductions in pAKT, which
was most apparent at the higher concentrations of CBD.
The ER-stress pathway is also an important mechanism
through which cannabinoids can exert their effects. Mar-
kers of this include the stress genes p8 and TRB3, which
have been shown to be increased in response to accumu-
lation of de novo synthesized ceramide. Lacking good
commercial antibodies to assess the effects on these pro-
teins directly, we opted to use a downstream general
marker of autophagy as a read out of effects on this
pathway, namely LC3B. Our results showed this marker
to be increased. However, parallel gene expression anal-
ysis by microarray showed these specific stress genes to
be upregulated after treatment (data not shown).

The only cannabinoid medicine licensed for human use
is made up of CBD and THC at a 1:1 ratio; we therefore,
explored the effect that combining these two cannabinoids
had on cell number by using median-effect analysis. This
method uses established algorithms to generate CI values
that signify the nature of the drug-drug interactions.
Drugs were combined in every permutation of the P and
BDS forms at a 1:1 ratio to mimic the clinical preparation,
and results showed nonantagonistic interactions between
them all in the three cell lines as CI values <1. In addition,
there was no impact on the nature of the combination
effect depending on the different cannabinoid forms com-
bined. We, therefore, used the pure form of each canna-
binoid in our subsequent combination studies to allow for
a more precise understanding of cannabinoid action. The
results of our median effect combination modeling sug-
gested CBD and THC combined favorably. For example,
to achieve 50% cell kill in US87MG cells, approximately 14
umol/L of CBD or approximately 19 pumol/L of THC
would be needed if used individually. However, if they
were used in combination, the concentrations required to
achieve the same magnitude of cell kill would be approx-
imately 7 umol/L for each (combination ICsg, 14 umol/L).
This nonantagonistic interaction of CBD and THC, there-
fore, suggested that combining cannabinoids with other
agents that share common pathways may be a viable
strategy in a clinical setting; this may also include more
conventional chemotherapies (4, 11). Indeed, recent stud-
ies have highlighted that CBD and THC can combine
successfully with other chemotherapy, namely temozo-
lomide, to reduce the progression of glioma cells in a
xenograft model (13, 14).
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Having confirmed that CBD and THC could be com-
bined with no significant loss of activity, we introduced
radiation into the schedule and explored the value of
this "triple combination." A combination such as this
would more closely resemble what would happen clin-
ically, and would be a concept that was supported by
recent evidence in murine models that showed CBD
and THC could be combined successfully with the
alkylating agent temozolomide (13). An initial dose-
response experiment was carried out to determine the
radiosensitivity of the individual cell lines. Methodo-
logically, the ability of cells to survive an irradiation
insult and continue to form colonies was used as our
read-out. To assess the effect of the cannabinoids on this
process, cells were pretreated with CBD and/or THC
for 4 hours before irradiation, and the impact of this on
the ability of cells to react to the subsequent radiation
assault was measured. SER; values indicated that CBD
and THC, when used together, enhanced the radiosen-
sitivity of the cell lines. Indeed, although the staining for
v-H2AX foci was used principally as a way of confirm-
ing irradiation induced DNA damage, the prolonged
presence of these foci when cannabinoids were also
used implies a delay in their repair. The consequence
of this is not yet clear, but may suggest that the canna-
binoids are interfering with DNA damage repair, which
may, therefore, improve the efficacy of ionizing radia-
tion. In addition, using irradiation treatment alongside
the cannabinoids appeared to enhance their capacity to
induce autophagy and apoptosis.

In support of the in vitro clonogenicity data, we next
examined the effect of combining CBD and THC with
irradiation in an orthotopic murine model for glioma.
This is as an area where there is a notable lack of
information, as previous studies investigating the action
of cannabinoids in glioma have only been carried out in
xenograft models (13, 14). Our hypothesis was that
cannabinoids could support the cell killing effect of
irradiation by engaging and/or priming apoptosis and
autophagy mechanisms required for successful cell
death. Dramatic responses were seen when the canna-
binoids and irradiation were used together, where tumor
growth was slowed considerably, and as a consequence,
resultant tumor size significantly reduced. Subsequent
immunohistochemistry showed that areas of tumor cells
were easily discernible from normal tissue, with untreat-
ed and radiation treated tumors also being visually
hematic in appearance. All tumor cells stained positive
for Ki67, the intensities of which were not altered
remarkably following any of the treatments. This was
disappointing but not surprising as a limitation of Ki67
staining is its inability to specifically distinguish rates of
proliferation (29) Nonetheless, as our in vitro data sug-
gested that cannabinoids hinder cell growth, this anti-
proliferative effect may have accounted for the smaller
tumor sizes in the animals treated with cannabinoids
even though histologically they were Ki67 positive. In
addition, the impressive reductions in tumor volumes in

mice treated with both cannabinoids and irradiation
could not be explained by increased apoptosis in the
combination regimen. Specifically, TUNEL staining indi-
cated the presence of apoptosis in the tumor masses;
however, there was no significant difference between the
cannabinoids alone and the combination groups. Taken
together our data could not clearly demonstrate an
increase in apoptosis as being the underlying mecha-
nism of the effect in vivo, but suggested the probability of
it being one of many.

The histology also highlighted a change in the cellular
density and coloration of the tumors in situ. In addition
to a reduction in tumor volume, treatment with canna-
binoid and irradiation caused a lessening in the reddish
color. In addition to its role in determining tumor cell
survival and growth, MAPK signaling can influence
tumorigenesis (30), and through this, some cannabinoids
have also been shown to be antiangiogenic and anti-
invasive (31). Our data support this, as the lessening of
the red, bloody hue of the tumor mass in the brain
sections also correlated with a reduction in the endothe-
lial maker of angiogenesis/neovascularization CD31
(32). It is intriguing to speculate at this time, that in
addition to hindering tumor growth through an anti-
proliferative effect, the treatment was also reducing
cancer development by inhibiting tumor angiogenesis.
There is a discernible scarcity in our understanding of
this observation because of the novelty in these works,
and consequently, further work is required to define the
precise mechanism of action of this treatment, which is
an area in which we continue to investigate. Moreover,
these data dovetail attractively with the work of
Velasco’s group (Complutense University, Madrid,
Spain) who have shown the combination of CBD and
THC with temozolomide, the chemotherapy currently
used to treat patients with glioma is therapeutically
attractive (13). Supplementary studies are ongoing that
explore the exciting potential of a treatment strategy/
regimen comprising irradiation, temozolomide, and
cannabinoids.

In summary, these data add further support to the
concept that cannabinoids both alone and in combination
with each other, possess anticancer properties. We have
reaffirmed the effects that CBD and THC have on central
intracellular signaling pathways responsible for main-
taining cell growth and survival, and have shown that
using these two cannabinoids concomitantly resulted in
mild synergism, which was also able to enhance the
cytotoxic effect of irradiation. Astonishing results were
observed in vivo, where the triple combination of CBD,
THC, and irradiation significantly inhibited tumor pro-
gression in an orthotopic syngeneic model. It is now
important to expand this study to understand the biologic
basis of this enhancement, particularly the suggestion that
neovascularization may be impeded. Similarly, we have
previously shown that the schedule with which cannabi-
noids are administered is crucial, and so these questions
are being addressed in our ongoing work. Ultimately,
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these studies will provide us with a better understanding
of how best these compounds should be used most effec-
tively and how a combination of cannabinoids and irra-
diation can be used to improve the efficacy of glioma
treatment.

Disclosure of Potential Conflicts of Interest
W.M. Liu received a commercial research grant from GW Pharmaceu-
ticals. No potential conflicts of interest were disclosed by the other authors.

Authors' Contributions

Conception and design: K.A. Scott, W.M. Liu

Development of methodology: K.A. Scott, W.M. Liu

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): K.A. Scott, W.M. Liu

Analysis and interpretation of data (e.g., statistical analysis, biostatis-
tics, computational analysis): K.A. Scott, A.G. Dalgleish, W.M. Liu
Writing, review, and/or revision of the manuscript: K.A. Scott, A.G.
Dalgleish, W.M. Liu

References

1. Elsohly MA, Slade D. Chemical constituents of marijuana: the complex
mixture of natural cannabinoids. Life Sci 2005;78:539-48.

2. Cooper ZD, Haney M. Actions of delta-9-tetrahydrocannabinol in
cannabis: relation to use, abuse, dependence. Int Rev Psychiatry
2009;21:104-12.

3. Powles T, te Poele R, Shamash J, Chaplin T, Propper D, Joel S, et al.
Cannabis-induced cytotoxicity in leukemic cell lines: the role of the
cannabinoid receptors and the MAPK pathway. Blood 2005;105:
1214-21.

4. Liu WM, Scott KA, Shamash J, Joel S, Powles TB. Enhancing the
in vitro cytotoxic activity of Delta9-tetrahydrocannabinol in leukemic
cells through a combinatorial approach. Leuk Lymphoma 2008;49:
1800-9.

5. Guzman M. Cannabinoids: potential anticancer agents. Nat Rev Can-
cer 2003;3:745-55.

6. Velasco G, Sanchez C, Guzman M. Towards the use of cannabinoids
as antitumour agents. Nat Rev Cancer 2012;12:436-44.

7. Salazar M, Carracedo A, Salanueva |J, Hernandez-Tiedra S, Lorente
M, Egia A, et al. Cannabinoid action induces autophagy-mediated cell
death through stimulation of ER stress in human glioma cells. J Clin
Invest 2009;119:1359-72.

8. Solinas M, Massi P, Cantelmo AR, Cattaneo MG, Cammarota R,
Bartolini D, et al. Cannabidiol inhibits angiogenesis by multiple
mechanisms. Br J Pharmacol 2012;167:1218-31.

9. Liu WM, Fowler DW, Dalgleish AG. Cannabis-derived substances in
cancer therapy — an emerging anti-inflammatory role for the cannabi-
noids. Curr Clin Pharmacol 2010;5:281-7.

10. Guzman M, Duarte MJ, Blazquez C, Ravina J, Rosa MC, Galve-
Roperh |, et al. A pilot clinical study of Delta9-tetrahydrocannabinol
in patients with recurrent glioblastoma multiforme. Br J Cancer
2006;95:197-203.

11. Scott KA, Shah S, Dalgleish AG, Liu WM. Enhancing the activity of
cannabidiol and other cannabinoids in vitro through modifications to
drug combinations and treatment schedules. Anticancer Res 2013;
33:4373-80.

12. Shrivastava A, Kuzontkoski PM, Groopman JE, Prasad A. Cannabidiol
induces programmed cell death in breast cancer cells by coordinating
the cross-talk between apoptosis and autophagy. Mol Cancer Ther
2011;10:1161-72.

13. Torres S, Lorente M, Rodriguez-Fornés F, Hernandez-Tiedra S, Sal-
azar M, Garcia-Taboada E, et al. A combined preclinical therapy of
cannabinoids and temozolomide against glioma. Mol Cancer Ther
2011;10:90-103.

14. Hernan PérezdelaOssaD, Lorente M, Gil-Alegre ME, Torres S, Garcia-
Taboada E, Aberturas Mdel R, et al. Local delivery of cannabinoid-

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): K.A. Scott
Study supervision: W.M. Liu

Acknowledgments

The authors thank from St George’s University of London (SGUL)
Drs. Franklin Howe and Kirstie Opstad for advice on the MRI work, and
Dr. Guy Whitley for assistance with the cryostat work. The authors
also recognize the use of equipment located in the Medical Biomics
Centre at SGUL.

Grant Support

This work was funded by a research grant awarded to W.M. Liu from
GW Pharmaceuticals Ltd., Salisbury, United Kingdom.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received May 12, 2014; revised September 8, 2014; accepted September
23, 2014; published OnlineFirst November 14, 2014.

loaded microparticles inhibits tumor growth in a murine xenograft
model of glioblastoma multiforme. PLoS ONE 2013;8:54795.

15. Solinas M, Massi P, Cinquina V, Valenti M, Bolognini D, Gariboldi
M, et al. Cannabidiol, a non-psychoactive cannabinoid com-
pound, inhibits proliferation and invasion in U87-MG and T98G
glioma cells through a multitarget effect. PLoS ONE 2013;8:
e76918.

16. Cancer Research UK statistics, 2013. Available from: http://www.
cancerresearchuk.org/cancer-help/type/brain-tumour/treatment/sta-
tistics-and-outlook-for-brain-tumours.

17. Liu WM, Gravett AM, Dalgleish AG. The antimalarial agent artesunate
possesses anticancer properties that can be enhanced by combina-
tion strategies. Int J Cancer 2011;128:1471-80.

18. Chou TC. Drug combination studies and their synergy quantification
using the Chou-Talalay method. Cancer Res 2010;70:440-6.

19. Rocha FC, Dos Santos Junior JG, Stefano SC, da Silveira DX. Sys-
tematic review of the literature on clinical and experimental trials on the
antitumor effects of cannabinoids in gliomas. J Neurooncol 2014;116:
11-24.

20. Pertwee RG. The diverse CB1 and CB2 receptor pharmacology
of three plant cannabinoids: delta9-tetrahydrocannabinol, cannabi-
diol and delta9-tetrahydrocannabivarin. Br J Pharmacol 2008;153:
199-215.

21. Howlett AC, Barth F, Bonner Tl, Cabral G, Casellas P, Devane
WA, et al. International Union of Pharmacology. XXVII. Classi-
fication of cannabinoid receptors. Pharmacol Rev 2002;54:
161-202.

22. Bisogno T, Hanus L, De Petrocellis L, Tchilibon S, Ponde DE, Brandi |,
et al. Molecular targets for cannabidiol and its synthetic analogues:
effect on vanilloid VR1 receptors and on the cellular uptake and
enzymatic hydrolysis of anandamide. Br J Pharmacol 2001;134:
845-52.

23. Marcu JP, Christian RT, Lau D, Zielinski AJ, Horowitz MP, Lee J, et al.
Cannabidiol enhances the inhibitory effects of delta9-tetrahydrocan-
nabinol on human glioblastoma cell proliferation and survival. Mol
Cancer Ther 2010;9:180-9.

24. Demuth DG, Molleman A. Cannabinoid signalling. Life Sci 2006;78:
549-63.

25. Aksamitiene E, Kiyatkin A, Kholodenko BN. Cross-talk between mito-
genic Ras/MAPK and survival PI3BK/Akt pathways: a fine balance.
Biochem Soc Trans 2012;40:139-46.

26. Bouaboula M, Poinot-Chazel C, Bourrié B, Canat X, Calandra B,
Rinaldi-Carmona M, et al. Activation of mitogen-activated protein
kinases by stimulation of the central cannabinoid receptor CB1.
Biochem J 1995;312:637-41.

Mol Cancer Ther; 2014

Molecular Cancer Therapeutics

Downloaded from mct.aacrjournals.org on March 6, 2021. © 2014 American Association for Cancer Research.


http://mct.aacrjournals.org/

Published OnlineFirst November 14, 2014; DOI: 10.1158/1535-7163.MCT-14-0402

Cannabinoid Activity in an Orthotopic Murine Glioma Model

27.

28.

29.

Goémez del Pulgar T, Velasco G, Guzman M. The CB1 cannabinoid
receptor is coupled to the activation of protein kinase B/Akt. Biochem J
2000;347:369-73.

Caffarel MM, Andradas C, Mira E, Pérez-Gomez E, Cerutti C, Moreno-
Bueno G, et al. Cannabinoids reduce ErbB2-driven breast cancer
progression through Akt inhibition. Mol Cancer 2010;9:196.
Scholzen T, Gerdes J. The Ki-67 protein: from the known and the
unknown. J Cell Physiol 2000;182:311-22.

30.

31.

32.

Cook KM, Figg WD. Angiogenesis inhibitors: current strategies and
future prospects. CA Cancer J Clin 2010;60:222-43.

Blazquez C, Casanova ML, Planas A, Gomez Del Pulgar T,
Villanueva C, Fernandez-Acenero MJ, et al. Inhibition of tu-
mor angiogenesis by cannabinoids. FASEB J 2003;17:
529-31.

Khattab AZ, Ahmed MI, Fouad MA, Essa WA. Significance of p53 and
CD31 in astrogliomas. Med Oncol 2009;26:86-92.

www.aacrjournals.org

Mol Cancer Ther; 2014

Downloaded from mct.aacrjournals.org on March 6, 2021. © 2014 American Association for Cancer Research.

OF13


http://mct.aacrjournals.org/

Published OnlineFirst November 14, 2014; DOI: 10.1158/1535-7163.MCT-14-0402

AACR o/
Molecular Cancer Therapeutics

The Combination of Cannabidiol and A9
-Tetrahydrocannabinol Enhances the Anticancer Effects of
Radiation in an Orthotopic Murine Glioma Model

Katherine A. Scott, Angus G. Dalgleish and Wai M. Liu
Mol Cancer Ther Published OnlineFirst November 14, 2014.

Updated version  Access the most recent version of this article at:
doi:10.1158/1535-7163.MCT-14-0402

E-mail alerts Sign up to receive free email-alerts related to this article or journal.

Reprints and To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Subscriptions Department at pubs@aacr.org.

Permissions  To request permission to re-use all or part of this article, use this link
http://mct.aacrjournals.org/content/early/2014/11/12/1535-7163.MCT-14-0402.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's
(CCC)
Rightslink site.

Downloaded from mct.aacrjournals.org on March 6, 2021. © 2014 American Association for Cancer Research.


http://mct.aacrjournals.org/lookup/doi/10.1158/1535-7163.MCT-14-0402
http://mct.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://mct.aacrjournals.org/content/early/2014/11/12/1535-7163.MCT-14-0402
http://mct.aacrjournals.org/

